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Abstract

Pathological calcification is the localised formation of hard tissue where it should not exist.

Some of these conditions, such as heterotopic ossification (HO), have complex biological

pathways leading to the ordered, cellular laydown of bone, while others, such as kidney

stones, are driven primarily by material chemistry. Regardless of aetiology, all such condi-

tions lead to mineral formation in ectopic locations, causing pain and a range of disabling

effects. In this thesis, hexametaphosphate (HMP), a potent multivalent cation chelator,

is investigated as a potential new therapy that targets the final, mineral formation step

of these conditions. This approach may be used prophylactically, but can also dissolve

mineral once formed, offering a previously absent medicinal alternative to surgery. HMP,

whose structure is controversial, was found to be a linear polyphosphate with an aver-

age chain length of around 15 phosphate tetrahedra, rather than a six membered ring as

often stated, with the ability to chelate one divalent cation for each pair of phosphates.

Colloidal alginate could be loaded with up to 0.2 M HMP for targeted delivery, and for-

mulations exhibited shear thinning with immediate viscosity recovery. These formulations

were then investigated in an Achilles tenotomy model of HO. Neither inflammation nor

accumulation of HMP or alginate was observed in the treated legs or filter organs. The

ability of the formulations to reduce HO was less clear, and it was found that injection

of fluid increased HO, apparently regardless of composition, though the needle itself did

not. HMP was also investigated as a new therapy for kidney stones, where it was found

to be over 16 fold more effective at dissolving calcium stones than citrate. Further, HMP

was found to impart a strong negative charge on the particles, preventing aggregation.

Overall, this study has shed light on the structure of HMP, established it’s usefulness as a

potential therapy for HO and kidney stones, developed a vehicle for its targeted delivery,

and investigated it’s safety and efficacy in vivo.
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CHAPTER 1

INTRODUCTION

“Heterotopic ossification is perhaps the single most significant
obstacle to independence, functional mobility, and return to duty
for combat-injured veterans”

- Alfieri, Forberg and Potter, 2012 [1]

“Currently, there is no satisfactory drug to cure and/or prevent
kidney stones”

- Alelign and Petros, 2018 [2]

“There are few chapters of inorganic chemistry of which the con-
fusion surpasses that of the history of the metaphosphates”

- Pascal, 1923 [3]

1



1.1 Pathological Calcification

Pathological calcification is the aberrant formation of hard material in the body. There are

a vast number of pathological calcification diseases that affect various tissues, including

band keratopathy in the eye [4]; calcification of blood vessels and heart valves [5]; calci-

fications in breast tissue [6]; panniculitis ossificans and osteoma cutis in the skin [7, 8];

ankylosing spondylitis in the spine [9]; and neuritis ossificans in peripheral nerves [10].

The work in this thesis is primarily focussed on two conditions, heterotopic ossification

and kidney stones.

1.2 Heterotopic Ossification

Heterotopic ossification (HO), derived from the Greek hetero topos (other place) and the

Latin ossification (bone making), is the formation of bone outside of the skeleton where

it does not usually exist. This condition was first described by Albucasis, the father of

surgery, over a millennium ago [11]. A genetic form of this condition in children was then

described in 1692 by Patin, the Doyen of the Faculty of Medicine in Paris [12]. Combat

related HO was first described following observations from the American Civil War and

the Great War [13].

Different types of bone have been reported in HO and this may depend on aetiology.

Traumatic HO has been shown to be composed of a heterogeneous combination of corti-

cal bone, trabecular bone, and fibrocartilage, with varying degrees of mineralisation [14].

The microstructure of HO is very similar to that of skeletal bone. It contains arterioles,

Haversian canals and bone marrow, and is continuously remodelled even after many years

when the bone is considered ’mature’ [14]. However, macroscopically HO grows polyax-

ially, and has a somewhat floral appearance with a large specific surface area, growing

within and around the soft tissues (Figure 1.1). The growth rate of HO has been reported

as 1.7 µm per day, compared with the 1.0 µm per day of non-pathological bone [15].

2



Figure 1.1: X-ray computed tomography reconstruction of the pelvis and residual femora
of a combat injured patient. White arrows display locations of HO. Reproduced with
permission from [16].

1.2.1 Aetiology and Epidemiology of HO

Genetic HO

There are several distinct causes of HO, of which the genetic forms are the most rare.

Fibrodysplasia ossificans progressiva (FOP), the condition described by Patin, has a global

incidence of one in two million [17]. This condition is characterised by a malformed

hallux at birth, but is followed by gradual ossification of the soft tissues, exacerbated by

even the most minor trauma [18]. This culminates in loss of mobility and, ultimately,
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early death. Other genetic forms of HO include progressive osseous heteroplasia (POH),

the intramembranous ossification of dermal tissue, Albright hereditary osteodystrophy

(AHO), which may display cutaneous and subcutaneous ossification, and other similar

conditions [19].

Acquired HO

The acquired form of HO is comparatively more common than the genetic cases. It

is perhaps most commonly seen following elective joint surgeries, particularly total hip

arthroplasty, where the prevalence is 24 - 28% [20]. HO has also been reported to form

following burn injuries in 5.6% of patients [21]. Damage to the central nervous system

can also cause HO in distant sites, particularly following traumatic brain injury (TBI)

or spinal cord injury (SCI), which carry a probability of developing HO of 4% and 11%,

respectively [22].

HO in Blast

Blast injuries are those resulting from an explosion. In civilian life, these may be caused

by rare accidents, such as industrial explosions [23], or terrorist incidents, which displayed

a fourfold rise in occurrence and eightfold increase in injury between 1999 and 2006 [24].

Despite this, blast injuries are most commonly seen in warfare, particularly in recent

conflicts. Blast injury accounted for only 9% of injuries in the American Civil War, but

rose to 35% in the Great War [25]. This increase continued throughout 20th century

conflicts, until blast became the dominant mechanism of injury in Iraq and Afghanistan;

70 - 80% of injuries to British and American soldiers resulted from blast, the highest in

any conflict to date [26–28]. Further, 43 - 54% of wounds occurred in the extremities, the

most commonly injured area in these conflicts.

The increased prevalence of blast injuries to the extremities is one of two major con-

tributors to the steep rise in HO observed in combat injured patients. The other is the
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increased probability of survival. Improvements in body armour, ubiquitous tourniquet

use, improved evacuation and care by air, the use of haemostatic dressings, and other

modern innovations mean that combatants are more likely to survive increasingly severe

injuries [29–32]. This means that far more patients with multiple limb loss are surviving

and progressing to form HO [33, 34].

The prevalence of HO in combat related amputees in the recent conflicts in Iraq and

Afghanistan has been consistently reported at around 63%, and 80% in those with an

amputation through the zone of injury [35, 36]. Risk factors include a blast mechanism

of injury, amputation through the zone of injury, presence and severity of TBI, a younger

age (being <30 years old), having multiple extremity injuries, a high injury severity score,

delayed healing and bacterial colonisation of the wound (Table 1.1) [1, 35, 36]. The risk

of HO in combat injured amputees is far greater than in civilian amputees, where 23%

develop HO that is mild in 94% of cases [37].

Table 1.1: Clinical and biological risk factors for combat related HO.

Clinical Biological

Blast mechanism of injury Hypoxia

Presence and number of extremity injuries Serum cytokines:

High injury severity score IL-3

Amputation, particularly through the zone of injury IL-6

Presence and severity of TBI IL-10

Low age (<30 years) IL-12p70

Delayed wound healing MCP1

Bacterial colonisation Wound effluent cytokines:

IL-3

IL-13

IP-10

MIP1α
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Symptoms of HO

HO typically becomes evident between 1 and 12 weeks post injury, and symptoms may

begin within 4 weeks [38]. The condition may be asymptomatic, depending on the size

and location of the formed lesions. However, HO can cause chronic pain in the affected

area, ulceration of the skin, especially if the bone forms beneath a skin graft, stiffness

and ankylosis when it forms in the joints, arthrofibrosis, and neurovascular entrapment

[39]. In the amputee population, HO can cause poor fit of prostheses, leading to further

discomfort, breakdown of the skin, and limitations in mobility [40]. This can significantly

delay rehabilitation and the return to an active life, and may also exacerbate the mental

health disorders faced by this patient population [41].

1.2.2 Biological Mechanisms of HO

While POH and AHO are formed via intramembranous ossification, FOP and all forms of

acquired HO are processes of endochondral bone formation. As in the skeleton, HO lesions

contain bone, cartilage, brown fat and vasculature. There are three key requirements for

the process of HO formation [42]:

� Progenitor cells capable of differentiating into endochondral bone forming cells, such

as osteoblasts, osteoclasts, and chondroblasts,

� Signalling biomolecules which induce the differentiation of these progenitor cells

down the required lineages,

� A local environment which is conducive to bone formation.

Requisite Environment for HO Formation

The inciting event, such as a blast injury or others discussed in Section 1.2.1, causes an

inflammatory response, which then triggers the signalling cascade that induces cells to

differentiate and form bone [43]. The inflammatory response following severe trauma,
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such as blast, is highly complex, with both acute and chronic components, local and

systemic factors, and an anti-inflammatory counter response [44]. In combat injured pa-

tients, HO formation is associated with high levels of interleukins-3, 6, 10 and 12p70,

and monocyte chemoattractant protein 1 (MCP1/CCL2) in the serum, interleukins-3 and

13, interferon gamma-induced protein 10 (IP-10/CXCL10) and macrophage inflammatory

protein 1 alpha (MIP-1α/CCL3) in the wound effluent, and bacterial colonisation of the

wound [45, 46].

A local condition that is necessary for HO, and indeed for normal bone formation, is

hypoxia. Among other effects, hypoxia stimulates hypoxia inducible transcription factor

1 alpha (HIF1α) [47]. This factor has a role in chondrogenesis, angiogenesis, and osteo-

genesis, all of which are requisite in endochondral bone formation [48]. Further, HIF1α

upregulates vascular endothelial growth factor (VEGF) and sex determining region Y-box

transcription factor 9 (SOX9), which are critical for angiogenesis and chondrogenesis, re-

spectively. Both VEGF and SOX9 were found to be upregulated in the cells of patients

with high-energy combat injuries that developed HO [49]. This was in addition to a host

of other factors, including insulin-like growth factor 2 (IGF2) and matrix metalloprotein

9 (MMP9). The ubiquitous use of tourniquets, which have increased survival in blast

injured patients (Section 1.2.1), may further increase the incidence of HO by inducing

hypoxia in the residual limb [50]. The biological risk factors for HO are summarised in

Table 1.1.

Potential Progenitor Cells

In addition to the local and systemic factors that drive osteochondral differentiation, there

must be a population of cells available and able to differentiate down this lineage. These

cells may be local to the site, or recruited from circulation. One of the most discussed

candidates is the mesodermal stromal cell (MSC), a multipotent cell that can differen-

tiate into chondroblasts, osteoblasts, and brown adipocytes [51]. These cells have also
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been shown to form endochondral bone when implanted into an animal [52]. In addi-

tion, MSCs have been identified in the debrided muscle from the extremities of combat

injured patients [53]. In comparison to MSCs derived from bone marrow, this population

had elevated alkaline phosphatase (ALP) expression, produced more mineralised matrix,

and did not terminally differentiate [54]. MSCs grow fewer in number and are less able

to differentiate with increased age, correlating with the lower HO risk (Table 1.1) [55].

This decreased differentiation with age extends to their differentiation down an angiogenic

lineage [56]. However, when pretreated in hypoxic conditions, MSCs showed enhanced ca-

pacity for angiogenesis, increased VEGF and decreased apoptosis [57]. This may explain,

in part, the importance of local hypoxia in HO.

Many other cell types also have the potential to produce HO. Myoblasts, the cells

found in skeletal muscle, can dedifferentiate and progress through an osteochondral route

when exposed to the inflammatory cytokine transforming growth factor beta (TGF-β)

[58]. In response to bone morphogenic protein 2 (BMP2), these cells produce ALP, and

participate in HO formation, producing similar levels of ossification as MSCs [59, 60].

Satellite cells, muscle stem cells, may also differentiate into adipocytes and osteocytes,

with or without exposure to BMP2 [61, 62]. However, other studies have shown that these

cells are terminally differentiated, and previous results are due to co-contamination [63].

In a model of FOP, myoblasts did not contribute to the HO formed, and satellite cells

contributed less than 5% [64].

Neural cells have been shown to express osteogenic factors and travel to the site of

HO formation, via the circulation, in a mouse model [65]. Exposure to BMP2 or direct

trauma can initiate the neuroinflammatory cascade to open the blood-nerve barrier and

allow perineurial and endoneurial cells to cross [66, 67]. One of the molecules involved in

this cascade, substance P, has been found to be upregulated in FOP and traumatic HO

lesions, and preventing this signalling pathway has been shown to inhibit HO [68].
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Epithelial cells can transform into MSCs, which occurs during embryonic gastrulation,

when exposed to BMPs and TGF-β [69, 70]. Both of these factors were upregulated in

the epithelial cells in HO lesions of transgenic mice [71]. Similarly, endothelial cells are

also able to transform into MSCs when exposed to TGF-β [72]. Both chondrocytes and

osteoblasts in FOP lesions were found to express endothelial markers, suggesting a vascu-

lar endothelial origin, which may be shared by the adipocytes [73, 74]. Cells of endothelial

origin have been shown to contribute 40 - 50% of cells in HO lesions from a FOP model

[64]. However, it has been suggested that epithelial and endothelial cells may play a less

direct role. Some studies suggests that epithelial cells do not differentiate into osteoblasts,

but instead secrete factors to induce this differentiation in other cell populations [75]. En-

dothelial cells, meanwhile, secrete paracrine factors that induce chondrocyte hypertrophy,

an essential step in endochondral bone formation, which are not secreted by other local

cells [76]. Endothelial cells are also important in their own right, as angiogenesis is a cru-

cial step in bone formation. Further, cells that line the outside of capillaries, pericytes,

have been shown to display osteogenic potential in vitro and in vivo, and are very similar

to MSCs in terms of phenotype, gene expression and differentiation potential [77, 78]. A

summary of the cells found in HO, and potential progenitor cells, is given in Table 1.2.

Table 1.2: Cell types found in HO, and their potential progenitor cells.

Cell Types Found in HO Potential Progenitor Cells

Osteoblasts MSCs

Osteoclasts Myoblasts

Osteocytes Satellite Cells

Chondroblasts Perineurial Cells

Chondrocytes Endoneurial Cells

Brown Adipocytes Epithelial Cells

Endothelial Cells Endothelial Cells

Pericytes
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1.2.3 Diagnosis, Prevention and Treatment of HO

Diagnosis

Initial diagnosis of HO is usually by clinical examination. Swelling, stiffness, warmth and

redness are all early signs of HO, though they are non-specific and could thus be indica-

tive of other conditions [79]. If HO is suspected, plain X-ray radiographs are the most

common means of imaging and monitoring lesion development, and X-ray computed to-

mography (CT) can provide a more detailed 3D picture [38]. However, as they are based

on X-ray attenuation, both of these techniques can only detect HO once mineralisation

has begun. Bone scintigraphy, which detects bone turnover via gamma emission, can de-

tect HO within 3 weeks of injury, several weeks earlier than X-ray, and may also be used

to detect lesion maturity in order to plan excision surgery [80]. Elevated ALP has been

suggested as an early marker of HO, however this is also dependent on liver and kidney

function, which may be impaired in combat injured patients [81]. Further, fewer than half

of SCI induced HO cases displayed elevated ALP [82]. Similarly, using serum cytokines to

detect HO may be non-specific to the condition, or differ by patients and wound type [83].

New techniques being developed to detect HO, and allow earlier administration of pro-

phylaxes, are based around imaging. In Achilles tenotomy (AT) plus burn rodent models,

ultrasound, near-infra red and Raman spectroscopy were able to detect HO within a week

of injury [84–86]. This bone was only visible after several weeks by CT. Ultrasound had

an 88.9% detection rate of HO in SCI patients, however the mean detection interval was

62 days, only 2 days earlier than confirmation via CT [87]. Near-infra red imaging, while

useful, required injection of a fluorescent tracer. This makes it less attractive than Raman

spectroscopy, which was able to differentiate between uninjured and injured muscle, and

unmineralised and mineralised HO lesions taken from combat wounded patients [88]. The

changes in Raman peak area may also be used to measure lesion maturity to aid timing

of excision surgery, or used intra-operatively to identify lesion boundaries.
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Prophylaxis

The only FDA approved medications to prevent or treat HO are a class of molecules

known as bisphosphonates [1]. Characterised by a P–C–P bridge, bisphosphonates imi-

tate the natural role of pyrophosphate in vivo, however due to this chemical linkage they

are not broken down by ALP. Bisphosphonates prevent crystals of calcium phosphate from

forming and aggregating, adsorb to crystal surfaces to act as a poison to growth, and in-

terfere with the biochemical processes when internalised by osteoclasts [89]. However, the

clinical efficacy of these molecules at preventing HO is inconsistent. Etidronate, a first

generation bisphosphonate, was shown to reduce the formation of HO following TBI and

SCI [83]. Conversely, however, the same molecule was shown to increase the incidence of

HO caused by burns [90]. It has also been consistently reported that etidronate merely

delays mineralisation, which resumes when treatment is stopped [79, 83, 91]. There is

further concern that bisphosphonates delay union of fractures, a common complication

following blast [92]. However, this may only follow extensive treatment, for example when

used over the span of years to treat osteoporosis, and de novo use following injury does

not appear to affect fracture healing [93]. Interestingly, bisphosphonates which contain

nitrogen have been shown to hasten the maturity of HO, reducing the time to excision

surgery [94]. Overall, because of the lack of clear efficacy, bisphosphonates are rarely

prescribed to prevent HO.

Non-steroidal anti-inflammatory drugs (NSAIDs) are one of the most commonly utilised

prophylaxes for HO. They inhibit cyclooxygenase 2 (COX2), a key factor required for

endochondral ossification that regulates the differentiation of MSCs and prevents prema-

ture angiogenesis [95]. NSAIDs have also been shown to suppress proliferation and induce

apoptosis in both osteoblasts and chondrocytes [96]. NSAIDs, typically indomethacin, are

most commonly used and studied for HO in the hip, where they are generally found to

be efficacious, though with some disputing studies [97, 98]. However, NSAIDs come with

a range of side effects, including:
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� Postoperative bleeding,

� Hepatic and renal toxicity and failure,

� Haematochezia,

� Asthma,

� Gastrointestinal bleeding.

This often causes patients to discontinue treatment, even those who are are otherwise

healthy [98–101]. In the case of blast injured patients who may have systemic polytrauma,

multiple complex injuries, skeletal fractures, TBI, renal impairment or gastritis, the side

effects of NSAIDs are intolerable [102]. However, improvements to reduce these side ef-

fects are being studied. Local, rather than systemic, delivery of indomethacin was shown

not to inhibit wound healing [103]. Indomethacin, like most NSAIDs, is non-selective

and inhibits COX1 as well as the target, COX2. Celecoxib, a specific COX2 inhibitor,

displays equal efficacy to indomethacin, but with fewer gastrointestinal side effects [104].

While there are some concerns about the use of these selective COX2 inhibitors on the

cardiovascular system, celecoxib has been shown to decrease HO formation in blast in-

jured patients [39].

Radiotherapy is the other common prophylactic modality for HO, which acts by in-

hibiting proliferation and inducing terminal differentiation of MSCs [105]. This modality

is also most often studied for preventing HO following hip arthoplasty operations. Radio-

therapy shows equal efficacy when given pre- or post-operatively, though the total dose

is often higher when given in several fractions post-operatively, as opposed to the single

pre-operative fraction [106–108]. Despite demonstrating efficacy in the hip, radiotherapy

has been shown to have no effect on HO formed in the elbow, but significantly increased

the incidence of non-union [109]. Additional side effects of radiotherapy include compro-

mised healing of soft tissues, immunological impairment, and carcinogenesis which, while
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there is currently no evidence in the hip, may become an issue in the younger cohort of

blast injured patients [110, 111]. Radiotherapy should also be delivered within 48 - 72

hours, which may impart a further logistical limitation to using this modality in blast in-

jured patients [1]. Despite displaying efficacy in the hip, neither NSAIDs nor radiotherapy

reduced HO in a rodent blast model [112, 113].

Treatment

Depending on size and location, HO can be asymptomatic, or only cause issues following

prolonged activity or when the area is irritated, and this may lessen as the HO matures and

the inflammation in the area subsides. Initially, treatment for HO is conservative, and may

include rest, physical therapy, stretching, dynamic splinting, injections, nerve ablations,

pain medication, and adjustment and padding of the prosthetic sock [1, 38]. If, however,

symptoms persist and become intolerable, surgical excision of the bone lesions is the

only current treatment. This is required for 41% of transfemoral, and 15% of transtibial,

combat-related amputees [114]. The lesions should be completely excised, and the surgery

should take place at least six months after the inciting injury, in order to allow the HO

to mature and reduce the risk of recurrence [115]. In addition, concurrent revision of

the amputation, quadriceplasty, contracture release, and excision of the neuroma or skin

graft are often required [102]. The surgery is technically demanding, and comes with

risks including haemorrhage, infection, wound complication and damage to the nervous

and vascular systems [115]. The surgery is further complicated when the HO alters the

native anatomy of the area, or incarcerates nerves and blood vessels [38]. CT is thus

often employed for both pre-operative planning and during the surgery [102]. NSAIDs

are then routinely given as secondary prophylaxis against recurrence, and are preferred

over radiotherapy due to concerns about impairment of wound healing [1].

13



Novel Strategies

While NSAIDs and radiotherapy may show sufficient efficacy and tolerable side effects for

patients who form HO following elective procedures such as hip arthroplasty, the current

preventions are not suitable for other forms of the disease, particularly the blast and ge-

netic cases. Research is therefore ongoing into new therapies for HO, with many focussing

on the emerging biological pathways.

Retinoid signalling is a strong inhibitor of chondrogenesis, a key step in endochondral

bone formation. Agonism of retinoid acid receptor gamma (RARγ) has been shown to

preclude chondrogenic differentiation in vitro, and prevent HO in an animal model [116].

A delay in fracture healing was seen with this treatment, though the authors suggest there

may be a window of opportunity to treat following stabilisation. Palovarotene, whilst not

the most effective RARγ agonist studied, was further investigated as it was already in

clinical trials for emphysema [117, 118]. This molecule was shown to prevent HO and

restore growth of the long bones in a FOP model [119]. Palvarotene significantly reduced

HO formation in a complex blast injury model, but may delay wound healing particu-

larly in the presence of bacteria [120]. A further study suggested that, while effective

at preventing HO, Palovarotene causes overgrowth of synovial joints and ablation of the

growth plates in long bones [121]. Despite this, Palovarotene was taken to clinical trial for

FOP. A 28% reduction in HO was seen in phase II trials, lower than the 65% benchmark,

though there was some dispute around criteria for administration [122]. Phase III trials

began in November 2017 and were due to end in November 2020, however dosing was

paused in early 2020 due to an interim futility analysis [123, 124].

Inhibition of activin receptor-like kinase 2 (ALK2), a BMP receptor, has also been

investigated. Active receptors phosphorylate the SMAD pathways that lead to bone

formation; a genetic defect leading to the constitutive activation of ALK2 is the cause

of FOP. Using a molecule (LDN-193189) to inhibit ALK2 has been shown to prevent
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HO in rodent models of FOP [125] and AT plus burn [126]. The latter study further

demonstrated that applying apyrase to the burn site caused remote hydrolysis of adeno-

sine triphosphate (ATP), and also inhibited HO. This remote hydrolysis simultaneously

depletes extracellular ATP and generates intracellular cyclic adenosine monophosphate

(cAMP), an inhibitor of SMAD phosphorylation.

As discussed in Section 1.2.2, HIF1α upregulates VEGF and SOX9, which promote

angiogenesis and chondrogenesis, respectively, and is thus crucial for endochondral bone

formation. HIF1α also increases the intensity and duration of BMP signalling, and in-

hibiting it restores normal BMP2 signalling and reduces HO in a FOP model [127]. In

both genetic and trauma models, PX-478 and rapamycin were shown to inhibit HIF1α

and prevent HO [128]. Echinomycin, an antibiotic, has been shown to inhibit HIF1α and

prevent HO in an AT model [129]. Other antibiotics have also been shown to inhibit HO,

including vancomycin in a complex blast plus infection model [130]. It was postulated

that this was due to antimicrobial action, as bacterial colonisation is a clinical risk factor

for HO (Table 1.1). However, HO was also inhibited in this model with the absence of

bacterial infection. Vancomycin may thus also inhibit HO by upregulating tissue necrosis

factor alpha (TNFα), IL-6 and IL-10, and altering the causal immune response pathways

[131].

Macrophages are thought to contribute to the inflammatory pathways of HO by re-

leasing factors, including BMPs, that support the differentiation and maturation of os-

teoblasts. By depleting macrophages with clodronate, HO was reduced in both genetic

and SCI plus cardiotoxin models [132, 133]. BMP may also be depleted by transducing

cells to produce Noggin, a BMP antagonist, a strategy which decreased HO in AT and

demineralised bone matrix implantation models [134]. A physical approach has also been

studied, utilising pulsed electromagnetic fields to increase blood flow and curb hypoxia,

which has been shown to reduce HO in hip arthroplasty and SCI patients [135, 136].
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1.3 Kidney Stones

Urolithiasis is the formation of mineral concretions, or stones, in the urinary tract. This

condition is ancient, with stones found in mummies 7000 years old [137, 138], and is one

of the most common diseases of the urinary tract today [2]. Stones can cause intense

colicky pain in the loin and flank, give rise to blood in the urine, obstruct urinary flow,

contribute to urinary tract infections, and produce nausea and vomiting [2]. Additionally,

nephrolithiasis is associated with chronic kidney disease and is responsible for 2 - 3% of

end stage renal disease cases, particularly when it is concomitant with nephrocalcinosis

[139].

1.3.1 Epidemiology of Kidney Stones

The lifetime risk of kidney stones is 10 - 15% in the Western world, and 20 - 25% in

the Middle East [140]. The figure is rising; in the USA, the prevalence of kidney stones

was 3.2% in 1980, 5.2% in 1994 [141], and 8.8% in 2010 [142] (Figure 1.2). Urolithiasis

also has a risk of recurrence of 50% in 5 years, and 75% in 20 years [140]. Once recur-

rent, the risk of further stones forming is increased, with a shorter time between stones.

Kidney stones are more common in men than women (10.6% vs 7.1%), obese people

than those of normal weight (11.2% vs 6.1%) and white people than black or Hispanic

people [142], though incidence is increasing globally across all age, sex, and ethnic groups.

Changing diet and climate change are considered the largest contributing factors to

the worldwide rise of kidney stones [143]. An increased prevalence of stones correlates

strongly with total caloric intake and increased consumption of protein, fat, vegetables,

and fruit, with the notable exception of citrus fruits [144]. Ingesting high levels of animal

protein, oxalates, sodium and fructose, or low levels of potassium and citrate, are all

indicated in stone formation [145–148]. Obesity and diabetes are also strongly associated

with kidney stone formation [142], both of which are increasing globally [149, 150]. Rising
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Figure 1.2: Prevalence of kidney stones in the USA.

average global temperatures may also be a major contributor to higher kidney stone

incidence. Increased temperatures can cause dehydration, leading to decreased urinary

volume, raised core temperature and haematological hyperosmolarity, while increased

vitamin D synthesis raises calcium excretion [151, 152]. In the USA, the hot southern

region known as the ’stone belt’ is spreading north [151]. The population living in this

region was 40% in 2000, but is estimated to rise to 56% in 2050 and 70% by 2095 [153].

This will increase the lifetime cases of urolithiasis by 1.6 - 2.2 million by 2050, with an

associated cost of $1 billion US dollars annually [153]. The total cost of kidney stones in

the USA alone was estimated at around $2 billion in 2000, which is a 50% increase from

1994, and the economic burden of this condition is still increasing [154].

1.3.2 Aetiology of Kidney Stones

There are several compounds that may concrete from the urine, and kidney stones can

be composed purely of one species or contain a mixture. The vast majority, between 80

and 94%, are composed of calcium salts, with around 75% of stones containing a majority

of calcium oxalate (CaOx, Figure 1.3A) [155, 156]. Of the two forms of CaOx found in

kidney stones, CaOx monohydrate (CaOx.H2O) is more common, found in 93% of stones,
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while the dihydrate is found in 57% [157]. The remaining calcium stones are phosphates

(CaP), with 18% of stones composed primarily of hydroxyapatite (HA) (Figure 1.3B)

[155]. Brushite, another CaP phase, is also found in kidney stones [156]. The magnesium

ammonium phosphate salt known as struvite (Figure 1.3C) is found in between 10 and

20% of stones [2, 156, 158]. Uric acid (Figure 1.3D) makes up around 10% of stones

[2, 157, 158], around 1% of stones are composed of l-cystine (Figure 1.3E), and a small

number are drug induced [2, 158].

Figure 1.3: The chemical structure of kidney stone components. A) Calcium oxalate. B)
Hydroxyapatite. C) Struvite. D) Uric acid. E) l-Cystine.

Kidney stones are formed when one or more of the above compounds becomes su-

persaturated in the urine and precipitates out. Nucleation is usually heterogeneous, and

the nuclei must anchor before being swept away in the urine stream in order to form a

stone [156]. The formation of kidney stones involves several growth, aggregation and dis-

solution steps [159]. Aggregation is the fastest mechanism of stone growth; while crystal

nuclei cannot grow large enough to anchor and cause occlusion within the 5-7 minutes it

takes for them to pass through the nephron, multiple nuclei can form an aggregate of this

size within a minute [156]. CaOx stones often form on Randall’s plaque, a carbonated

HA which grows in the interstitial tissue, breaks through the urothelium, and promotes

18



aggregation [160]. Randall’s plaque has been found in at least one renal papilla in 99% of

stone formers, with 20% having some degree of tubular plugging [161]. It is thus notable

that, while it may be a minority component, most stones contain some HA [156]. CaP

is found in 93% of kidney stones, and this may come from Randall’s plaque [157]. The

exact mechanism of plaque formation is unclear, however plaque coverage correlates with

increased urinary calcium excretion, decreased urine volume, and lower urine pH [162].

While supersaturation is responsible for stone formation, the CaOx concentration in

healthy urine is four-fold its solubility, and only precipitates at between seven- and eleven-

fold [156]. This metastability is maintained by inhibitors of crystal nucleation, growth, and

accumulation that are present in the urine [163]. Osteopontin, citrate, prothrombin F1

fragments, inter-α-trypsin inhibitor molecule, calgranulin, Tamm Horsfall glycoprotein,

albumin, glycosaminoglycans, and fragments of DNA and RNA have all been identified

as inhibitors in the urine [158]. All of these species are, or contain, polyanionic chains, to

prevent both growth and aggregation of calcium stones. These molecules raise the limit

of metastability, which is lower in the urine of stone formers than in healthy individuals

[164].

1.3.3 Preventions and Treatments for Kidney Stones

Nuclei which do not anchor and grow will pass through the urinary system and be ex-

creted asymptomatically. Small stones, typically <5 mm, have a high chance of passing

naturally, though not without some degree of discomfort. Stones which are 5-7 mm have

a 50% chance of passage, while those larger than 7 mm are likely to require intervention

[158]. For small stones, extracorporeal shock wave lithotripsy is widely used. Stones can

also be disrupted with lasers applied with an endoscope passed up the ureter, and larger

stones can be disrupted or removed via a small surgery [158]. These interventions have

varying degrees of success for different stone types, sizes and locations [165–167].
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Given the recurrent nature of kidney stones, actions to prevent further formation is

paramount. Initially this is often in the form of dietary augmentation. Increasing fluid

intake is encouraged for all stone types, to increase urine volume to >2.5 L per day

[168]. However, it is difficult for patients to increase urine volume, and any increases

are often accompanied by increased sodium intake [158]. Sodium and calcium transport

are closely linked in the renal tubules, and increased sodium excretion, necessitated by

greater intake, also increases calcium excretion [169]. In addition to calcium stones, Ran-

dall’s plaque formation may be reduced by decreasing urinary calcium excretion [158].

Interestingly, increased dietary calcium has been shown to reduce stone risk, though this

may not be the case for calcium supplements [168]. Potassium and citrate intake should

be increased, and dietary oxalate and animal protein consumption reduced, to prevent

CaOx stones [145].

Therapeutics may also be prescribed as prophylaxis against kidney stones. Thiazide

diuretics increase the volume of urine and decrease the calcium concentration, and are

therefore prescribed to patients with high urinary calcium [168]. However, their effec-

tiveness at reducing the incidence of stones is limited, patient compliance is poor, and

adverse effects include low potassium, elevated uric acid, and abnormal blood glucose and

cholesterol levels [170]. Citrate (Figure 1.4), usually prepared as a potassium, potassium-

sodium, or potassium-magnesium salt, is prescribed for patients with low urinary citrate,

or patients with normal citrate but low urine pH [168]. Citrate reduces stone size and

prevents new stone formation by forming soluble calcium complexes [171, 172]. It may

also stabilise polynuclear complexes, and amorphous CaOx phases [173]. However, a high

rate of recurrence is still seen with citrate therapy, particularly in patients with low pre-

treatment citrate levels [171]. Side effects of citrate therapy include eructation, bloating,

gaseousness, upper gastrointestinal tract disturbance, rashes and diarrhoea, which leads

to a third of patients leaving citrate treatment [174].
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Figure 1.4: The chemical structure of citrate.

1.4 Hexametaphosphate

Hexametaphosphate (HMP) is an inorganic polyphosphate, a polymer consisting of phos-

phate tetrahedra joined by phosphoanhydride (P–O–P) bonds. HMP is produced com-

mercially for a range of research and industrial applications, because of its useful colloidal

properties. However, despite its widespread use, the precise structure of HMP, and thus

the exact nature of some of its properties, remain controversial.

1.4.1 Applications of HMP

HMP has two useful colloidal properties; forming soluble complexes with multivalent

cations, and providing surface effects at solid-aqueous interfaces [175]. Both properties

were utilised when applications of HMP were first patented in the 1920’s. Feldenheimer

took advantage of its surface properties to deflocculate clays during processing [176], while

Hall used the chelation effect to soften hard water [177]. His product, Calgon (a portman-

teau of ’Calcium gone’), became a popular synonym for HMP. Other early uses included

treatment of occupational dermatoses, leather tanning, and prevention of industrial cal-

cium carbonate scale [175].

HMP is still used in the minerals processing industry. In low grade coal, HMP adsorbs

to both the coal and gangue, imparting both with a negative charge so that they repel and

are easier to separate by flotation [178]. HMP also adsorbs to the positively charged alu-

mina along the backbone of kaolinite, helping to disperse the clays to reveal the valuable

mineral, and improving the adsorption of cationic surfactants during flotation separation
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[179]. By adsorbing to provide electrostatic and steric hindrance, HMP is effective at

dispersing HA suspensions for slip casting [180].

HMP has also been used in cement preparations. It adsorbs to particle surfaces to

increase zeta potential, keeping particles dispersed and improving stability, and chelates

calcium to improve injectability in calcium phosphate cements [181]. While HMP de-

creased the compressive strength of this calcium phosphate cement, it was reported to

increase the final strength of a magnesium silicate hydrate cement, where its action as

a dispersant decreased the amount of water required in the paste [182]. The dispersant

action of HMP has also been used in the preparation of luminescent zinc sulphide nanopar-

ticles, adsorbing to the nanoparticles to provide both electrostatic and steric hindrance

to aggregation [183].

In the food industry, HMP has been used to prevent efflorescence in fermented sausages,

by complexing the magnesium ions present, and preventing them from moving to the sur-

face [184]. HMP also improves the stability of whey protein drinks by preventing the

calcium-mediated protein aggregation [185, 186]. It is further used as an emulsifying salt

in the production of processed cheese. By acting as an ion exchanger and chelating the

calcium, HMP disperses the casein micelles found in milk, and the released protein then

acts to emulsify the fats [187].

HMP has been shown to inhibit bacterial growth, particularly of Gram-negative bac-

teria, in concentrations as low as 0.1% [188]. This is due to cation chelation leading to cell

lysis, and the action on bacteria was inhibited on the addition of a magnesium salt. HMP

has also been utilised as a counter-ion for chlorhexidine, a broad spectrum antibiotic, to

produce a sparingly soluble salt for controlled release from alginate dressings and catheter

coatings [189, 190]. It has further been used to crosslink chitosan, a polycationic sugar,to

prepare nanoparticles for drug delivery [191]. HMP has been studied in dentistry for its
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anti-caries effect, potentially to reduce the amount of fluorine in toothpaste [192]. This is

thought to be because the HMP binds to the tooth surface, though the exact mechanism

is unclear [193].

With respect to pathological calcifications, HMP has previously been shown capable

of dissolving HA [194], the mineral found in bone and a common constituent of kidney

stones, and CaOx [195], the most common kidney stone component. It also inhibits the

crystallisation in a saturated calcium phosphate solutions, even in small quantities, in

vitro, and prevents the mineralisation of a chick embryo femur ex vivo [196, 197]. HMP

has recently been shown to demineralise ectopic bone ex vivo [198].

1.4.2 Structure of HMP

Despite having found several successful applications, the chemical structure of HMP re-

mains an open issue. Several studies claim they are using a cyclic molecule containing six

phosphate units (Figure 1.5A) [181, 182, 184, 191], while others believe HMP is in fact a

linear polyphosphate (polyP, Figure 1.5B) [179, 187, 199]. There is also conjecture that

both forms exist separately, but are commercially available under the same name [193].

A third structure has been suggested, which is linear but has two double bonds on one

end (a linear metaphosphate, Figure 1.5C), thus giving it the same chemical formula as

the cyclic [200]. This confusion has foiled some attempts to compare between different

studies, because it is not clear whether the same compound has been used in each [192].

Common suppliers of research chemicals often depict sodium HMP as the 12 membered

ring, or give the formula (NaPO3)n, which may be a ring or a linear metaphosphate,

with no suggestion of chain length. However, common synonyms often include sodium

polyphosphate, suggesting the linear structure, as well as Calgon and Graham’s salt.

The discovery of different types of phosphate is often credited to Thomas Clark who,

in 1827, found that his phosphate produced a white, rather than the usual yellow, precip-
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Figure 1.5: Possible chemical structures of HMP. A) Cyclic hexametaphosphate. B)
Linear polyphosphate. C) Linear metaphosphate.

itate with silver nitrate [201]. It was discovered that when heating the phosphate to dry

it following purification, the high temperature was changing the nature of the phosphate

in some way, and the new species was thus named pyrophosphate. This led to the work

of his fellow Scotsman Thomas Graham who, in 1833, established three types of phos-

phate, in terms of how many atoms of base they combined with: orthophosphate with

3, pyrophosphate with 2, and metaphosphate with 1 [202]. This base is often water, and

so Graham defined his phosphoric acids in terms of how many water molecules combined

with a molecule of phosphorous pentoxide. Orthophosphoric acid was thus 3H2O ·P2O5,

pyrophosphoric acid 2H2O ·P2O5, and metaphosphoric acid H2O ·P2O5.

Graham describes that when ’heating biphosphate of soda (monosodium dihydrogen

orthophosphate) to low redness, it undergoes fusion, and on cooling presents itself as

a transparent glass’. This is the method by which condensed phosphates are prepared,

however it is unclear whether polymerised, condensed phosphates were suggested. In-

deed, condensed phosphates were suggested by Fleitmann and Henneberg in 1838, but

the idea was generally rejected, with phosphate glasses described in terms of Graham’s

three phosphates [203]. Fleitmann appears to be the first to use the term ’hexametaphos-

phoric acid’, to describe the product of heating and rapidly cooling a phosphate mix [204].
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The phosphate glasses consist of PO4 tetrahedra with interspersed cations, most com-

monly sodium. Condensed phosphates are produced by heating phosphate to high tem-

perature, such that the tetrahedra are free to rearrange themselves and share oxygen

atoms. However, PO4 tetrahedra that share 3 oxygen atoms are extremely unstable, com-

pared to those with 1 or 2, and so provided there are sufficient available cations (Na+, H+

etc.), this is not favourable. Thus, chains and rings are preferentially formed, where each

tetrahedron shares 1 or 2 oxygen atoms [203].

The average chain length of the formed condensed phosphate can be calculated from

the stoichiometry of the melt. The ratio of sodium oxide to phosphorous pentoxide

(Na2O:P2O5) is often used to describe the stoichiometry of these melts, presumably be-

cause historically these two anhydrous compounds were most easily evaluated gravimet-

rically. However these are not necessarily the actual compounds input into the melt. In

line with Graham’s definitions, a composition of 3Na2O ·P2O5 will yield trisodium or-

thophosphate, and 2Na2O ·P2O5 tetrasodium pyrophosphate, with a mix of the two at

intermediate ratios. For Na2O:P2O5 ≤ 2, while some orthophosphate could form, it is

thermodynamically unfavourable because it has a higher charge density and thus incurs

a high local sodium concentration. Very little orthophosphate is therefore expected in

mixes of the condensed phosphates. For ratios 2 > Na2O:P2O5 > 1, longer chains form,

with the fraction of terminal phosphates equal to Na2O − P2O5

P2O5
[203]. While a mixture of

chain lengths are formed, the average chain length n̄ can be calculated from [205]:

Na2O

P2O5

=
n̄+ 2

n̄
(1.1)

As Na2O:P2O5 approaches unity, there are fewer sodium atoms available for end

groups, and chains increase in size. At Na2O ·P2O5 there is exactly one sodium atom per

phosphorous atom. Therefore, the phosphate tetrahedra must condense into infinitely

long chains, or forms rings. The products formed at, or very near, this composition are

known as Graham’s salt, which is often given as a synonym for HMP [203]. For ratios of
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Na2O:P2O5 below 1, the phosphate tetrahedra must share up to 3 oxygen atoms, forming

the unstable branched structures known as ultraphosphates (Figure 1.6).

Figure 1.6: Plot of the average chain length, n, of the condensed phosphate formed at
different ratios of Na2O:P2O5, and the chemical structures produced.

The above theoretical considerations are based on entirely anhydrous sodium oxide and

phosphorous pentoxide. If water is present, the hydrogen atoms can act as alternative

cations to the sodium. However, because hydrogen is significantly more electronegative

than sodium, having a similar electronegativity to phosphorous, it can form both covalent

and ionic bonds with the PO4 tetrahedra. Because of the ability of hydrogen to form

a covalent bond in monohydrogen orthophosphate, this species is no more charge dense

than a polyphosphate end group, and thus orthophosphate can form in these systems if

water is present [203, 205].

Rings may form to avoid the formation of infinite chains at Na2O ·P2O5 [205]. However,

a random walk model of chain growth in three dimensions suggests that ring formation is
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highly unlikely, as this would require the walk to end where it began. The negative charges

causing inter- and intra-chain repulsion also favour elongated, linear molecules [203]. Ex-

perimentally, cyclic phosphates make up around 10% of Graham’s salt, the remainder

being long chain polyphosphates [206]. Additionally, due to difficulties in removing all

water, chains are not infinite, and the average chain length is usually less than 250 PO4

units. The rings that form are nearly all trimetaphosphate, and the proportion of rings

increases as average chain length increases [205].

The 12 membered cyclic HMP (Figure 1.5A) can exist, and has been extracted as

a component of Graham’s salt. It is found more commonly in the lithium phosphate

glasses, and so cyclic HMP was prepared by forming the lithium salt, and utilising ion

exchange and purification to get the sodium salt [207]. By contrast, commercial HMP

is conventionally prepared by heating phosphoric acid and sodium carbonate, in a ratio

so as to achieve an average chain length of 14 [208]. Other proposed processes utilise

various starting materials (phosphoric acid, sodium orthophosphates, pyrophosphates,

tripolyphosphates, and metaphosphates, and mixtures therein to achieve the desired sto-

ichiometry and chain length), but heating and rapid cooling is still utilised to form the

product [195, 208–210].

A minimum or range of P or P2O5 content is often given as a measure of specification,

and this is often measured by titration (described in Section 2.2.1) [211, 212]. Assuming

that the product is in fact a linear polyphosphate, and utilising Equation 1.1, this can be

converted into a chain length. For one commercial product, the ’on spec’ range is 29.0

- 37.1% P [211], and the measured value 29.1%. This corresponds to a chain length of

between 13 and an ultraphosphate (the P% for a ring or infinite chain is 30.4%), and

the measured value for this batch corresponds to a chain length of 14. Similarly, another

commercial HMP has an acceptable range of 65 - 70 % P2O5, corresponding to a chain

length of between 8.6 and, again, ultraphosphates. The measured value for the batch,
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67.3%, corresponds to an average chain length of 17.7 [212]. It therefore appears that the

commercial definition of ’on spec’ HMP covers condensed phosphates ranging from short

oligophosphates, through infinitely long chain polyphosphates and possibly ring struc-

tures, into branched ultraphosphates. However, the actual composition appears to be

chains of, on average, around 15 phosphate tetrahedra in length. This is in agreement

with Buckholtz, who claims that a chain length of 14 gives the optimal balance of dissolu-

tion, chelation, and surface properties [208]. Further, as the occurrence of rings increases

with average chain length [205], few rings are likely to be present in this HMP.

Another proposed structure for HMP is the linear metaphosphate (Figure 1.5 C),

which has only one weak acid function [200]. While past studies have claimed to have

prepared and studied monometaphosphates (the first molecule in this series, PO3) [3, 213],

more recent studies claim there is no evidence for these structures [214]. Further, it is not

clear how one would alter the manufacture to produce such a structure, rather than polyP

chains and rings. In addition, as discussed in Section 1.4.3, this structure is unstable and

likely to hydrate to form a polyP structure in solution (Figure 1.8 B).

1.4.3 Chemistry of HMP

Polyphosphates with fewer than 10 or greater than 50 PO4 tetrahedra can be found in crys-

talline form; the intermediates form heterogeneous mixtures of chain length, and instead

form glasses [214]. However, as the applications of HMP revolve around its properties as

a chelator or augmenting solid-liquid interfaces, its properties in aqueous solution are the

most studied and of greatest practical use.

pH and Ionisation

The pH of HMP solutions can be either acidic or basic, though the exact reason is unclear.

One study suggests that long chains form neutral or slightly acidic solutions, while short

chains (≤4 PO4 units) are alkaline [214]. A different study suggests the opposite, that so-
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lutions are acidic due to disodium dihydrogen pyrophosphate impurities [215]. Although

typically described as sodium salts, there may be some degree of hydrogen substitution.

Polyphosphoric acids have one strongly ionised hydrogen per tetrahedron (red, Figure

1.7), and an additional weakly ionised hydrogen at each end of the chain (blue, Figure

1.7) [205]. As hydrogen is more electronegative than sodium, and thus has a higher affin-

ity to form covalent bonds with oxygen, it is more likely that hydrogen will be bonded to

the end group weak acid functions [206]. However, the degree of dissociation will depend

on the solution pH, temperature, and salt concentration.

Figure 1.7: Structure of polyphosphoric acid.

According to Manning’s theory, the Coulomb coupling strength of polyP (2.74 in water

at 25 °C) is far higher than the threshold for counterion condensation (1.00). Under these

conditions it is expected theoretically, and found experimentally, that 64% and 70% of

monovalent counterions will condense, respectively [216]. While this value will, again,

depend on temperature, salt concentration and pH, it highlights the high charge density

of HMP. This charge density is important, as it governs the ability of HMP to form

complexes, act as a polyelectrolyte, and affects hydrolysis.

Hydrolysis

Condensed phosphates are exceptional inorganic polymers, in that they can be dissolved

without immediate breakdown, and instead hydrolyse slowly into their PO4 monomers,

similarly to organic polymers [205]. The exception are the branched ultraphosphates,

which are unstable and break down quickly in water, such that only chains, rings, and
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orthophosphate are present in solution. This is because when only two oxygens are shared

between tetrahedra, the remaining oxygen carries a negative charge, making it far less

susceptible to nucleophilic attack [217]. The tertiary phosphates at the branching points

in ultraphosphates do not have a negative charge, and so are susceptible to attack. The

pH and viscosity of Graham’s salt solutions are thought to change within the first 12

hours because of ultraphosphate breakdown [205].

Phosphate rings are cleaved slowly in solution. It is generally agreed that this occurs

more rapidly in basic conditions [206, 207, 214, 218], though an increased rate has also

been observed in acidic conditions, with a very low level of hydrolysis between pH 5 and 9

[218]. This may be by the same mechanism as proposed for the scission of P–O–P bonds

in linear polyPs (Figure 1.8) [219]. It has also been suggested that rings form zwitterionic

species prior to breakdown (Figure 1.9) [220]. Hydrolysis is first order with respect to

the polyphosphate, and larger rings are more stable; cyclic HMP has a half life of around

1000 hours in aqueous solution, while trimetaphosphate has only 4.5 hours [207]. This is

because the larger ring is more flexible, and can distribute energy more easily.

The ring phosphates are hydrolysed to give their corresponding linear phosphate,

which also undergoes hydrolysis. Linear phosphate degradation is also first order and is

faster than ring cleavage [218, 219]. Thus, for rings with more than four PO4 units, the

corresponding linear phosphate cannot be prepared in this way because it breaks down

faster than the ring is cleaved [206]. Linear polyP is broken down by hydrolytic attack on

the end groups, yielding an orthophosphate and shortening the chain by one PO4 unit;

there is no cleavage in the middle of the chain [218, 221, 222]. However, studies again

differ on the effect of pH. Some state that linear polyP is relatively stable in neutral and

basic media, and undergoes cleavage in acidic conditions [214, 218]. The mechanism for

this reaction (Figure 1.10) [219] shows how decreased pH will neutralise the polyP anion,

making the phosphate atom more susceptible to nucleophilic attack, and increase the
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Figure 1.8: Traditional mechanism of metaphosphate ring scission. A) Base catalysed
scission of a ring metaphosphate into a linear metaphosphate. B) Hydration of a linear
metaphosphate into a linear polyphosphate. C) Direct hydrolysis of a metaphosphate ring
into a linear polyphosphate.

likelyhood of the first step in this reaction. However, there is evidence that polyP is also

hydrolysed faster in increasingly basic media [221]. This may be because, at a pH above

which the polyphosphate is completely ionised, further increases in OH– concentration

increase the chance of attack by this strong nucleophile. Further, the reaction may be

catalysed by the increase in sodium concentration, from the addition of sodium alkaline

salts [223]. Sodium condensing on, or forming a complex with, the HMP will render the

polymer more neutral, and thus more susceptible to nucleophilic attack.

Interfacial Adsorption

One of the industrially useful properties of HMP is its ability to alter the properties of a

solid-aqueous interface. HMP can adsorb both chemically and ionically, depending on the

species and pH [214]. HMP has been shown to adsorb to metal surfaces and subsequently

prevent scale formation, though calcium was necessary for this process, indicating an
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Figure 1.9: Zwitterionic mechanism of metaphosphate ring scission. A) Zwitterion for-
mation. B) Reorganisation of the zwitterion into a linear metaphosphate. C) Hydration
of the zwitterion to form a linear polyphosphate.

Figure 1.10: The mechanism of polyP hydrolysis in acidic conditions.

ionic interaction [175]. HMP has been shown to bind to the positively charged alumina in

kaolinite, along its backbone [179]. In a chemical simulation, the oxygen atoms on HMP

were shown to form strong hydrogen bonds with the hydrogen atoms on the aluminium

hydroxide surface of kaolinite [199]. HMP can effect both steric and electrostatic barriers

once adsorbed, and this effect increases with chain length [216].
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Complex Formation

Perhaps the most useful, and most studied, property of HMP is its ability to form soluble

complexes with metals. No complexes are formed with quaternary ammonium ions, weak

complexes are formed with monovalent alkali metals, such as sodium and potassium, while

strong complexes are formed with multivalent metals, such as calcium, magnesium, and

iron [224, 225]. Thomson showed that HMP could prevent formation of and dissolve, to

differing extents, various salts of calcium, strontium, magnesium, barium, magnesium,

iron, zinc, and lead [195]. He theorised that one hexavalent HMP molecule would form a

complex with one divalent cation, replacing two sodium ions from the structure (Figure

1.11A). This theory appears to agree with his experimental findings, except for the cases

of ferric oxide and alumina, where one molecule of HMP absorbed two trivalent metal

ions, which was deemed ’rather difficult to explain by any hypothesis that seems reason-

able’. Divalent copper, cadmium and mercury are also sequestered by HMP [216].

Figure 1.11: Theorised modes of cation chelation by HMP. A) Thomson’s theory, whereby
one HMP complexes one divalent cation. B) Van Wazer’s theory, whereby one pair of
phosphate tetrahedra complex one divalent cation. C) Van Wazer’s theory, whereby
phosphate tetrahedra on several chains chelate one divalent cation.

The strong complexing power of polyphosphates is their ability to form chelate rings

between two adjacent tetrahedra (Figure 1.11B) [224]. However, given their negative

charges and tendency to elongate, it is likely that multiple polymers form ligands with

the metal, rather than a single molecule coiling around (Figure 1.11C). There is some
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increase in complex stability with chain length, though the chelating ability is more asso-

ciated with the total number of PO4 tetrahedra. Chains are more effective chelators than

rings, because the former are more flexible [214, 226]. Larger, more flexible rings form

more stable complexes, for example cyclic tetrametaphosphate is a more potent chelator

than cyclic trimetaphosphate [227]. However, both cyclics form less stable complexes with

calcium than pyrophosphate, tripolyphospate, and HMP, the latter being the most potent.

Interestingly, while all other phosphate species studied were found to form 1:1 com-

plexes with calcium, HMP was found to form 2:1 complexes [227]. However, for the other

phosphate species, ’non-linearity’ was observed at high concentrations, and it may be

that, at these high concentrations, more stable 2:1 complexes would form. It is conceiv-

able that HMP forms these complexes more readily because the longer chain means it is

more likely to have a second tetrahedron nearby, whereas in the other phosphates (with

tripolyphosphate the next longest chain), more than one molecule would be needed in

close proximity to form a 2:1 complex, which is unlikely in a dilute system.

1.4.4 Biology of HMP

As a common food additive, HMP is generally recognised as safe by the United States

Food and Drugs Administration (FDA) [228]. HMP has very low oral toxicity, with an

acute toxicity of between 2,400 and >10,000 mg kgbodyweight
−1, and a chronic no adverse

effect level of 1800 mg kgbodyweight
−1 day−1 [229]. In humans, dietary guidelines are based

on total phosphorous consumption, rather than individual compounds. These suggest no

adverse effects will be seen below 70 mg kgbodyweight
−1 day−1, contingent on a proportional

calcium, magnesium and vitamin D intake [229]. As this is for total phosphorous, rather

than phosphate, this corresponds to a around 16 g of HMP per day, for a 70 kg adult.

While HMP itself may not be found naturally in the body, inorganic polyphosphates

are found in many cell types, stored intracellularly in dense granules, particularly in the

34



mitochondria and in platelets [230]. Enzymes are present that can break down polyphos-

phates in vivo, including ALP and nucleotide pyrophosphatase/phosphodiesterase 1 (NPP1)

[198, 230].

1.5 Thesis Overview

1.5.1 Conclusions From Literature Review

The conducted literature survey shows that both HO and kidney stones are patholog-

ical calcification diseases without suitable treatments. In both cases, management and

prevention are the most commonly used tools, and these are often sub-optimal, leading

to recurrence. Once calcification has begun, there is currently no way to reverse it with

medication, often leading to surgery or other invasive procedures as the only treatment

for these conditions. The formation pathways of HO and kidney stones are very different;

the former being laid down by cells in an organised hierarchy, the latter dominated by

nucleation, growth, and aggregation. However, in both cases, and indeed for all patholog-

ical calcification conditions, the end result is the formation of hard tissue, where it ought

not exist, causing pain and other deleterious symptoms.

HMP is used across a wide range of applications for its ability to form soluble com-

plexes with calcium and other divalent cations. It is non-toxic, generally safe for oral

consumption, and can be broken down by enzymes in the body. The precise structure

of HMP, particularly its length and whether it is linear or cyclic, remains contentious.

These properties will affect its performance in vivo, such as the rate of hydrolytic and

enzymatic degradation, response to pH, and chelation and interfacial interactions.
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1.5.2 Thesis Aims

The aim of this thesis is to investigate HMP as a new therapeutic for the prevention and

treatment of pathological calcification diseases. It is hypothesised that HMP could act

as a prevention, but also as a treatment, dissolving and thus reversing the calcification

process, acting as an alternative to surgery. Further, by targeting the material chemistry

pathways, HMP could act on all ectopic calcifications, regardless of their biological origins.

The specific objectives of this thesis are therefore to:

� Investigate the structure and chelation properties of HMP (Chapter 2).

� Formulate a delivery vehicle for targeted application of HMP to ectopic calcification

sites (Chapter 3).

� Apply HMP formulations in an animal model of HO (Chapter 4).

� Investigate HMP as a therapy to prevent and treat kidney stones (Chapter 5).
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CHAPTER 2

STRUCTURE AND PROPERTIES OF HMP
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2.1 Introduction

It is widely documented that HMP possesses the ability to form soluble complexes with,

and thus dissolve solid minerals of, multivalent cations and to bind to surfaces to alter

interfacial properties. These colloidal properties, particularly cation binding, suggest that

HMP may be able to both dissolve and prevent formation of pathological calcifications.

However, despite having been taken advantage of for almost a century in both research

and industry, the exact nature of these properties, and the structure of HMP, remain de-

batable. The uncertainty around the structure of HMP, particularly whether it is linear

or cyclic, continues to give an air of mystery to this useful compound.

As discussed in Section 1.4.3, Thomson’s data suggested that one molecule of HMP

(that is, Na6P6O18) chelates one divalent cation, by replacing two sodium ions [195]. The

exception were trivalent cations, where two ions appeared to be chelated. Conversely, Van

Wazer’s view was that each divalent cation formed a chelate ring between two phosphate

tetrahedra [224]. The former view may imply a cyclic structure, with the divalent cation

in the centre, while the latter is general to all condensed phosphates.

Perhaps more than the mechanism of cation chelation, the structure of HMP remains

controversial. The name, and several commercial suppliers, suggest it is a 12-membered

cyclic molecule, and several users take this at face value. In contrast, both cation chela-

tion and interfacial properties are superior in linear phosphates than in cyclics. Thus,

if HMP was indeed cyclic, it would not be optimal for its applications. This confusion

about structure also raises concerns that both cyclic and linear HMP are commercially

available, and thus that different studies are not comparable. Further, the stability of

HMP in solution is important to understand for any industrial purpose, but is crucial for

translation to a medical setting. For example, understanding the approximate shelf life

of an aqueous HMP formulation will determine whether such pre-made formulations are

viable, and how they can be stored. This may also help to inform how long HMP will be
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active in vivo prior to degradation. It is important, if HMP is to be used as a therapy,

that its structure, stability, and mechanism of action are known.

This chapter aims to investigate the structure and chelation properties of HMP. The

determination of structure is primarily carried out via end group titration, a robust tech-

nique capable of distinguishing cyclic and linear condensed phosphates, and giving the

average chain length. The ability of HMP to chelate and dissolve calcium salts, particu-

larly hydroxyapatite, is evaluated by a series of functional assays, measuring the ability

of HMP to dissolve both suspensions and solid pellets.

2.2 Methods

2.2.1 End Group Titration

End group titration is a robust method to indicate the structure and average chain length

of a condensed phosphate. It is based on the idea that polyphosphoric acids (n ≥ 2)

have one strongly ionised hydrogen per phosphate tetrahedron, and an additional weakly

ionised hydrogen at each end group, or 2 per molecule (Figure 2.1A). Orthophosphoric acid

has one strongly, and one weakly ionised hydrogen per phosphorous atom (Figure 2.1B).

The third hydrogen is very weakly ionised, with a pKa of >12, such that monohydrogen

orthophosphate is often considered covalently bonded [205].

Figure 2.1: Structures of A) polyphosphoric acid and B) orthophosphoric acid, with the
strongly ionised hydrogens shown in red and the weakly ionised hydrogens shown in blue.

Several variants of this technique have been described in the literature [223, 231], and

this method is most closely based on that of Odagiri and Nickerson [200]. Two differ-
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ent brands of HMP were studied (general purpose grade, Fisher Scientific and crystalline,

96%, Sigma-Aldrich). Graham’s salt (sodium polyphosphate, Emplura), tripolyphosphate

(technical grade, Sigma-Aldrich) and trimetaphosphate (≥95%, Sigma-Aldrich) were also

titrated for comparison.

0.5 g of the condensed phosphate was dissolved in 450 mL of deionised water (from

a Milli-Q system, Millipore), the pH was reduced to 2.5 with 1 M HCl (2 - 5 mL), and

the volume made up to 500 mL. A 200 mL portion was immediately back-titrated, by

adding 0.1 M NaOH, 100 µL at a time, and recording the pH with every addition, using

a pH meter (Metler Toledo). This was done within 1 hour, to minimise any hydrolysis.

The remaining acidic polyphosphate solution was boiled under reflux for at least 6 hours,

then left to cool for at least 12 hours, to fully hydrolyse the condensed phosphate into

orthophosphate. A 200 mL portion of this solution was then back-titrated as above.

This procedure generates two titration curves; one for the polyphosphate (Figure

2.2A), and one for the hydrolysed orthophosphate (Figure 2.2B). Each curve has two

equivalence points (Figure 2.2, arrows), one near pH 4.5 and one near pH 9. Between the

two equivalence points, every molecule of −OH added removes a weak hydrogen from a

phosphate molecule. For polyphosphate, which has two weak hydrogens per molecule, two

molecules of NaOH correspond to one molecule of polyphosphate, while for orthophos-

phate, which has one weakly ionised hydrogen, the relationship is one to one. Because the

same volume, containing the same total number of PO4 tetrahedra is being titrated with

the same base, the constants of proportionality between volume and number of molecules

are the same for both. Thus, as the average chain length is the number of polyphosphate

molecules divided by the number of orthophosphate molecules, the average chain length,

n̄, can be found from Equation 2.1.

n̄ =
2fo
fp

(2.1)
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Where fp and fo are the volumes of 0.1 M NaOH required to move between the two

equivalence points for the polyphosphate and orthophosphate, following hydrolysis, re-

spectively. In addition, two pKa values can be derived from this data. The pKa value

is the pH at which exactly half of the available sites are protonated, and thus is halfway

between the equivalence points.

Figure 2.2: Representative titration curves for A) a polyphosphate and B) orthophosphate
following hydrolysis, with the hydrogen dissociation at each equivalence point, and the
volumes of base required to calculate average chain length, fp and fo

.

Chain Length Distribution

In order to probe the distribution of chain lengths in HMP, an aqueous solution was frac-

tioned by gradual acetone addition. By decreasing the solvent quality, some of the HMP

precipitates out, with the longer chains having higher likelihood to precipitate [232]. Thus,

while not containing all the molecules of a particular chain length, nor containing only

molecules of a certain chain length, each fraction is less complex than the original mixture.

4 g of HMP (Fisher) was dissolved in 40 mL of deionised water, and 5 mL of acetone

was added in order to induce precipitation. The mixture was stirred for 5 minutes to

allow equilibration between the phases, then centrifuged at 4700 rpm for 10 minutes. The

supernatant fluid was removed as far as possible without disturbing the precipitate phase.

41



This fraction was stored at -20 °C, for a maximum of 7 days, until use, where it was di-

luted to 500 mL with deionised water, and titrated as described above. Further acetone

was then added to the supernatant phase to cause precipitation, and this procedure was

repeated with gradually increasing volumes of acetone (Table 2.3).

The proportion of rings present in the sample can be approximated by assuming that

the greater fo value of the residual fraction is due to rings that accumulate in this fraction,

which contribute to the increased fo but not fp as they have no weak acid groups [232]. By

assuming that, in the absence of rings, the residual fraction would have the same average

chain length as the previous fraction, the ’excess’ fo attributed to the rings, fo,ex can be

calculated from Equation 2.2.

fo,ex = fo,res −
n9 × fp,res

2
(2.2)

Where fo,res is the measured fo for the residual fraction, n9 is the average chain length

of the previous fraction, in this case fraction 9, and fp,res is the measured fp of the residual

fraction. The second term is the ’true’ fo, if there were no rings, which is subtracted from

the total to give the excess. The fraction of rings can then be found by dividing the excess

fo by the total phosphate in the sample.

Stability

In order to probe the hydrolytic stability of HMP (Fisher), a 0.2 M solution was prepared

by dissolving in deionised water, and was adjusted to pH 7 with 2 M NaOH. 4.1 mL

aliquots were decanted into bijoux, such that there was 0.5 g of HMP in each aliquot.

One aliquot was titrated back immediately as a control to compare the chain length

against, while others were placed in different temperature conditions (37 °C, 20 °C, 4 °C

and -20 °C) for 7 days. On day 7, the aliquots were used instead of powder in the titration

procedure described above.
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2.2.2 Calcium Chelation

Light Absorption

The ability of HMP to chelate calcium, in order to both prevent formation of and dissolve

its salts, was tested by a light absorbance approach. This method was utilised such that

several concentrations could be measured simultaneously, or in quick succession. Exper-

iments were carried out in deionised water (Milli-Q, Millipore), because the aim was to

probe the chemistry and elucidate chelation ratios, rather than to mimic physiological

conditions. The absorbance of 1 mL of suspension in a 24 well CellStar suspension cul-

ture plate (Grenier Bio-One), was read at 600 nm after 1 hour, using a Spark plate reader

(Tecan).

Initial experiments were carried out in order to find an original concentration of pre-

cipitated salt with an absorbance of around 0.4, in the system used. This was to ensure

a large experimental space, where reductions in turbidity could be detected, but which

produced a linear response with concentration. For oxalate, this was formed by mixing

equal volumes of 5 mM calcium chloride dihydrate (99%, Alfa Aesar) and sodium oxalate

(99%, Alfa Aesar). For phosphate, it was preferable to form HA, the primary phase found

in bone and kidney stones. As such, 50 mM calcium chloride and trisodium phosphate

(96%, Aldrich) were added in a 5:3 ratio, the same ratio as in HA (Ca5(PO4)3OH). For

carbonate, equal volumes of 50 mM calcium chloride and sodium carbonate decahydrate

(99+%, Alfa Aesar) were mixed.

X-ray diffraction (XRD) was performed to confirm the CaOx and CaP species present.

Suspensions were centrifuged immediately, or after maturing in solution for 3 days, the

supernatant fluid was removed, and the precipitate was dried at 60 °C for 12 hours. XRD

was performed on a D8 Advance Diffractometer (Bruker), with an X-ray beam (0.15418

nm) emitted from a copper filament. Spectra were collected between a 2θ of 10° and
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50°, with a step size of 0.02°, and a step time of 0.3 s. The intensity was normalised

for each scan, and patterns were compared to standards from the International Centre

for Diffraction Data (ICDD): hydroxyapatite (PDF 01-074-9761), brushite (PDF 00-009-

0077) and calcium oxalate monohydrate (PDF 00-020-0231). XRD confirmed that the

CaP phase was apatitic, though poorly crystalline as evidenced by the broad convoluted

peak between 31° and 34°, and the CaOx phase was the monohydrate, CaOx.H2O (Figure

2.3). There was no change of phase on maturation.

Figure 2.3: XRD patterns for the calcium oxalate and phosphate phases formed by pre-
cipitation, immediately and after maturation, and reference patterns.

Calibration curves were created, in order to translate absorbance values to concen-

trations of mineral precipitate. A wide range of concentrations were prepared by serially

diluting the initial solution (2.5 mM for CaOx and 25 mM for CaP and CaCO3, on a

Ca basis) with deionised water, and measuring the absorbance as above. The calibration

curves were linear, and in all cases the R2 value was above 0.99 (Figure 2.4). For CaCO3,

the absorbance at or below 4 mM was the same as for deionised water. This was due to its

sparing solubility in water, and was accounted for in the conversion between absorbance

and concentration.
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Figure 2.4: Calibration curves of 600 nm light absorbance and concentration for A) CaOx,
B) CaP and C) CaCO3, formed in deionised water. Figures show mean ± SD (n=3) and
a linear regression.

For the dissolution experiments, 5 mL of calcium chloride was added to the sodium

salt solution, in the concentrations and ratios outlines above. 1 mL of HMP solution, of

varying concentration to give the desired Ca:HMP ratio, was then added. To simulate

prevention, the HMP solution was added to the sodium salt solution before the calcium

solution was added. To simulate dissolution, the HMP was added after the precipitation

had occurred. Suspensions were left for one hour, and then the absorbance was measured

as above.

Simulated Body Fluid Preparation

To better represent the physiological situation, some of the following experiments were

carried out in simulated body fluid (SBF). A revised SBF was prepared, which had the

same concentration of ions as blood plasma [233]. As SBF is very close to supersaturation,

care was taken to prevent precipitation during preparation. Plasticware was used in

preference to glass, as scratches in glass can act as nucleation points. All equipment was

first rinsed with 1 M HCl, to dissolve any mineral that could act as a nucleation point,

then repeatedly with deionised water. The components in Table 2.1 were added, in the

order given, to 400 mL of deionised water stirred at 37 °C. The HEPES buffer was pre-

dissolved 50 mL of deionised water prior to addition. The SBF was then pH adjusted

to 7.3 with 1 M NaOH, and made up to 500 mL. The final SBF was kept in a plastic

container, filtered prior to use, and used within 7 days.
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Table 2.1: Simulated body fluid preparation.

Compound Name Formula Amount (g
(500 mL)−1)

Supplier

Sodium Chloride, BioReagent ≥99% NaCl 2.7015 Sigma

Sodium Hydrogen Carbonate, Analyti-
cal Grade

NaHCO3 0.37 FSA

Sodium Carbonate Decahydrate,
≥99%

Na2CO3.10H2O 2.762 Alfa Aesar

Potassium Chloride, ACS Crystalline KCl 0.1125 Alfa Aesar

Dipotassium Hydrogen Orthophos-
phate Trihydrate, for HPLC

K2HPO4.3H2O 0.115 HiPerSolv

Magnesium Chloride, ≥98% MgCl 0.073 Sigma

HEPES ≥99.5% 5.964 Sigma

Calcium Chloride Dihydrate, ≥99% CaCl2.2H2O 0.194 Alfa Aesar

Sodium Sulphate, Granular Na2SO4 0.036 Fisher

Pellet Dissolution

HA pellets were prepared by compressing 0.5 g of HA powder (Sigma-Aldrich) at 2000 N,

in a 13 mm die, using a universal mechanical tester (Z030, Zwick-Roell). The pellets were

then sintered at 700 °C for 4 hours. This produced cylinders, approximately 12.7 mm in

diameter, 3.4 mm in height, and weighing around 0.47 g. Pellets were weighed dry prior

to experimentation. For all experiments, pellets were placed in 50 mL of fluid for 7 days.

Pellets were then dried at 60 °C and 0.5 bar for 24 hours.

In an initial set of experiments, pellets were placed in different media with or without

HMP, at a concentration of 0.2 M, to ascertain which factors might have an effect on the

ability of HMP to dissolve HA. Deionised water, SBF, SBF with bovine serum albumin

(BSA, Fisher), and foetal bovine serum (FBS, Sigma) were used, with and without 0.2 M

HMP dissolved in them. SBF was prepared as above, and BSA was used at a physiological

plasma concentration of 40 g L−1 [234]. pH was not adjusted for this initial set of exper-

iments, and pellets were incubated at 4 °C, to preserve the serum. To study the effect of
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protein more systematically, pellets were incubated in SBF with 0.2 M HMP, adjusted to

pH 7 with 10 M NaOH, then added BSA in varying concentrations. The addition of BSA

did not alter the pH. These pellets were also kept at 4 °C.

To examine the effect of pH, pellets were incubated in SBF with 40 g L−1 BSA, 0.2 M

HMP, or both, at pH 7.3 (the native pH of SBF) or pH 6.2 (the natural pH of SBF with

HMP). Where necessary, the pH was adjusted with 10 M NaOH or 37% HCl. Strong acid

and base was used to adjust the pH effectively with minimal change the volume, and thus

concentrations, of the solutions. These pellets were incubated at 37 °C to better represent

physiological conditions.

2.2.3 Statistical Analysis

Statistical analysis was performed in Prism (version 7, GraphPad). All graphs show stan-

dard deviation (SD) as the measure of uncertainty. For all data, normality was determined

using a Shapiro-Wilk test. For the stability experiment, a matched one way ANOVA was

performed, as each repeat used the same initial solution, incubated in different conditions,

and the Geisser-Greenhouse correction was used as sphericity could not be assumed. A

post hoc Dunnett multiple comparisons test was used to compare the chain length follow-

ing incubation to the original chain length. For pellet dissolution experiments, a 2-way

ANOVA was performed with a post hoc Tukey’s multiple comparisons test to compare all

columns with each other, with the results displayed in Tables 2.4 and 2.5. For all tests,

p < 0.05 was considered statistically significant, else the result was non-significant (ns).

Stars display the level of significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p

< 0.0001.
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2.3 Results

2.3.1 End Group Titration

Structure and Chain Length

End group titration was used to give an idea of the structure and chain length of HMP.

Two different commercial brands of HMP were tested, Fisher and Sigma-Aldrich. Other

condensed phosphates were also titrated, as a comparison; tripolyphosphate, a linear

polyphosphate with 3 phosphate tetrahedra; trimetaphosphate, a cyclic phosphate with 3

tetrahedra; and Graham’s salt, the glassy polyphosphate defined as having an Na2O:P2O5

ratio near 1, though the term is often used interchangeably with HMP.

In all cases, the first equivalence points overlapped between the polyphosphate (solid

lines) and the corresponding orthophosphate titration (dashed lines, Figure 2.5). This is

because, for all condensed phosphates, there is one strongly ionised hydrogen per phos-

phorous atom, and there are the same total number of phosphorous atoms before and

after hydrolysis. However, the second equivalence point is dependent on the chain length.

Longer chains require a lower volume of base to titrate the weak hydrogens, because they

have fewer end groups by mass. Cyclic phosphates, such as trimetaphosphate, have no

end groups and thus possess only strongly ionised hydrogens. Cyclics therefore have no

second equivalence point and titrate like strong, monoprotic acids.

The most notable finding was that both commercial brands of HMP, and Graham’s

salt, had two clear equivalence points, and therefore contained primarily linear molecules.

The average chain length and pKa values of the condensed phosphates are given in Table

2.2. Of the HMP compounds, the Fisher product was found to consist of longer chains,

on average, than the Sigma. Graham’s salt was longer still, with an average chain length

of 22. As expected, trimetaphosphate was cyclic, and tripolyphosphate had an average

chain length near 3, giving some validation to the findings from this method.
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Figure 2.5: Representative titration curves for HMP, Graham’s salt, tripolyphosphate
(TPP), trimetaphosphate (TMP), and their associated orthophosphate curves following
hydrolysis (h).

Table 2.2: Data obtained from end group titration for various condensed phosphates.
Figures are mean ± SD (n=3).

Condensed Phosphate pKa1 pKa2 n̄

Fisher HMP 2.80 ± 0.06 7.49 ± 0.14 15.06 ± 0.25

Sigma HMP 2.58 ± 0.05 7.05 ± 0.06 9.67 ± 0.07

Tripolyphosphate 2.24 ± 0.03 7.28 ± 0.01 2.71 ± 0.13

Graham’s Salt 2.88 ± 0.09 7.42 ± 0.14 21.99 ± 1.08

Chain Length Distribution

The titration procedures performed above gave the average chain length, however polyphos-

phate glasses are invariably mixtures. In order to probe the distribution of chain lengths

present in HMP, the solution was split into several less complex fractions by gradually

lowering the solvent quality to produce chain length dependent precipitation. Titration

was then used to find the average chain length of each fraction. It was found that around

half of the total phosphate was present in chains of around 22 PO4 tetrahedra in length,

and only around 4% was present in chains with fewer than 7 units (Figure 2.6, Table 2.3).
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Figure 2.6: Chain length distribution of HMP, where each point shows the average chain
length of that fraction, plotted against the cumulative total phosphate. Figure shows
mean ± SD (n=3).

Table 2.3: Data obtained from HMP fractionation and subsequent titration. Figures are
mean ± SD (n=3).

Fraction Acetone
Added (mL)

Average Chain Length PO4 in Fraction (%)

1 5 19.3 ± 2.21 4.00 ± 1.55

2 0.2 22.9 ± 2.72 8.04 ± 0.65

3 0.3 23.4 ± 1.39 7.04 ± 0.97

4 0.4 22.4 ± 2.61 8.73 ± 0.64

5 0.7 22.3 ± 1.52 15.0 ± 0.49

6 1.2 19.8 ± 0.30 18.7 ± 0.61

7 3 15.4 ± 1.00 24.6 ± 0.30

8 10 10.1 ± 0.83 19.2 ± 1.45

9 40 7.03 ± 0.94 10.5 ± 0.90

Residue 13.3 ± 1.06 4.35 ± 0.39
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The residual fraction appears to have a greater average chain length than those im-

mediately preceding it. This may be due to the presence of rings, which are concentrated

into this fraction, that contribute to fo following hydrolysis but not to fp, as they possess

no weak acid groups. Using Van Wazer’s approximation [232], which assumes that the

excess fo value, compared to the previous fraction, is due to rings, it was found that 1.65

± 0.16 % of the total phosphate was in the form of ring structures.

Stability

The stability of HMP in solution is important to determine shelf life and in vivo activity.

Aqueous HMP was incubated for 7 days at various temperatures; 37 °C, to simulate the

temperature in vivo; an ambient temperature of 20 °C; cooled in a fridge at 4 °C; and

frozen at -20 °C. The average chain length was used as the marker of degradation. The

measured length did not appear to change significantly (p > 0.05) over 7 days when stored

in a freezer, fridge, or at ambient temperature (Figure 2.7). Further, the average chain

length when stored at 37 °C was only 1.3 PO4 tetrahedra shorter. This suggests that

HMP is relatively resistant to hydrolysis at pH 7 for a minimum of one week.

2.3.2 Calcium Chelation

As calcium is the most common multivalent cation found in pathological mineralisation,

the ability of HMP to chelate calcium and dissolve its salts was evaluated. HA (Figure

2.8A) is a close approximation to bone mineral and is a common component of kidney

stones, and CaOx (Figure 2.8B) is the most common stone component (Chapter 1). Cal-

cium carbonate (Figure 2.8C) is a biomineral produced by bacteria and found in many

shells, and was used as a comparison [235, 236]. In all three cases, there was less of the salt

remaining undissolved in solution for prevention than dissolution, at all concentrations.

For prevention, the undissolved concentration appeared to become non-zero between a

HMP:Ca ratio of 1
2

and 1
3
, regardless of the anion.
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Figure 2.7: Average chain length of a 0.2 M HMP solution, following incubation at pH 7
and at various temperatures for 7 days. Figure shows mean ± SD (n=3), and the results
of a matched, one way ANOVA with the Geisser-Greenhouse correction, and a post hoc
Dunnett multiple comparisons test, where the ’immediate’ column is compared with every
subsequent column.

Effect of pH, Protein, and Osmolarity

The dissolution capacity of HMP was tested on pellets of HA, to more closely replicate

the effect on a calcified mass. Solutions were made with increasing complexity, and physi-

ological relevance, from deionised water as a control, SBF, which has all the ions of blood

serum, the addition of protein, through to complete bovine serum. The pH was not con-

trolled in this initial experiment, in order to investigate the effect of HMP at its native

pH. It was found that, in all cases, HMP reduced the pH from 7 - 7.4 to around 6 (Figure

2.9).

The results of a post hoc Tukey’s multiple comparisons test following a 2-way ANOVA

are shown in Table 2.4. The inclusion of HMP significantly reduced the mass of pellets

in water, SBF, and SBF with BSA, compared to solutions without HMP (p < 0.0001).
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Figure 2.8: HMP dissolving (open circles), and preventing the formation of (solid circles)
A) hydroxyapatite, B) calcium oxalate monohydrate, and C) calcium carbonate. Figures
show mean ± SD (n=3).
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Interestingly, however, HMP made no significant difference to the mass of pellets in serum

(p > 0.05). This may suggest that there is something in serum, other than albumin and

the ions, that inhibits HMP.

The pellets in deionised water slightly reduced in mass, suggesting a small amount of

dissolution, while all other pellets in solutions without HMP experienced an increase in

mass. Pellets in SBF were significantly heavier than those in water (p < 0.01), suggesting

ions in the SBF, such as calcium and phosphate, were precipitating onto the pellets. The

addition of BSA further increased the mass of the pellets (p < 0.0001), which may indicate

that the albumin adsorbed to the pellets, further increasing their mass. There was no in-

crease in mass (p > 0.05) between the pellets in SBF with BSA and those in serum. This

trend was similar in the HMP groups, with an increase in mass with increasing solution

complexity (p < 0.0001). For these groups, however, the mass change became positive

only after the addition of protein.

Figure 2.9: The change is mass of sintered HA pellets, incubated at 4 °C for 1 week.
Figure shows mean ± SD (n=3), the numbers underneath the bars indicate the pH of the
solution.
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Table 2.4: Results of a post hoc Tukey’s multiple comparisons test following a 2-way
ANOVA for the data in Figure 2.9.

Effect of HMP in Each Solution

Water ****

SBF ****

SBF+BSA ****

Serum ns

Effect Between Solutions Without HMP

Water × SBF **

SBF × SBF+BSA ****

SBF+BSA × Serum ns

Effect Between Solutions With HMP

Water × SBF ****

SBF × SBF+BSA ****

SBF+BSA × Serum ****

Different concentrations of BSA were added to SBF plus 0.2 M HMP and adjusted to

pH 7, in order to study the effect of protein more systematically (Figure 2.10). This pH

adjustment was significant, as pellets increased in mass, even with no protein, in contrast

to the mass decrease seen for the same solution at pH 6 (Figure 2.9). The mass increase

without protein addition was likely due to precipitation from the SBF. Regardless, it was

found that the addition of protein increased the mass of the pellets in a linear manner.

The effect of pH was then studied at 37 °C, to more fully replicate the physiological

environment. In the absence of HMP, there was no significant difference between the mass

of pellets in SBF plus BSA with pH (p > 0.05). This confirms that the dissolution effects

of HMP seen in Figure 2.9 were due to the compound itself, and not merely to its pH

reducing effect. With HMP, however, the effect of pH was significant for pellets in SBF

(p < 0.0001), and SBF plus BSA (p < 0.001), suggesting a synergistic dissolution effect

between the HMP and acidic pH.
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Figure 2.10: The change in mass of sintered HA pellets in SBF with 0.2 M HMP, adjusted
to pH 7, incubated at 4 °C for 1 week, with various concentrations of BSA. Figure shows
mean ± SD (n=3) and a linear regression.

Pellets only lost mass in the absence of BSA, and at pH 6.2. Interestingly, however,

even pellets with BSA at pH 6.2, despite the mass increase, still displayed the cracked,

flaky appearance seen in the absence of BSA (Figure 2.11). This may suggest that the BSA

binds to the pellet to increase its mass, but does not interfere with dissolution. Counter

to this hypothesis, however, at pH 7.3, the presence of BSA does not significantly increase

the mass of pellets (p > 0.05).

2.4 Discussion

A key objective of this study was to elucidate the structure of HMP. The clear presence

of a weak acid equivalence point (Figure 2.5) suggested that HMP contains a vast ma-

jority of linear compounds. This did not totally exclude the presence of cyclics, though

the fractionation data suggested these were limited to a few percent of the total phos-

phate. However, this data did show that HMP is not majority cyclic, and thus rejected
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Figure 2.11: The change in mass of sintered HA pellets in SBF with 0.2 M HMP, 40 g
L−1 BSA, or both, incubated at 37 °C for 1 week, at pH 6.2 or 7.3. Figure shows mean ±
SD (n=3). Images above columns are representative examples of the pellets in that group
after 7 days, scale bars show 5 mm.

Table 2.5: Results of a post hoc Tukey’s multiple comparisons test following a 2-way
ANOVA for the data in Figure 2.11.

Effect of pH for Each Solution

SBF+BSA+HMP ***

SBF+BSA ns

SBF+HMP ****

Effect Between Solutions at pH 7.3

SBF+BSA+HMP × SBF+BSA ns

SBF+BSA+HMP × SBF+HMP ns

Effect Between Solutions at pH 6.2

SBF+BSA+HMP × SBF+BSA ****

SBF+BSA+HMP × SBF+HMP *
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the commonly reported cyclic structure shown in Figure 1.5A. While it is not possible to

definitively exclude the linear metaphosphate structure (Figure 1.5C) from titration data,

this structure is unlikely to exist in aqueous solution, as discussed in Section 1.4. It is thus

most probable that HMP is a mixture of linear polyphosphate structures (Figure 1.5B).

Further, the average chain length of 15 found for the Fisher HMP closely followed the

optimum described by Buckholtz [208]. The Sigma product appeared to be composed of

shorter chains, and Graham’s salt slightly longer, though both were still linear compounds

with relatively short chains, and were far from being infinite.

The chain length distribution of Fisher HMP appeared to be weighted towards longer

chains, with around 50% of the total phosphate present in chains of around 22 units, and

75% of the total phosphate present in chains greater than the average 15 units (Figure

2.6). The average of the shortest fraction was 6 PO4 units. This suggests that the vast

majority of HMP is in the form of chains of sufficient length to be therapeutically active,

and only a few percent may be in the form of lower phosphates, such as pyrophosphate and

tripolyphosphate, which are poor chelators [198]. Further, the rings present, which are

most likely trimetaphosphate [205], made up only 1.65% of the mass. This was expected,

given the relatively short chain length of HMP, and the positive correlation between chain

length and ring formation [205].

The average chain length of HMP in aqueous solution did not change significantly

when stored in the freezer, fridge, or at ambient temperature for 7 days (Figure 2.7).

This showed that HMP does not degrade rapidly in solution, and may have a sufficient

shelf life for translation to therapeutic use, though a longer term study of the final for-

mulation will be needed to confirm this. At 37 °C, a reduction of around one PO4 unit

per chain was seen over 7 days, showing that HMP may not degrade rapidly in vivo by

hydrolysis. This does not take into account the effect of enzymes, such as ALP, which

may break HMP down much faster [198]. However, if the molecule is delivered or modified

58



to protect it from enzymatic breakdown, the slow rate of hydrolytic cleavage may become

an important factor. HMP may also break down faster at other pH values, particularly

under acidic conditions [214, 218]. HMP formulations should thus be prepared and stored

at neutral pH where possible, to maximise shelf life and efficacy.

Dissolution studies showed that HMP can dissolve, and prevent formation of, calcium

phosphate, oxalate, and carbonate (Figure 2.8). In all cases, prevention was more effec-

tive than dissolution. This was likely due to a lack of kinetic barriers; for prevention,

the calcium ions are free in solution and can easily complex with the HMP. However,

solid minerals must first dissolve into solution, prior to complexation with HMP. This will

decrease the rate of chelation, and the specific anion will become a factor, as different

minerals have different solubilities and dissolution rates. This suggests that HMP will

be more effective at preventing pathological calcifications than reversing them, though

notably it is capable of both.

HMP completely prevented mineral formation, for all three anions, at Ca:HMP ratios

of between 2 and 3, based on the manufacturers molecular weight, which assumes 6 PO4

units. A ratio of 3 suggests that one calcium cation is bound between two phosphate

tetrahedra, as suggested by Van Wazer [224]. This also supports Thomson’s finding that

two trivalent cations could be chelated by one HMP molecule [195], though not with

the results presented for divalent cations. The reason for this discrepancy is unclear,

though it may be speculated that the mechanism by which HMP and metal cations bind

is somewhat concentration dependent, and may therefore vary between studies. The

observed chelation ratio being slightly below 3 may be due to steric factors, as ions bound

in certain positions on the chain may prevent others binding in nearby available spots.

Further, around pH 7, near the second pKa value of HMP, one of the weakly dissociable

hydrogens is expected to remain associated with the HMP, removing an available binding

site.
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The effect of HMP on solid HA pellets was assessed in order to give a more repre-

sentative model of dissolving solid ectopic calcifications. While HMP in deionised water

was effective at dissolving the pellets, this efficacy decreased with the addition of salts

in SBF, and again with the addition of protein in BSA, becoming entirely ineffective in

serum (Figure 2.9). SBF is near saturated with ions, including calcium, and so it is likely

that pellet mass increased in the absence of HMP as further precipitation occurred on the

pellet. With HMP, the additional ions in solution will complex with the polyphosphate,

reducing available sites to bind with calcium from the pellet. Similarly, BSA appeared

to bind to the pellet in a concentration dependent manner (Figure 2.10), though it was

unclear to what extent this interfered with binding by HMP, or whether protein and HMP

interacted in solution. It was also unclear, given the similar mass increase in the absence

of HMP, what additional species in serum prevented HMP from acting.

For all conditions, it was found that HMP was more effective at pH 6 than at pH

7 (Figure 2.11) [198]. HA is more soluble in acidic conditions, either because protons

interact with the solid mineral directly, reacting with the PO 3–
4 or OH– to disrupt the

lattice, or by reacting with these ions in solution to lower the solubility product [237]

(Equation 2.3).

Ca5(PO4)3OH � 5Ca2+ + 3PO3−
4 +OH− (2.3)

In either case, HMP likely then reacts with the Ca2+ in solution, further lowering the

solubility product, in order to dissolve the HA.

2.5 Conclusions

The tested HMP products do not appear to be primarily rings with six phosphate groups,

as the name suggests, but a mixture of linear polyphosphates whose average length varies

by manufacturer. Fisher’s HMP has an average of 15 PO4 units, but exhibits a right-
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skewed distribution of chains between around 20 and 6 units, with fewer than 2% rings.

HMP is also hydrolytically stable in neutral aqueous solution for 7 days, over a range of

temperatures. It appears that HMP can both dissolve and prevent formation of calcium

salts, regardless of anion, by chelating one calcium cation between two phosphate tetra-

hedra. Prevention appears to be more efficacious than dissolving formed mineral, and

dissolution is more effective at pH 6, and in the absence of other salts and proteins.

61



CHAPTER 3

FORMULATION OF A DELIVERY VEHICLE FOR
HMP

Some of the data in this Chapter is published in Local injection of a hexametaphosphate

formulation reduces heterotopic ossification in vivo, Materials Today Bio (2020) DOI:

10.1016/j.mtbio.2020.100059 (Appendix B)
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3.1 Introduction

As discussed in Section 1.4.1 and Chapter 2, HMP can chelate calcium to prevent and

reverse HA formation. This recommends HMP as a potential therapeutic for treatment

of ectopic calcification conditions, such as HO. However, as many ectopic calcifications

are localised to a specific area, targeted delivery to that area is essential. Localising the

therapeutic increases its efficacy, by ensuring a high concentration at the site. It also

minimises potential off site effects, such as demineralisation of native bones or teeth. The

aim of this chapter is thus to identify suitable polymeric candidates, and formulate HMP

into a delivery vehicle for localised, targeted application.

3.1.1 Potential Delivery Vehicles for HMP

Optimal properties for a HMP delivery vehicle include:

1. Biocompatibility - the delivery vehicle should not be toxic, irritating, or cause an

adverse inflammatory response,

2. Biodegradability - the delivery vehicle can be broken down and excreted from the

body over a reasonable period of time,

3. Stability - the delivery vehicle should be stable for at least as long as HMP in a

given condition,

4. Injectability - the formulation should be injectable, such that it can be applied with

minimal trauma and obviate an additional surgery,

5. Release - the formulation should be able to release the HMP once in vivo, preferably

over time,

6. Cost - Ideally the cost of the delivery vehicle will not far exceed that of the HMP.

To most easily achieve Point 4 and prepare injectable formulations, HMP can be de-

livered in aqueous solution, rather than as a solid. Soft, water soluble materials were thus
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initially investigated as delivery vehicles. The majority of water soluble polymers, which

are used as hydrogels and other systems for drug delivery, are natural polymers, though

some synthetic polymers are also water soluble.

The term biodegradability is often loosely applied, and can have several different defi-

nitions. For this application, as stated in Point 2, it means that the delivery vehicle must

be able to be broken down and removed from the body. For some polymers, particularly

synthetics with ester linkages, this occurs by hydrolysis. For naturally derived polymers,

many are degraded by enzymes, however these enzymes may be not be possessed by hu-

mans. Thus, for these polymers to be removed from the human body, the delivery vehicle

must be able to dissipate, and the unbroken polymers excreted. One study has found that

polymers below a certain size, 45,000 Da, can pass through the kidney via glomerular fil-

tration, and thus be excreted in the urine [238]. Larger polymers may also be excreted this

way if they are ’flexible’. Thus, for this application, polymers are termed biodegradable

only if they can be broken down hydrolytically, enzymatically in the human body, or if

there is evidence that they can be excreted.

Synthetic Polymers

Due to their controlled manufacture, synthetic polymers are more fully defined than nat-

ural polymers, are more reproducible, and their properties can be more easily tuned.

Synthetic polymers commonly used for biomedical applications include polycaprolactone,

polylactic acids, polyglycolic acids, and their copolymers [239, 240]. While these and

many others are insoluble in water, there are some synthetic polymers that are water

soluble. Poly(N-isopropylacrylamide) is one of the oldest and most widely studied ther-

moresponsive polymers [241]. It is reverse thermogelling, in that it exists as a solution at

ambient temperature, but gels in the raised temperature of the body [242]. However, it

does not appear to be appreciably degradable, except by chemical modification, and it is

relatively expensive [243].
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Another group of water soluble synthetic polymers are the poloxamers. Also known

as Pluronics, poloxamers are synthetic triblock copolymers consisting of a polypropylene

oxide block in between two polyethylene oxide blocks. Poloxamers are non-toxic, and

have been used in the treatment of burns [244], for IP drug release [245] and in topi-

cal cancer treatment [246]. Poloxamer 407, also known as Pluronic F127, is one of the

most commonly used, with 54 to 60 propylene oxide monomers between blocks of 95 to

105 ethylene oxide monomers, giving an average molecular weight of around 12,600 Da.

Poloxamers are also reverse thermogelling, as the hydrophobic propylene oxide blocks de-

hydrate and aggregate at elevated temperatures, and the polymers form micelles [247].

Micelle formation is rapid, for example a 30% solution gels in 1 minute at 37 °C [248].

The gelation temperature depends on the particular poloxamer composition, the pH and

the salt concentration [249].

Raising the temperature causes the polymer to melt, returning the formulation to

a liquid state. However, raising it further causes phase separation, due to attraction

between the polyethylene oxide blocks. Salts have a large effect on the phase separation

temperature, known as the cloud point. For example, 0.35 M Na2SO4 lowers the cloud

point to below 10 °C [250]. This suggests that high concentrations of polyanionic HMP

will likely also prevent gel formation at physiological temperatures. Further disadvantages

of poloxamers include fast dissipation, because the gels are formed by micellar aggregation

[251], and they are known to increase levels of cholesterol and triglycerides in vivo [245,

252].

Collagen and Hyaluronic Acid

Collagen is the main structural protein in the body, accounting for 30% of vertebrate body

protein, over 90% of extracellular protein in tendon and bone, and 50% of the skin [253].

Collagen has been used for wound healing [254], opthalmology [255] and tissue engineer-

ing scaffolds [256], because it is non-antigenic, non-toxic, and fully biodegradable [257].
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Hyaluronic acid, a natural mucopolysaccharide found in all living organisms, forms a stiff,

viscous liquid when bound to water [258]. This glycosaminoglycan has been studied for

intra-articular injections [259], tissue engineering [260], dermal fillers [261] and drug deliv-

ery [262], because it is also biocompatible, has low immunogenicity, and is biodegradable

in vivo [263]. The major drawback to using these polymers as delivery vehicles for HMP is

their relatively high cost, batch-to-batch variability, and high sensitivity to environmental

conditions [264].

Carrageenans

Carrageenans are polysaccharides composed of disaccharidic monomers, substituted by

zero (agarose), one (κ-carrageenan), two (ι-carrageenan) or three (λ-carrageenan) sulphate

groups [265]. Agarose has been used as microspheres for drug delivery [266, 267], and

carrageenans have been formulated into fluid gels, which might possess good material

properties for injectable drug delivery because they can flow like fluids under shear, but

are elastic at rest [268]. However, carrageenans are degraded by a series of enzymes not

possessed by humans [269]. Further, carrageenans are known to produce granulomas in

vivo, and injections are used as a reproducible model for inflammation and hyperalgesia

in animal models [270, 271].

Glucose Polymers

Both cellulose and starch are polymers of glucose. Cellulose is the most abundant and

renewable natural polymer in the world, being the major structural component of plants.

An abundance of hydroxyl groups allows cellulose to form hydrogen bonds to produce a

cross-linking network, however native cellulose is insoluble in water because of its high

crystallinity [272]. Hydrogels of native cellulose can therefore be prepared, but water

cannot be used as the solvent. However, derivatives of cellulose, such as methyl, hy-

droxypropyl, and carboxymethyl cellulose are water soluble, and can be used to produce

hydrogels [273]. Methyl cellulose is soluble in cold water and gels upon heating. One
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study found that gelation occurred at 41.5 °C [274], however this will depend on polymer

concentration, salt concentration and pH [275]. The main drawback of cellulose and its

derivatives is degradability. Certain bacteria and fungi can break down cellulose, using

up to 11 enzymes [276], but animals lack cellulases capable of attacking the β(1,4) glucose

linkages [277].

Starch is very similar in structure to cellulose, the only difference is the orientation

of the glucose monomers. However, this greatly affects its properties, and allows it to

be broken down by amylase, an enzyme found in the blood [278]. Starch is also cheap,

abundant and renewable, and thus has been used for drug delivery as nanoparticles [279,

280], and microgels [281]. Further, starch is often crosslinked with condensed phosphates;

HMP may thus act as both crosslinker and the active agent.

Other Polysaccharides

Pectin is a mixture of plant polysaccharides, and has been used for biomedical appli-

cations including oral drug release and nasal drug delivery [282–284]. However, pectins

gel in the presence of divalent cations, usually calcium [285], which are unsuitable for

inclusion in a delivery vehicle for HMP. The HMP would chelate the calcium in the for-

mulation, likely de-gelling it, and decreasing the efficacy by pre-complexing HMP with the

calcium. Further, pectin gels may only form below pH 5.35, which means they may be un-

suitable for in vivo injection, and would de-gel following buffering action in the body [286].

Alginate is an anionic polymer obtained from seaweed, and is one of the most fre-

quently used in biomedical applications such as wound dressings, drug delivery, and tissue

engineering [287]. Alginate has low toxicity and general biocompatibility. Like pectin,

alginate also gels in the presence of divalent cations, commonly calcium [287]. However,

in the absence of cations, alginate solutions are shear thinning, which is advantageous for

injectable applications, with a viscosity dependent on polymer concentration [288].
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The main drawback of alginate is that it cannot be broken down in vivo. However, a

study that investigated the fate of alginate in vivo found that, if it was able to dissipate

and make its way into the bloodstream, the low molecular weight fraction (<48,000 Da)

was excreted in the urine; 70% of the total was excreted in the urine in 24 hours [289].

The remainder stayed in the blood stream, with little accumulation in the organs. The

degradability of alginate can also been improved by partial oxidation [290], or co-delivery

with alginase [291].

Chitosan is a polysaccharide produced by partial or total deacetylation of chitin, the

second most abundant natural polymer after cellulose. It is synthesised by many or-

ganisms, such as in the shells of crabs and shrimp [292]. Chitosan is stable, non-toxic,

relatively cheap and abundant, sterilisable, and biodegradable [293]. It has been used

for wound dressings, because it is inherently haemostatic and antimicrobial [294], tablets,

capsules, beads, films, and gels for a number of drugs [295]. It has also been used in tissue

engineering matrices for cartilage [296], and injectable microbead system for intramuscu-

lar drug delivery [297]. Chitosan is degraded by lysozyme, an enzyme found ubiquitously

in vivo. This is provided the acetylation degree is between 30 - 70%. In this case, chitosan

was found to degrade by over 50% in four weeks, while there was minimal degradation

with very high or low degrees of acetylation [298, 299].

Chitosan can be prepared into a reverse thermogelling formulation by mixing acid

chitosan solution with glycerophosphate solution, to make a neutral solution that gels

at 37 °C [300, 301]. Chitosan has also been cross-linked with HMP to prepare capsules

[302] and films [303]. Chitosan has previously been combined with starch for reverse

thermogelling systems [304, 305], membranes [306] and microparticles [307].

68



3.1.2 Delivery Vehicle Selection

The applicability of the polymers discussed are summarised in Table 3.1. While this is

not a complete list of all polymers used for biomedical applications, it represents perhaps

the most commonly used and best characterised. It should further be noted that many

of the undesirable properties of a polymer may be rectified with, for example, chemical

modification, altered preparation or co-application with another species. However, this

adds both complexity and cost, and as a starting point it seems desirable to keep the

delivery vehicle as simple as possible. Of the polymers considered, starch, chitosan and

alginate appear to have the most optimal properties for a HMP delivery vehicle. These

three polymers will thus be investigated for their compatibility with HMP in this chapter.

Table 3.1: Summary of properties of potential polymers to deliver HMP.

Polymer Bio-
compatible

Bio-
degradable

Low Cost Likely
HMP Com-
patible

Poly(N-
isopropyl-
acrylamide)

X × × ?

Poloxamer
407

X X X ×

Collagen X X × ?

Hyaluronic
acid

X X × ?

Carrageenans × × X ?

Cellulose X × X ?

Starch X X X ?

Pectin × ? X ?

Alginate X X X ?

Chitosan X X X ?
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3.2 Methods

3.2.1 Formulation

Formulation protocols were followed such that a gel, in the case of starch and chitosan, and

solution, in the case of alginate, were formed in the absence of HMP. Inclusion of HMP

(general purpose grade, Fisher) was achieved by dissolving it in the aqueous phase prior

to formulation. The molar concentration of HMP was calculated using the manufacturer

quoted molar mass of 611.77 Da. While, as discussed in Chapter 2 this is not the case,

the exact molar mass of the true product is not precisely known.

Starch

Starch formulations were prepared by dispersing soluble starch powder (ACS reagent,

from potato, Sigma-Aldrich) in deionised water, then heating at 100 °C for 10 minutes,

such that the cloudy solution became a clear gel.

Chitosan

Chitosan (Sigma-Aldrich) is only soluble in acidic solution, and so it was dissolved in 0.1

M HCl (Sigma-Aldrich) by continuous stirring at 80 °C. β-glycerophosphate (disodium

salt pentahydrate, Millipore) was dissolved in water at 20 °C. The β-glycerophosphate

solution was added to the acidic chitosan solution dropwise, under continuous stirring, in

a 1:3 volumetric ratio.

Alginate

Alginate (alginic acid sodium salt from brown algae, BioReagent grade, Sigma-Aldrich)

was prepared by dissolving alginate powder in deionised water at 20 °C.
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3.2.2 Rheology

Rheological characterisation was carried out on an AR-G2 rheometer (TA Instruments),

utilising 40 mm diameter sandblasted parallel plates, to minimise wall slip for highly

viscous samples, with a 1 mm gap. Rotational, rather than oscillatory, rheology was

utilised because the alginate formulations were fluid solutions, rather than semi-solid gels.

It was therefore assumed that viscous forces dominated the behaviour of the formulations,

which could be described by the results of shear testing. Shear ramps were carried out by

continuously increasing the shear rate from 1 – 1000 s−1, over 10 minutes, and measuring

the viscosity instantaneously. Recovery behaviour was examined by performing a series

of peak holds, at a shear rate of 1 s−1 and 1000 s−1, respectively, for 1 minute. All

measurements were taken at 20 °C.

3.2.3 Zeta Potential

Zeta potential is the charge of a colloid at its hydrodynamic slip plane, which can be

used as a close approximation to the charge at the surface. It is measured by applying

a known voltage across a cell containing the suspended colloid. The speed of the colloid

in this electric field, measured via laser Doppler velocimetry, is proportional to its zeta

potential. Zeta potential of the alginate in solution was determined using a Zetasizer Nano

ZS (Malvern), which calculated the zeta potential after measuring the electrophoretic

mobility via laser Doppler velocimetry at a wavelength of 633 nm. For each measurement,

10 – 100 runs were taken at 25 °C.

3.2.4 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy detects the covalent bonds present in a

molecule, by passing various wavelengths of light, all in the infrared part of the spectrum,

through the sample and measuring the transmission. Each covalent bond absorbs a cer-

tain wavelength of infrared light, correlating with that bond’s resonant frequency. Thus,
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each peak in an FTIR spectrum corresponds to a specific covalent bond. Ionic interactions

and hydrogen bonding do not produce their own peaks, but they may alter the resonant

frequency of covalently bonded molecules they interact with, causing the wavelength for

those peaks to shift slightly.

FTIR was used to understand whether the interaction between HMP and alginate

was covalent or physical in nature. Scans were performed in transmission mode, with

attenuated total reflectance, on a Nicolet 380 FTIR (Thermo Electron Corporation). For

each sample, spectra were averaged from 128 repeats. Samples of HMP and alginate were

analysed directly in their powder form. To prepare the mixed system, a formulation of 1

w/v% alginate and 1 M HMP was filtered to collect the precipitate, which was then dried

and ground to give a powder for analysis.

3.2.5 Formulation Injectability

Injectability experiments were performed in order to understand whether the formulations

could be delivered through a syringe-needle system, how much force was required, and

which factors impacted this force. The investigated factors were injection speed, needle

size, and alginate concentration, which alter the fluid flow velocity, cross-sectional area,

and fluid viscosity, respectively. In addition to comparing the injection force between

formulations, it was also desirable to understand how force values correlated to the abil-

ity of a person to deliver the injection by hand. This is important in order to establish

which formulations and needle sizes can be used in pre-clinical studies, in particular small

animal models, and which can be used in clinic if the injections are to be given by hand.

To accomplish this, the force required to inject a range of different materials, including

alginate solutions at varying concentrations, was correlated to the perceived effort from a

panel study. Full details of this study are given in Appendix D. One of the key findings

of the study was that the limit for ’moderate’ injection force was 38 N.
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Injectability studies were carried out on a Z030 universal mechanical tester (Zwick

Roell). The set up is shown in Figure 3.1. A displacement-controlled compression test

was applied, utilising a 100 N load cell, on the plunger of a 1 mL Luer-Lok syringe (Beckton

Dickenson), suspended firmly by clamps. Two needle gauges were tested: 19 gauge (690

µm internal diameter, 50 mm length) or 30 gauge (160 µm internal diameter, 12 mm

length). The former was deemed suitable for application in humans, while the latter was

appropriate for small animal studies. The needle was initially full of formulation, and the

displacement was carried out over 45 mm.

Figure 3.1: Set up of the injectability apparatus. The loaded syringe-needle is suspended
with clamps. The cross head, equipped with a load cell, compresses the plunger at a set
rate, and the force is measured.
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3.2.6 HMP Release

An assay was developed in order to understand the release profile of HMP from the

alginate formulations, and how the alginate concentration affected this rate. Conductivity

(measured with a Hanna HI 99300 probe) was chosen as the proxy by which to measure

HMP concentration, because of its simplicity. There is not a standard colorimetric test

for HMP, and end group titration of each aliquot would have been temporally inefficient.

The conductivity of HMP in solution was not linear with concentration, but correlated

well with a power law model (Figure 3.2). Because conductivity was used to measure

HMP release, deionised water was used as the release medium.

Figure 3.2: Calibration curve of conductivity and HMP concentration. Figure shows mean
± SD (n=3) and a power law fit.

A regular dialysis method was used to assess release. The formulation was placed into

dialysis tubing (benzoylated, Sigma-Aldrich), with a nominal molecular weight cut off of

2000 Da, so that the membrane was permeable to water and HMP, but not to alginate.

Each end was twisted and sealed with a cable tie. The conductivity probe had a maximum

accurate measurement threshold of 4000 µS, therefore volumes of formulation and release

medium were chosen, such that the equilibrium concentration at 100% release was near

this threshold, to maximise the experimental space. Thus, 5 mL of formulation, containing

0.2 M HMP, was placed into 50 mL of deionised water. This gave an equilibrium value of

18 mM at 100% release. Any contribution from the alginate was removed, by subtracting

the conductivity value of alginate only controls at each time point.
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3.2.7 HA Dissolution

The dissolution effect of the formulation was first tested on sintered HA pellets, pre-

pared as described in Section 2.2.2. Pellets were then vacuum embedded in EpoFix resin

(Struers), and polished with silicon carbide discs of decreasing grain size, down to 5 µm,

until smooth. 40 µL of 2 w/v% alginate, with or without 0.2 M HMP, was applied to

to the pellets, which were stored at 37 °C in a closed container with water, to reduce

evaporation. Once a day, for 5 days, the formulation was removed with deionised water,

the pellets were quickly dried with absorbent paper, taking care not to scratch or rub

the surface, then the formulation was reapplied in the same location. Interferometry and

scanning electron microscopy (SEM) were carried out before and after treatment.

Interferometry

The change in the pellet surface was used to understand the effect of the localised drops of

HMP formulation. Interferometry was used in order to quantify any change in roughness

to the pellet surface. The principle of interferometry is to split a beam of light into a

reference and measurement beam, the former being reflected with a known path length,

the latter being shone on the sample. The path difference between the two beams causes

an interference pattern, analysis of which can be used to determine, for example, the path

length of the measurement beam, and thus the depth of points in a surface. Interferometry

was carried out on a MicroXAM2 (Omniscan), using green light. Scans on day 0 were

carried out over a depth of 20 µm, while scans on day 7 were carried out over a depth of

30 µm. All scans had a noise reduction of 0.05.

SEM

SEM images of the pellets were taken using secondary electron detection - secondary

electrons, released from excited atoms in the sample by the rasterised electron beam,

are detected and used to produce an image of the sample surface, giving topographical

information. In particular, steep surfaces, such as those in a roughened area, appear
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brighter. This is because, as the angle of incidence increases, fewer electrons can escape

from within the sample, and more are detected. Images were taken with a TM3030

Plus (Hitachi) with a beam voltage of 15 kV. Embedded pellets were attached to the

steel mount with carbon tape, sputter coated with 15 nm of gold, and connected to the

mounting with copper tape. This was to improve the conductivity of the sample, as charge

build up can distort the images.

3.2.8 Bone Demineralisation

The effect of the formulations on bone was first tested ex vivo. Femurs were harvested

immediately post mortem from male Sprague Dawley rats (Charles River), and frozen at

-20 °C until use. The distal end, with an approximate volume of 30 mm3, was sectioned

with a scalpel. These sections were submerged in 20 mL of 2 w/v% alginate, with or

without 0.2 M HMP. Of the actives, one was left at its natural pH of 5.8, and the other

was adjusted, using 2 M NaOH, to the pH 6.8, the natural pH of the alginate.

3.2.9 MicroCT

MicroCT was used to assess the mineral volume of the bone. MicroCT takes an X-ray

image of a sample, rotates it by a small degree, then takes another, and so on, until the

sample has been rotated 180°. Then, using computer algorithms, the X-ray projection

images can be used to generate a 3D model of the sample. MicroCT scans were taken

at 0, 7 and 14 days with a SkyScan 1172 (Bruker), using the following settings: 0.5 mm

aluminium filter, current 100 mA, voltage 75 kV, exposure time 950 ms, pixel size 5.4 µm,

rotation step 0.3°, frame averaging 10. Scans were reconstructed using NRecon (version

1.6.10.2, Bruker), and 3D models were produced in CTVox (version 3.0.0, Bruker). The

same scanning, reconstruction, and post reconstruction parameters were used for all scans.
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3.2.10 Statistical Analysis

Statistical analysis was performed in Prism (version 7, GraphPad). All graphs show SD

as the measure of uncertainty. For injectability and pellet roughness, data normality was

determined using a Shapiro-Wilk test, then analysed using two-tailed, unpaired t tests.

For all tests, p < 0.05 was considered statistically significant. Stars display the level of

significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

3.3 Results

3.3.1 Polymer Selection

An initial study was carried out to understand which of the polymers suggested by the

literature, chitosan, starch, and alginate, might be optimal for HMP delivery. Each poly-

meric system was prepared at varying concentrations of polymer and HMP (Figure 3.3).

In the absence of HMP, starch formed a translucent gel (Figure 3.3A), chitosan formed

a yellow gel (Figure 3.3B), and alginate formed a yellow-brown viscous solution (Figure

3.3C). On the inclusion of HMP, all three systems displayed precipitation. However, while

starch and chitosan displayed this at <0.2 M HMP, alginate only precipitated at >0.2 M

HMP. This suggested that colloidal alginate might be the best choice as a delivery vehicle

for therapeutic concentrations of HMP.

3.3.2 Alginate Formulation Rheology

Rotational rheology was used to characterise the material properties of the HMP-alginate

formulations. A shear ramp showed that the formulations were shear thinning, as the

viscosity decreased with applied shear (Figure 3.4A). HMP concentrations changed both

the shape of the curves and the viscosity of the formulations at a given shear rate. Up

to a concentration of 0.2 M, HMP increased the viscosity of the alginate formulations,

for a given shear rate (Figure 3.4B). Above this concentration of HMP the viscosity
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Figure 3.3: Photographs of A) starch, B) chitosan, and C) alginate formulations, with
varying concentrations of polymer and HMP. Red and green boxes indicate the presence
and absence of precipitation, respectively, and arrows show precipitate particles.

decreased, concurrent with the observation of precipitate formation. Formulations that

did not precipitate, such as those with 0.2 M HMP, recovered their standing viscosity

almost instantaneously, following the application of high shear (1000 s−1) (Figure 3.4C).

However, those that precipitated, such as samples with 1 M HMP, displayed thixotropic

behaviour; there was a time dependence to their shear thinning behaviour, taking around

30 s to recover.

3.3.3 Interaction Between HMP and Alginate

The change in the rheological properties of alginate with HMP suggests there is a molecu-

lar interaction between the two species. To investigate this interaction, the zeta potential

of the alginate was measured, at various concentrations of HMP, and different pH values

(Figure 3.5A). Alginate alone in solution is strongly anionic, with a zeta potential more

negative than -30 mV. This suggests that alginate chains have sufficient negative charge

to repel each other, and remain stable in solution long term [308]. The addition of HMP

was found to reduce the zeta potential of the alginate polymers, allowing the polymers to

come into closer contact. pH made a relatively small contribution to the zeta potential

in this system.

78



Figure 3.4: Rheological characterisation of alginate-HMP formulations. A) Shear rate
ramps of 2 w/v% alginate and varying concentrations of HMP. B) Viscosity of formulations
at a shear rate of 2 s−1 with HMP concentration. C) Viscosity as a function of time, as
2 w/v% alginate was exposed to high shear (1000 s−1, shaded sections) and low shear (1
s−1, white sections). All graphs show mean ± SD (n=3).
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Figure 3.5: Molecular interaction between alginate and HMP. A) The zeta potential
of dilute alginate solutions (0.1 w/v%), at varying pH values, as a function of HMP
concentration. B) Summary of chemical bonds assigned to relevant FTIR peaks. C)
FTIR spectra of HMP and alginate powders, and the precipitate formed between 1 w/v%
alginate and 1 M HMP. Expanded section shows the relevant peaks, with dashed lines
highlighting shifts. A) shows mean ± SD (n=5), and C) shows the mean of 128 scans.
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FTIR spectroscopy was used to investigate whether there were any chemical reactions

taking place between alginate and HMP, to cause precipitate formation (Figure 3.5B&C).

No new peaks were seen in the precipitate that were not present in HMP or alginate,

discounting new covalent bond formation. However, the shift in wavenumber for some

bonds suggested ionic interactions between the two species. There was a large shift in

the peak at 1589 cm−1 (circled), corresponding to the COO− group on the alginate [309].

Additionally, shifts were observed in the peaks at 1234 and 1065 cm−1, corresponding to

the P=O and P–O groups, respectively, in HMP [310].

3.3.4 Formulation Injectability

While the rheological experiments in Section 3.3.2 provide an important insight into the

shear response of the formulations, these tests do not indicate whether the formulations

will be injectable or not. To provide a more fidelitous assessment, the quantitative in-

jectability of the formulations was measured by mechanical testing. Typical force dis-

placement curves displayed an initial slope, a peak, then a plateau (Figure 3.6A, black

line). However, some samples did not show a distinct peak, only a curve with a plateau.

For this reason, the plateau force was used for comparison between all samples. Unin-

jectable samples required more than 38 N to extrude (Figure 3.6A, dark grey line). For

formulations where precipitation occurred, those with 1 M HMP, a similar curve was seen

to injectable samples. However, at a certain point, the injection force rapidly increased

due to a build up of solids in the needle, resulting in filter pressing (Figure 3.6A, light

grey line).

The force for injection was found to increase with rising alginate concentration (Fig-

ure 3.6B), because increasing the polymer concentration raises the viscosity. Doubling

the polymer concentration increased the viscosity by a factor of 10 (Figure 3.4B), how-

ever, a more complex relationship was seen for injection force, likely due to the shear

thinning behaviour and the complex geometry of the needle-syringe system. Decreasing
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the diameter of needle increased the force required for injection, by increasing the speed

of flow though the needle (Figure 3.6C). Increasing the speed of flow itself also increased

the injection force (Figure 3.6D).

Figure 3.6: Injectability of alginate-HMP formulations. A) Sample curves from injectabil-
ity studies. The black line (2 w/v% alginate, 0.2 M HMP, 690 µm needle diameter, 10 mm
s−1 injection speed) shows an injectable sample, and the black arrow shows the plateau
on the curve where the value for injection force was taken. The dark grey line (5 w/v%
alginate, 0.2 M HMP, 160 µm needle diameter, 10 mm s−1 injection speed) shows a sample
that has reached the imposed limit on injection force and is deemed to be uninjectable.
The light grey line (2 w/v% alginate, 1 M HMP, 160 µm needle diameter, 1 mm s−1

injection speed) shows a sample that has precipitated, and the light grey arrow shows the
onset of instability due to filter pressing. B) The force required to inject formulations (0.2
M HMP, 690 µm needle diameter, 1 mm s−1 injection speed) at varying alginate concen-
trations. C) The force required to inject formulations (2 w/v% alginate, 0.2 M HMP, 1
mm s−1 injection speed) at varying internal needle diameters. D) The force required to
inject formulations (2 w/v% alginate, 0.2 M HMP, 690 µm needle diameter) at varying
injection speeds. B), C) and D) show mean ± SD (n=3), with p values determined by
two-tailed unpaired t-tests.
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3.3.5 HMP Release from Alginate Formulations

The release of HMP was assessed in vitro by a dialysis method. Around 40% of the

HMP was released in the first 6 hours, with apparent zero order kinetics, and a further

30% was released over the following 2 weeks (Figure 3.7A). A matched, two-way ANOVA

showed that alginate concentration had a significant (p < 0.05) effect on release over the

first 6 hours, accounting for 9.6% of the total variation in release. Specifically, 2 and 5

w/v% alginate were found to release HMP 21% (p < 0.05) and 34% (p < 0.0001) slower,

respectively, than 1 w/v% alginate over 6 hours (Figure 3.7B).

Figure 3.7: In vitro release of HMP from alginate formulations. A) Release of HMP over
time from formulations (with initial HMP concentration of 0.2 M) with varying alginate
concentrations. B) Replot of A), highlighting the release over the first 6 hours. Figures
show mean ± SD (n=3).

3.3.6 Effect of Alginate-HMP Formulations on HA

The demineralising capacity of the formulations was tested in vitro on sintered HA pel-

lets. Interferometry showed that applying a 0.2 M HMP formulation increased the surface

roughness of the pellet by a factor of 6, while an alginate only formulation increased it

by just 24% (Figure 3.8A). SEM images showed a clear distinction between the treated

and untreated areas, with the treated area having a lighter colour, indicative of steeper

surfaces (Figure 3.8B). Higher magnification SEM showed that, in HMP-containing for-
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mulations, the pellet surface was markedly different, with a spherical morphology (Figure

3.8C). This may be because the dissolution occurs primarily at the grain boundaries and

rough edges, leaving smooth spheres. This morphology was not seen with alginate only

formulations, which look similar to untreated pellets (Figure 3.8D). The small increase

in roughness in these pellets may be due to alginate’s affinity for calcium, causing some

dissolution, or ingress of water into the ceramic.

Figure 3.8: Roughness of HA pellets exposed to alginate-HMP formulations. A) Inter-
ferometry data showing the change in surface roughness of a polished HA pellet before
and after the application of 2 w/v% alginate with and without 0.2 M HMP. B) Secondary
electron SEM image of a HA pellet, showing the boundary between a region treated with
a HMP containing formulation and the untreated area. C) Higher magnigfication image
of HA exposed to 2 w/v% alginate with 0.2 M HMP. D) Higher magnigfication image of
HA exposed to 2 w/v% alginate only. A) shows mean ± SD (n=6) and the results of
two-tailed unpaired t-tests.
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3.3.7 Effect of Alginate-HMP Formulations on Bone

Having shown efficacy in dissolving HA in vitro, the capacity of the alginate-HMP for-

mulation to demineralise bone was confirmed ex vivo. Formulations containing HMP

demineralised bone completely at pH 5.8, over 14 days, and reduced mineral content by

75% at pH 6.8 over the same time period (Figure 3.9). Bone in alginate showed no ap-

preciable decalcification over the same time period. In all cases, there was no change in

size of the organic component of the bone.

Figure 3.9: Micro-CT images of distal sections of rat femur exposed to alginate-HMP
formulations, at native and adjusted pH, and in alginate alone.
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3.4 Discussion

The aim of this chapter was to formulate an injectable delivery vehicle for HMP. All of

the polymers investigated as potential delivery vehicles appeared to form a precipitate

phase when a sufficient concentration of HMP was incorporated (Figure 3.3). However,

alginate was able to contain the highest HMP concentration prior to phase separation,

0.2 M, which is around the minimum concentration for therapeutic efficacy (Figure 3.9)

[311]. This may be because the carboxyl groups on alginate confer a negative charge

that repels the negatively charged HMP, preventing aggregation. In contrast, chitosan is

positively charged [312], and starch is neutral in solution [313]. Chitosan has previously

been crosslinked with HMP to form microcapsules and films [302, 303]. However, in these

cases the concentrations of both polymer and HMP were much lower, and it may be that

the precipitate seen is cross-linking to an extent that causes phase separation. Indeed,

this is what the data suggested for alginate.

Alginate alone in solution was strongly negatively charged, such that the polymers

repelled each other to remain dispersed in solution (Figure 3.5). The addition of HMP

screened this negative charge, allowing the polymers to come into closer contact and

interact. This is because the greater ionic strength reduced the size of the electrical double

layer around the alginate [314]. This effect may not be specific to HMP, as increasing salt

concentrations have been shown to bring the zeta potential of alginate closer to zero [315],

an effect which compounds with increased ionic valence [316]. The effect on alginate was

thus likely due to the high concentrations of sodium and polyanionic HMP. However, it is

unclear whether this interaction involved specific coordination, for example between the

negatively charged groups on both species via sodium, or whether hydrogen bonding had

a role (Figure 3.10A). In any case, it appeared that concentrations of HMP up to 0.2 M

allowed the polymers to interact more closely while remaining as a single phase, while

increasing the concentration above this brought the alginate polymers into close contact,

excluding the water between the polymers and forming two distinct phases (Figure 3.10B).
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Figure 3.10: The proposed mechanism by which alginate and HMP interact. A) A
schematic showing how HMP might interact with alginate ionically, or via hydrogen bond-
ing. B) An illustration of how this interaction might cause increased alginate interactions
at low HMP concentrations, and precipitation at high HMP concentrations.

This precipitation had a marked effect on the rheological properties of the formu-

lations. Those with a HMP concentration ≤0.2 M displayed behaviour typical of con-

centrated, entangled polymer solutions (Figure 3.4). At low shear rates, the polymers

break and form new entanglements at equal rate, giving the solution a constant viscos-

ity. At high shear rates, the entanglements are broken faster than they are formed, and

viscosity decreases [317, 318]. HMP concentrations up to 0.2 M appeared to allow the

polymers to form more intimate entanglements, increasing the viscosity. However, further

increases formed a precipitate. This precipitate removed polymer from the bulk network,

reducing the viscosity of the system. The precipitate particles acted as flocs, and these

systems are thus also shear thinning. The shear force breaks the flocs, which re-coalesce

when shear is removed [319]. Another notable difference is that polymeric entanglements

form very quickly, which allowed unprecipitated formulations to recover their viscosity

almost immediately following high shear [320, 321]. Conversely, flocs take finite time to

reform, reflected in these formulations’ lag in viscosity recovery following high shear [322].

Shear thinning is advantageous for injectable applications, as the high shear forces in

the needle reduce the viscosity, and thus the required injection force. Equally important

is immediate viscosity recovery, such that the formulation instantly recovers following

injection and does not flow away once in situ. Rheological experiments showed that the
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formulations had these properties, however rotational rheology does not take into account

the geometry of the delivery device, and cannot determine whether the formulations can be

injected. Injectability experiments showed that the precipitated samples, those with >0.2

M HMP, were unsuitable for injection through the narrower 30 gauge needle, as the flocs

were too large to pass and the liquid was preferentially ejected, resulting in filter pressing

(Figure 3.6). For unprecipitated samples, increased polymer concentration, decreasing

needle diameter, and increased injection speed increased injection force. By considering

injection through a needle as laminar flow through a pipe, this can be contextualised with

a form of the Hagen-Poiseuille equation [323]:

F =
8R2

sLQµ

R4
n

+ Ff (3.1)

Where F is the injection force (N), Rs is the syringe radius (m), L is the needle length

(m), Q is the rate of fluid flow (m2s−1), Rn is the needle radius (m) and Ff is the friction

between the barrel and plunger. This equation is valid only for Newtonian fluids, which

the formulations are not, and does not take into account the complex geometry between

the needle and syringe. However, it shows the relationship between the injection force and

the needle length and diameter, flow rate and formulation viscosity, which are changed by

the needle gauge, injection speed, and alginate concentration, respectively. For example,

smaller needles, though shorter, increase the injection force as the decrease in diameter,

which is squared, is more significant.

By utilising the correlation in Appendix D, and taking 38 N as the limiting force for

moderate injection effort, it was determined that formulations with 0.2 M HMP could be

injected through both needle sizes, at any speed, for 1 and 2 w/v% alginate. 5 w/v%

alginate could be injected through a 19G needle at any speed, and through the smaller

30G needle only at 1 mm s−1. Formulations with 10 w/v% alginate could only be injected

through the larger, 19G needle.
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Following injection, the HMP needs to be released from the formulation over time,

to exhibit a therapeutic effect. This was measured in vitro by dialysis, and showed two

release regimes (Figure 3.7). 40% of the HMP was released in the first 6 hours. This

initial fast release may be due to swelling via osmosis, as the dialysis tubing swelled to

its maximum volume when immersed in the deionised water, driven by a difference in os-

motic pressure between the deionised water of the release medium, and the alginate-HMP

formulations. In this region, the alginate concentration significantly altered the release

rate. This was likely because the increased polymer concentration increased the mean

path length for the HMP [324]. Following this swelling regime, the HMP continued to

diffuse out of the system, though at a lower rate as swelling has ceased and there was a

lower concentration gradient between the formulation and release medium.

The in vitro release assay suggested that the alginate concentration can be altered

to change the release rate of HMP. However, this will also affect the viscosity, and thus

injectability of the formulations. The release profile in vivo is likely to be different; while

some pressure will be exerted from the surrounding tissue, the swelling will not be as

tightly restricted as by the inelastic dialysis membrane. It is therefore likely that release

in vivo will be entirely swelling controlled. Release may be retarded as the surrounding

body fluids will have higher salt concentrations than deionised water. However, release

will not be hindered by the membrane itself, which is possible in the in vitro case.

The dissolution capacity of the formulations was studied in vitro on a pellet of HA.

The HMP containing formulations greatly increased the surface roughness of the pellet,

and led to a spherical morphology (Figure 3.8). This may be because the HMP pref-

erentially attacked the grain boundaries of the pellet, and each observed sphere is an

individual grain. There was a clear boundary between the treated and untreated regions,

which suggests that the HMP acts locally, only where it is applied.
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Finally, the formulations were tested on bone, to probe their demineralising efficacy,

and to understand whether the organic components of bone interfered with the dissolution

of the HA phase (Figure 3.9). HMP appeared to be highly effective at demineralising

bone, and was more effective at a lower pH, as discussed in Chapter 2. While the mineral

component of the bone was removed, it did not decrease in volume because the organic

component was not affected. This may suggest that that the HMP will not affect the soft

tissues adjacent to the HO.

3.5 Conclusions

Of the biopolymers studied, alginate appeared to be the most suitable delivery vehicle

for HMP. Formulations were shear thinning and displayed immediate viscosity recovery.

The maximum HMP concentration in these formulations was 0.2 M, above which phase

separation was observed. This appeared to be because HMP allowed the polymers to

come into close enough contact to displace the water between them. 1 and 2 w/v%

alginate formulations could be injected easily through needles as small as 30G, suggesting

one of these formulations might be the most suitable for animal studies. The alginate

concentration also affected the release rate of HMP. Finally, the formulations appeared

to be efficacious at demineralising HA in vitro and bone ex vivo.
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CHAPTER 4

APPLICATION OF HMP IN A SMALL ANIMAL
MODEL OF HO
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4.1 Introduction

Having shown the efficacy of HMP at dissolving HA (Chapter 2) and loaded it into a

vehicle for targeted delivery (Chapter 3), the formulations were tested in a biological

environment. An in vivo model was chosen because it has the following advantages,

which are not present in simple cell culture models:

� All of the physiological components, such as salt concentration, pH buffering, and

biological molecules such as proteins are present, which may affect the efficacy of

HMP,

� The geometry of the bone produced is a clear measure of efficacy for the treatment,

and can be measured by microCT,

� All of the multiple cell types in HO are present,

� The formulations can be applied as they would in clinic,

� The safety of the formulations, and whether they are excreted from the body, can

be studied simultaneously.

The aim of this chapter is to examine the effects of the HMP-alginate formulation

developed in Chapter 3 on HO in vivo. The effect of changing the frequency and delivery

vehicle on the efficacy of HMP are investigated, and a preliminary assessment is made on

the safety and elimination of the injected HMP and delivery vehicle.

4.1.1 Animal Models of HO

As discussed in Section 1.2.1, there are several aetiologies of HO, and this is reflected in

the variety of in vivo models of the condition. Each has a different level of complexity,

reliability, and severity for the animal, which must be balanced by an appropriate level

of fidelity for a given study. This section outlines the most commonly used models and

discusses their advantages and disadvantages, in order to select the most appropriate

model for this study.
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Genetic Models

Genetic models of HO are the most commonly used to study the underlying mechanisms

of, and therapies for, hereditary HO, most commonly FOP. This condition is caused by

a genetic mutation which renders the BMP-2 receptor ALK-2 constitutively active [325].

Animal models to replicate this condition involve genetically introducing an overactive

BMP receptor, knocking out BMP inhibitors, increasing BMP production, overexpressing

BMP target genes, or modifying BMP signalling indirectly [326]. Overexpression of BMP-

4, controlled by neuron specific endolase promoter, creates a progressive HO similar to

FOP [327]. However, because of the multiple roles of BMP, many genetic models lead to

very early mortality, give rise to calcified tumours or skeletal defects dissimilar to HO, or

no HO at all [326]. This led to models which express constitutively active forms of ALK-

2 conditionally, usually dependent on Cre [328]. This model has become more popular

recently, utilising Cre-inducible, constitutively active forms of ALK-2, and inducing HO

by the injection of cardiotoxin [116, 119].

Injection and Implantation

In addition to increasing BMP signalling with genetic alteration, HO can be induced by

physically delivering a high concentration of BMP to an ectopic site. This is most com-

monly done with a BMP-containing Matrigel, which is injected as a liquid, then gels in

situ to provide gradual BMP release [64]. Another popular option involves the injection

or implantation of BMPs in a collagen matrix or sponge [329]. Implantation of deminer-

alised bone matrix has also been utilised that, at least in part, is thought to cause HO

due to the presence of BMPs [134]. An alternative to a BMP containing material involves

implanting muscle-derived stem cells that have been transduced to express BMP-4 [134].

HO can also be induced by implanting materials without BMPs, or indeed any bio-

logical molecules. Several materials exhibit an intrinsic osteoinduction when implanted

in vivo, causing bone formation in ectopic sites [330, 331]. For example, ectopic bone
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formed when a calcium phosphate ceramic was implanted in a sheep model [332]. In

addition to these osteoinductive biomaterials, HO has been observed following injection

with 40% ethanol into the skeletal muscles, though only in a varying percentage of the

animals tested [333, 334].

Injury and Blast Models

As with acquired HO in humans, HO can be induced in animals by different types of

injury. Forced mobilisation of an immobilised knee joint caused HO in the quadriceps

of rabbits, as the inflamed muscle interacted with the periosteum [335]. A mimic of hip

surgery, the most common cause of civilian HO, was developed to study the prophylactic

effect of radiotherapy [336]. Models have also been developed to simulate blast injuries.

A controlled explosion to the extremities of rodents was utilised to cause HO. However,

in the forelimb, only one of five animals formed HO, and while all animals that survived

in the hindlimb group formed HO, only four of seven survived the procedure [337]. A

more nuanced model of blast amputation involves setting off an explosive underwater,

and causing amputation via the high pressure, high temperature water [112, 113]. Models

that aim to more fully encapsulate wartime wounding have also been developed. These

involve exposure to full body blast pressure, a fracture caused by a drop weight, rotation

of the fracture site to simulate a crush injury, amputation through the fracture, and may

also involve inoculation with MRSA [120, 338].

Achilles Tenotomy

The formation of bone following scission of the Achilles tendon was first observed in

humans in 1932 [339]. In an animal model, HO was found to occur in 100% of cases after 10

weeks, and was formed via an endochondral route [340]. This model induces upregulation

of HIF1α and SOX9 during the chondrogenic phase, Runx2 in the osteogenic phase, and

changing levels of BMP and TGFβ throughout [341]. All of these factors, which are

associated with human HO formation (Section 1.2.2), were found within the produced
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HO tissue. The addition of a burn injury to the Achilles tenotomy model was found to

increase the speed and magnitude of HO formation [84–86].

4.1.2 Animal Model Selection

The animal models of HO each have their own advantages and disadvantages (Table 4.1),

and each is suited to a particular type of study. However, given that the therapeutic

mechanism of HMP is through the inhibition and dissolution of HA laydown, any model

that produces ectopic bone is sufficient for this study. As such, suitability criteria should

be focussed on simplicity, reliability, reproducibility, and animal welfare. The only genetic

models that produce HO reliably involve several transduction and breeding steps, followed

by an injection of cardiotoxin to instigate HO [116, 119]. Introducing high levels of BMP

is somewhat attractive, though the carrier material will alter the native tissue, and may

conflict with the injected therapeutic material. Intrinsically osteoinductive materials may

similarly interfere, and are also less effective in small animals [330].

As HO in the residual limbs of combat related amputees is a particular focus of this

study, a blast amputation model is perhaps the most representative. However, these

models are complex to carry out, involve specialised equipment, especially to generate the

blast itself, and are high severity. Other injury models have similar issues, though po-

tentially to a lesser extent. The manipulation model is quite severe, and the hip surgery

model is technically demanding. This leaves the Achilles tenotomy model. This is an

injury model, which makes it more attractive than BMP implantation, and involves only

a single surgical procedure. This model has been shown to be 100% reliable by multi-

ple authors [340, 341], and the 10 week formation period is an appropriate time period

for intervention. HO in the Achilles is usually asymptomatic in humans [339], and the

same is expected in quadrupedal rodents. Praised for its relative simplicity and excellent

predictability [326], the Achilles tenotomy model appears to be the most appropriate to

study the effects of the HMP formulation developed in Chapter 3.
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Table 4.1: Summary of the advantages and disadvantages of popular small animal models
of HO.

Model Advantages Disadvantages

Genetic
manipulation

Mimics the aetiology of heredi-
tary HO

Can be complex and time con-
suming, requiring several genetic
alteration and breeding steps

The biological mechanisms of HO
formation can be studied

Many models lead to early mor-
tality, or a poor HO phenotype

Many viable models require a car-
diotoxin injection

Injection and
implantation

Relatively simple to carry out Implanted material may interfere
with HO development and deliv-
ered injections

Produces artificially high local
BMP levels

Blast
amputation

Most fidelitous to combat related
HO

High severity or mortality

Technically demanding and re-
quires specialist equipment

Achilles
tenotomy

Moderate fidelity, HO produced
by a single traumatic event

Unlike most human injuries that
cause HO

Forms endochondral bone

Low severity

Relatively simple to carry out

Reliable and predictable

4.2 Methods

4.2.1 Ethical Approval

Ethical approval for this work was given by the University of Birmingham’s Animal Wel-

fare and Ethical Review Board and licensed by the UK Home Office. The author obtained

personal licenses A, B & C, and was fully trained and deemed competent to perform all

procedures. The project license for this work was held by Dr. Zubair Ahmed, and all

animal work was carried out in the Biomedical Services Unit (BMSU), which held an
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appropriate establishment license. All work was carried out in strict accordance with

the the UK Animal (Scientific Procedures) Act 1986, the Revised European Directive

1010/63/EU, and conformed to the guidelines and recommendations of the use of animals

by the Federation of the European Laboratory Animal Science Associations and Nation

Centre for the Replacement, Refinement, and Reduction of Animals in Research.

4.2.2 Achilles Tenotomy Procedure

The procedure for this model follows that established by Eisenstein [311] at the University

of Birmingham. Male Sprague-Dawley rats, aged 6 weeks at time of surgery, were used,

as young males appear to be more prone to, and make up the majority of cases of, HO

in humans. Animals were weighed prior to surgery, and given preoperative analgesia. All

analgesia given throughout the study was a subcutaneous injection of buprenorphine, an

opioid. NSAIDs were never used because they are known to interfere with HO formation

(Section 1.2.3). As per recommendation by the BMSU, animals were given 0.1 mL per

100 g of bodyweight, and allowed at least 30 minutes for the analgesia to take effect.

Animals were numbered, in no particular order, at this stage by tail markings.

For all experiments, the author performed the surgery, an experienced anaesthetist

induced and maintained anaesthesia, and an experienced animal worker ensured safe

recovery. Anaesthesia was induced with 5% isofluorane, and maintained at 2% throughout

surgery. Once adequate depth of anaesthesia was confirmed, the lower right hind leg was

shaved, and the animal was placed prone on a heated table, covered by a sterile drape.

The lower right leg was sterilised with Hibitane (chlorhexidine) soaked gauze. Unilateral

Achilles tenotomy was performed on the right hind limb of all animals. A midline incision

of the skin was made with surgical scissors, approximately 5 mm in length, over the

tendon, which was then bluntly dissected and severed at the mid-point with a scalpel

(Figure 4.1). After confirmation of complete scission, the wound was closed with two

interrupted sutures (4-0 undyed vicryl rapide, Ethicon), and secured with surgical glue.
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Figure 4.1: Achilles tenotomy procedure, showing A) the blunt dissection and B) severing
of the tendon, C) confirmation of scission, and D) suturing.

Following recovery from anaesthesia, animals were housed individually for 24 hours,

before being housed in cages of 3. At this point the experimental groups were determined

via batch randomisation, using an online list randomisation tool, such that each cage of 3

was randomly assigned to be control or active, with two cages of each intervention group.

Thus, 12 animals in total were used in each run, with 6 in each intervention group. This

was to try to maximise the chances of a significant result, while reducing the batch-to-

batch variability observed by Eisenstein [311], who performed each experimental group

run twice, but with only 3 animals in each group. However, it should be noted that,

between randomisation and the first intervention, one animal from the aqueous HMP

group had to be culled because they developed a large sore, caused by issues with the

surgical glue. After this incident, the senior staff at the BMSU were consulted, and it

was decided that a change to the protocol was not necessary. As this occurred prior to

intervention, this incident was not related to the HMP or alginate injection.

4.2.3 Injection Preparation

All injections were prepared the day before administration, to minimise any degradation or

bacterial colonisation. Injections were prepared in a sterile flow hood, with pre-sterilised

plastic and autoclaved glassware. Alginate (BioReagent grade, Sigma-Aldrich) and/or

HMP (general purpose grade, Fisher Scientific) were dissolved in water (water for injec-
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tion, Gibco Life Technologies) under magnetic stirring at room temperature. 1% alginate

was used in all cases, because it is relatively easy to filter sterilise, and changing algi-

nate concentrations was not investigated. Solutions were filter sterilised through a 0.22

µm filter (Minisart, Sartorious Stedim Biotech), before being aspirated into 1 mL Luer-

Lok syringes (Beckton Dickenson), and a 30 gauge needle (HSW Fineject) was attached.

Injections were stored at 4 °C overnight.

4.2.4 Intervention

In all cases, intervention began two weeks post surgery, to allow the animals to recover

sufficiently. Injections then occurred fornightly (weeks 2, 4, 6 & 8), or weekly (weeks 2,

3, 4, 5, 6, 7, 8 & 9). Animals were given analgaesia (as in Section 4.2.2), prior to the

Achilles injection. All injections were 200 µL, and were administered into the right hind

leg, at the site of the tenotomy (Figure 4.2). The syringe was aspirated slightly prior to

injection, to ensure the needle was not in a blood vessel. For the sham group, the needle

was inserted into the site for 5 s.

Figure 4.2: Injection into the hind limb of the animals, at the site of the AT procedure.
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4.2.5 Tissue Preparation

Animals were culled at week 10 by a Schedule 1 procedure (CO2 in rising concentration

or overdose of anaesthetic). Following confirmation of death, full body perfusion with

phosphate buffered saline (PBS), followed by 4% formaldehyde in PBS (formalin), was

performed to chemically fix the tissues. The kidney, liver, spleen, and entire lower right

leg were harvested, and placed into 50 mL plastic pots containing formalin for post fixing.

The organs were post fixed for 24 hours, the legs for 48 hours. Following post fixation, the

tissues were placed in PBS with 0.2% sodium azide (Fisher Scientific) to prevent bacterial

growth.

For microCT, the legs were secured with polystyrene packing, and scanned inside the

pots. Following microCT, the legs were placed in 10% neutral ethylenediaminetetraacetic

acid (EDTA), prepared by dissolving EDTA powder (Acros Organics) in deionised water,

and adding solid sodium hydroxide (Sigma) to bring the pH down to 7. Legs were placed

in 250 mL of EDTA solution, which was changed every week, for around 10 weeks, and

decalcification was confirmed via X-ray.

4.2.6 MicroCT Scanning

MicroCT scans were performed on a SkyScan 1172 (Bruker), with the following settings:

0.5 mm aluminium filter, 100 mA current, 75 kV voltage, 400 ms exposure time, 21.5 µm

pixel size, 1000x666 pixel camera resolution, 0.6° rotation step, and a frame averaging

of 2. Scans were reconstructed in NRecon (version 1.6.10.2, Bruker), with CS to image

conversion between 0 and 0.056, smoothing 2, beam hardening correction 40%, and ring

artefact correction 4. The data was then loaded into CTAn (version 1.15.4.0, Bruker). To

establish HO volume, a volume of interest was hand drawn around the HO, to segregate it

from the skeletal bone. Binary thresholding and 3D analysis was used to find the volume

of the HO. 3D reconstructions were produced in CTVox (Version 3.0.0, Bruker).
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4.2.7 Histological Preparation

Animals in the weekly injection run underwent histology, because this run received the

highest amount of alginate and, in the active group, HMP. Histological preparation of the

legs was carried out with the kind expertise of Darren Lath at the University of Sheffield.

Following decalcification, the legs were dehydrated in increasing concentrations of ethanol

(70 - 100%) and xylene (70 - 100%), and then embedded in paraffin. 5 µm sections were

then cut with a microtome, flattened in a 50° water bath, and placed on a positively

charged microscope slide (SuperFrost PLus, Thermo Scientific). The slides were dried at

37 °C overnight, to melt the paraffin and dry the tissue onto the slide.

Histological preparation of the filter organs (liver, kidney, and spleen) was carried

out by cryosectioning. The filter organs were placed in 10, 20 and 30% surcrose (Sigma-

Aldrich) solution for 24 hours each, to reduce water crystallisation on freezing. Following

this, the organs were suspended in optimal cutting temperature compound (OCT, Cell-

Path), which was solidified with dry ice, and the blocks placed in a -80 °C freezer. Care

was taken so that all the organs were in the same orientation. 20 µm sections were cut

on a cryotome at -22 °C, and placed onto microscope slides (SuperFrost Plus, Thermo

Scientific). The slides were then dried for 6 hours at 37 °C, and moved to a -80 °C freezer.

Slides were equilibrated at 20 °C prior to staining.

4.2.8 Haematoxylin and Eosin Staining

Slides were stained with haematoxylin and eosin (H&E), with the protocols shown in

Table 4.2. Following staining, a cover slip (VWR) with mounting media (DPX, Sigma-

Aldrich) was affixed to the slide, taking care to prevent air bubbles. The slides were

allowed to dry for at least 24 hours before inspection using a light microscope (EVOS XL

Core, Invitrogen).
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Table 4.2: Protocols for H&E staining.

Protocol for Legs Protocol for Organs

Xylene 10 mins PBS 5 mins

99% ethanol 10 mins Harris haematoxylin (Sigma-Aldrich) 2
mins

95% ethanol 5 mins Tap water 2 mins

70% ethanol 5 mins 1% HCl & 70% ethanol 5 s

Tap water 60 s Tap water 60 s

Gill’s II haematoxylin (VWR) 90 s 0.1% NaHCO3 2 mins

Tap water 3 mins Tap water 60 s

1% aqueous eosin (VWR) &
1% CaCO3 5 mins

95% ethanol 30 s

Tap water 30 s Aqueous eosin Y (Sigma-Aldrich) 60 s

70% ethanol 10 s 70% ethanol 60 s

95% ethanol 10 s 90% ethanol 60 s

99% ethanol 60 s 95% ethanol 60 s

Xylene 4 mins 100% ethanol 60 s

Xylene 5 mins

4.2.9 Statistical Analysis

Statistical analysis was performed in Prism (version 7, GraphPad). All graphs show SD

as the measure of uncertainty. For all data, normality was determined using a Shapiro-

Wilk test. The HO volume was analysed by a 2-way ANOVA with a post hoc Tukey’s

multiple comparisons test to compare all columns to each other, with p < 0.05 considered

statistically significant.
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4.3 Results

Animal experiments were performed sequentially, and follow on from the work of Eisen-

stein, who developed the AT model at the University of Birmingham with no intervention

(Model Development), and performed a run with fortnightly injections of 1 w/v% alginate

with or without 0.2 M HMP [311]. Thus, in the first run, weekly injections of 1% alginate

with or without 0.2 M HMP were given to discover whether increasing injection frequency

would enhance the therapeutic effect of HMP. Following the results from this experiment,

which seemed to show that the intervention was increasing the volume of HO, the second

run was to determine whether the needle alone increased HO (Fortnightly Sham), and

the effect of removing the alginate (Fortnightly Aqueous).

4.3.1 Effect of HMP on HO Geometry

The bodyweight-normalised volume of HO is shown in Figure 4.3, with the Model Develop-

ment and Fortnightly Alginate for comparison. A 2-way ANOVA of the three comparative

groups (excluding Model Development) showed that the run (fortnightly aqueous, fort-

nightly alginate or weekly alginate) had a significant effect on HO volume (p < 0.05), but

not the group (control or HMP-containing). A post hoc Tukey’s multiple comparisons

test showed that none of the individual experimental groups were significantly different

from each other (p > 0.05). The mean and SD of each group is shown in Table 4.3.

The mean values varied between the groups, though in many cases the variance was large,

with some animals forming especially high or low HO volumes. The sham group appeared

similar to the model development, suggesting that the needle itself did not contribute to

HO. However, the fortnightly injection groups had slightly higher mean volumes of bone,

and the weekly groups higher still, suggesting that fluid injection might have increased

HO volume, regardless of whether it contained HMP or alginate. 3D reconstructions of

the HO showed that the geometry was very different between animals, even those in the

same group (Figure 4.4). In many cases the HO was present in several discrete nodules.
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Figure 4.3: Volume of HO, per bodyweight, for all animal runs, including the Model
Development and Fortnightly Alginate runs performed by Eisenstein [311] for comparison.

Table 4.3: HO volume per unit bodyweight.

Group Mean (mm3 kg−1) Standard Deviation

Model Development 28.67 9.00

Sham 28.73 14.75

Fortnightly Aqueous HMP 43.85 26.82

Fortnightly Alginate 38.80 14.11

Fortnightly Alginate + HMP 30.76 1.57

Weekly Alginate 65.17 43.41

Weekly Alginate + HMP 60.63 41.24
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Figure 4.4: MicroCT reconstructions of the HO developed by all animals, including the
Model Development and Fortnightly Alginate runs performed by Eisenstein [311] for com-
parison.
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4.3.2 Histology

Histology was used to understand the nature of the HO formed, to establish if there were

any negative effects from the injections and whether the HMP and alginate dissipated

from the site. Images of the full legs showed the difference in physiology caused by the

surgery (Figure 4.5A&B). The HO appeared to form in the back of the leg in discrete is-

lands. These images also suggested that there was no accumulation of alginate or HMP at

the injection site (Figure 4.5B). Inspecting the soft tissue at higher magnification (Figure

4.5C&D) showed that, in addition to forming the ectopic bone, the procedure changed

the soft tissue morphology. The native tissue of the left leg displayed a relatively loose,

disordered collagen, while there were regions of collagen in the operated right leg that

were far denser and more aligned.

The soft tissue surrounding the HO appeared to display two distinct regions (Figure

4.6). There were regions of sparser tissue, where the collagen was less aligned, and the

cells possessed a flatter, more spindly phenotype. In contrast, there were denser regions

where the collagen was much more strongly aligned, and the cells were larger and more

spherical, and it was this tissue that appeared to surround the ectopic bone. There was

often cartilage associated with the bone, characterised by its large ovoid cells. The ectopic

bone itself had a similar microstructure to skeletal bone (Figure 4.7). However, while both

tissues appeared to have a similar osteocyte density, the HO tissue had a greater number

of osteoblasts and osteoclasts. When comparing the tissue of animals that did and did not

receive HMP (Figure 4.8), there did not appear to be any differences in the morphology

of either the soft tissue or the HO. Histological analysis was also undertaken on the filter

organs, in order to try and understand the final fate of the alginate and HMP (Figure

4.9). There were no signs of inflammation, and no obvious differences between the actives

and controls, suggesting that the HMP had no effect on these organs. Further, there was

no sign of alginate accumulation in any of the organs.
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Figure 4.5: Representative H&E images of A) the native (left) and B) operated upon
(right) legs. Higher magnification images show the soft tissue morphology in C) the
native and D) operated upon legs.
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Figure 4.6: H&E image of a HO lesion and the surrounding tissue, showing cartilage imme-
diately connected to the bone, and a mixture of dense and sparse soft tissue surrounding
it.

Figure 4.7: Comparison of the microstructure of A) HO and B) the calcaneus, showing a
similar structure and osteocyte density, but a far greater osteoblast and osteoclast density
in the HO than the mature skeletal bone.

108



Figure 4.8: Comparison of the HO and surrounding soft tissue of animals that did not,
(control, A) and B)) and did (active, C) and D)) receive HMP.

4.4 Discussion

HMP has been demonstrated to be a potent calcium chelator and demineralising agent in

vitro and ex vivo (Chapters 2 & 3). The purpose of these experiments was to investigate

HMP in a physiological setting, to understand whether it maintained these properties,

had any other effects in the body, and overall to examine the safety and efficacy of the

HMP-alginate formulation. An Achilles tenotomy model was used due to its reliability,

relative simplicity, and excellent predictability [326]. Indeed, this work further confirmed

the reliability observed in the literature [311, 340, 341], as all animals developed HO

within 10 weeks (Figure 4.4).

The HO appeared to form in discrete islands within the soft tissue (Figure 4.5), sug-

gesting multiple foci of formation. Further, this bone did not appear to form within the

native soft tissue. The morphology of the soft tissue in the area changed significantly,

from sparse disordered collagen containing spindly cells, to a much denser, aligned col-
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Figure 4.9: Comparison of sections of liver(A), B), C), and D)) kidney (E), F), G) and
H)) and spleen (I and J)of animals that did (active) and did not (control) receive HMP.
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lagen, containing more spherical cells (Figure 4.5C&D). These findings were in line of

those of McClure, who suggested that the cartilage cells arise from fibroblasts [340]. It

appeared that the procedure caused inflammation in the region, and it was observed that

the lower right leg was swollen compared to the left in all animals. This inflammatory

response induced the spindly cells, which were likely to be fibroblasts, to turn into a more

spherical cell, and lay down more dense and aligned collagen. More in depth study is

required to understand the phenotype of these spherical cells. However, given that it is

this tissue that was in contact with the HO, and that these cells appeared aligned to the

cartilage present, these cells may have been a pre-chondrocyte cell. The cartilage itself

displayed a morphology similar to the growth plate in the long bones [342], with columns

of chondrocytes becoming larger, and then hypertrophic, nearer to the ectopic bone. This

was further evidence that this model produces HO by the endochondral route. The bone

itself had a similar microstructure to the skeletal bone, but a far greater density of os-

teoblasts and osteoclasts (Figure 4.7). This suggested a greater rate of bone production

and turnover, consistent with the high observed growth rate of HO [15].

A crucial finding is that the alginate formulation did not appear to accumulate in the

hind leg, but dissipated within a week. This was not necessarily expected, as alginate may

form a fibrous capsule of scar tissue, surrounded by immune cells in vivo [343, 344]. A

key difference here may be that the alginate was not cross-linked, allowing it to dissipate.

In this case, the alginate likely entered the bloodstream, was removed by the kidneys and

was excreted in the urine [289]. This is supported by the fact that there did not appear

to be any accumulation, inflammation, or sign of alginate in the kidneys, or other filter

organs (Figure 4.9). The HMP was likely excreted in the same way, if it was not broken

down by alkaline phosphatase first [198]. In either case, it did not appear to accumulate

or cause adverse effects in these organs. This too was an important finding; while HMP

is known to be safe for ingestion, this study suggests it is also safe for direct injection, in

the amounts tested.
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The volume of HO formed did not appear to be affected by the HMP formulations.

Indeed, none of the groups were statistically significant from each other, which makes it

difficult to draw definitive conclusions. The 2-way ANOVA did reveal that the effect of

overall run (fortnightly aqueous, fortnightly alginate and weekly alginate) was significant,

which was most likely due to the weekly injections causing a dramatic increase in the

average. The reason for this lack of significance, given the large changes in mean volume,

was the large intra-group variation (Table 4.3), and a vast range of shapes and sizes of

HO formed within each group can be seen in the 3D renderings (Figure 4.4). This was

particularly evident in the weekly injection group, suggesting that increased injections

amplified the average HO volume and variation. Given that this could be seen in both

the active and control group, this may thus be due either to the injection itself, or the

injected material. The sham group, having a very similar mean volume to the model

development group, suggested that the needle itself was not contributing to increased

inflammation, as was hypothesised prior to the run. Similarly, removing the alginate had

no obvious effect, as the aqueous group had a similar mean to the fortnightly group with

alginate, and a larger mean and standard deviation than the model development group.

This suggested that it was the addition of fluid that caused this increase. One reason for

this could be the enhanced hydrostatic pressure that the relatively large injection volume

exerts, causing an increase in osteoblastic proliferation and differentiation [345]. However,

this does not explain the increase in variability, as some animals developed similar levels

of HO to those in model development, and others more than 5 fold the volume.

It is interesting that not only did HMP not exhibit the potent decalcification it con-

ferred in vitro and ex vivo, that it appeared to have no effect at all in vivo. One explanation

for the lack of efficacy is that the HMP was degraded before it could exert an effect. How-

ever, in this case, the high local concentration of orthophosphate produced would likely

increase bone formation. Perhaps the most likely explanation is that the high levels of

salt and protein, and the pH buffering effect in vivo, reduced the chelating ability of HMP,
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as discussed in Section 2.3.2). Additionally, the soft tissue could have formed a physical

barrier between the injected HMP and the HO. All of these factors could play a role in

reducing the efficacy of HMP at demineralising bone in vivo.

4.5 Conclusions

These studies appeared to show that HMP is safe to be injected in vivo, as no inflamma-

tion or accumulation was seen via histology, and no long term negative effects were seen

during the runs. A similar conclusion can be drawn for the alginate, suggesting that a 1%

solution is a safe delivery vehicle that can be resorbed without fibrous capsule formation,

even in more remote areas as in the back of the leg. Further, insertion of the needle alone

did not increase HO, suggesting injection is a viable route for HO treatment, though this

may not be applicable to all aetiologies of the condition. However, fluid injection may

increase the magnitude of HO formation. While the mechanism of this is unclear, these

results indicated that aqueous injection may not be a promising route for HO treatment.

The effect of HMP was also unclear. The potency observed in vitro is difficult to correlate

with the seeming lack of effect in this model, though the inclusion of protein, buffers, en-

zymatic breakdown, small volumes and proximity to the HO are all confounding factors

in vivo. It is also possible that any effects of the HMP were masked by the effect of the

injected material increasing the HO volume.

113



CHAPTER 5

INVESTIGATION OF HMP AS A THERAPY FOR
KIDNEY STONES

Some of the data in this Chapter is published in Hexametaphosphate as a potential

therapy for the dissolution and prevention of kidney stones, Journal of Materials Chemistry

B (2020), DOI: 10.1039/D0TB00343C (Appendix C)
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5.1 Introduction

As discussed in Section 1.3, urolithiasis represents one of the most common diseases of the

urinary tract, and prevention of recurrent stone formation remains a vital issue [2]. Kidney

stones affect a substantial fraction of the world’s population, and incidence is increasing

across all demographics. Techniques for stone removal are improving worldwide, though

prophylaxis remains fundamental for patient care, especially given the recurrent nature

of kidney stones [346]. Citrate is commonly prescribed for kidney stone prophylaxis, how-

ever recurrence remains frequent and side effects may lead patients to discontinue citrate

therapy [171]. There is a clear call for new, more effective therapeutics to treat kidney

stones, particularly medications that remove stones, rather than just prevent them [2]. A

recent study discussing the multiple growth, aggregation and dissolution steps by which

stones form described the need for new therapies that inhibit crystal growth and aggre-

gation, while promoting dissolution [159]. This Chapter investigates whether HMP could

be a candidate for such a molecule.

As discussed in Section 1.4 and Chapters 2 and 3, HMP is a potent chelator, able to

form soluble complexes with multivalent cations. The work in these chapters has focussed

on CaPs, particularly HA, which may be found in kidney stones. It was also shown that

the mineral anion does not appear to play a role, at least in prevention, and that CaOx,

the most common component of kidney stones, could also be dissolved by HMP (Figure

2.8). Citrate also chelates divalent cations, and this is one of the main reasons it is used to

prevent kidney stones. The hypothesis for this work is that HMP could work in a similar

way to citrate, but may be far more potent, which means it could be more effective, and

may have fewer side effects.
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5.2 Methods

5.2.1 Artificial Urine Preparation

To more closely simulate physiological conditions, all experiments in this Chapter were

carried out in artificial urine (AU). This simulates the main solutes present in normal

urine, and therefore its pH and osmolarity. It does not contain citrate, protein, or other

macromolecules that prevent supersaturation (discussed in Section 1.3.2), unless they are

specifically included. The components are given in Table 5.1 [347]. The final pH of the

AU was 5.8 at 20 °C; normal urine is defined as being between pH 5 - 6 [348], with 6

being the commonly cited value [349].

Table 5.1: Artificial urine preparation.

Compound Name Formula Concentration
(g L-1)

Supplier

Calcium Chloride Dihydrate
>99%

CaCl2.2H2O 1.103 Sigma

Sodium Chloride >99% NaCl 2.925 Sigma

Sodium Sulphate Anhydrous
>99%

Na2SO4 2.25 Fisher

Potassium Phosphate Monobasic
ACS >99%

KH2PO4 1.40 Sigma-Aldrich

Potassium Chloride ACS >99% KCl 1.60 Alfa Aesar

Ammonium Chloride >98% NH4Cl 1.00 Alfa Aesar

Urea >98% CO(NH2)2 25.00 Alfa Aesar

Creatinine 98% C4H7N3O 1.10 Alfa Aesar

5.2.2 Struvite, Uric Acid and Cystine Dissolution

Struvite (ammonium magnesium phosphate hexahydrate, 98%), uric acid (99%) and l-

cystine (99%) were purchased from Alfa Aesar. A residual mass method was used, as

opposed to the light absorbance methods employed in Section 2.2.2, as these components
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sediment quickly, making this approach unsuitable. 5 g of each component was added to

a centrifuge tube with 40 mL of AU, with or without 0.2 M HMP (general purpose grade,

Fisher). A pH probe (Metler Toledo) was used to confirm that HMP did not alter the pH

of the AU. The tubes were then perpetually agitated with a shaker plate at 20 °C, to keep

the powders suspended in the fluid, for 72 hours. A relatively long time period was used in

order to ascertain the presence of an effect, compared to the experimental error from the

washing and drying steps. After 72 hours, the tubes were centrifuged at 4,700 RPM for

10 minutes, to ensure complete sedimentation of the powder. The effluent was removed

and the powder was resuspended in deionised water to wash off any residual HMP. This

procedure was repeated three times, to wash the powder thoroughly but minimise losses

from the effluent removal step. The tubes were then dried at 60 °C and 500 mbar for

24 hours, until the powder was dry and flowable as before, and weighed to ascertain the

mass change.

5.2.3 Effect of HMP and Citrate on CaOx

As AU contains 7.5 mM of calcium, CaOx suspensions were prepared simply by adding

2.5 mM equivalent of sodium oxalate powder (99%, Alfa Aesar). This did not change the

pH from 5.8. Varying amounts of HMP or citrate (trisodium citrate dihydrate, ACS grade

>99%, Alfa Aesar) were then added to study their dissolution of the CaOx. Concentration

was measured by the light absorbance approach described in Section 2.2.2. The value of

absorbance was converted to concentration using a calibration curve (Figure 5.1). This

was generated by serially diluting the 2.5 mM CaOx suspension in AU, and measuring

the absorbance at each concentration.

Zeta Potential and Size Measurement

The zeta potential of the CaOx was measured as described in Section 3.2.3, using a Zeta-

sizer Nano ZS (Malvern) at a wavelength of 633 nm. Samples were diluted with AU, AU

+ HMP or AU + citrate, to give sufficient dilution for measurement but without altering
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Figure 5.1: Calibration curve of 600 nm light absorbance and concentration for CaOx
formed in AU. Figure shows mean ± SD (n=3) and a linear regression.

the solution concentrations. 10 - 100 runs were taken for each measurement, at 25 °C.

The size was also measured on the same instrument, using 173° scattered light, and the

reported size is the Z-average. However, only the samples that had been in HMP or citrate

for 4 hours were small enough to be characterised for this methodology. The particle size

for the remaining suspensions was measured using a Mastersizer 3000 (Malvern), and the

reported size is the D50.

These two methods work on different principles. Dynamic light scattering (DLS), the

method employed on the Zetasizer, measures fluctuations in intensity to establish particle

velocity and, assuming the movement is due to Brownian motion, the particle size can

be calculated. This technique therefore measures the hydrodynamic diameter. In laser

scattering, as in the Mastersizer, the variation in laser intensity is a function of scattering

angle, which is a direct function of particle size. The reported size is from an equivalent

volume model. Comparisons between the reported size for samples measured with these

two different techniques should be undertaken with this caveat in mind. However, in this

case, the reported average sizes are an order of magnitude different. Further, the reported

sizes in both cases are verified by microscopy images.
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CaOx Microscopy

Light microscope images were acquired by pipetting 10 µL of suspension onto a micro-

scope slide (SuperFrost Plus, Thermo Scientific), flattening with a cover slip (VWR), and

then imaging with a light microscope at 20x and 40x magnification (EVOS XL Core,

Invitrogen). Scale bars were determined by taking an image of a graticule at each mag-

nification.

5.2.4 Human Kidney Stones

Ethical Approval

Approval for this study was granted by the STEM Ethical Review Committee at the

University of Birmingham (ERN 19-1249). Kidney stones, which would otherwise have

been discarded as medical waste, were received from Oliver Wiseman at Cambridge Uni-

versity Hospital, UK, following removal by percutaneous nephrolithotomy, with patients’

informed consent.

X-Ray Diffraction

To establish the chemical phases present in the stones, a sample of them were crushed into

a fine powder with a mortar and pestle. XRD was performed as described in Section 2.2.2.

The intensity was normalised for each scan, and patterns were compared to standards

from the International Centre for Diffraction Data (ICDD): hydroxyapatite (PDF 01-074-

9761), brushite (PDF 00-009-0077), calcium oxalate monohydrate (PDF 00-020-0231),

and l-cystine (PDF 00-037-1802).

Micro X-Ray Fluorescence

XRF was performed on whole stones prior to treatment. XRF was complementary to

XRD, because it showed the presence of minor components that may have been missed in

the XRD spectra, particularly small amounts of phosphate. It was assumed that the only
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compounds present in the stones would be those in Figure 1.3. Coincidence of calcium

and phosphorous was taken to be a CaP phase, most likely HA or brushite. As carbon

and oxygen are too light to be detected by this technique, calcium alone was assumed to

be CaOx. Magnesium was assumed to indicate struvite (though this was not detected),

and sulphur was taken to indicate l-cystine. Uric acid contains no elements heavy enough

for detection by XRF. All conclusions about the composition of the stones was congruent

between both XRF and XRD.

XRF was carried out on an M4 Tornado (Bruker), with a rhodium X-ray tube, at 50

kV and 300 µA, and under reduced pressure (20 mbar). The elemental maps show the

relative intensity of each element at each pixel, normalised to the maximally intense pixel

for that element. Calcium, phosphorous, sulphur and magnesium were looked for in every

scan.

MicroCT

MicroCT was used to analyse the total volume, and the volumetric component ratios.

Scans were taken of all stones before and after the 7 day dissolution experiments. Mi-

croCT was carried out on a Skyscan 1172 (Bruker), with the following settings: 0.5 mm

aluminium filter, beam voltage 80 kV and current 100 µA, exposure time 400 ms, pixel

size 9.73 µm, rotation step 0.4°, frame averaging 6. Scans were reconstructed in NRecon

(version 1.6.10.2, Bruker), with CS to image conversion between 0 and 0.1, smoothing

0, beam hardening correction 60%, and ring artefact correction 5. Volume was found by

binarising the data set and applying 3D analysis in CTAn (version 1.15.4.0, Bruker). The

volume of each component was found by binarising the dataset such that only the higher

density component remained, and applying 3D analysis to that component only. It was

assumed that the higher density component was the CaP and the lower density the CaOx

[350]. This is because phosphate has a high atomic number, and is more radio dense. 3D

reconstructions were produced in CTVox (version 3.0.0, Bruker).
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Stone Dissolution

All stones were weighed prior to experimentation, to find their initial mass. For every

experiment, the stones were stratified into groups, such that each group had a relatively

large, medium, and small stone. Each stone was then placed into a plastic pot of solution,

which were incubated at 37 °C for the duration of the experiment. Once every 24 hours,

the stones were removed from their solutions with plastic tweezers, and carefully dried

with absorbent paper. Stones were left to dry for 30 minutes, to achieve a sufficient level

of dryness, but without leaving them out of solution for too long. Each stone was then

weighed, and placed back into solution.

The first batch of 7 stones was used for a proof of concept study, with a control group

(AU, n=3) and an active group (AU + 0.2 M HMP, n=4), in 50 mL of solution, in order

to give a good chance of observing an effect. All subsequent experiments used only 5 mL

of solution, to give a more realistic idea of the amount of fluid a stone might be exposed

to in the body. This was a conservative estimate, as the total volume of the kidney is

around 200 mL in men and 150 mL in women [351]. It was observed in this first ex-

periment that initial stone size had a dramatic effect on percentage mass loss, and so for

subsequent experiments all stones in a batch were weighed, and the tightest group of 21 (1

control group, 3 HMP and 3 citrate concentrations, all n=3), was used for the experiment.

To investigate the effect of protein, BSA (Fisher) was used, as albumin is one of the

most abundant proteins in the urine, and is known to bind to CaOx [352]. A relatively high

concentration of 300 mg gcreatinine
−1 (330 mg L−1, as there are 1.1 g of creatinine in the AU

(Table 5.1)) was used. This is the boundary value between micro- and macro albuminuria,

the latter being the most severe case of protein in the urine, which is abnormal [353]. A

high concentration was used to give the greatest chance of observing an effect.
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5.2.5 Statistical Analysis

Statistical analysis was performed in Prism (version 7, GraphPad). All graphs show SD

as the measure of uncertainty. For all data, normality was determined using a Shapiro-

Wilk test. For mass change experiments (Figure 5.2), a separate unpaired t test was

used to compare between the control and HMP groups for each component. For CaOx

dissolution (Figure 5.4A), zeta potential and size analysis (Figure 5.6A&B), an ordinary 1-

way ANOVA was performed with a post hoc Tukey’s multiple comparisons test to compare

all columns with each other. For the proof of concept study (Figure 5.7), stone mass and

volume were compared using unpaired t tests with Welch’s correction, as the groups did

not have the same variance. Paired t tests were used to compared the CaOx content, as

the same stone was anlysed before and after dissolution. A 1-way ANOVA with a post

hoc Tukey’s multiple comparisons test was used to compare the mass of stones in Figure

5.8. For the detailed study (Figure 5.9), stone mass and volume were compared with an

ordinary 1-way ANOVA with a post hoc Tukey’s multiple comparisons test to compare

all columns with each other. Paired t tests were used to compare the CaOx content, as

the same stone was anlysed before and after dissolution. For the cystine stones (Figure

5.10), an ordinary 1-way ANOVA with a post hoc Tukey’s multiple comparisons test to

compare all columns with each other. For the protein study (Figure 5.11), the mass was

compared with a 2-way ANOVA with a post hoc Tukey’s multiple comparisons test to

compare all columns with each other, and the final mass was compared with an unpaired

t test. For all tests, p < 0.05 was considered statistically significant. Stars display the

level of significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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5.3 Results

5.3.1 Struvite, Uric Acid and Cystine Dissolution

HMP has been shown to dissolve CaOx and HA (Section 2.3.2), the most common com-

ponents of kidney stones, however stones also commonly contain struvite, uric acid and

l-cystine. A powder dissolution experiment showed that HMP was able to dissolve stru-

vite (p < 0.0001), but had no effect on uric acid or l-cystine (p > 0.05) (Figure 5.2).

The slight mass loss in the control groups may be due to slight solubility in the AU, or

losses during washing. Conversely, the small increase in the HMP groups for uric acid

and l-cystine groups were likely due to incomplete washing, and some HMP remaining.

Figure 5.2: The change in mass after 3 days of struvite, uric acid and l-cystine in AU
with and without 0.2 M HMP. Figure shows mean ± SD (n=3), and the result of multiple
unpaired t-tests.

5.3.2 Effect of HMP and Citrate on CaOx

The focus was then placed on CaOx, as it is the most common kidney stone component,

and the effect of HMP on HA has been studied in detail in Section 2.3.2. Further, HMP

was directly compared to citrate, because citrate is the current gold standard treatment
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for many types of stone, and acts chemically in a similar way to HMP. One notable

difference is that citrate is alkaline, and raises the pH of urine. In the AU system, citrate

raised the pH to 6.8 at 100 mM, while HMP did not alter the pH from 5.8. To check

that any dissolution effects were due to the specific dissolution agents, rather than just

the pH, the absorbance of a CaOx suspension was measured at various pH (Figure 5.3).

This showed that CaOx does not dissolve appreciably above around pH 4, well below the

pH of AU, with or without HMP and citrate.

Figure 5.3: The absorbance of a CaOx suspension at various pH.

Because citrate possesses 3 potential binding sites per molecule (Figure 1.4) and HMP

possesses 6 (assuming the supplier quoted molecular weight of 611.77), direct comparisons

were made between each molar concentration of citrate, and half that concentration of

HMP. This also made the concentrations roughly equal on a mass basis (1:1.18). Citrate

or HMP was added to CaOx in AU, and the absorbance was measured after 1 hour. Nei-

ther component was effective in this system below 1 mM (p > 0.05), however at 5 mM

(p < 0.001) and 50 mM (p < 0.0001) HMP was significantly more effective at dissolving

CaOx than citrate (Figure 5.4A). The CaOx was completely dissolved at 50 mM after 1

hour.
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In order to quantify the extent to which HMP is a better dissolution agent than cit-

rate, the minimum concentration of each to completely dissolve the 2.5 mM CaOx in AU

was identified. This was approximately 14 mM for HMP (Figure 5.4B, grey arrow), and

180 mM for citrate (Figure 5.4C, grey arrow) after 24 hours, suggesting HMP is 12 times

as effective as citrate on a molar basis. A long time period was used to allow equilibrium,

and it was found that HMP dissolved more CaOx over time (Figure 5.4B, black arrow).

Interestingly, however, this was not the case for citrate. Unless it was completely dissolved

in 4 hours (in this system, concentrations ≥180 mM), there appeared to be a rebound

effect, and the concentration of CaOx increased again at 8 and 24 hours (Figure 5.4C,

black arrow).

The reprecipitate from the 14 mM citrate group was filtered off after 3 days, and

XRD was used to identify it. The reprecipitate was confirmed to be CaOx.H2O, the same

species as the original CaOx in the suspension (Figure 5.5). To further explore this ap-

parent reprecipitation with citrate, but not HMP, the zeta potential and size of the CaOx

particles in suspension were measured. Concentrations just below that needed to com-

pletely dissolve the CaOx at 4 hours were used; 140 mM for citrate, and 14 mM for HMP

(Figure 5.4). This was in order to give the largest possible effect, but without completely

dissolving the particles.

The zeta potential of the CaOx particles, without the addition of HMP or citrate,

was -15.4 mV, showing that the particles carry a negative charge in AU (Figure 5.6A).

Citrate did not significantly alter the zeta potential, either immediately or after 4 hours

(p > 0.05). HMP, however, made the zeta potential of the particles significantly more

negative (p < 0.0001), with an average of -34.6 mV. This suggests that, in addition to

chelating the calcium in solution to dissolve the stones, the HMP was also binding to the

solid mineral particles, and imparting an increased negative charge.
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Figure 5.4: The dissolution of CaOx with HMP and Citrate. A) The percentage of
CaOx in AU remaining after 1 hour in various concentrations of HMP or citrate. B) The
percentage of CaOx in AU remaining at different times and concentrations of HMP. C)
The percentage of CaOx in AU remaining at different times and concentrations of citrate.
All show mean ± SD (n=3). A) shows the results of an ordinary 1-way ANOVA with a
post hoc Tukey’s multiple comparisons test.
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Figure 5.5: XRD patterns for CaOx immediately following formation and after matura-
tion for 3 days, the reprecipitate following citrate treatment, and a reference pattern for
CaOx.H2O.

The size of the CaOx particles in AU was initially around 11 µm, and did not increase

significantly over 72 hours (p > 0.05) (Figure 5.6B). HMP significantly reduced the par-

ticle size (p < 0.01) to only 0.3 ± 0.018 µm in 4 hours, and the particles were completely

dissolved within 3 days. Citrate also significantly reduced the particle size (p < 0.05),

though to a lesser extent, with an average particle size of 1.6 µm. However, the measured

particle size then significantly increased (p < 0.0001) to an average of 237 µm at 3 days.

Light microscopy images were taken in order to assess the nature of the particles over

this time period (Figure 5.6C). These images suggested that the particles initially formed

small aggregates, with individual crystals between 1 and 5 µm. After 4 hours, the particles

treated with HMP could not be seen by light microscopy, and citrate appeared to reduce

the size of the crystals to <1 µm or dissolve them completely. However, over time the

crystals appeared to regrow and aggregate. At 3 days, the crystals were between 1 and

3 µm, still slightly smaller than initially, but were massed together into large aggregates.

These aggregates were hundreds of microns in size, and accounted for the significant

increase in measured particle size.
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Figure 5.6: Zeta potential and size measurements for CaOx. A) Zeta potential measure-
ments of CaOx in AU treated with 14 mM HMP or 140 mM citrate. B) The average
particle size of precipitated CaOx treated with 14 mM HMP or 140 mM citrate. C) Light
microscopy images of CaOx treated with 140 mM citrate at different time points. A) and
B) show mean ± SD (n=5). A and B show the results of ordinary 1-way ANOVAs with
a post hoc Tukey’s multiple comparisons tests. Stars above columns indicate comparison
to untreated CaOx suspension at the same time point.

5.3.3 Human Kidney Stones

Human kidneys stones were obtained from patients following percutaneous nephrolitho-

tomy. The composition of the stones was confirmed via XRD and XRF, prior to exper-

imentation. Stones were then submerged in AU with or without HMP or citrate, and

their mass measured every 24 hours for 7 days. MicroCT was used to investigate the

volume change of the stones over this time, and to give an indication of the distribution

and volumetric percentage of a component in a multi-component stone.
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Proof of Concept

The first sample obtained contained 7 stones, and was thus suitable for a proof of con-

cept study, as there were enough stones for two groups, control and 0.2 M HMP. XRD

was performed on the control stones following the procedure as there were no spare, and

confirmed that these stones were predominantly CaOx.H2O (Figure 5.7A). However, XRF

showed that there were distinct areas of CaP (Figure 5.7B). It is unclear from the XRD

as to which phase was present, however there may be a broad peak at around 30°, which

could suggest HA. It is also possible that the phosphate phase is amorphous.

Stones were then placed in 50 mL of AU, with or without 0.2 M HMP, and dissolution

capacity was assessed via mass measurements. The stones in AU changed mass very little

over the 7 days, and actually increased slightly (Figure 5.7C). This may be due to water

infiltrating the pores that was not removed on drying, or salts from the AU precipitating

onto the stone, increasing its mass. The mass of stones in AU with HMP decreased

significantly (p < 0.001) (Figure 5.7D), and one stone was dissolved completely in 5 days

(Figure 5.7C). Comparison via microCT showed that the stones in AU changed little over

the 7 days, while those in HMP were visibly smaller (Figure 5.7E). The stone volume

followed the same trend as mass (Figure 5.7F), displaying a significant decrease (p <

0.001). The two stone components, CaOx and CaP, were distinguishable by X-ray, and

were separated to give the volume of each component by microCT (Figure 5.7G). This

showed that, by volume, the stones were around 85 - 90% CaOx, which was in agreement

with the XRD data (Figure 5.7H). Comparison before and after the dissolution experiment

showed that the fraction of CaOx in the stones did not change significantly (p > 0.05).

This suggested that the HMP dissolved both components with roughly equal efficacy.

Effect of HMP and Citrate Concentration

The aim of this study was to compare the efficacy of HMP and citrate at dissolving

stones, and to investigate the effect of concentration. XRD confirmed that these stones
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Figure 5.7: Proof of concept study on human kidney stones. A) XRD patterns of powdered
stones, and reference patterns. B) XRF image of a stone prior to dissolution. C) Mass
of stones in AU with 0.2 M HMP or without (control) over time. D) Change in mass of
stones after 7 days. E) 3D microCT rendering of stones before and after dissolution. F)
Change in volume of stones after 7 days. G) MicroCT slice showing the distinct oxalate
and phosphate phases (untreated stone). H) CaOx content of stones at day 0 and day 7.
C), D), F) & H) show mean ± SD (n=3). D) & F) show the results of Welch’s unpaired
t tests. H) shows the results of paired t tests.

130



were almost entirely CaOx (Figure 5.8A), and XRF revealed a small CaP component

(Figure 5.8B). These stones were placed in 5 mL of solution, to more closely mimic the

physiological environment. All stones in AU with citrate or HMP lost mass, however

those in HMP lost more than those in citrate, at all concentrations (Figure 5.8C), with

one stone in 0.2 M HMP completely dissolved within 48 hours. However, this experiment

showed that mass loss was highly dependent on the original mass of the stone. Stones

were stratified such that each group contained one large, medium, and small stone, lead-

ing to large intra-group variability (Figure 5.8D). A 1-way ANOVA revealed that there

was a significant effect due to treatment (p < 0.05), however a post hoc Tukey’s multiple

comparison test showed that the individual groups were not significantly different from

each other (p > 0.05), due to this high variability.

Figure 5.8: Dissolution of stones with a large initial size distribution in various concentra-
tions of HMP and citrate. A) XRD patterns of powdered stones, and reference patterns.
B) XRF image of a stone prior to dissolution. C) Mass of stones in solutions of citrate or
HMP at various concentrations over time. D) Change in mass of stones after 7 days. C)
shows mean only, D) shows mean ± SD (n=3).
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A larger sample of stones was then examined. These stones were principally CaOx.H2O

(Figure 5.9A), though XRF showed the presence of a phosphate phase (Figure 5.9B). The

small peak at 2θ of 11.7° suggests this phase may be brushite, as does the shoulder at

30.5°. However, the peak at 39.8° may indicate HA. In order to reduce effect of ini-

tial mass, all stones received from this sample were weighed, and the tightest group of

21 stones was used. This group, with initial mass between 18.8 - 22.8 mg, underwent

stratification and were placed in 5 mL of AU, with different concentrations of HMP or

citrate for 7 days, and weighed every 24 hours (Figure 5.9C). The relative mass of stones

in HMP was significantly lower than those in the comparative citrate concentration at

every non-zero time point (p < 0.0001). After 7 days, the relative mass of stones in HMP

was reduced by up to 55%, significantly lower (32 - 42%, p < 0.0001), than those in a

corresponding citrate concentration (Figure 5.9D). In contrast, the mass of stones in 0.1

or 0.2 M citrate did not significantly decrease (p > 0.05) over 7 days, compared to controls.

Volume rendering via microCT showed that mass loss correlated with a visible re-

duction in stone size (Figure 5.9E). Quantitative analysis of the microCT data showed

that stone volume followed the same trend as mass (Figure 5.9F). The two phases were

then segregated based on their grey scale values, such that their volumes could be calcu-

lated separately (Figure 5.9G). The ratio of the individual phase volumes showed that the

stones were on average 95% CaOx (all between 85% and 99.5% CaOx), which validates

the findings from the XRD analysis. The fraction of CaOx did not change significantly

following dissolution, suggesting both HMP and citrate, if effective at all, dissolve both

components with equal efficacy (Figure 5.9H).

Cystine Stones

This experiment examined the effect of HMP on stones not composed primarily of CaOx.

Both XRD and XRF analysis confirmed that these stones were composed purely of l-

cystine (Figures 5.10A&B). Unlike the control CaOx stones in previous experiments that
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Figure 5.9: Dissolution of calcium stones in various concentrations of HMP and citrate.
A) X-ray diffraction patterns of powdered kidney stones and reference patterns. B) X-ray
fluorescence image of a stone prior to dissolution. C) Mass of stones in solutions of citrate
or HMP at various concentrations over time. D) Change in mass of stones after 7 days.
E) 3D microCT rendering of stones before and after dissolution. F) Change in volume of
stones after 7 days. G) MicroCT slice showing the distinct oxalate and phosphate phases
(untreated stone). H) CaOx content of stones at day 0 and day 7. C, D F and H show
mean ± SD (n=3). D and F show the results of an ordinary 1-way ANOVA with a post
hoc Tukey’s multiple comparisons test. H shows multiple paired t-tests.
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gained mass in AU, l-cystine stones in the control group lost mass over the 7 day period,

suggesting some dissolution (Figures 5.10C). Stones in AU with HMP or citrate also lost

some mass over this time, though slightly slower than those in the control AU group. The

mass of all stones after 7 days was 94 - 96% of their original, with no significant difference

between the groups (p > 0.05) (Figure 5.10). This suggests that neither HMP nor citrate

have an effect on l-cystine stone dissolution.

Figure 5.10: Effect of HMP and citrate on l-cystine stones. A) XRD pattern of powdered
stones, and reference pattern. B) XRF image of a stone prior to dissolution. C) Mass of
stones in solutions of 0.4 M citrate or 0.2 M HMP over time. D) Change in mass of stones
after 7 days. C) & D) show mean ± SD (n=3). D) shows the results of an ordinary 1-way
ANOVA with a post hoc Tukey’s multiple comparisons test.

Effect of Protein

The AU used up until now has not contained any protein, as healthy urine contains only

trace amounts. However, urine can contain significant amounts of protein in disease. As

discussed in Section 2.3.2, protein may have an inhibitory effect on HMP. The effect of

protein on stone dissolution was therefore examined. CaOx stones from the same sample
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as Figure 5.9 were used and placed in AU with 0.2 M HMP, with or without albumin

(330 mg L−1). The effect of protein appears to be relatively small, though there was a

significant difference (p < 0.05) at day 3 (Figure 5.11A). However, at day 7 there was not

a significant difference between the relative mass of the two groups (p > 0.05), suggesting

the effect of albumin, at this concentration, is minimal (Figure 5.11B).

Figure 5.11: Effect of protein on the dissolution efficacy of HMP. A) Mass of stones in
AU and 0.2 M HMP, with and without BSA, over time. B) Change in mass of stones
after 7 days. A) shows the results of a 2-way ANOVA with a post hoc Tukey’s multiple
comparisons test. B) shows the results of an unpaired t-test.

5.4 Discussion

HMP was investigated as a potential therapeutic to prevent and treat kidney stones. As

discussed in Section 1.4.3, HMP is able to form soluble complexes with a wide variety of

multivalent ions. This was confirmed as HMP was able to dissolve CaOx, HA and struvite,

all multivalent salts that form the vast majority of kidney stones [2, 155, 156, 158]. HMP

displayed no solution action on uric acid or l-cystine (Figure 5.2), which are both cova-

lently bonded species (Figure 1.3), and commonly treated by alkalising the urine [354].

HMP would thus not suitable as a blanket treatment for all stone types, but would, as

with current prevention strategies, require stratification based on stone type and aetiology

[354]. HMP may, however, be suitable for all calcium and magnesium stones.
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The action of HMP was compared directly to citrate, because both are thought to

work by chelation and citrate is currently a popular therapy. HMP was found to be over

12 times as effective as citrate at dissolving CaOx on a molar basis (taking the manufac-

turer’s molecular mass of 611.77 Da), or around 6 times as effective in terms of potential

binding sites, or mass (Figure 5.4). This may be because the Ca-HMP complex is far more

stable than the Ca-citrate complex [227, 355]. The strength of the Ca-HMP complex is

well documented (Section 1.4.3), and forms the basis for many of its current applications

(Section 1.4.1). Citrate, while thought to form soluble calcium complexes and reduce

stone size, is prescribed as a prophylactic, and not to dissolve formed stones [171, 172].

An unexpected finding was the reprecipitation of CaOx observed with citrate over

long time periods. This was not the case with HMP, which continued to dissolve CaOx

over time. It is unclear whether this reprecipitation phenomenon, given the long time

period, lack of flow, and other physiological factors not taken account in this system,

occurs in vivo and whether this contributes to the high recurrence rate still observed with

citrate therapy [171]. In this system, however, citrate did not alter the zeta potential, and

facilitated large scale aggregation of CaOx particles at times over 4 hours (Figure 5.6).

Conversely, it was found that HMP significantly altered the zeta potential of the CaOx

particles in this system. This suggests that HMP was binding to the surface of the CaOx

particles, and imparting a greater negative charge. This property of HMP is well known

(Section 1.4.3), and is useful industrially to prevent particle aggregation by both steric

and electrostatic repulsion [180, 216]. Aggregation is the fastest, and thus most critical,

mechanism of stone growth [2]. Nuclei cannot become large enough to anchor or occlude

a lumen in the 5 - 7 minutes it takes for them to pass through the nephrons by crystal

growth, however they can grow to this size by aggregation within a minute [156]. The

zeta potential imparted by HMP in this system, -34.6 mV, is far beyond the ±25 mV

often taken as the minimum for long term electrostatic stability [356]. This is thus a key

advantage of HMP that recommends it for kidney stone prevention.
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A similar result was observed when comparing the dissolution of human kidney stones

ex vivo and the powders in vitro, as HMP was able to dissolve CaOx and CaP, but not l-

cystine stones. A limitation of this work is that majority phosphate, struvite, or uric acid

stones could not be obtained for testing. However, given the close correlation between

the in vitro and ex vivo studies, it is likely that the phosphate and struvite stones would

have been dissolved, and the uric acid stones would not. When compared to citrate, HMP

was significantly more effective at stone dissolution for all tested concentrations and time

points. Specifically, comparing the 0.4 M citrate and 0.05 M HMP groups in Figure 5.9

suggested that HMP was an order of magnitude more potent than citrate at dissolving

the CaOx stones. This was again very similar to the in vitro results. Citrate did not

significantly reduce stone size at concentrations below 0.4 M, another reason why citrate

may be ineffective in vivo. When stones were dissolved, their volume and observed size

decreased accordingly, and both CaOx and CaP appear to be dissolved at the same rate.

This is important because it shows that the HMP was not, for example, reducing mass by

increasing porosity, while the size remains the same. Stone size is the clinically important

factor, as it determines whether the patient will pass the stone or whether it will cause a

blockage, leading to more severe symptoms [158].

One key difference observed between the two chelators tested is that citrate increased

the pH of the AU, while HMP did not. Increasing urine alkalinity is recommended for

CaOx stones, and so in this case co-administration of HMP and citrate, or inclusion of a

different urine alkalising agent, may be required. However, acidifying the urine is recom-

mended for CaP and struvite stones [354]. HMP may thus be uniquely placed to target

these types of stones, as a chelating agent that does not increase urine pH. In addition,

HMP may be able to dissolve Randall’s plaque, the predominantly CaP plaque on which

many stones form. Further work is required to confirm this, however dissolving Randall’s

plaque may serve to reduce stone recurrence long term.
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Stones composed of l-cystine dissolved slightly in AU, because the AU contains no

l-cystine, and is thus not supersaturated. Mass loss was also observed in HMP and citrate

groups, though to a lesser extent (Figure 5.10). This may be because the added HMP and

citrate increase the total salt concentration, reducing the total osmotic gradient for disso-

lution, rather than the two compounds having specific effects. CaOx stones in AU alone

may have gained mass because the calcium in the solution precipitated onto the surface.

The inclusion of protein into the AU was expected to reduce the dissolution capacity of

HMP, as seen in Section 2.3.2. However, at every time point other than 72 hours, there

was no significant difference (Figure 5.11). Despite being a high protein concentration

for urine, this is still a factor of 100 lower than the albumin concentration in serum (330

vs 40,000 mg L−1) [234, 357]. Further, pH has a large, and possibly related, effect on

HMP dissolution capacity [198]. As urine, and thus AU, is at around pH 6 [349], this will

greatly enhance the dissolution capability of HMP.

Given that HMP appears to be effective at preventing precipitation and aggregation,

and at dissolving stones, the main aim of future work should be to translate this material

chemistry into the physiological arena. HMP is a common food additive (as discussed

in Section 1.4.1), and is generally recognised as safe by the FDA, with a very low oral

toxicity [228, 229]. The work in Chapter 4 also suggests HMP is safe, even when di-

rectly administered. Translation should next focus on how it can be delivered to the

kidney. Oral delivery, the same administration route as citrate, may be advantageous

for patient compliance. However, there is some debate about how much condensed phos-

phate is absorbed. Some studies suggest polyphosphates are broken down in the bowel,

and only small amounts of the condensed phosphate are absorbed [358]. A recent study

has suggested that pyrophosphate was readily absorbed orally and available to inhibit

pathological calcification [359]. HMP, with an average of 15 PO4 tetrahedra, is signif-

icantly longer than the two-membered pyrophosphate, though this may be possible. If

the majority is broken down, however, the increased concentrations of orthophosphate
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may increase CaP or struvite supersaturation and thus stone formation. HMP could be

chemically modified in order to render it resistant to breakdown, for example by includ-

ing P–C–P bonds, as in bisphosphonates [360], though this may reduce its effectiveness,

if adjacent PO4 tetrahedra are required for chelation [224]. However, as chelation can

take place anywhere along the chain, and breakdown occurs at the ends, adding a single

P–C–P bond at each end may render HMP stable, without reducing its effectiveness.

HMP could also be loaded into a delivery vehicle, to increase absorption and protect it

against degradation, for example in a nanoparticle [361]. However, both this and chemical

modification add complexity and cost to HMP as a therapeutic, which are currently some

of its key translational advantages. Direct administration via injection or implantation

may serve to bypass the digestive system completely, though this may reduce patient

compliance, as may direct delivery through a nephrotomy tube. While one of the unique

advantages of HMP is its ability to dissolve stones, it may be most easily used as a

secondary prophylactic, administered directly following nephrolithotomy surgery. HMP

may be useful to dissolve any remaining crystal nuclei, or Randall’s plaque, and thus

prevent or delay stone recurrence.

5.5 Conclusions

This study has shown that HMP was capable of dissolving CaOx, CaP and struvite,

which together make up the vast majority of stones, though it had no effect on uric acid

or l-cystine. HMP was an order of magnitude more effective at dissolving CaOx than

citrate, a commonly used therapy for kidney stones. In addition, HMP appeared to bind

to CaOx particles, increasing their negative charge and rendering them kinetically stable

to aggregation. This was not the case for citrate, where mass aggregation was observed

over time. Studies with human kidney stones showed the same trends as seen in vitro,

with HMP able to dissolve calcium stones an order of magnitude more effectively than
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citrate, but neither having an effect on l-cystine stones. These results suggested that

HMP may be a promising therapeutic to prevent and treat kidney stones.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

One key objective of this thesis was to elucidate the structure and chelation properties of

HMP, which are debated in the literature (Chapter 2). The data presented here suggest

that HMP was a linear polyphosphate, with a length of around 15 PO4 tetrahedra, though

this is dependent on the manufacturer, and with only a small fraction of cyclic structures.

While this finding is in agreement with some sources, HMP is generally thought to be a

ring of 6 phosphates, which the data here disputes. While the 15 membered polyphos-

phate chain was the most likely structure, a linear metaphosphate, containing half as

many phosphate tetrahedra, could not be ruled out from the titrometric data, though it

is theoretically unlikely to exist in solution. Other more advanced techniques, such as

chromatography, mass spectrometry, or nuclear magnetic resonance may be required to

confirm the structure, and probe more deeply into the chain length distribution.

HMP appeared to be able to chelate between 0.5 and 0.33 calcium ions per PO4 tetra-

hedron, suggesting that each divalent cation was bound between two tetrahedra, with

incomplete ionisation or steric factors accounting for the ratio slightly less than 2:1. This

was congruent with the theories of chelation for polyphosphate chains, but differed from

the view that one HMP molecule can only chelate one calcium ion. Outside of these ideal

conditions, however, factors including salts, proteins, and neutral solution pH, appeared

to reduce the effectiveness of HMP. The effect of pH and osmolarity have been speculated
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in Section 2.4, though a more thorough investigation of these factors is needed. The effect

of proteins, and any unidentified components in serum, on the chelating ability of HMP

are required to understand whether HMP could be a viable therapy, and under what

conditions.

In order to target only the pathological calcification, for example to treat the ectopic

bone without affecting the skeletal bone in HO patients, HMP was loaded into a delivery

vehicle (Chapter 3). An injectable, biopolymeric vehicle was chosen, and of the polymers

reviewed and tested, colloidal alginate could tolerate the greatest HMP concentration.

The alginate formulations were shear thinning with immediate viscosity recovery follow-

ing injection. These properties were optimal for this application, however other properties

are also desirable, such as a yield stress or semi-solid behaviour at rest, and perhaps a

more prolonged release profile. Indeed, the polymers tested were not exhaustive, and

another formulation may give an improvement. However, it is also worth noting that the

high concentration of charge dense HMP may prevent delicate inter-polymer interactions,

for example gelation.

The formulations were then tested in an in vivo model of HO (Chapter 4). Despite the

high potency observed in vitro and ex vivo, HMP did not produce a significant reduction

in ectopic bone volume produced in the animal model of the condition. This may be

for a multitude of reasons, including low HMP volumes, a physical barrier between the

injection and the ectopic bone, HMP degradation, or formulation dissipation. Techniques

such as in vivo microCT may give insight into the progress of HO formation over the

10 weeks, be used to guide the injections, and monitor dissipation of the formulation by

including a radio opaque molecule such as iohexol. It is noteworthy that HMP had no

significant effect in vitro on a pellet of HA when dissolved in serum, with further experi-

ments showing that pH, other salts, and protein all have an effect on the ability of HMP

to dissolve HA. Further work is required into which of these plays the greatest role, and
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if HMP could be formulated in such a way as to negate these effects to demineralise the

ectopic bone.

One interesting observation was that while the needle itself did not increase the volume

of HO developed, the injection of fluid did, apparently regardless of whether it contained

HMP or alginate. The reason for this is unclear, and could be related to several parts

of the complex HO formation pathways. It is possible that this may not be the case in

another model of HO with a different aetiology. However, if this finding is consistent,

HMP might still be a viable therapy for HO in a different formulation. Applying HMP

as a solid could negate the effect of fluid injection, and may also provide higher, more

prolonged release. This might be achieved by combining HMP with a material to prolong

release, such as a degradable plastic, or forming a solid HMP glass.

Finally, HMP was investigated for the prevention and treatment of kidney stones

(Chapter 5). It was found not only to dissolve them effectively ex vivo, but also to con-

fer a strong negative charge to component particles and prevent them from aggregating.

Kidney stones may thus be a highly susceptible target for HMP. Urine is typically at pH

6, where HMP is significantly more effective than at pH 7, contains small amounts of

protein, if any, and may have a lower buffering capacity than in the soft tissue where HO

forms. The mechanisms of stone formation are also perhaps better understood, and are

dominated by the material chemistry of nucleation, growth and aggregation, rather than

the biological mechanisms that dominate HO. However, direct injection to the kidney may

be more problematic than to the musculoskeletal tissues surrounding HO. Future work in

this area should thus be focused on delivery of HMP to the kidney. This may by through

oral administration, with or without protection via chemical modification or a delivery

vehicle, direct application following a procedure to act as a secondary prophylactic, or an

injection or implant to deliver HMP to the kidney through the bloodstream.
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Overall, the work in this thesis has provided strong evidence for the previously con-

tentious structure of HMP, the mechanism of calcium chelation, and how this is affected

by the non ideal conditions found in vivo. An injectable, polymeric delivery vehicle was

formulated, which had good rheological and injectable properties, and maintained the

chelation action of HMP. These formulations were tested in an animal model of HO,

where it was found that HMP and alginate were safe for direct injection, and were cleared

from the site without apparent inflammation or accumulation. It was found that fluid

injections, regardless of composition, appear to increase the severity of HO in this model.

Finally, HMP was shown to be an order of magnitude more potent at dissolving CaOx

kidney stones than the current therapy citrate, and also prevented particle aggregation.

This suggests that kidney stones might be an ideal target for the therapeutic action of

HMP.
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“Obliged by my avocations to relinquish experimental research for
a few months to come, I can only hope that the interesting and
extensive subject, which I am happy enough in introducing to the
notice of chemists, will be taken up speedily, and prosecuted zeal-
ously, by others”

- Thomas Clark, 1827 [201]
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E. Letavernier, E. Tang, O. Le Saux, T. Arányi, K. Wetering, and A. Váradi, “Oral
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SCI Spinal cord injury
SP Substance P
TBI Traumatic brain injury
TGF Transforming growth factor
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 Blast Injury

Blast is the mechanism of injury that results following explosion. Blast injuries fall 
into four categories [1]:

 1. Primary – the wave of blast overpressure passing through the body
 2. Secondary – caused by debris hitting the body
 3. Tertiary – caused by the body hitting an object
 4. Quaternary – all other injuries, including crushing and burns

These types of injuries have likely existed since the first utilisation of explosives 
[2]. The original explosive, black powder, was invented in China in the ninth cen-
tury for use in rockets, eventually guns and canon in the fourteenth century, and 
mining in the seventeenth century [3]. A mixture of naturally occurring compounds, 
black powder was only replaced with the advent of organic chemistry in the nine-
teenth century, and the production of the infamously unstable nitroglycerin. This 
was followed by compounds such as 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5- 
trinitro- 1,3,5-triazine (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine 
(HMX), the explosives of choice today [4].

Accidental blast injuries, for example, from industrial incidents, are rare in civilian 
life though they do happen [5]. Explosions caused by deliberate action are far more 
notorious: terrorist explosive events have increased with the turn of the century, with a 
fourfold rise in occurrence and an eightfold increase in injury between 1999 and 2006 
[6]. However, blast injuries are most common in warfare, particularly in recent con-
flicts. Blast accounted for only 9% of injuries in the American Civil War (1861–1865), 
and 35% in the Great War (1914–1918) [7]. Figures then rose in the later twentieth-
century wars, until blast became the dominant injury mechanism in the recent conflicts 
in Iraq and Afghanistan. Between 70 and 80% of injuries to British and American 
soldiers in these conflicts were as a result of blast, the highest in any recent conflict 
[8–10]. The majority of these injuries were caused by improvised explosive devices 
(IEDs), which gave rise to over 70% of combat casualties in Iraq and 50% in 
Afghanistan, the most significant threat to the soldiers in these regions [11, 12]. In 
addition, 43–54% of wounds occurred in the extremities, the most commonly injured 
area in these conflicts [8, 9]. This is in contrast to thoracic injury, which made up only 
5% of wounds in these conflicts, reduced from 13% in the Second World War.
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 Heterotopic Ossification

 Aetiology and Epidemiology

Heterotopic ossification (HO) is the formation of bone where it ought not to exist. 
Etymologically, the term is derived from the Greek hetero topos (other place) and 
the Latin ossification (bone making). Different types of bone have been reported in 
HO, and indeed different types of bone may form depending on aetiology. Analysis 
of trauma-related HO revealed that it is composed of a heterogeneous mix of corti-
cal and cancellous bone, in addition to fibrocartilage, with varying levels of miner-
alisation [13]. Like skeletal bone, the structure of which is discussed in detail in 
Chap. 17, HO contains arterioles, Haversian canals, and bone marrow and is subject 
to continuous remodelling, even after 3 years following presumed ‘maturation’ of 
the bone. These features of HO separate it from the mere calcification of tissues; HO 
is structured and organised at the cellular level, with a microstructure like orthotopic 
bone (Fig. 14.1). Macroscopically, however, HO is very different to skeletal bone. It 
grows polyaxially and appears floral in form, intimately associated with the soft tis-
sue. It has also been reported to grow faster than skeletal bone, at 1.7 μm per day 
compared to the 1.0 μm per day of normal bone [14].

HO is not a new phenomenon; it was first described by Albucasis, the father of 
surgery, over a millennium ago [15]. Patin, the Doyen of the Faculty of Medicine in 
Paris, then described the condition in children in 1692 [16]. The disorder he 
described is now commonly called fibrodysplasia ossificans progressiva (FOP), a 
rare genetic form of HO. FOP is characterised by malformation of the hallux at 
birth, but is followed by gradual HO in the soft tissues, which can be exacerbated by 
even the smallest of traumatic events [17]. The cumulative effects of this ossifica-
tion lead to gradual immobility and, ultimately, early death. Other genetic causes of 
HO include progressive osseous heteroplasia (POH), the intramembranous 

Fig.  14.1 Comparison of HO and skeletal bone (calcaneus) in a rodent, showing similar micro-
structure and osteocyte density but vastly increased numbers of osteoblasts and osteoclasts
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ossification of dermal tissue, Albright hereditary osteodystrophy (AHO), and other 
similar conditions [18].

Thankfully, the genetic forms of HO are extremely rare; global incidence of FOP 
is one in two million [19]. However, the acquired form is far more common. HO can 
form following musculoskeletal trauma, including surgery, damage to the central 
nervous system (CNS), particularly traumatic brain injury (TBI) and spinal cord 
injury (SCI), and burns [20]. In addition, perhaps the most devastating cause of 
acquired HO is that following blast trauma. While it may be asymptomatic, HO can 
cause chronic pain, ulceration of the skin, particularly when the ectopic bone forms 
over a skin graft, ankylosis of the joints, arthrofibrosis, neurovascular entrapment, 
and issues with fitting and utilising prosthetic limbs [21].

The association between HO and combat is not new; one of the first descriptions 
of acquired HO was made following observations from the American Civil War and 
the Great War [22]. However, prevalence of HO in soldiers has recently increased 
due to two key reasons. The first, as discussed above is the rising use of IEDs mak-
ing blast the predominant injury mechanism of injury, and the extremities the pri-
mary zone of wounding. The second is the increased survival rate, due to improved 
body armour, ubiquitous tourniquet use, improved air evacuation and care, haemo-
static dressings, and other modern survival innovations [23–26]. Because of this, 
more people with multiple limb loss are surviving their injuries [27]. It is this com-
bination of a higher survival rate but an increased incidence of severe extremity 
injury which has caused the recent upsurge in HO formation in wounded combat-
ants [28].

The prevalence of HO in combat-related amputees has been consistently reported 
as around 63%. Risk factors include a blast mechanism, amputation through the 
zone of injury, presence and severity of TBI, an age less than 30, multiple extremity 
injuries, delayed wound healing, a high injury severity score, and bacterial colonisa-
tion [29–31]. In contrast, the rate of HO is only around 23% in civilian (non-blast- 
related) amputees, and the HO was mild in 94% of these cases [32]. This corroborates 
the finding that blast, and not just amputation, is a risk factor for HO. Non-blast 
cases may also be less likely to have TBI, and other risk factors for HO (Table 14.1).

 Biology

 Environment/Inflammation

With the exception of POH and AHO, which are formed by intramembranous ossi-
fication, HO, including FOP, is a process of endochondral bone formation. The for-
mation of HO therefore requires three key things: osteoprogenitor cells, capable of 
differentiating into endochondral bone-forming cells, the signalling pathways that 
induce this differentiation, and a local environment which is conducive to bone 
formation [33]. The disease progression pathway of acquired HO begins with an 
inciting event, such as a blast injury, which causes an inflammatory response and the 
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cell-signalling cascade that induces cells to differentiate and begin forming bone 
[34]. These cells may be local to the injury site, or recruited from circulation.

Inflammation is a common requisite to all types of HO. Macrophages, mast 
cells, and adaptive immune cells are known to play a role; the exact inflamma-
tory mechanism that leads to HO remains unknown [35]. Inflammation precedes 
mineralisation, and as such anti-inflammatory therapies may be effective in pre-
venting HO, but do not affect HO formation once mineralisation has begun. The 
inflammatory response following severe trauma is highly complex, with local 
and systemic components, acute and chronic factors, and an associated anti- 
inflammatory response [36]. Tissue analysis of combat-injured patients showed 
that formation of HO was associated with high levels of interleukins 3, 6, 10, 
and 12p70, monocyte chemoattractant protein 1 (MCP1/CCL2) in the serum, 
and interleukins 3 and 13, interferon gamma-induced protein 10 (IP-10/
CXCL10), and macrophage inflammatory protein 1 alpha (MIP-1α/CCL3) in the 
wound effluent, in addition to bacterial colonisation [37, 38]. A summary of both 
the clinical and biological risk factors for combat-related HO is given in 
Table 14.1.

Hypoxia is also a prerequisite condition for the formation of HO, as it is for nor-
mal bone, that stimulates hypoxia-inducible transcription factor 1 alpha (HIF1α) 
[39]. HIF1α has roles in cartilage proliferation and differentiation, as well as angio- 
and osteogenesis, all of which are critical in osteochondral bone formation [40]. 
HIF1α upregulates vascular endothelial growth factor (VEGF) and transcription 
factor SOX9, critical for angiogenesis and chondrogenesis, respectively. Both of 
these factors are upregulated in cells derived from patients with high-energy combat 
injuries who developed HO, along with a host of others including matrix metallo-
protein 9 (MMP9) and insulin-like growth factor 2 (IGF2) [41]. It has also been 
suggested that the increased use of tourniquets, in addition to saving lives, may 
contribute to the increased incidence of HO by inducing hypoxia in the residual 
limb [42].

Table 14.1 Clinical and biological risk factors for combat-related HO

Clinical Biological

Blast mechanism of injury Hypoxia
Extremity injuries (presence and number) Serum cytokines:

High injury severity score IL-3
Amputation (particularly through the zone of injury) IL-6
Traumatic brain injury (presence and severity) IL-10
Age (<30 years) IL-12p70
Delayed wound healing MCP1
Bacterial colonisation Wound effluent cytokines:

IL-3
IL-13
IP-10
MIP-1α
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 Cells

In addition to the necessary environment and the signals that induce osteochondral 
differentiation, there needs to be a population of cells both able and available to dif-
ferentiate down this lineage. Perhaps the most promising candidate is the mesen-
chymal stem cell (MSC), a multipotent stromal cell which can differentiate into 
chondroblasts, osteoblasts, and brown adipocytes and form endochondral bone 
when implanted in vivo [43, 44]. MSCs were found in the debrided extremity mus-
cle of combat-injured patients, and were found to have increased alkaline phospha-
tase (ALP) expression and mineralised matrix production compared to bone 
marrow-derived MSCs, and did not terminally differentiate [45, 46]. Additionally, 
MSCs were found to be fewer in number and less able to differentiate with increased 
age, correlating with the decrease in HO seen with age [47, 48]. When pretreated in 
hypoxic conditions, MSCs displayed an enhanced angiogenic capacity, increased 
VEGF production, and decreased apoptosis, showing that MSCs thrive in the 
hypoxic conditions seen in HO [49].

There are a number of other cell types that have the potential to produce 
HO. Skeletal muscle cells, myoblasts, have been shown to dedifferentiate and 
progress through an osteochondral route when exposed to transforming growth 
factor beta (TGFβ), an inflammatory cytokine [50]. In response to bone morpho-
genetic protein 2 (BMP2), muscle cells were found to produce ALP and partici-
pate in HO formation, producing similar amounts of bone to MSCs [51, 52]. In 
addition to mature muscle cells, muscle stem cells, termed satellite cells, can also 
differentiate into adipocytes and osteocytes given the proper molecular cues, such 
as BMP2 [53]. There is also some evidence of these cells undergoing osteogenic 
differentiation even without BMP2 [54]. However, other studies suggest that sat-
ellite cells are terminally differentiated and that these results are due to co-con-
tamination of other cell types [55]. A FOP model showed that smooth muscle cells 
don’t contribute to HO, and the contribution of skeletal muscle progenitors was 
<5% [56].

A recently proposed source of cells is from the endoneurium. These cells have 
been shown to express osteogenic factors and to travel through the general circu-
lation to the site of HO in a mouse model [57]. Either direct trauma, for example, 
from blast, or BMP2 can initiate the neuroinflammatory cascade. This involves 
the release of pain mediators, substance P (SP) and calcitonin gene-related pep-
tide (CGRP), which recruit mast cells that in turn degranulate to release chemo-
kines and recruit cells that open the blood-nerve barrier (BNB) [58]. This 
opening, which may be controlled by histamines secreted by mast cells or MMP9, 
allows the perineurial and endoneurial cells to cross the BNB [59]. SP has been 
found to be upregulated in both traumatic HO and FOP lesions, and preventing 
the SP signalling pathway at any point has been shown to inhibit injury-induced 
HO [60].

Additional potential contributors include epithelial cells, endothelial cells, 
and pericytes. Epithelial cells can transform into MSCs, which are known to 
occur during embryonic gastrulation and triggered by BMP and TGFβ [61, 62]. 
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Both of these factors were found to be overexpressed by the epithelial cells in the 
HO lesions of transgenic mice [63]. Endothelial cells are similarly able to trans-
form into MSCs when exposed to TGFβ [64]. Chondrocytes and osteoblasts in 
FOP lesions were found to express endothelial markers, suggesting a vascular 
endothelial origin, and brown adipose tissue may share this origin [65, 66]. A 
different study suggested that cells of endothelial origin contributed 40–50% of 
cells in a FOP model [56]. However, the role of these cell types may be less 
direct. Some studies suggest that epithelial cells do not differentiate into osteo-
blasts, but instead secrete factors that induce osteochondral differentiation in 
other cells [67]. Endothelial cells release paracrine factors that induce chondro-
cyte hypertrophy, which are not secreted by myoblasts, fibroblasts, or other 
hypertrophic chondrocytes [68]. Further, the angiogenic growth factor Ang1 
enhances BMP2 signalling, osteoblast differentiation, and ectopic bone forma-
tion [69]. Endothelial cells are further important in their own right, as angiogen-
esis is a key requirement for HO formation. Pericytes, cells which line the outside 
of capillaries, have been shown to display osteogenic differentiation in vitro and 
in vivo [70]. However, these cells have a similar phenotype, gene expression, and 
differentiation potential to MSCs, making these cells and their potential role dif-
ficult to distinguish [71].

Endochondral HO lesions contain several tissue types, in addition to the soft 
tissue(s) it is formed in, including bone, cartilage, brown fat, and vasculature. The 
formation of HO thus requires all of the cell types found in these tissues, precisely 
located in both spatially and temporally. For example, the hypoxic conditions 
required for chondrogenesis and neovascularisation must precede and be separate 
from the normoxia required for osteogenesis. It is clear that several cell types have 
the potential to differentiate into HO forming cells, given the proper cues; however, 
elucidating which cells play a part in blast-related HO is far more complicated. 
There may be more than one source for the cells found in HO, and the different cell 
types that make up HO may have the same of differing precursor cells. It is also 
important to consider the cells that do not give rise to HO tissue, but have an indirect 
role by secreting paracrine factors. The cell types required for HO, and potential 
progenitor cells, are summarised in Table 14.2. Overall, it is clear that HO is a com-
plex biological process, and it is likely that there are several pathways that can 
lead to it.

Table 14.2 Summary of cell 
types found in HO tissue and 
potential progenitor cells

Cell types found in HO Potential progenitor cells

Osteoblasts Mesenchymal stem cells
Osteoclasts Myoblasts
Osteocytes Satellite cells
Chondroblasts Perineurial cells
Chondrocytes Endoneurial cells
Brown adipocytes Epithelial cells
Endothelial cells Endothelial cells

Pericytes
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 Diagnosis, Prevention, and Treatment

 Diagnosis

The initial stages of HO diagnosis are rooted in clinical examination, which can 
provide some important information. Swelling, stiffness, warmth, and redness are all 
early signs of HO; however these symptoms are not specific to the condition, and 
may also indicate thrombophlebitis, cellulitis, myelitis, or a tumour [72]. Once HO 
is suspected, plain X-ray radiographs are the most common modality to image and 
monitor lesions. X-ray computed tomography (CT) is more expensive and time- 
consuming, but provides a more detailed 3D picture, which is a valuable periopera-
tive tool. However, both X-ray modalities can only detect mineralised tissue and thus 
can only detect HO once mineralisation has begun [73]. Bone scintigraphy is a cur-
rently used technique for diagnosis, which can detect HO within 3 weeks of injury, 
several weeks earlier than radiographs. This technique can also be used to detect 
lesion maturity in order to correctly time excision surgery and to detect recurrence 
[74]. Elevation of serum ALP has been suggested as a marker of HO; however, ALP 
levels are dependent on hepatic and renal function, which may differ in blast- injured 
patients [75]. In HO caused by SCI, it was found that less than half of patients dis-
played elevated ALP levels [76]. It has also been proposed that the serum cytokines 
upregulated in HO may be used for early detection. However, these cytokines may 
differ by patient and wound type, and may be upregulated by the severe injury expe-
rienced by blast-injured patients, rather than specifically indicating HO [20].

New techniques are thus required in order to detect HO earlier, in order to begin 
a prophylactic regime as soon as possible. Given the issues with detecting serum 
markers of HO, focus is instead placed on imaging modalities. In Achilles tenotomy 
plus burn models, ultrasound, near-infrared, and Raman modalities were able to 
detect HO within a week of injury, which was only visible in microCT after several 
weeks [77–79]. Ultrasound was found to detect HO in 88.9% of afflicted SCI 
patients; however, at 62 days the mean interval was similar to confirmation of the 
condition by CT at a mean interval of 64 days [80]. Near-infrared imaging, though 
useful, requires the injection of a fluorescent tracer that may make it less attractive 
than Raman, which does not. In an ex vivo study of tissue from combat-wounded 
patients, Raman spectroscopy was able to differentiate between uninjured and 
injured muscle, unmineralised and mineralised HO lesions [81]. This technique can 
thus measure mineral maturity to aid surgical timing, but also may be used during 
the operation to identify lesion boundaries.

 Current Preventions

Given the historical lack of mechanistic insight into HO formation, current preven-
tions are based around non-specific anti-inflammatories. The exceptions to this are 
bisphosphonates, molecules with a P-C-P bridge that imitate the role of pyrophos-
phate in  vivo but are not broken down by ALP.  This is the only FDA-approved 
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medication to prevent or treat HO [31]. Bisphosphonates prevent the formation and 
aggregation of calcium phosphate crystals, and act as crystal poisons after adsorb-
ing to the surfaces, in addition to interfering with biochemical processes when inter-
nalised by osteoclasts [82]. However, their efficacy in preventing HO is inconsistently 
reported. Etidronate, a first-generation bisphosphonate, was reported to lower the 
rate of HO following TBI and SCI [20]. However, etidronate was also shown to 
increase incidence of HO in burns patients [83]. A more consistent report, however, 
is that bisphosphonates only delay mineralisation, which recommences when treat-
ment is stopped [84]. Another consideration is that bisphosphonates may delay frac-
ture union, a common complication following blast injury [85]. However, this only 
appears to be following prolonged use of the drug, e.g. for osteoporosis, and rarely 
affects fracture healing when used for the first time following injury [86]. One inter-
esting finding is that nitrogen-containing bisphosphonates hastened HO maturity, 
leading to prompter surgical excision [87]. However, due to the lack of clear evi-
dence for efficacy, bisphosphonates are rarely administered for prevention of HO.

Commonly utilised prophylaxes for HO include non-steroidal anti-inflammatory 
drugs (NSAIDs) and radiotherapy. Both of these modalities are most commonly 
studied, and frequently administered clinically, for the prevention of HO in the hip. 
NSAIDs inhibit cyclooxygenase-2 (COX2), a key factor required for endochondral 
ossification, regulating the differentiation of MSCs and preventing angiogenesis 
[88]. Additionally, NSAIDs have been shown to suppress proliferation and induce 
apoptosis in osteoblasts and chondrocytes [89]. The efficacy of NSAIDs in prevent-
ing HO in the hip is generally taken to be good, though some studies dispute this 
[90, 91]. However the side effects of NSAIDs, including postoperative bleeding, 
hepatic and renal toxicity and failure, haematochezia, asthma, gastrointestinal 
bleeding, and other effects, often lead to discontinuation even in relatively healthy 
patients [91–94]. Blast-injured patients typically display severe systemic poly-
trauma, complex contaminated wounds, skeletal fractures, TBI, renal impairment, 
gastritis, and bleeding, which make the side effects of NSAIDs intolerable [95]. 
Primary prophylaxis against HO is therefore utilised rarely in combat-related ampu-
tees. However, there are attempts to curb these side effects. Local delivery of indo-
methacin, the most commonly prescribed NSAID for HO prophylaxis, was shown 
not to inhibit wound healing [96]. Local delivery allows a high concentration at the 
site, but a low systemic drug concentration, reducing side effects. The majority of 
NSAIDs utilised, including indomethacin, are non-selective, in that they inhibit 
both COX1 and COX2. Celecoxib is a selective COX2 inhibitor, which displayed 
equal efficacy to indomethacin but with fewer gastrointestinal side effects [97]. 
However, there are concerns about the effect of selective COX2 inhibitors on the 
cardiovascular system. Despite this, a small clinical trial of celecoxib in blast- 
injured patients showed a decrease in HO formation [21].

Radiotherapy is the other primary prophylaxis for HO, inhibiting proliferation 
and inducing terminal differentiation of MSCs [98]. In the hip, pre- and postopera-
tive radiotherapy are equally as effective, though the total dose is usually higher 
when given in several fractions postoperatively compared to the single preoperative 
dose [99–101]. Preoperative radiotherapy is usually preferred as it reduces patient 
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burden following the procedure. However, radiotherapy in the elbow has been 
shown to have no effect on HO formation, but significantly increased non-union 
[102]. Additional side effects of radiotherapy include compromised soft tissue heal-
ing and detrimental effects on immunological functions [103]. There are also logis-
tical limitations to the use of radiotherapy. Though timing guidelines are inconsistent, 
it is generally accepted that radiotherapy must be administered within 48–72 hours 
of injury. This may be unfeasible for blast-injured patients, particularly in combat 
where radiotherapy is not available in far-forward medical facilities [31]. Another 
concern of radiotherapy is carcinogenesis. There is thus far no evidence of carcino-
genesis following radiotherapy in the hip [104]. However, given the discrepancy in 
the average age between combat-wounded patients and those who undergo proce-
dures in the hip, and the potentially decades-long latency period following radio-
therapy, this is a risk which must be considered in younger patients [105].

Comparisons between radiotherapy and administration of NSAIDs for HO pro-
phylaxis in the hip reveal near-equal efficacy, with a slight leaning towards radio-
therapy because of dose-dependent efficacy, fewer side effects, and greater patient 
compliance [106–108]. However, neither are suitable for the majority of blast-
injured patients. In addition, neither modality showed prophylactic efficacy in a 
rodent blast model of HO [109, 110]. There is a clear need for new prophylaxes for 
HO with greater efficacy and fewer side effects which, combined with improved 
early diagnosis, can successfully be implemented in combat-injured patients.

 Current Treatment

Thankfully, HO is often asymptomatic, even with large lesions, or only transiently 
symptomatic after prolonged activity or mechanical irritation, which may subside 
with maturation of the HO and the associated inflammation. The first line of treat-
ment is always conservative and includes rest, physical therapy, stretching, dynamic 
splinting, injections, nerve ablations, pain medication, and prosthetic sock adjust-
ment and padding [31, 73]. However, if symptoms persist, excision surgery is the 
only current treatment for HO; this is required for 41% of transfemoral and 15% of 
transtibial combat-related amputees [111]. Complete marginal excision of the ecto-
pic bone lesions is recommended, and surgery should take place at least 180 days 
post-injury to allow the HO to mature, to reduce the risk of recurrence and re- 
excision [112]. In addition to HO excision, amputation revision, quadricepsplasty, 
contracture release, and excision of neuroma or skin graft are often required [95]. 
Excision surgery is technically demanding, with risk of haemorrhage, infection, 
wound complication, and neurovascular damage [112]. This surgery can be made 
more difficult by the HO changing the native anatomy and incarcerating important 
nerves and blood vessels [73]. Because of this preoperative planning is crucial, and 
CT is often utilised for both planning before and reference during surgery [95]. 
NSAIDs are routinely used as secondary prophylaxis to prevent recurrence; radio-
therapy is only used in high-risk cases, because of concerns about impairment of 
wound healing [31].
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 Novel Therapies

Given the lack of safe and effective prophylaxes against HO for combat-injured 
patients, it is clear that new therapies are needed to prevent patients having to go 
through surgical excision. As the biological mechanisms behind HO are being 
elucidated, new druggable targets are emerging. Perhaps the most exciting poten-
tial new prophylaxis is through retinoic acid receptor γ (RARγ) agonism. Retinoid 
signalling is a strong inhibitor of chondrogenesis, and thus endochondral bone 
formation. RARγ agonists were shown to prevent chondrogenic differentiation 
in vitro and prevent HO in traumatic animal models [113]. The treatment was 
shown to inhibit BMP2 signalling and to stop cells from differentiating into 
chondroblasts even when subsequently exposed to BMP2 or implanted into oth-
erwise osteogenic environments in vivo. However, a delay in fracture repair was 
seen, a clear contraindication for blast-injured patients, though the investigators 
suggest a window of opportunity for treatment after stabilisation but prior to 
healing [113].

Palovarotene, a RARγ agonist, was examined further; while not the most potent 
of the molecules studied, palovarotene was already in clinical trials for emphysema 
[114, 115]. In a FOP model, palovarotene was shown to prevent HO and restore 
long bone growth, and in a complex combat blast injury model, it also significantly 
reduced HO but may delay wound healing especially in the presence of bacteria 
[116, 117]. However a further study, while confirming that palovarotene prevents 
chondrogenic differentiation and reduces HO, showed deleterious effects on the 
skeleton including overgrowth of synovial joints and long bone growth plate abla-
tion [118]. Regardless, palovarotene was taken to clinical trial for FOP.  A 28% 
reduction in HO was seen in phase two; 65% was the benchmark, though there was 
some dispute as the drug was only administered for flare-ups above a certain thresh-
old [119]. Despite this, a phase three trial is ongoing, which is scheduled to end in 
2020 [120].

Another potential strategy is inhibition of activin receptor-like kinase-2 (ALK2), 
a BMP receptor. Activated receptors phosphorylate the SMAD 1, 5, and 8 pathways 
that lead to bone formation; constitutive ALK2 activation is the genetic defect that 
leads to FOP. Thus, by inhibiting ALK2 with LDN-193189, a study has shown inhi-
bition of HO formation in a FOP model [121]. The same ALK2 inhibitor also inhib-
ited HO in an Achilles tenotomy plus burn model of HO [122]. Interestingly this 
study also showed that, by applying apyrase to the burn site, remote hydrolysis of 
ATP also inhibited HO, by decreasing extracellular ATP and increasing intracellular 
cyclic adenosine monophosphate (cAMP), an inhibitor of SMAD 1, 5, and 8 
phosphorylation.

As discussed above HIF1α plays a crucial role in osteochondral bone forma-
tion, by upregulating VEGF and SOX9, which are critical for angiogenesis and 
chondrogenesis, respectively. It has also been shown to increase the intensity 
and duration of BMP signalling and that inhibiting it restores normal BMP2 
signalling and reduced HO formation in a FOP model [123]. In addition to a 
genetic model, treatment with PX-478 or rapamycin was shown to inhibit HIF1α 
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and prevent HO in a trauma model [124]. Another HIF1α inhibitor is the antibi-
otic echinomycin, which was shown to prevent HO in an Achilles tenotomy 
model [125]. Other antibiotics have also been shown to inhibit HO; vancomycin 
was shown to prevent HO in a complex blast with infection model [126]. Though 
presumed that this was due to antimicrobial action, vancomycin also inhibited 
HO even in the absence of MRSA infection. The authors postulate that this is 
due to upregulation of tissue necrosis factor alpha (TNFα), IL-6, and IL-10 and 
thus that vancomycin alters the immune response pathway to reduce HO.

Several other potential prophylaxes are also under investigation. Macrophages 
contribute to the inflammatory process and release factors, including BMP, which 
support differentiation and maturation of osteoblasts. By utilising clodronate to 
deplete macrophages, HO has been shown to be reduced in genetic and spinal cord 
injury plus cardiotoxin injection models [127, 128]. Cells transduced to produce 
Noggin, a BMP antagonist, decreased HO in Achilles tenotomy and demineralised 
bone matrix implantation models [129]. Pulsed electromagnetic fields, by increas-
ing blood flow and preventing hypoxia, have been shown to reduce HO in hip and 
SCI patients [130, 131].

 Outlook

Despite being described for over a millennium, HO is still a significant problem 
today. The increasing frequency of terrorist incidents and the growing prevalence 
of high-energy extremity injuries in combat mean that blast-related HO is likely to 
continue to be an issue in the future. Inconsistent efficacy and side effects that are 
intolerable in a blast-injured population mean that current prophylaxes for HO are 
unsuitable, leaving excision surgery as the only option for many. Promisingly, the 
biological processes behind blast-related HO are gradually being elucidated, 
revealing the critical biological pathways and new druggable targets. Many of 
these new therapies have shown great success in various animal models of 
HO. Nevertheless, the translation of new prophylaxes into the clinic is thus far 
lacking. This is, in part, due to the currently diminished combat leading to low 
numbers of new blast-related HO patients. However, there is still work to be done 
in order to illuminate the entire biological network behind blast-related HO.  In 
addition, few studies utilise blast-injury models for HO, and it may be that new 
models are required in which to test potential therapeutics. A multidisciplinary 
approach is thus called for, in order to fully uncover the pathways behind the con-
dition, design therapeutics to target these pathways, develop delivery systems and 
models to test these therapies, and finally to translate these therapies through trials 
and into the clinic. This work is ongoing, in the hope that when a major conflict 
next occurs, there will be a therapy waiting so that blast-injured patients do not 
have to suffer HO.
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A B S T R A C T

Heterotopic ossification (HO), the pathological formation of ectopic bone, is a debilitating condition which can
cause chronic pain, limit joint movement, and prevent prosthetic limb fitting. The prevalence of this condition has
risen in the military population, due to increased survivorship following blast injuries. Current prophylaxes,
which aim to target the complex upstream biological pathways, are inconsistently effective and have a range of
side-effects that make them unsuitable for combat-injured personnel. As such, many patients must undergo
further surgery to remove the formed ectopic bone. In this study, a non-toxic, U.S. Food and Drug Administration
(FDA) -approved calcium chelator, hexametaphosphate (HMP), is explored as a novel treatment paradigm for this
condition, which targets the chemical, rather that biological, bone formation pathways. This approach allows not
only prevention of pathological bone formation but also uniquely facilitates reversal, which current drugs cannot
achieve. Targeted, minimally invasive delivery is achieved by loading HMP into an injectable colloidal alginate.
These formulations significantly reduce the length of the ectopic bone formed in a rodent model of HO, with no
effect on the adjacent skeletal bone. This study demonstrates the potential of localized dissolution as a new
treatment and an alternative to surgery for pathological ossification and calcification conditions.

1. Introduction

Heterotopic ossification (HO) is the pathological formation of ectopic
bone in soft tissues, such as muscle, skin, hypodermis, and fibrous tissue
[1]. Complications arising from this condition include chronic pain, skin
ulceration, limited movement if formed in joints, and issues with pros-
thetic limb fitting if it develops in the residual limbs of amputees [2]. HO
can be acquired following musculoskeletal trauma, central nervous sys-
tem injury, and burns or may be caused by rare genetic conditions,
including fibrodysplasia ossificans progressiva or progressive osseous
heteroplasia [3]. Within the military population, HO has become
increasingly common because of improved survivorship and the nature of
modern combat wounds, particularly the higher incidence of blast in-
juries. HO is found in 63% of all traumatic or combat-related amputees
and 80% in those with an amputation through the zone of injury [4]. The

increased military occurrence has also highlighted the prevalence of HO
in civilian patients, after total hip arthroplasty (24–28% [5]), burn in-
juries (5.6% [6]), and traumatic brain and spinal cord injuries (4% and
11%, respectively [7]).

Notably, there is a lower prevalence (23%) of HO in civilians after
amputation [2]. The large discrepancy in prevalence between military
and civilian amputees, as well as the diversity of causes, highlights the
complex etiology of HO. There is a general consensus that HO is formed
via a combination of systemic factors, such as upregulation of cytokines,
and local conditions, including hypoxia, inflammation, and hematoma
formation [8]. Kaplan et al. [9] described four factors necessary for the
formation of HO: (1) an inciting event, usually traumatic, which may
cause a hematoma; (2) cellular signaling from the injured cells or the
inflammatory cells that move to the site; (3) a supply of undifferentiated
mesenchymal stem cells, which will differentiate into chondroblasts and
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osteoblasts on receiving these signals; and (4) a local environment
conducive to HO formation, for example, low pH and hypoxia (Fig. 1).
These factors may be applied loosely to all causes of HO; however, given
the multiple causes of this disease, there are likely to be several, complex
biological signaling pathways that induce osteogenic differentiation. It is
speculated that bone morphogenetic proteins play a central role, but
several other proteins, including transforming growth factor-β, hedge-
hog, and fibroblast growth factors, are also involved [10]. The potential
for multiple complex biological pathways makes designing a treatment
strategy for HO difficult, and thus, there are currently no effective
pharmacological treatments used clinically [11]. Current treatment op-
tions for formed HO are extremely limited. For smaller deposits, range of
motion exercises may increase joint mobility; however, these exercises
can also exacerbate the condition [12]. Rest and analgesia may help to
relieve some symptoms, but the only effective therapy is surgical excision
of the formed bone [13]. This comes with the inherent risks of surgery,
such as hemorrhage and infection, and no guarantee that the condition
will not recur.

The most common prophylaxes currently used to prevent HO are non-
steroidal anti-inflammatory drugs (NSAIDs) and radiotherapy. NSAIDs,
typically orally administered indomethacin, aim to prevent HO by sup-
pressing proliferation and inducing apoptosis of osteoblasts and chon-
drocytes [15]. NSAIDs may reduce the incidence of HO but can cause
gastrointestinal side-effects, acute renal failure, and bleeding, and in-
crease the risk of fracture non-union [16–18]. This can result in discon-
tinuation, even in relatively healthy civilian patients, as their deleterious
side-effects become worse than the initial condition. Perioperative
radiotherapy is administered to suppress HO by inhibiting mesenchymal
stem cell proliferation or inducing terminal differentiation [19]. This
prevention has been poorly studied, with the exception of HO following
hip arthroplasty, with inconclusive timing and dosage guidelines [20,
21]. Radiotherapy may also give rise to non-union and contracture of soft
tissues and delay wound healing [22,23]. Both NSAIDs and radiotherapy
are non-specific, aiming to reduce HO by decreasing inflammation, and
neither are entirely effective. They reduce the probability of developing
HO, though effectiveness varies between studies [23]. Furthermore, the
vast majority of these studies examine the development of HO after
elective joint surgeries in controlled medical environments, where the
side-effects may be tolerable. This is magnified for combat-injured

patients with complex injuries, in whom delayed wound healing and
fracture non-union are unacceptable.

Current research on new prophylactics for HO aims to target the
specific biological pathways by which the ectopic bone forms. Strategies
such as antibiotic administration, remote adenosine triphosphate hy-
drolysis, and agonism of retinoic acid receptor gamma have been
investigated [24–27]. Despite their potential, the complexity of the bio-
logical pathways of HO, which are not completely understood, limits
understanding of how these interventions prevent the disease and may
not prevent all etiologies of HO. Furthermore, therapies which target
these upstream biological processes of bone formation, including NSAIDs
and radiotherapy, will never be able to treat HO once formed, leaving
excision surgery as the only option for many.

The biological mechanisms leading to HO are complex and may have
multiple pathways. As such, no specific biological preventions are used
clinically, and currently used prophylaxes are non-specific, not entirely
effective, and have a range of side-effects. However, all forms of HO share
a common final step; formation of solid calcium phosphate mineral in
bone. A prevention that targets this chemical pathway would not only be
able to treat all forms of this disease but would be uniquely able to
dissolve formedmineral. This would offer not only a specific prophylactic
for HO but also a medical alternative to surgery.

Hexametaphosphate (HMP), commonly supplied as a sodium salt, is
an inorganic, multivalent polyphosphate. It is used in several industries
including food, minerals, and ceramics, as well as in medical and dental
applications [28–33]. HMPmay be used as a deflocculant, by altering the
charge of particles, but is more commonly used as a sequestrant because
it forms strong complexes with metal cations, particularly calcium
(Equation (1)).

ðPO3Þ66� þ 3Ca2þ → Ca3ðPO3Þ6 (1)

The early work by Fleisch and Neuman [34] and Fleisch et al. [35]
showed that HMP is able to prevent precipitation of calcium phosphate,
even in supersaturated solution. HMP has further been shown capable of
dissolving solid hydroxyapatite (HA), the main mineral constituent of
bone [36,37]. Eisenstein et al. [38] have recently shown that HMP can
demineralize biological bone, without affecting the adjacent collagen,
and that it is hydrolyzed by alkaline phosphatase, an enzyme present

Fig. 1. Schematic showing the progression
pathway of HO. An initial inciting event causes an
inflammatory response which recruits progenitor cells
to the site. Biochemical signals, released from the cells
at the injury site or the recruited inflammatory cells,
cause the progenitor cells to differentiate down an
osteochondral pathway. Current prophylaxes for HO,
radiotherapy and NSAIDs, target this step, aiming to
reduce differentiation and proliferation of these bone
producing cells. The treatment proposed in this study
aims to prevent and reverse mineralization by locally
chelating calcium. Image of HO reproduced with
permission from John Wiley and Sons [14]. HMP,
hexametaphosphate; HO, heterotopic ossification;
NSAIDs, non-steroidal antiinflammatory drugs.
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ubiquitously in vivo. This is important as it will temporally limit the ac-
tion of HMP, preventing continuous demineralization. These properties
of HMP advocate its use as a therapeutic to target the chemical formation
pathway of HO to prevent and reverse the mineralization of bone.
However, the dissolution mechanism of HMP is not specific to patho-
logical, rather than skeletal, bone. It must therefore be loaded into a
delivery vehicle for targeted release to the HO site. This study proposes
the use of colloidal alginate as a delivery vehicle for HMP. The resulting
injectable formulation could be used as a prophylactic or minimally
invasive alternative to surgery to improve outcomes and quality of life for
sufferers of HO. In this manuscript, we report on the formulation of an
injectable delivery system and examine its efficacy in vitro, ex vivo, and in
an in vivo model of the disease.

2. Methods and materials

2.1. Study design

The objective of this study was to formulate, optimize, and charac-
terize an injectable HMP-alginate formulation, which may be used as a
novel prophylactic and treatment for HO. For in vitro evaluation, a
standard n ¼ 3 was used for most studies and for in vivo, n ¼ 6. In vivo
work was batch randomized, with 3 animals per batch, and blinded so
that the injector did not knowwhich animals were in the active or control
group. As a de novo study, time points for injection were based on the
stipulations of the project license, and the endpoint was determined by
assurance of HO development from initial model validation studies. A
moderate level of discomfort at any point was also an endpoint, though
this was not enacted in this study. No data were excluded.

2.2. Material characterization

2.2.1. Formulation
Alginate-HMP systems were prepared by dissolving HMP powder

(sodium hexametaphosphate, general purpose grade, Fisher Scientific) in
deionized water and then codissolving alginate powder (alginic acid
sodium salt from brown algae, BioReagent grade, MW100–200 kDa [39],
cn 71238, Sigma-Aldrich), by stirring at 400 rpm for 30 min at 20 �C. No
divalent cations were added, such that formulations remained viscous
fluids. Where required, pH was adjusted with 0.1 or 1 M sodium hy-
droxide or hydrochloric acid solutions (Sigma-Aldrich).

2.2.2. Rheology
Rheological characterization of formulations was carried out on an

AR-G2 rheometer (TA Instruments), using 40 mm diameter sandblasted
parallel plates, to minimize wall slip for highly viscous samples, with a 1
mm gap. Shear ramps were carried out by continuously increasing the
shear rate from 1 to 1000 s�1, over 10 min, and measuring the viscosity
instantaneously. Recovery behavior was examined by performing a series
of peak holds, at a shear rate of 1 s�1 and 1000 s�1, respectively, for 1
min. All measurements were taken at 20 �C.

2.2.3. Zeta potential
Zeta potential of the polymers in solution was determined via elec-

trophoretic light scattering, using a Zetasizer Nano ZS (Malvern), which
calculated the zeta potential after measuring the electrophoretic mobility
via laser Doppler velocimetry, at a wavelength of 633 nm. For each
measurement, 10–100 runs were taken at 25 �C.

2.2.4. Fourier-transform infrared spectroscopy
Scans were performed in transmission mode, with attenuated total

reflectance, on a Nicolet 380 Fourier transform infrared (FTIR) spectro-
scope (Thermo Electron Corporation). For each sample, spectra were
averaged from 128 repeats. Samples of HMP and alginate were analyzed
directly in their powder form. To prepare the mixed system, a formula-
tion of 1 w/v% alginate and 1 M HMP was filtered to collect the

precipitate, which was then dried and ground to give a powder for
analysis.

2.2.5. Injectability
Injectability studies were carried out on a Z030 universal mechanical

tester (Zwick Roell), as shown in Fig. 4A. A displacement-controlled
compression test was applied, using a 100 N load cell, on the plunger
of a 1 mL Luer-Lok syringe (Beckton Dickenson), suspended by clamps.
The attached needle was either a 19-gauge (690 μm internal diameter,
50 mm length) or 30-gauge (160 μm internal diameter, 12 mm length)
needle and was initially full. Displacement was carried out over 45 mm,
and the maximum allowable force was set at 50 N, as the limit for a
reasonable injection force by hand is 38 N [40].

2.3. Bioactivity

2.3.1. HMP release
Release from the formulations was studied via the regular dialysis

method [41], and conductivity was used to measure concentration.
Dialysis tubing, with a nominal molecular weight cutoff of 2000 Da, was
loaded with 5 mL of formulation and tied at each end to create a sealed
parcel. Each sample was placed into 50 mL of deionized water at 37 �C,
and the conductivity of the release medium was measured up to two
weeks. The HMP concentration in the medium was calculated from the
conductivity using a standard curve and corrected to remove the
contribution to conductivity from alginate, using an alginate only con-
trol. The data are presented as a percentage of the total release, with
100% taken as the point at which the HMP concentration is the same
both inside and outside the dialysis tubing barrier.

2.3.2. In vitro dissolution of HA
HA was synthesized by a sol-gel precipitation method [42]. Discs (12

mm diameter, 1 mm thickness) were formed in a pellet press and were
then sintered at 700 �C for 4 h. Pellets were then embedded in EpoFix
(Struers) resin and were polished with silicon carbide discs (Struers) of
decreasing grain size, down to 5 μm.

Interferometry was carried out on a MicroXAM2 (Omniscan), using
green light. Scans on day 0 were carried out over a depth of 20 μm, while
scans on day 7 were carried out over a depth of 30 μm. All scans had a
noise reduction of 0.05. Scanning electron microscopy (SEM) images
were taken using secondary electron detection, with a TM3030 Plus
(Hitachi) at 15 kV. Embedded pellets were attached to a steel mount with
carbon tape, sputter coated with 15 nm of gold, and connected to the
mounting with copper tape to improve conductivity. Pellets were
analyzed via both modalities, and then, 40 μL of 2 w/v% alginate with or
without 0.2 M HMP was applied. The pellets were stored in a closed
container with water to create a humid environment and reduce evapo-
ration. The formulation was removed with deionized water, the pellets
were dried with absorbent paper, taking care not to scratch the surface,
and formulation was reapplied in the same location. This was repeated
daily, for 5 days, before reanalysis of the pellet surfaces.

2.3.3. Ex vivo demineralization of the bone
Femurs were harvested immediately postmortem from male Sprague

Dawley rats (Charles River) and frozen at �20 �C until further use. The
distal end, with an approximate volume of 30 mm3, was removed and
placed in 2 w/v% alginate solution, with or without 0.2 M HMP, adjusted
to pH 7. Microcomputed tomography (micro-CT) scans were taken at 0,
7, and 14 days with a SkyScan 1172 (Bruker), using the following set-
tings: 0.5 mm aluminium filter, current 100 mA, voltage 75 kV, exposure
time 950 ms, pixel size 5.4 μm, camera resolution 2000 � 1332 pixels,
rotation step 0.3�, frame averaging 10. Scans were reconstructed using
NRecon (version 1.6.10.2, Bruker), and 3D models were produced in
CTVox (version 3.0.0, Bruker). The same scanning, reconstruction, and
postreconstruction parameters were used for all scans.
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2.3.4. In vivo prevention of HO
Ethical approval for this work was given by the University of Bir-

mingham's Animal Welfare and Ethical Review Board, and experiments
were licensed by the UK Home Office. All work was carried out in strict
accordance to the guidelines of the UK Animal (Scientific Procedures) Act
1986 and the Revised European Directive 1010/63/EU and conformed to
the guidelines and recommendation of the use of animals by the Feder-
ation of the European Laboratory Animal Science Associations.

Unilateral Achilles tenotomy was performed on the right hind limb of
adult male Sprague Dawley rats (Charles River) to induce HO [43].
Surgery was performed under general anesthesia, induced and main-
tained by 5–2% isofluorane, and the incision was closed with two
interrupted sutures and sealed with surgical glue. Opioid analgesia,
typically buprenorphine, was given as required; NSAIDs were not used at
any point in this study.

Surgery and injection of the formulations were performed under
sterile conditions, and all equipment used was either purchased sterile or
autoclaved before use. Formulations were sterilized by passing them
through a 0.2 μm filter and aspirating them into syringes, which were
kept sterile until use.

This study was performed in two batches, with 6 rats in each batch: 3
in the treatment group and 3 in the control group. At 2, 4, 6, and 8 weeks
after the operation, each animal was given an injection into their right
hind limb, directly adjacent to the site of HO formation. The control
group was given 200 μL of 1 w/v% alginate, and the treatment group was
given 200 μL of 1 w/v% alginate with 0.2 M HMP, via a μm diameter
needle. Animals were sacrificed at 10 weeks, by exposure to CO2 in rising
concentration, and their hind limbs were immediately harvested and
frozen at �80 �C until scanning.

The tissue was defrosted, and micro-CT scans were taken using a
SkyScan 1172 (Bruker). The scan settings used were as follows: 0.5 mm
aluminium filter, current 100 mA, voltage 75 kV, exposure time 400 ms,
pixel size 21.5 μm, camera resolution 1000 � 666 pixels, rotation step
0.6�, frame averaging 2. Scans were reconstructed using NRecon (version
1.6.10.2, Bruker), and quantitative analysis was performed in CTAn
(version 1.15.4.0, Bruker). For length measurement, the data were first
orientated in DataViewer (version 1.5.1.2, Bruker) so that the longest
axis of the HOwas orthogonal to the x-y plane. The data were then loaded
in CTAn, and the length was calculated from the height of the z-stack. The
cortical bone tissue mineral density (TMD) of the tibia directly adjacent
to the HO site (Fig. 6B blue square) was calculated following the method
supplied by the manufacturer, by calibrating with phantoms of a known
HA density [44]. 3D models were produced in CTVox (version 3.0.0,
Bruker). The same scanning, reconstruction, and post reconstruction
parameters were used for all scans.

2.4. Statistical analysis

Normality was determined using a Shapiro-Wilk test. All data sets
were then analyzed using two-tailed unpaired t-tests, with p < 0.05
defined as significant in all tests (*, p< 0.05; **, p< 0.01; ***, p< 0.001;
****, p < 0.0001). Standard deviation (SD) was used as the measure of
uncertainty. Statistical analysis was performed in Prism (version 7,
GraphPad).

3. Results

3.1. Shear-thinning formulations with recoverable post-shear viscosity

Therapeutic formulations were prepared by dispersing alginate into
an aqueous solution of the HMP (Fig. 2A). This created viscous, fluid
formulations which could be injected through a needle and subsequently
recohere (Fig. 2B). Formulations containing HMP at a concentration of
up to 0.2 M exhibited a similar yellow-brown color and translucency to
alginate alone, however, above this concentration, a precipitate formed

and phase separation was observed (Fig. 2C).
Rotational rheology was performed to characterize the shear-

dependent viscosity of the formulations. The viscosity of all samples
was found to decrease with applied shear, that is, they were shear-thin-
ning (Fig. 2D). HMP concentration was also found to influence the nature
of this behavior, demonstrated by the change in concavity of the shear
response curves. Furthermore, HMP concentration altered the instanta-
neous viscosity of the formulations at all tested shear rates. Alginate
solution viscosity was increased by raising the HMP concentration, up to
a critical value of approximately 0.2 M (Fig. 2E). However, further
increasing HMP content above this concentration decreased the viscosity.
This is concurrent with the observation of precipitate formation at HMP
concentrations greater than 0.2 M. The time it took for the formulations
to recover their standing viscosity following the application of high shear
(1000 s�1) was also assessed. The 0.2 M HMP system, which did not
precipitate, recovered its viscosity on the removal of shear almost
instantaneously (Fig. 2F). The precipitated samples with 1 M HMP,
however, displayed thixotropy. There was time dependence to the shear-
thinning behavior, with the formulation taking around 30 s to recover.

3.2. Interaction between the demineralizing agent and polymer network

The strong effect of HMP concentration on the rheological properties
of the formulations (Fig. 2) suggested that there was a molecular inter-
action between the alginate and active component. This behavior was
found to be concentration dependent, and up to 0.2 M HMP, the network
density increased, as evidenced by increased viscosity. Above this con-
centration, precipitation occurred. To investigate the electrostatic forces,
the zeta potential of the formulations was measured. Alginate alone in
solution is strongly anionic, having a zeta potential more negative than
�30 mV, indicating that the electrostatic repulsion between polymer
chains is enough to prevent aggregation [45]. However, the addition of
HMP, at any concentration tested (0.2, 0.4, and 1 M), reduced the zeta
potential to less than �30 mV (Fig. 3A). This suggested that it decreased
the electrostatic repulsion and allowed the polymer chains to come into
closer contact, which above 0.2 M HMP resulted in flocculation and
precipitation. The pH appeared to have little effect on the zeta potential
of this system.

To investigate the chemical mechanisms of this interaction FTIR was
conducted on the individual components, alginate and HMP, and the
formed precipitate. No new peaks were seen in the spectra for the pre-
cipitate that were not present in the raw material spectra, discounting
covalent bonding between species. For some peaks, however, the wave-
number was observed to shift, suggesting ionic interactions between the
alginate and HMP (Fig. 3B). In particular, there was a large shift in the
peak at 1589 cm�1 (circled), which corresponded to the COO� group on
the alginate [46], and shifts in the peaks at 1234 and 1065 cm�1, which
corresponded to the P¼O and P–O groups, respectively, on the HMP
(Fig. 3C) [29]. This implied that these groups were interacting ionically,
and thus a mechanism can be proposed, whereby the resonating groups
on both species stabilize around one or more sodium ions, of which there
are an abundance in these formulations (Fig. 3D). This may explain the
effects of HMP on the bulk rheological properties. At concentrations up to
0.2 M, each HMP ion binds multiple polymer chains, increasing the
network density, but without causing phase separation. At higher HMP
concentrations, the increased number of interactions causes the polymer
chains to come much closer together, which forces the water phase out
(Fig. 3E). This polymer-rich phase, having a lower density, then creams
out, leaving a polymer-poor phase below (Fig. 2C). The precipitate
removes the polymer available to form the network, reducing the vis-
cosity of the system.

3.3. Injectable formulations for targeted release

Rheological experiments provided an important insight into the shear
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rate response of the formulations; however, the tests performed did not
entirely represent the intended delivery device. To provide a more
fidelitous assessment of the in situ behavior during injection, a
displacement controlled compression test was used to obtain a direct
quantitative measure. The plunger was compressed at a set rate, and the
force required to push the formulation through the needle was measured
(Fig. 4A).

Injectability was determined as the ability of the formulation to
entirely pass through the needle with a reasonable amount of force. The
value at the plateau was taken as the injection force (Fig. 4B, black
arrow). Uninjectable systems were defined as those which required a
force above 38 N to be injected [40]. Formulations in which a precipitate
had formed and where the solid material did not pass through the needle,
had an initial force-displacement trace similar to injectable samples.
However, at a certain point (Fig. 4B, light gray arrow), the injection force
rapidly increased due to a build-up of precipitate in the syringe, resulting
in filter pressing.

A range of parameters, known from the Hagen-Poiseuille equation to
determine injectability, were investigated: alginate concentration (cor-
responding to formulation viscosity), needle diameter, and injection
speed [40]. While previous experiments indicated that 0.2 M may be the
maximum HMP concentration which does not cause phase separation,
these additional data may help to identify an optimum alginate

concentration in the formulations. Two needle gauges were investigated:
the smaller, which is suitable to test the treatment in a rodent model, and
the larger which is more appropriate for clinical use. A range of injection
speeds were tested; 1 mm s�1 is representative of manual injection [40],
however a larger range was tested to examine the effects of
shear-thinning.

The required force for injection was found to increase with increasing
polymer concentration (Fig. 4C). This was because increasing the algi-
nate concentration increases the formulation viscosity. Doubling the
polymer concentration increased the standing viscosity by approximately
a factor of 10 (Fig. 2E); however, a more complex relationship was seen
for injection force. This is likely due to the shear-thinning behavior of the
formulations, which decreased their viscosity as they experienced high
shear in the narrow gap of the needle, and the composite geometry in a
needle-syringe system.

Decreasing the needle diameter greatly increased the force
required for injection (Fig. 4D). This may be attributed to an increase
in average flow speed through the smaller diameter needles.
Increasing the flow speed increased the injection force (Fig. 4E)
because of the higher wall shear stress. It should also be noted that
different gauge needles are different lengths, which is another
parameter included in the Hagen-Poiseuille equation that is known to
affect injection force.

Fig. 2. Formulations are shear-thinning and
recover their viscosity following shear. (A)
Schematic of the formulation process; HMP and
alginate were codissolved in deionized water,
creating a formulation which can then be loaded
into a syringe. (B) Photograph of a formulation
(containing 5 w/v% alginate and 0.2 M HMP)
being injected, with insert demonstrating viscos-
ity recovery after delivery through a 160-μm
diameter needle. (C) Photographs of 2 w/v%
alginate with varying HMP concentrations
showing phase separation above 0.2 M. (D) Shear
rate ramps revealing the shear-thinning behavior
of 2 w/v% alginate and varying concentrations of
HMP. (E) Viscosity of formulations at a shear rate
of 2 s�1, as a function of HMP concentration for
various alginate concentrations. (F) Recovery of
viscosity as a function of time, when 2 w/v%
alginate was exposed to high shear (1000 s-1,
shaded sections) to mimic injection and then low
shear (1 s�1, white sections) to assess the ability
of the formulation to remain localized. (C), (E),
and (F) show mean � SD (n ¼ 3). SD, standard
deviation; HMP, hexametaphosphate.
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The release of the active component from the formulation over
time was assessed in vitro through a regular dialysis method.
Around 40% of HMP was released in the first 6 h, with apparent

zero-order kinetics and a further 30% released over the following
two weeks (Fig. 5A). From the first release region (Fig. 5B), a
higher polymer concentration was found to slow release.

Fig. 4. Formulations are injectable
through a hypodermic needle. (A) Anno-
tated photograph showing the setup for
quantitative injectability studies; the syringe
was suspended by clamps, and the plunger
was uniaxially compressed by the cross-head.
(B) Sample curves from injectability studies.
The black line (2 w/v% alginate, 0.2 M HMP,
690 μm needle diameter, 10 mm s�1 injec-
tion speed) shows an injectable sample, and
the black arrow shows the plateau on the
curve where the value for injection force is
taken. The dark gray line (5 w/v% alginate,
0.2 M HMP, 160 μm needle diameter, 10
mm s�1 injection speed) shows a sample that
has reached the imposed limit on injection
force and is deemed to be uninjectable. The
light gray line (2 w/v% alginate, 1 M HMP,
160 μm needle diameter, 1 mm s�1 injection
speed) shows a sample that has precipitated,
and the light gray arrow shows the onset of
instability due to filter pressing. (C) The
force required to inject formulations (0.2 M
HMP, 690 μm needle diameter, 1 mm s�1

injection speed) at varying alginate concen-
trations. (D) The force required to inject
formulations (2 w/v% alginate, 0.2 M HMP,
1 mm s�1 injection speed) at varying internal
needle diameters. (E) The force required to
inject formulations (2 w/v% alginate, 0.2 M
HMP, 690 μm needle diameter) at varying
injection speeds. (C), (D), and (E) show
mean � SD (n ¼ 3), with p values determined
by two-tailed unpaired t-tests, not significant
(ns) when p > 0.05. SD, standard deviation;
HMP, hexametaphosphate.

Fig. 3. Molecular interaction between alginate and HMP alters bulk formulation properties. (A) The zeta potential of dilute alginate solutions (0.1 w/v%), at
varying pH values, as a function of HMP concentration. (B) FTIR spectra of HMP and alginate powders and the precipitate formed between 1 w/v% alginate and 1 M
HMP. Expanded section shows the relevant peaks, with dashed lines highlighting shifts. (C) Summary of the chemical bonds assigned to each FTIR peak. (D) Schematic
of the proposed molecular mechanism by which HMP and alginate interact. (E) Illustration of how this interaction causes increased alginate cross-linking at low HMP
concentrations and precipitation at high HMP concentrations. (A) shows mean � SD (n ¼ 5) and (B) shows the mean of 128 scans. SD, standard deviation; FTIR,
Fourier-transform infrared spectroscopy; HMP, hexametaphosphate.
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Specifically, 2 and 5 w/v% alginate formulations released the HMP
21% and 34% slower, respectively, than the 1 w/v% sample over 6
h. This was due to the higher polymer content increasing the path
length and retarding solute release.

The demineralizing capacity of the formulations was first tested in
vitro using sintered HA pellets. Interferometric analysis revealed that
applying 0.2 M HMP containing formulations to HA increased the surface
roughness more than six-fold (Fig. 5C). This was likely because the
formulation dissolved the surface of the HA, but the free ions then
precipitated out as they cannot flow away in this static in vitro system.
The observed surface morphology supported this mechanism; the for-
mation of discreet spheres suggested nucleation and growth of solid
mineral precipitating from solution (Fig. 5D). A small increase in surface
roughness (24%) was also seen for the formulation without HMP. This
may be due to some HA dissolution in the aqueous phase, perhaps
enhanced by alginate's affinity for calcium, or simply caused by water
ingress into the ceramic. In contrast to the active sample, reprecipitation
was not observed for the control without HMP (Fig. 5E), and this is likely
because supersaturation was not achieved.

The targeted delivery of the formulations is demonstrated by Fig. 5F,
where a distinct boundary between regions treated with and without HMP
can be seen. Notably, the treated region was lighter in the SEM image than
the untreated one; this indicates that this area had steeper surfaces. This
agrees with the morphology observed at higher magnification (Fig. 5D).

3.4. Effect of HMP formulations on biological bone

Having shown efficacy of the formulations in dissolving HA in vitro,
the capacity to demineralize bone ex vivowas studied. These experiments
provided further evidence of the potent efficacy of these formulations;
mineral volume was reduced by 75% in two weeks (Fig. 6A). The total
tissue volume changed little, however, as the collagen matrix of the bone
remained.

The promising demineralization efficacy of HMP in vitro and ex vivo
substantiated progression to testing the formulation in an in vivomodel of
HO. Ectopic bone formation was induced by Achilles tenotomy surgery in
hind limbs of rats, and the formulations were used to treat the HO
formed. Initial model validation studies showed consistency and reli-
ability; 100% of the animals developed HO in the operated (right) limb
after 10 weeks (Fig. 6B). No HOwas seen in the control (left) limb, and no
adverse effects were seen during or after surgery.

The effect of the formulations was then examined, by injecting them
into the site of HO formation. An active formulation containing 1 w/v%
alginate and 0.2 M HMP or a control formulation containing 1 w/v%
alginate only were administered fortnightly. After treatment, the length
of HO which formed in the hind limb of the animals was determined via
micro-CT. Animals which received the active prophylactic developed, on
average, 2.8 mm less HO than controls, a reduction of 19% (Fig. 6C, p <

0.01). This shows that the formulations are active in a biological system
and able to significantly reduce the effects of HO in living animals. The
TMD of the tibia, adjacent to the site of injection, was also determined to
assess the effect of the treatment on the surrounding skeletal bone. No
significant difference in TMD was observed, which suggested that the
active formulation did not demineralize the orthotopic bone (Fig. 6D).
This demonstrated that the viscosity recovery (Fig. 2E) and localized
targeting (Fig. 5F) seen in vitro are maintained in vivo.

4. Discussion

4.1. Shear-thinning formulations with recoverable post-shear viscosity

Current preventions for HO are inconsistent in their efficacy, with a
range of undesirable side-effects, and surgical excision has a host of risks.
This necessitates the need for the development of a new, minimally
invasive prophylactic and treatment to improve quality of life for HO
sufferers in both military and civilian populations. In this study, we have
presented such a treatment, in the form of an injectable formulation. This
allows it to be used in a civilian outpatient clinic and also in any level of
military medical facility; no specialist equipment is required. Further-
more, this treatment is distinct from other proposed prophylaxes, which
aim to target the upstream biological pathways of HO. By focusing on the
chemical level, this treatment may also be used to dissolve the formed
bone, offering a minimally invasive alternative to surgery. This therapy is
also favorable from a translational perspective; it is a simple two-
component system, and both components are recognized as safe by the
United States Food and Drug Administration (FDA) [47,48]. Further-
more, both alginate and HMP are relatively cheap, processing is a single
mixing step at ambient temperature, and sterilization can be achieved
simply by filtration. These factors lend themselves to a scalable and
cost-effective treatment.

The formulations were found to be shear-thinning, as their viscosities
decreased with increasing shear rate. This behavior is typical of

Fig. 5. Formulations release HMP to
dissolve HA. (A) Release of HMP over time
from formulations (with initial HMP con-
centration of 0.2 M) with varying alginate
concentrations. (B) Replot of (A), high-
lighting the release over the first 6 h. (C)
Interferometry data showing the change in
surface roughness of a polished HA pellet
before and after the application of 2 w/v%
alginate with and without 0.2 M HMP. Sec-
ondary electron SEM images of HA pellets
(D) after exposure to 0.2 M HMP, 2 w/v%
alginate formulation, demonstrating rough-
ened topology with rounded particles, (E)
after exposure to a 2 w/v% alginate solution,
and (F) boundary between the region treated
with a HMP-containing formulation and the
untreated area highlighting differences in
topography and grain size. (A) and (B) show
mean � SD (n ¼ 3) and (C) shows mean � SD
(n ¼ 6), with p values determined by two-
tailed unpaired t-tests, not significant (ns)
when p > 0.05. SD, standard deviation; HMP,
hexametaphosphate; HA, hydroxyapatite;
SEM, scanning electron microscopy.
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concentrated polymer solutions, where the chains are entangled. At low
shear rates, the chains form new entanglements at the same rate as they
are broken by shear, and their viscosity remains constant. At a critical
point, the rate of entanglement lags and the polymer network breaks
down, resulting in a reduction in viscosity [49,50]. The formulations
with up to 0.2 M HMP are examples of this behavior. Flocculated parti-
cles in suspension also display shear-thinning behavior, as the shear
forces break apart the flocs, reducing the viscosity. However, these
curves have a different shape, with a much steeper shoulder after the
Newtonian plateau [51], similar to those seen for the phase-separated
samples with >0.2 M HMP. Shear-thinning formulations are favorable
for injectable systems; their viscosity decreases when they experience the
high shear force in the needle during injection and thus will take less
force to inject than a Newtonian fluid of the same standing viscosity.
Shear-thinning would not be possible were the polymers covalently
linked or linked by strong ionic bonds, as in a calcium alginate gel, such
that the bonds between polymers could not be easily broken during in-
jection and reformed in vivo [52].

The time taken for the formulations to recover their viscosity,
following the high shear force experienced during injection, is also

important to this application as short recovery times prevent delocal-
ization. Formulations with 0.2 M HMP recovered their viscosity on the
removal of shear almost instantaneously. This is expected, as alginate
solutions are pseudoplastic materials, whose viscosity is independent of
time [53,54]. The formulations with >0.2 M HMP, which formed a
precipitate, displayed thixotropy. There is time dependence to their
shear-thinning behavior, taking around 30 s to recover their initial vis-
cosity. This is typical of weakly flocculated particle suspensions; the flocs
take a finite amount of time to recoagulate, after the removal of shear
[55].

HMP concentration had a profound effect on the rheological prop-
erties of the formulations. Low HMP concentrations increased the vis-
cosity of alginate in solution, by increasing interaction density in the
entangled polymer network. This is advantageous because it makes the
treatment more site-specific, without adding more polymer which the
body would be required to eliminate. The peak value of viscosity
appeared at around 0.2 M HMP, for all alginate concentrations. Further
increasing the HMP concentration decreased the viscosity, concurrent
with the formation of a precipitate and phase separation. This decrease in
viscosity is due to the precipitate layer removing polymer from solution,

Fig. 6. Formulations demineralise bone ex
vivo and in vivo. (A) Micro-CT reconstructions of
distal sections of rat femur, showing the demin-
eralizing capacity of formulations with and
without 0.2 M HMP. (B) Micro-CT re-
constructions of the lower hind limbs of rats,
which have not (left) or have been subjected to
Achilles tenotomy and treated with a control
(center) or active (right) formulation. The devel-
oped HO is shown by the red circle, and the re-
gion of the tibia used to calculate TMD is shown
by the blue square. (C) The length of HO formed
in the hind limbs of rats which received prophy-
lactic formulations containing HMP (active) or
not (control). (D) The TMD of the cortical bone in
the tibia, adjacent to the formulation injection
site, of rats which received treatment formula-
tions containing HMP (active) or not (control).
(C) and (D) show all data points and the mean (n
¼ 5 [active] and n ¼ 6 [control]), with p values
determined by two-tailed unpaired t-tests, not
significant (ns) when p > 0.05. HO, heterotopic
ossification; HMP, hexametaphosphate; TMD,
tissue mineral density; CT, computed
tomography.

T.E. Robinson et al. Materials Today Bio 7 (2020) 100059

8



and thus the formulation moves from an entangled polymer network to a
suspended floc system. This interaction behavior is thus the limiting
factor for drug loading. In addition to the decrease in viscosity at con-
centrations exceeding 0.2 M, the formation of the precipitate removes the
possibility of filter sterilization, which is one of the key advantages of this
system. Henceforth, 0.2 M HMP systems were investigated for inject-
ability and bioactivity, in vitro and in vivo.

4.2. Interaction between the demineralizing agent and polymer network

The significant effect of HMP concentration on the rheological
properties of the formulations suggested there was an interaction, on the
molecular level, between the HMP and the polymer. Investigating this via
zeta potential measurements suggested that the HMP reduced the elec-
trostatic repulsion between alginate chains, allowing them to come closer
together and interact. Increasing salt concentration has previously been
shown to increase the zeta potential of alginate solutions [56]. This is
because the greater ionic strength reduces the size of the surrounding
electrical double layer, allowing for a greater degree of interaction [57].
This effect also increases with increasing ionic valence [58]. The pro-
found effect of HMP on zeta potential may thus be explained by high
sodium and hexavalent polyphosphate ion concentrations. The low pKa
values of alginate (3.38–3.65, depending on polymer chain composition)
and HMP (2.96) may explain why pH has a negligible effect on zeta
potential [59,60]. Owing to their low pKa values, neither species was
substantially protonated in the tested pH range (3.9–10.0), thus the
surface charge and by extension zeta potential did not vary considerably.

The peak shifts in the FTIR spectra suggested that it is the resonating
groups on the alginate and HMP which were interacting, and it is pro-
posed that these stabilize around positively charged sodium. There is a
high concentration of sodium in these formulations, as both alginate and
HMP are sodium salts. Each molecule may form several interactions, as
HMP anions have six resonating groups and alginate has one carboxyl
group per uronic acid moiety. This interaction increases the viscosity of
the formulations, up to 0.2 M HMP, which is beneficial for this applica-
tion; the formulations will have a lower propensity to disperse, without
the need for additional polymer. Beyond this limit, the interaction binds
the polymers strongly and causes phase separation. This is undesirable
from a translational standpoint, as it prevents filter sterilization and may
reduce reproducibility of treatment.

4.3. Injectable formulations for targeted release

To obtain a more pragmatic understanding of clinical application,
quantitative injection tests were performed to measure the force required
to inject the formulations through a hypodermic needle. The majority of
tests were performed on formulations with 0.2 M HMP, as the rheological
characterization suggested that this is the optimum drug loading. Tests
were also performed with higher HMP concentrations to understand the
effect of precipitation on injectability. Injectable samples passed through
the needle smoothly in a single stream, which is desirable for clinical
application. For uninjectable samples, the force required to extrude the
formulation at a clinically relevant flow rate exceeded reasonable limits
(38 N) [40]. The precipitated samples were injectable until the buildup of
solids resulted in filter pressing, which hindered further expulsion
through the needle. This behavior is commonly observed in two-phase
systems such as cements [61] and further confirms that precipitated
formulations are unsuitable for this application.

The force-displacement traces for injectable formulations had two
distinct parts (Fig. 4B). First, an initial slope resulting in a peak, which
corresponded to compressing the plunger and accelerating the formu-
lation. Second, a plateau region corresponding to the force required to
expel the formulation at constant speed [62]. No peak was seen for
formulations where the second force was greater than the first. The
force required to inject the formulations grew with increasing polymer
concentration, increasing injection rate, and decreasing needle size.

The force which can sensibly be applied by hand will vary between
clinicians; however, a conservative view should be taken so that a given
formulation can be delivered by any healthcare professional if required.
This limitation will place a threshold on these parameters, particularly
the alginate concentration in the formulation, and also the selected
needle size.

The study of the in vitro release of the HMP from the formulations
revealed two phases. In the initial 6 h, 40% of the drug was released, and a
further 30% was released over the following two weeks. This initial fast
release may be due to the system swelling via osmosis; the dialysis tubing
swelled to its maximum volume when immersed in the release medium.
Once fully swollen, the HMP diffused out of the system, with the polymer
chains acting as obstructions to mass transport [63]. This may explain the
two distinct release regions. The positive control with no alginate released
faster initially but the release rate slows earlier than for the other formu-
lations. This may be due to a faster swelling rate, as there is no polymeric
hindrance to water ingress. The release in vivo, however, may have a
different profile. The swelling, while bounded somewhat by the pressure
of the surrounding tissue, will be less finitely constricted. Furthermore, the
rate of swelling may decrease, as the osmotic pressure in body fluids will
be less than that of deionized water, used as the release medium in vitro.
The profile in vivo may therefore be purely swelling controlled but over a
longer time period. The release of the HMP may be retarded by increasing
the alginate concentration because the greater network density increases
the path length of the HMP. The alginate concentration can therefore be
altered to tailor the release profile of HMP; however, this will also affect
formulation viscosity and injectability.

The demineralization capacity of the formulation was studied in vitro
on a pellet of HA. The HMP-containing formulation greatly increased the
surface roughness of the pellet, due to dissolution and reprecipitation.
This demonstrates the ability of the formulation to dissolve HA, the main
mineral constituent of bone; however, in vivo reprecipitation is not ex-
pected to occur, as the ions can flow away from the site. The formulations
also exhibit targeting, with a clear distinction between the treated and
untreated area of the pellet. This is promising for in vivo studies, as it
suggests the formulation will be able to demineralize the HO where it is
injected, without damaging the nearby orthotopic bone.

4.4. Effect of HMP formulations on biological bone

Having demonstrated that the formulations were injectable and dis-
solved HA in vitro, the effect of the formulations on biological bone was
then studied. This was important in order to understand whether the
organic components of bone, such as collagen, prevented demineraliza-
tion in some way. Femoral condyles were used, as they consist largely of
trabecular bone, which has a macroscopic structure more similar to HO
than cortical bone. The HMP-containing formulation reduced themineral
volume by over 75% in two weeks but did not dissolve the collagen
matrix. This is expected, as HMP demineralizes the bone by sequestering
calcium, to dissolve the calcium phosphate phase, but does not affect the
organic phase [38]. This suggests the formulation will not have delete-
rious effects on the soft tissue surrounding the HO in vivo. Although this
treatment only removes one component of the HO, it is this mineral
component which causes most, if not all, of the complications arising
from HO. Demineralizing the ectopic tissue could improve the range of
joint motion, prevent skin ulceration, reduce pain, and allow amputees to
more easily wear their prostheses.

Having shown efficacy ex vivo, the formulations were studied in an
animal model of HO. An Achilles tenotomy model was chosen for this
study because it induces HO reliably from a non-pharmacological event.
As the biology of HO formation was not under investigation, blast and
injury models, which are more representative but also more harmful and
less controlled, were not necessary. Implantation, injection, or genetic
modification models, the majority of which induce artificially high bone
morphogenetic protein levels, are less representative and are no less
complex. Initial model validation demonstrated that the animals
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recovered quickly and that all animals developed HO in the operated
limb after 10 weeks. The formulations were then studied using this
model, with fortnightly injections following surgery. It should be noted
that one animal in the active group died immediately after injection at six
weeks. Veterinary review concluded that this was due to unintended
intravascular injection, causing an embolism. As a result of this event,
future treatments included an aspiration step prior to injection, and no
further events were observed.

The length of the developed HO was chosen as the marker of efficacy
because it is the length of the spurs of bone that is responsible for the
chronic pain, skin ulceration, and ankylosis whichmay be experienced by
patients. These spurs may thus be a promising initial target for this type
of treatment to alleviate these symptoms. The length of HO was found to
be significantly reduced by the active formulation, which suggested that
the proposed therapeutic may help to relieve these symptoms and be an
efficacious prophylactic or treatment for formed HO.

There was no significant change in the TMD of the tibia, adjacent to
the injection site. In addition to targeted delivery to the HO site, this may
also be because HMP is more effective in low pH conditions, which exist
in the local inflammatory site of HO [38]. Furthermore, as treatment took
place during HO formation, HMP may be more effective at preventing
mineralization than demineralizing the existing skeletal bone. Formed
HO has a floral appearance and thus has a much larger specific surface
area than the skeletal bone for dissolution and reaction of the mineral
phase. Moreover, mature skeletal bone is covered by the periosteum,
which may offer some protection against HMP. These factors may all
contribute to the preferential demineralization of HO over skeletal bone.

This study demonstrates that targeted demineralization may be a
viable strategy to prevent or treat HO. However, this preliminary study is
limited to the examination of one delivery vehicle and treatment strategy
in vivo. While colloidal alginate is a suitable delivery vehicle, other sys-
tems may provide improved rheological or release properties and sustain
HMP release over a longer period. Further in vitro and ex vivo experiments
in physiologically representative environments, followed by in vivo
studies, to determine the material and release properties of the formu-
lations over time are also warranted. In addition, this study examines a
single dosing regimen. HMP concentration, dosing timing, and frequency
are all factors that can be optimized, which may give increased demin-
eralization in vivo. The effect of applying HMP to HO once completely
formed, and on the HO once treatment has ceased, are also important
considerations. Other effects of injected HMP, such as temporal changes
to local and systemic calcium concentration, may also help to elucidate
the precise mechanism of HO demineralization in vivo.

5. Conclusion

This study has shown that HMP, a potent calcium chelator, can be
incorporated into a vehicle with optimal material properties for injection
and targeted delivery. This formulation is effective at dissolving HA,
demineralizing biological bone, and can curb the growth of HO in an
animal model, without affecting the adjacent skeletal bone. These data
suggest that demineralization may be a viable strategy for HO manage-
ment and, unlike biological prophylaxes, could act as an alternative to
surgery. This preliminary study warrants further exploration into this
area to provide new therapies and improve the quality of life for sufferers
of HO and other pathological ossification and calcification diseases.
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Hexametaphosphate as a potential therapy for the
dissolution and prevention of kidney stones†

Thomas E. Robinson, *ab Erik A. B. Hughes,a Oliver J. Wiseman,c

Sarah A. Stapley,b Sophie C. Coxa and Liam M. Grover *a

The incidence of kidney stones is increasing worldwide, and recurrence is common (50% within 5 years).

Citrate, the current gold standard therapy, which is usually given as potassium or sodium salts, is used

because it raises urine pH and chelates calcium, the primary component of up to 94% of stones. In this

study hexametaphosphate (HMP), a potent calcium chelator, was found to be 12 times more effective

at dissolving calcium oxalate, the primary component of kidney stones, than citrate. HMP was also

observed to be effective against other common kidney stone components, namely calcium phosphate

and struvite (magnesium ammonium phosphate). Interestingly, HMP was capable of raising the zeta

potential of calcium oxalate particles from �15.4 to �34.6 mV, which may prevent stone growth by

aggregation, the most rapid growth mechanism, and thus avert occlusion. Notably, HMP was shown to

be up to 16 times as effective as citrate at dissolving human kidney stones under simulated physiological

conditions. It may thus be concluded that HMP is a promising potential therapy for calcium and struvite

kidney stones.

Introduction

Kidney stone formation, also termed urolithiasis or urinary/
renal calculi, represents one of the most common diseases of
the urinary tract, and prevention of their recurrence remains a
vital issue.1 Stones can cause intense colicky pain in the loin,
obstruction of urine flow, urinary tract infections, and is
responsible for 2–3% of end stage renal disease.1,2 The lifetime
risk of kidney stones is 10–15% in the Western world, and as
high as 25% in the Middle East.3 In the USA, the total
prevalence of kidney stones was 8.8% in 2012, compared to
5.2% in 1994, and is higher in men than women (10.6% vs.
7.1%), obese people than those of normal weight (11.2% vs.
6.1%), and in white compared to black or Hispanic people.4 It is
also notable that stone formation is a highly recurrent condition,
with a rate of recurrence of up to 50% within 5 years.5

A key factor in the global growth of kidney stone incidence is
changing diet, both directly and indirectly. The increase in
stone prevalence correlates strongly with growing total calorie,
fat, protein, fruit and vegetable consumption.6 Ingestion of
high levels of animal protein, oxalate, sodium and fructose,
in addition to low amounts of potassium and citrate, are all

indicated in stone formation.7–11 Indirectly, stone formation is
strongly associated with obesity and diabetes,4 the prevalence
of which are growing worldwide.12,13 Climate change may be
another factor increasing the prevalence of kidney stones.
Increased temperatures can cause dehydration, leading to
decreased urine volumes, raised core temperature and higher
salt concentrations in the blood, leading to increased urine
supersaturation, while increased vitamin D synthesis may
increase calcium excretion.14,15 The population of the USA
living in the hot southern ‘stone belt’, where residents are at
increased risk of stones due to temperature, is expected to rise
from 40% in 2000 to 56% in 2050, and 70% by 2095. This will
result in an increase of 1.6 to 2.2 million lifetime cases by 2050
in the USA alone, with an associated cost of around $1 billion
annually.16 The cost of kidney stones in the USA was estimated
at around $2 billion in 2000, a 50% increase from 1994, and is
still increasing.17

Kidney stones can contain several components, and may
be composed primarily of one compound or contain a mixture.
The vast majority, up to 94%, are calcium based, with 76% of
stones being comprised of mostly calcium oxalate (CaOx, Fig. 1A),
and 18% primarily calcium phosphate, usually hydroxyapatite
(HA, Fig. 1B).18 The remainder are composed of struvite
(magnesium ammonium phosphate, 10–15%) (Fig. 1C), uric
acid (3–10%) (Fig. 1D) or cystine (o2%) (Fig. 1E), plus a small
number of drug induced stones.1 Regardless of composition,
kidney stones are formed by supersaturation in the urine
leading to nucleation, growth and aggregation, with the latter
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mechanism leading to the most rapid evolution. Nucleation is
usually heterogeneous, and nuclei must anchor to a surface in
order to grow before being excreted in the urine stream.19 CaOx
stones often form on HA plaques, known as Randall’s plaque,
which grow in the interstitial tissue, break the urothelium, and
promote CaOx aggregation.20 Randall’s plaque was found in at
least one papilla for 99% of stone formers, and 20% were found
to have tubular plugging.21 The precise mechanism of their
formation is as yet unclear, but plaque coverage correlates with
increasing urinary calcium and decreasing urinary volume.22

Elevated ionic concentrations and lower urinary volumes
contribute to the supersaturation responsible for urolithiases.
However, the CaOx concentration found in normal urine is four-
fold greater than its solubility would suggest is possible, while
nucleation occurs at between seven and eleven times solubility.19

This supersaturation without precipitation is termed meta-
stability, and is permissible due to molecules in the urine that
inhibit the nucleation, growth and aggregation of crystals.23 Citrate
(Fig. 1F), osteopontin, Tamm–Horsfall glycoprotein, calgranulin,
prothrombin F1 fragment, albumin, glycosaminoglycans, and frag-
ments of DNA and RNA have all been identified as crystallisation
inhibitors in the urine.24 These molecules are, or include, poly-
anionic chains that bind to calcium to prevent growth and aggrega-
tion, and raise the metastable limit of supersaturation, which is
lower in stone formers than healthy individuals.24,25

Small precipitations that do not anchor or grow may be
excreted asymptomatically. Small stones o5 mm have a high

chance of passage, stones 5–7 mm have around a 50% chance,
while stones 47 mm are likely to require intervention.24

Current interventions for formed stones include disruption
and break down with shock waves, lasers applied via an endo-
scope, or a small surgical procedure, which all have varying
degrees of success.26–28 However, given the recurrent nature of
kidney stones, secondary prophylaxis is often employed.
Patients are often advised to increase fluid intake, maintain
calcium but limit sodium and oxalate consumption, and to eat
less animal protein, in an effort to reduce supersaturation of
the urine and increase the limit of metastability.29 In addition
to dietary augmentation, common therapeutics include thia-
zide diuretics, to lower urine calcium and pH, and citrate
therapy. Citrate forms soluble complexes with calcium, and is
reported to inhibit crystal nucleation, growth and aggregation,
in addition to stabilising polynuclear complexes and amor-
phous CaOx phases.30,31 However, in the clinic high rates of
stone recurrence are seen even with citrate treatment, particularly
in patients with low citrate levels.32 In randomised controlled trials
of citrate therapies, one in three patients dropped out, primarily
due to side effects that include eructation, bloating, gaseousness,
upper gastrointestinal tract disturbance, rashes and diarrhoea.32,33

Hexametaphosphate (HMP, Fig. 1G) is an inorganic oligo-
phosphate, commonly used as a deflocculant and sequestering
agent in the food and minerals industries.34 HMP chelates and
forms soluble complexes with divalent metal cations, such
as calcium and magnesium.35 HMP has been shown to prevent

Fig. 1 Chemical structures of kidney stone components and dissolution agents. The chemical structure of the kidney stone components (A) calcium
oxalate, (B) hydroxyapatite, (C) struvite, (D) uric acid, and (E) L-cystine. The chemical structures of dissolution agents (F) citrate and
(G) hexametaphosphate.
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crystallisation in saturated calcium phosphate solutions even
in small quantities, and to dissolve HA.36,37 HMP has also been
investigated biologically, and has been shown to inhibit chick
femur mineralisation and to dissolve bone mineral ex vivo.38,39

While calcium phosphates have been most widely investigated,
HMP has also been shown to dissolve CaOx and prevent struvite
formation by sequestering the Ca2+ and Mg2+ cations,
respectively.40,41 HMP thus appears to be a potent inhibitor of
crystallisation and able to dissolve the vast majority of kidney
stone components. Further, the mechanism of action, divalent
cation chelation, appears to be similar to the currently used
citrate therapy, and hydroxycitrate, which is currently being
researched as an alternative.42 The hypothesis of this study is
thus that HMP may be a more potent alternative to citrate
therapy, imparting greater therapeutic action to curb kidney
stone recurrence, and potentially with fewer deleterious side
effects.

Experimental
Calcium salt dissolution

Calcium salt dissolution experiments were performed in deio-
nised water from a Milli-Q system (Millipore) in order to probe
the chemistry precisely and elucidate the chemical ratios.
A light extinction approach was used so that several precipitate
concentrations could be probed simultaneously. Absorbance of
1 mL of suspension in a 24 well CellStar suspension culture
plate (Greiner Bio-One) was measured at 600 nm after 1 hour,
using a Spark plate reader (Tecan).

Concentrations were initially probed so as to give a wide
range in the plate reader, i.e. an undissolved absorbance of
around 1. The following concentrations were used which
gave this range. For oxalate, 5 mL of 5 mM calcium chloride
dihydrate (Sigma) was added to 5 mL of 5 mM sodium oxalate,
99% (Alfa Aesar). X-ray diffraction (XRD) confirmed the for-
mation of calcium oxalate monohydrate (Fig. S1A–C, ESI†). For
phosphate, 5 mL of 50 mM CaCl2 was added to 3 mL of 50 mM
sodium phosphate, 96% (Aldrich), in order to give the correct
stoichiometry for HA formation. XRD confirmed the formation
of HA (Fig. S1D and E, ESI†). For carbonate, 5 mL of 50 mM
CaCl2 was added to 5 mL of 50 mM sodium carbonate decahy-
drate, 99+% (Alfa Aesar). Calibration curves (Fig. S2, ESI†) were
produced by serial dilution of these solutions in deionised
water, so that absorbance values could be mapped to a concen-
tration for each species. Concentration and absorbance showed

a linear correlation for all salts in the concentration range
studied.

For dissolution experiments, 5 mL of calcium chloride was
added to 5 mL of sodium salt, with 1 mL of HMP (sodium
hexametaphosphate, general purpose grade, Fisher) solution of
varying concentration added to give the desired Ca : HMP molar
ratios. To simulate prevention, the HMP solution was added to
the sodium salt solution prior to the addition of the calcium
chloride. To simulate dissolution, the HMP solution was added
after the precipitation.

Artificial urine

To more closely simulate physiological conditions, all further
experiments were carried out in artificial urine (AU). This was
prepared by the method of Parra et al.,43 dissolving the compo-
nents in 1 L of deionised water (Table 1). The final pH of AU at
20 1C was 5.8.

Struvite, uric acid and cystine dissolution

The effect of HMP on the other most common components of
kidney stones, struvite, uric acid and cystine, was tested by
mass because all three components sediment quickly, making
absorbance measurements unsuitable. 5 g of ammonium mag-
nesium phosphate hexahydrate 98% (struvite), uric acid 99%,
or L-cystine 99%, all purchased from Alfa Aesar, were added to
centrifuge tubes with 40 mL of AU with or without 0.2 M HMP.
A pH probe (Metler Toledo) was used to confirm that HMP did
not alter the pH of the AU. The tubes were agitated with a
shaker plate to keep the stone component powders suspended
for 3 days. Following this, the tubes were centrifuged at
4700 rpm for 10 minutes and then the fluid was removed.
The powder was resuspended in deionised water, centrifuged
and fluid removed three times in order to wash the precipitates.
The tubes were then dried at 60 1C and 500 mbar for 24 hours
and weighed to ascertain the mass change.

Comparison to citrate

As AU contains 7.5 mM calcium ions, CaOx suspensions were
prepared by adding 2.5 mM equivalent of sodium oxalate to the
solution. Varying amounts of HMP or trisodium citrate dihydrate
ACS grade 499% (Alfa Aesar) were then added to study their effect
on the dissolution of the CaOx. Concentration was measured by
absorbance as described above, and converted to concentration
using a calibration curve (Fig. S3, ESI†).

Table 1 Artificial urine preparation

Chemical name Formula Amount (g L�1) Supplier

Calcium chloride dihydrate 499% CaCl2�H2O 1.103 Sigma
Sodium chloride 499% NaCl 2.925 Sigma
Sodium sulphate anhydrous 499% Na2SO4 2.25 Fisher
Potassium phosphate monobasic ACS 499% KH2PO4 1.40 Sigma-Aldrich
Potassium chloride, ACS 499% KCl 1.60 Alfa Aesar
Ammonium chloride 498% NH4Cl 1.00 Alfa Aesar
Urea 498% CO(NH2)2 25.00 Alfa Aesar
Creatinine 98% C4H7N3O 1.10 Alfa Aesar
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Zeta and size analysis

Zeta potential was measured via electrophoretic light scatter-
ing, using a Zetasizer Nano ZS (Malvern), which calculated the
zeta potential after measuring the electrophoretic mobility via
laser Doppler velocimetry, at a wavelength of 633 nm. For each
measurement, 10–100 runs were taken at 25 1C. Size was
measured on the same instrument, using 1731 scattered light,
and reported size is the Z-average. However, only particles
dissolved in HMP or citrate for 4 hours were of an appropriate
size for this methodology. The particle size of the remaining
suspensions was measured using a Mastersizer 3000 (Malvern),
and the reported size is the D50.

Kidney stone analysis

Approval for this study was granted by the STEM Ethical Review
Committee at the University of Birmingham (ERN_19-1249).
Kidney stones, which would otherwise have been discarded,
were received from Cambridge University Hospital, UK, following
percutaneous nephrolithotomy, with patients’ consent.

XRD was performed on a D8 Advance Diffractometer
(Bruker), with a copper X-ray beam (0.15418 nm). Spectra were
collected between a 2y of 10 and 501, with a step size of 0.021
and a step time of 0.3 s. Intensity was normalised for each scan
and spectra were compared to standards from the International
Centre for Diffraction Data (ICDD); hydroxyapatite (PDF 01-074-
9761), brushite (PDF 00-009-0077) and calcium oxalate mono-
hydrate (PDF 00-020-0231). XRD was used to establish the
precise chemical species present in the stones.

Micro X-ray fluorescence (XRF) data was acquired with an
M4 Tornado (Bruker) with a rhodium X-ray tube at 50 kV and
300 mA, and under reduced pressure (20 mbar). Maps show the
relative intensity of each element at each pixel, normalised to
the maximally intense pixel for that element. As elements with
a low atomic weight, such as carbon and oxygen, cannot be
detected by XRF, calcium in the absence of phosphate can be
taken to be oxalate. XRF was used as a screening tool, in
addition to XRD, to give further confidence that all phases in
the stone were identified.

Micro computed tomography (microCT) scans were carried
out before and after dissolution on a Skyscan 1172 (Bruker),
with the following settings: 0.5 mm aluminium filter, beam
voltage 80 kV and current 100 mA, exposure time 400 ms, pixel
size 9.73 mm, rotation step 0.41 and a frame averaging of 6.
Reconstruction, numerical analysis and 3D rendering were
carried out in NRecon, CTAn and CTVox (Bruker), respectively.
The same parameters were used for all scans. Total stone
volume was established by performing 3D analysis with a
low binary threshold to separate stone from air. Volumetric
component ratios were found by finding the volume of each
component separately, utilising different binary thresholding
parameters, and calculating a ratio.

Kidney stone dissolution

All stones were initially weighed, and a selection of stones
within a tight mass range (18.8–22.8 mg) were chosen for the

study. These stones then underwent stratified randomisation
into groups of 3, so that each group had one relatively large,
medium and small stone. This method was chosen because a
preliminary study (data not shown) revealed that initial stone
mass had a significant effect on the rate of dissolution. Stones
were then placed in 5 mL of AU with a given concentration of
HMP or citrate, and incubated at 37 1C. This volume was used
as a conservative estimate for the amount of fluid a stone may
be exposed to in vivo; the total volume of the kidney is around
200 mL in men and 150 mL in women.44 A static, rather
than flow, model was used in this proof of concept study for
simplicity and to reduce confounding factors. Every 24 hours,
the stones were carefully removed from solution and dried with
absorbent paper. Their mass was recorded and they were placed
back into solution.

Results
Hexametaphosphate can dissolve CaOx, HA and struvite

The dissolution capability of HMP was tested against the two
calcium salts found in kidney stones and Randall’s plaque,
oxalate and phosphate in the form of HA. HMP was added
before or after the precipitation of the calcium salts, to simulate
prevention and dissolution, respectively. Increasing HMP was
able to both dissolve and prevent formation of both calcium
salts (Fig. 2A and B). Notably, it was observed that HMP was
more effective in prevention than in dissolution, up to 70%
after one hour for CaOx, likely due to a lack of kinetic boundaries.
In both cases, and also for calcium carbonate (Fig. S4, ESI†),
complete prevention was found to occur at a HMP : Ca ratio above
1 : 3. This suggests that the mechanism of calcium chelation is
ubiquitous, without dependence on specific salt, and that each
HMP molecule can bind up to 3 calcium cations. This is consistent
with the idea that each calcium ion is bound between two
negatively charged oxygen atoms in the phosphoric acid groups
(Fig. 2C).

In addition to calcium salts, kidney stones may also contain
struvite, uric acid and cystine. Struvite, a magnesium salt
(Fig. 1C), was significantly dissolved by HMP, with a 20% mass
reduction over 72 hours (p o 0.0001). However, neither uric
acid nor cystine were affected (Fig. 2D). This shows that HMP is
also able to chelate magnesium, another divalent cation, but
had no effect on the tested covalently bonded molecules.

Hexametaphosphate is a more potent dissolution agent than
citrate, and prevents reprecipitation

HMP was tested against citrate, the current gold standard, to
compare its efficacy at dissolving CaOx. Experiments were
carried out in artificial urine (AU), to more closely replicate
the physiological environment. Interestingly, HMP did not
affect the pH of the AU, which was 5.8, but citrate raised the
pH to 6.8. HMP has twice as many chelating groups as citrate
(Fig. 1), thus direct comparisons were made between citrate
and half the concentration of HMP. Neither compound
was effective in this system below 1 mM, however at higher
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concentrations HMP was significantly more effective at dissol-
ving CaOx than citrate after one hour, which was entirely
dissolved in 50 mM HMP (Fig. 3A).

To quantify this, the minimum concentration of citrate or
HMP required to completely dissolve 2.5 mM CaOx in AU (the
critical dissolution concentration) was identified. This was
approximately 14 mM for HMP (Fig. 3B – grey arrow), and
180 mM for citrate (Fig. 3C – grey arrow) after 24 hours,
suggesting that HMP is more than 12 times as effective a
dissolution agent of CaOx as citrate, on a molar basis.
As expected, HMP dissolved calcium oxalate in a time dependant
manner, dissolving more of the salt over time (Fig. 3B – black
arrow). Interestingly, this was not the case for citrate. Unless
completely dissolved in 4 hours, there appeared to be a rebound

effect whereby the concentration of undissolved CaOx increased at
8 and 24 hours (Fig. 3C – black arrow). This reprecipitate was
confirmed to be CaOx by XRD (Fig. S1C, ESI†).

To elucidate the apparent reprecipitation with citrate, but
not HMP, the zeta potential and size of the CaOx particles were
measured. A concentration just below the critical dissolution
concentration at four hours was used; 140 mM for citrate and
14 mM for HMP. Without addition of either dissolving agent
the zeta potential was �15.4 mV, showing that the CaOx
particles carry a negative charge in AU (Fig. 4A). Citrate did not
significantly alter the zeta potential from the control after imme-
diate addition or 4 hours (p 4 0.05). HMP, on the other hand,
made the zeta potential significantly more negative (p o 0.0001),
with an average of �34.6 mV observed. This enhanced surface

Fig. 3 HMP is a more potent dissolution agent than citrate. (A) The percentage of CaOx in AU remaining after one hour in different concentrations of
HMP or citrate. (B) The percentage of CaOx in AU remaining at different times and concentrations of HMP. (C) The percentage of CaOx in AU remaining
at different times and concentrations of citrate. Mean � SD (n = 3). (A) shows the results of an ordinary 1 way ANOVA with a post hoc Tukey’s multiple
comparisons test.

Fig. 2 Hexametaphosphate dissolves calcium and magnesium salts. The prevention of precipitation (solid circles) and dissolution (open circles) of (A)
calcium oxalate and (B) hydroxyapatite by HMP. Dashed line indicates a HMP : Ca ratio of 1 : 3. (C) Proposed mechanism by which HMP chelates calcium
ions. (D) The change in mass after 3 days of struvite, uric acid and cystine in artificial urine with and without 0.2 M HMP. (A), (B) and (D) Show mean � SD
(n = 3). (D) Shows the result of multiple unpaired t-tests.
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charge confers greater electrostatic repulsion between particles
and decreases their propensity to aggregate.

The size of the CaOx particles formed in this system, without
addition of either chelating agent was approximately 11 mm
initially, and did not increase significantly within the 72 hours
testing period (Fig. 4B). HMP was observed to significantly reduce
the average CaOx particle size to 0.3 � 0.018 mm within 4 hours,
and they were entirely dissolved within 3 days. In this period,
citrate was also shown to dissolve the particles, with a significant
decrease to an average particle size of 1.6 mm. However, the particle
size then significantly increased over time, to an average size of
237 mm at 3 days. Light microscopy images were taken over this
period, in order to ascertain whether this increase was due to
crystal growth or aggregation (Fig. 4C). These images suggest
the CaOx particles initially form aggregates, with individual
crystals ranging between 1 and 5 mm in diameter. After only
4 hours, the particles treated with HMP cannot be seen by light
microscopy. Citrate appears to initially reduce the size of the
crystals to 1 mm or less, or dissolve them completely, in four
hours. Over time, however, the crystals regrow and aggregate;
at 3 days, individual crystals appear to be between 1 and 3 mm,
but are massed together in large aggregates several hundreds of

microns in size, accounting for the significant increase in mea-
sured particle size.

Hexametaphosphate dissolves human kidney stones

Human kidney stones were obtained from patients following
percutaneous nephrolithotomy. XRD of the stones showed that
they were principally CaOx monohydrate (Fig. 5A). Additional
compositional analysis using XRF was able to identify a calcium
phosphate phase present in the stones (Fig. 5B). The small peak
at 2y = 11.71 in the XRD pattern suggests this phase may be
brushite, as does the shoulder at 30.51, though the peak height
at 39.81 may indicate HA. In either case, the phosphate appears
to be a minority component.

To assess dissolution capability, stones that initially
weighed 18.8–22.8 mg were placed in AU containing different
concentrations of HMP or citrate, and their mass was tracked
over 7 days (Fig. 5C). The relative mass of stones in HMP was
significantly lower than in a comparative citrate concentration
at every time point. After seven days, the relative mass of stones
in HMP was reduced by up to 55%, and their masses were
significantly lower (32–42%, p o 0.0001) than those in a
corresponding citrate concentration (Fig. 5D). In contrast, the

Fig. 4 HMP prevents CaOx from aggregating. (A) Zeta potential measurements of a CaOx suspension treated with 14 mM HMP or 140 mM citrate.
(B) The average particle size of precipitated CaOx treated with 14 mM HMP or 140 mM citrate. (C) Light microscopy images of CaOx suspensions treated
with 140 mM citrate at different time points. (A) and (B) Show mean � SD (n = 5). (A) and (B) Show the results of ordinary 1-way ANOVAs with post hoc
Tukey’s multiple comparisons tests. Stars above columns indicate comparison to untreated CaOx suspension at the same time point.
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mass of those in 0.1 or 0.2 M citrate did not significantly
decrease in mass over 7 days, compared to controls. 3D
volume rendering via microCT showed that mass loss corre-
lated to a visible reduction in stone volume (Fig. 5E). This was
confirmed via quantitative analysis of the microCT data,
which revealed that stone volume followed the same trend
as mass (Fig. 5F). Notably, two phases could be clearly
discerned via grey scale values in microCT data (Fig. 5G and
Fig. S5, ESI†). The ratio of these phases was calculated and
revealed that the stones were on average 95% calcium oxalate
by volume, which is in strong agreement with the XRD
analysis. Interestingly, this ratio did not change significantly

following dissolution, suggesting that HMP dissolves both
phases with equal efficacy (Fig. 5H).

Discussion

Kidney stones affect a substantial fraction of the world’s
population, and incidence is increasing across all demo-
graphics. While techniques for stone removal are improving
worldwide, prophylaxis remains fundamental for patient care,
especially given the recurrent nature of kidney stones.45 Citrate
is commonly prescribed for kidney stone prophylaxis, however

Fig. 5 HMP is more potent than citrate at dissolving calcium stones derived from human patients. (A) X-ray diffraction patterns of powdered kidney
stones and reference patterns. (B) X-ray fluorescence image of a stone prior to dissolution. (C) Mass of stones in solutions of citrate or HMP at various
concentrations over time. (D) Change in mass of stones after 7 days. (E) 3D microCT rendering of stones before and after dissolution. (F) Change in
volume of stones after 7 days. (G) MicroCT slice showing the distinct oxalate and phosphate phases (untreated stone). (H) CaOx content of stones at day 0
and day 7. (C), (D), (F) and (H) Show mean � SD (n = 3). (D) and (F) Show the results of an ordinary 1-way ANOVA with a post hoc Tukey’s multiple
comparisons test. (H) Shows multiple paired t-tests.
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recurrence remains frequent, and side effects may lead patients
to discontinue treatment.32 There is thus a clear need for new,
more effective therapies. A recent study discussing the multiple
growth, aggregation and dissolution steps by which stones
form describe the need for therapies that inhibit crystal growth
and aggregation while also promoting dissolution.46 The findings
in this study suggest that HMP is a promising therapeutic
candidate that meets all of these requirements.

Commonly used for its ability to chelate divalent metal
cations, HMP was expected to be able to dissolve calcium and
magnesium salts; indeed it is demonstrated in Fig. 2 and
suggested in previous studies that HMP can dissolve calcium
oxalate, phosphate and struvite, the most common stone
components.37,40,41 However, HMP had no effect on uric acid
or cystine (Fig. 2), which are both stones commonly treated by
alkalizing the urine.47 This highlights the need for stratification
of treatment, based on stone type and aetiology. HMP may thus
be a suitable therapeutic for calcium and magnesium stones,
which make up the vast majority of cases. Use of HMP to
prevent precipitation of CaOx was shown to be more effective
than dissolution (Fig. 2A and B). This is likely due to higher
availability of cations and a lack of kinetic limitations to
chelation when cations are in solution, compared to when they
are locked into a solid mineral. It may thus be concluded that
HMP might be more effective as a prevention than a treatment
for formed stones, although notably it is capable of both.

When directly compared to citrate, HMP was shown to be
more than 12 times as effective at dissolving CaOx on a molar
basis, and thus more than 6 times as effective for the same
number of potential binding sites (Fig. 3). This may be because
the Ca-HMP complex is far more stable than Ca-citrate.48,49

Even among phosphate species, HMP forms the most stable
complex with calcium, with a stability constant twice that of
tripolyphosphate or phytate, which form the next most stable
calcium complexes.48 In addition to being a more potent
chelator, it was found that HMP continues to dissolve CaOx
over time, while it appears to reprecipitate when treated with
citrate (Fig. 3B and C). HMP was shown to significantly increase
the negativity of CaOx particle zeta potential in AU to�34.6 mV.
This is well beyond the �25 mV often taken as the minimum
for a high surface charge that can confer long-term electrostatic
stability.50 HMP has been studied previously for its ability
to disperse HA suspensions by binding to the particle surface
and providing both electrostatic and steric hindrance to
aggregation.51 Prevention of particle aggregation is critical to
avoid kidney stones; crystal growth is not sufficient for nuclei
to become large enough to anchor or occlude a lumen in
the 5–7 minutes it takes for them to pass through the
nephrons, however they can reach such a size within a minute
via aggregation.19 Increasing repulsion between particles to
prevent aggregation may be a key advantage of HMP com-
pared with existing approaches for kidney stone prevention.
Conversely, citrate did not significantly alter the zeta
potential, but facilitated aggregation of particles, which was
highlighted through an increase in particle size over time
(Fig. 4B and C).

Finally, the efficacy of HMP was tested against human
kidney stones. XRD and XRF analyses showed that the stones
were a mixture of calcium oxalate and phosphate, and thus
susceptible to dissolution by HMP and citrate. These ex vivo
experiments confirmed that HMP was significantly more effec-
tive than citrate at dissolving kidney stones, and this was
observed for all tested concentrations (0.05–0.4 M) and time
points (up to 7 days). It is also notable that citrate was
ineffective below 0.4 M while the mass of stones in 0.05 M
HMP decreased by 36.4% in 7 days. When comparing the mass
loss in this treatment group to stones placed in 0.4 M citrate,
it may be concluded that HMP is up to 16 times more effective
on a molar basis. This finding is in line with the results
obtained for CaOx precipitate (Fig. 3). Future dissolution
experiments on majority phosphate or struvite stones should
be undertaken to establish whether a similar relationship exists
between in vitro and ex vivo dissolution. Assessment of the
human stones with microCT after 7 days revealed a correlation
between mass and volume loss, which is of clinical significance
since size dictates whether the patient can pass the stone
or whether it will cause a blockage leading to more severe
symptoms.24

This study has examined HMP as a potential new therapy for
kidney stones, and has shown that it is highly efficacious at
dissolving calcium and magnesium salts in vitro and human
stones ex vivo. Future work in this area must therefore be
aimed at translating this material chemistry into a biological
environment, and foremost on how HMP might be delivered to
the kidney. HMP is a common food additive, generally recog-
nised as safe by the US Food and Drug Administration, and has
very low oral toxicity.52,53 Oral delivery would be optimal for
patient compliance, however there is some debate on how
much condensed phosphate is absorbed. Some studies suggest
that polyphosphates are broken down in the bowel into ortho-
phosphates, and only small amounts of the condensed phos-
phate are absorbed.54 However, a recent study found that orally
administered pyrophosphate, a shorter condensed phosphate,
was readily absorbed and available to inhibit calcification.55

This needs to be confirmed for HMP. Chemical modification of
HMP, for example the addition of P–C–P bonds, may act to
render the molecule more resistant to hydrolytic and enzy-
matic break down, as is the case for bisphosphonates.56

Similar effects may be achieved by loading the HMP into a
delivery vehicle, in order to protect it until it reaches the kidney.
However, both of these approaches may make the therapy
considerably more expensive. Alternatively, administration
via injection or implantation may serve to bypass the diges-
tive system entirely, however this will likely reduce patient
compliance, as would direct delivery to the kidney via a
nephrostomy tube.

In addition to delivery, more in-depth studies on the effects
of HMP on tissues and organs may be required. The effect on
urological tissues must be established, especially if HMP is to
be administered directly, and in high concentrations. Any
deleterious effects on other mineralised tissues such as bones
and teeth should also be identified. However, delocalisation in
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sufficient quantity to cause pathology is unlikely if delivered
directly to the urinary system, especially since the dose required
to prevent and dissolve kidney stones it likely to be much less
than that to dissolve bone. Aiding this is the fact that HMP is
far more effective at lower pH,39 and will therefore its efficacy
will be specifically increased in the urinary tract, typically pH 6,
compared to the rest of body at pH 7.4. Further, HMP is
degraded by alkaline phosphatase,39 an enzyme found ubiqui-
tously in the body, which will work to break the HMP down
before it can act away from the kidney. However, these ques-
tions need to be answered in more complex in vitro models,
which introduce biological components and flow,57–59 then
animal models,60,61 and eventually human trials, as the next
step in making HMP a therapy for kidney stones.

Conclusions

This study demonstrates that HMP is able to dissolve they key
stone components calcium oxalate, calcium phosphate, and
struvite, and is more potent than citrate at doing so. It also
highlights that HMP is capable of increasing the zeta potential
of CaOx in solution, which may be exploited to prevent particle
aggregation and thus avert the most rapid mechanism of stone
growth. Promisingly, ex vivo testing confirmed the potent
ability of HMP to dissolve human kidney stones further advo-
cating that this compound may be an answer to this growing
clinical need. The ability of HMP to maintain a low urine pH is
also notable since it makes it especially suited for calcium
phosphate and struvite stones, where acidifying the urine is
recommended.47 HMP may therefore also be suitable for dec-
alcifying Randall’s plaque, which is predominantly calcium
phosphate, though further work is needed to confirm this.
The findings of this study therefore demonstrate that further
research is warranted and should focus on addressing the
delivery of HMP to the kidney and examining efficacy in vivo.
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Other than niche applications, such  
as shape memory alloys for wound closure 
and small electronics for diagnosis and 
signaling, injectable biomaterials generally 
fall into two categories: cements and poly-
mers.[1] An exception to this dichotomy is 
polymethyl methacrylate (PMMA), a poly-
meric cement. Biomedical cements are 
solutions or slurries that set in the body; 
therefore, they are typically used for hard 
tissue applications in orthopedics and 
dentistry. Many cements precipitate to 
form calcium salts, including sulphates, 
silicates, and various phosphates; however, 
PMMA and bioglasses are also common 
materials.[5]

Calcium sulphate hemihydrate (CS), for 
example, has been used since the 1890s 
to fill bone defects as it is osteoconduc-
tive, non-toxic, biodegradable, and does 
not illicit an immune response.[6–8] It sets 

when mixed with water because it hydrates to form insoluble 
gypsum crystals:[9,10]

CaSO .
1
2

H O
3
2

H O CaSO .2H O4 2 2 4 2+ →
 

(1)

These cements are studied and used for bone grafting,[11–14] 
delivery of antibiotics,[15–18] and are often combined with poly-
mers or other ceramics to improve handling, material, and bio-
logical properties. Commercial CS-based cements are widely 
available, and include Cerament (Bone Support AB, Sweden), 
DentoGen (Orthogen Corporation, USA) and OsteoCure 
(Futura Biomedical, USA).

In contrast to cements, injectable polymeric biomaterials may 
be used as viscous solutions, hydrogels, microspheres, nano-
spheres, and films. Often having a high water content, these 
materials are softer than cements, and are commonly used to 
deliver cells and therapeutics for tissue regeneration and tar-
geted drug delivery.[19] One of the most widely studied polymers 
is alginate, a natural polysaccharide derived from various brown 
seaweeds (Phaeophyceae), due to its biocompatibility, non-
toxicity, mild gelation by the addition of divalent cations, and 
gel structure similar to the extracellular matrix.[20] For injectable 
applications, alginate may be used directly as a solution,[21] or 
microspheres.[22] Alternatively, alginate has been gelled in situ 
by co-injection with calcium ions[23] or a poorly soluble cal-
cium salt that is later broken down.[24] Calcium carbonate and 
sulphate are often used as they display low solubility at neutral 

Various injectable biomaterials are developed for the minimally invasive 
delivery of therapeutics. Typically, a mechanical tester is used to ascertain 
the force required to inject these biomaterials through a given syringe-needle 
system. However, currently there is no method to correlate the force measured 
in the laboratory to the perceived effort required to perform that injection by 
the end user. In this article, the injection force (F) for a variety of biomaterials, 
displaying a range of rheological properties, is compared with the effort scores 
from a 50 person panel study. The maximum injection force measured at cross-
head speed 1 mm s−1 is a good proxy for injection effort, with an R2 of 0.89. 
This correlation leads to the following conclusions: participants can easily inject 
5 mL of substance for F < 12 N; considerable effort is required to inject 5 mL 
for 12 N < F < 38 N; great effort is required and <5 mL can be injected for 38 N 
< F < 64 N; and materials are entirely non-injectable for F > 64 N. These values 
may be used by developers of injectable bio materials to make decisions about 
formulations and needle sizes early in the translational process.
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Dr. N. M. Eisenstein, Prof. L. M. Grover, Dr. S. C. Cox
School of Chemical Engineering
University of Birmingham
Edgbaston B15 2TT, UK
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1. Introduction

Injectable therapeutic systems are a rapidly growing sector of 
the biomaterials field, with applications ranging from ophthal-
mology to orthopedics, cosmetics to cancer treatment.[1] These 
formulations offer benefits over traditional injection of actives 
in aqueous solutions, since the biomaterial system can impart 
structural support, act as a scaffold for cell driven regeneration, 
and localize as well as sustain drug release. Injection is advan-
tageous primarily because it is minimally invasive, reducing 
the pain, scarring, and infection risk associated with implanta-
tion.[2] In addition, injected materials are usually fluid prior to 
application. This allows any additives, such as drugs or cells, 
to simply be mixed in before administration, and the injected 
material can conform perfectly to the tissue surface.[3,4]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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pH, but break down when the pH is lowered, often triggered in 
situ by the addition of glucone-δ-lactone.[25]

Notably when reviewing the literature for studies focused 
on developing injectable biomaterials, many do not directly 
measure injectability. Focus is instead placed on rheology to 
identify gelation time, study post-shear recovery, and measure 
viscoelastic properties.[26–28] For studies which directly measure 
injectability, typically a mechanical tester is used to compress 
the plunger of a syringe at a set rate (Figure 2A), and measure 
the force required to extrude the biomaterial, over distance or 
time (Figure 2B,C). This set up has been used to assess the 
injectability of cements,[29–31] hydrogels,[32,33] and compos-
ites.[34,35] An alternative method of equipping a syringe with 
force and displacement sensors has also been utilized.[36] How-
ever, results are often compared to each other or to a standard, 
rather than to a force threshold below which a material is 
known to be injectable. For cements, injectability is often tested 
and defined by the percentage mass of material that remains in 
the syringe following an injection test. This is to measure the 
degree of filter pressing, a phenomenon seen in cements that 
occurs due to the liquid phase being expelled during setting, 
resulting in phase separation.[29,37] Notably, the force applied 
during this commonly used injectability test may vary by orders 
of magnitude.[3,38] Higher forces, up to 300 N, are acceptable for 
cements intended for use with a high-pressure injector, though 
for biomaterials that are intended for hand delivery the force 
used becomes significant. This highlights a need to understand 
the force that an end user can comfortably apply to inject a bio-
material through a given syringe needle system.

Usability testing is employed in several industries where the 
view of the end user is important to successful uptake of the 
product. Notable examples include sensory testing in the food 
and pharmaceutical industries, and simulated use of technology, 
including for medical devices.[39–42] Benefits of participant 
testing include reduction in overall cost, primarily by avoiding 
late stage redesign or reformulation, improved usability of the 
final product, and access to end user perspectives.[43] However, 
usability testing is often not carried out because it can take con-
siderable time, money, and organization.[44,45]

For the first time, this study fills the gap between objective lab-
oratory measurements and subjective effort scores of injectability. 
To achieve this, the force required to extrude a range of bioma-
terials, with varying rheological properties, through a syringe-
needle system was measured using a standard mechanical tester 

set-up. The same formulations were also injected by 50 partici-
pants, and quantitatively evaluated using a 5-point scale of effort, 
ranging from easily injectable (1) to entirely non-injectable (5). 
Comparing these two measures of injectability allows a correla-
tion to be established between laboratory measurements and the 
effort required by the end user. This allows researchers to make 
more informed decisions about which biomaterial formulations 
to take forward, and to select syringe and needle sizes early in 
the translational pipeline, without having to undertake initial 
usability studies, saving time and money.

2. Results

2.1. Material Characterization

The force required to induce a material to flow, and thus to be 
injected, will be influenced by its rheological properties. Algi-
nate solutions and CS cement were used as model biomaterials 
for this study, in addition to water. As expected, dissolved algi-
nate thickened the water, and viscosity increased with polymer 
concentration. Notably, the standing viscosity increased over 
four orders of magnitude between 1 and 10 w/v% polymer con-
centration. All alginate solutions were observed to exhibit shear 
thinning behavior, whereby the apparent viscosity decreases 
with increasing shear rate. For example, the 10 w/v% solution 
viscosity decreased by three orders of magnitude over the shear 
rates tested (Figure 1A). CS cement was also shear thinning, 
with a viscosity at a shear rate of 0.1 s−1 85% lower than at 1 s−1. 
The test was carried out for 90 s, to simulate the time over 
which the injection would take place, and to prevent damage 
caused by bulk setting between the rheometer plates. However, 
an increase in cement viscosity of on average 400% can still be 
observed over the 90 s studied (Figure 1B).

2.2. Objective Injectability Evaluation

The objective injectability of each biomaterial-needle combi-
nation was determined using a mechanical tester to measure 
the force required to compress the plunger at a set rate 
(Figure 2A). Typical force-extrusion curves display an initial 
gradient as the plunger is compressed and the biomaterial is 
accelerated. This behavior continues until a peak (maximum 

Adv. Healthcare Mater. 2020, 9, 1901521

Figure 1. Rheological characterization of tested materials. A) Shear-ramps showing the shear-thinning behavior of alginate solutions, whose standing 
viscosity increases with polymer concentration. B) Peak holds at shear rates of 0.1 and 1 s−1 showing the time-dependent viscosity and the shear-
thinning behavior of CS cement. Mean ± SD, n = 3.
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force) is reached, which is followed by a plateau (plateau force) 
that occurs when the extrusion rate of the biomaterial reaches 
a constant speed (Figure 2C, gray line). However, no max-
imum force peak was observed when the plateau force was 
greater than the force required to move the plunger and accel-
erate the biomaterial (Figure 2B, black line). As such, a peak 
was only seen for lower viscosity samples passing through 
a large needle. For samples that required a larger amount 
of force, greater than 130 N, the plunger would deform and 
break before the extrusion could reach a plateau (Figure 2B, 
gray line).

CS cement, which sets in situ, only displayed a plateau when 
the cement was fully extruded prior to solidification (Figure 2C, 
gray line, insert i). Compared to the alginate solutions, the 
cement force–displacement data was less smooth, likely due 
to heterogeneous setting throughout the syringe leading to dif-
ferences in crystal size and thus a higher degree of variability. 
Once the cement began to set in bulk some filter pressing was 
observed, which lead to expulsion of the liquid phase (water), 
and the solid system was compressed until the plunger failed 
(Figure 2C, black line, insert ii).

Two key values can be extracted from the force injection 
curves; maximum and plateau force. However, only water, 
1 w/v% alginate and CS cement, when expelled from a 19G 
needle, displayed a distinctive maximum force peak. For the 
other biomaterial-needle combinations, the maximum and pla-
teau force were equivalent. Biomaterial-needle combinations 

that could not be injected (10 w/v% alginate for both needles, 
and 5 w/v% alginate and CS cement through the 30G needle) 
are not shown. For all non-injectable systems, failure occurred 
at 142 ± 11 N, suggesting that this is a property of the syringe 
rather than the biomaterial inside.

The force required for injection increased with increasing 
polymer concentration (from water through the alginate sam-
ples), increasing injection speed, and higher needle gauge 
(decreased needle diameter) (Figure 3A,B). The plateau force 
for 2 w/v% alginate was similar to that for the CS cement.

A 3-way ANOVA was performed on water and 1% alginate, 
which were the only biomaterials where the injection force 
could be determined for both compression rates and needle 
sizes (Figure 3C). This revealed that material, compression 
rate and needle size all had a significant effect on the required 
injection force (p < 0.001), with needle size having the largest 
effect (Figure 3D). There was a significant interaction between 
all three variables.

2.3. Subjective Injectability Evaluation

Subjective injectability effort was established by a participant 
study, where 50 individuals were asked to rate how difficult 
they found it to inject each biomaterial through each needle 
(Figure 4A). Participants found it more difficult to inject 
alginate solutions with a higher concentration, and to inject 

Adv. Healthcare Mater. 2020, 9, 1901521

Figure 2. Objective injectability measurement by extrusion analysis. A) Set-up for objective injectability analysis: the loaded syringe-needle system is 
statically held with a series of clamps and the crosshead is set to push down on the plunger at a set rate, and force required to extrude the biomaterial 
is recorded. B) Typical injection force curves for a system with no pre-plateau force peak (gray line, 1 w/v% alginate, 30G needle, 1 mm s−1), and a 
system in which the syringe-needle system fails prior to a plateau (dark gray line, 10 w/v% alginate, 19G needle, 1 mm s−1). C) Typical injection force 
curves for calcium sulphate cement which has (black line), and has not (gray line), set in situ, the latter displaying a maximum force peak. Insert dis-
playing photograph of syringe needle systems following extrusion testing, showing i) full expulsion of the cement through the syringe needle, ii) bulk 
cement setting preventing full expulsion.
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biomaterials through a smaller needle (Figure 4B). Material-
needle combinations not shown (cement, and 5 and 10 w/v% 
alginate through a 30G needle) scored a 5, and thus were 
entirely non-injectable, from all 50 participants.

A 3-way ANOVA was performed on water, and 1 and 2 w/v% 
alginate, which were at least partially injectable for both injec-
tion rates and needle sizes (Figure 4C). The majority of the 
variation came from the needle gauge, followed by the mate-
rial, and there was no significant difference between male and 
female participants (Figure 4D). However, a significant interac-
tion was found between material and needle gauge.

2.4. Correlation between Objective and Subjective Measures 
of Injectability

By plotting the objective injection force from the extrusion 
study against the subjective injection force from the participant 
study, the correlation between them can be determined using a 
linear regression.

The strongest correlation with effort score was found using 
the maximum injection force at 1 mm s−1, with an R2 value of 
0.89 (Figure 5A). This correlation is less strong for the plateau 
force, with an R2 value of 0.85 (Figure 5B). Compared to the 
maximum force at 1 mm s−1, the correlation is not as strong 
when relating effort score with the 0.2 mm s−1 injection speed, 
with an R2 value of 0.87 (Figure 5C,D). The two data points that 
appear to be abnormally high (black arrows) are for water and 
1 w/v% alginate with a 30G needle.

The participant effort score can thus be calculated from the 
maximum injection force found at 1 mm s−1 using this linear 
correlation (Figure 6). Further, this correlation can also be used 
to define boundaries for injectability regimes. Participants can 
easily inject 5 mL for forces less than 12 N while considerable 
effort is required for forces between 12 and 38 N. Further, great 
effort is required and less than 5 mL can be injected for forces 
between 38 and 64 N, while materials are entirely non-inject-
able for forces greater than 64 N.

3. Discussion

Injections are becoming increasingly popular as minimally 
invasive ways to deliver biomaterials for regenerative medicine 
or targeted delivery of drugs.[46,47] Unlike traditional injections, 
which have the physical properties of water, biomaterials are 
typically more viscous or semi-solid when injected. Following 
injection, they may solidify further to form scaffolds for tissue 
regeneration or depots to locally deliver sustained concentra-
tions of a drug to a target site. To enable translation of prom-
ising formulations, it is important to develop biomaterials that 
may be easily handled and applied by the end user. This may 
affect choices of syringe and needle dimensions, particularly 
as a smaller needle may be required in animal models com-
pared to human trials. Aligning characterization data of inject-
able biomaterials in clinically relevant application devices with 
an assessment of usability would help inform important deci-
sions that need to be made during translation. Ultimately, 

Adv. Healthcare Mater. 2020, 9, 1901521

Figure 3. Objective force measurements. A) The maximum force required to extrude water, calcium sulphate cement, and 1, 2, and 5 w/v% alginate 
from the syringe-needle system. B) The plateau force required to extrude the biomaterials from the syringe needle system. C) 3-way plot showing the 
interaction of material, needle gauge, and injection speed on maximum injection force, for data where all three are available (water and 1 w/v% algi-
nate). D) Summary of 3-way ANOVA on maximum injection force, for data where all three variables were obtained. Mean ± SD (n = 3).
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considering and addressing delivery early in this pathway 
will determine whether a developed biomaterial is likely to be 
accepted into common usage, as clinicians are less likely to 
adopt new products they find difficult to use.

In this study, water, alginate solutions, and CS cement were 
used as representative examples of common biomedical mate-
rials, displaying a range of rheological properties. Water is a 
Newtonian fluid, with a viscosity of 0.001 Pa s at 20 °C.[48] The 
viscosity of alginate solutions was found to increase non-linearly 
with polymer concentration (Figure 1A), as the chains order the 
water, overlap and entangle.[49,50] Furthermore, these solutions 
displayed shear-thinning behavior, whereby the apparent vis-
cosity decreased as the applied shear increases. This is because 
at low shear the entanglements between polymers are broken 
at the same rate as they are made. However, at higher shear 
rates the entanglements are broken more quickly than they are 
made. Thus, the network breaks down and the polymer chains 
align in the shear field, which reduces viscosity.[51,52] Alginate 
solutions are known to be pseudoplastic, which means that their 
viscosity is dependent on shear but independent of time.[53,54] CS 
cements were also found to be shear thinning (Figure 1B); how-
ever, their rheological properties are also dependent on time. 
Further, they exhibit a yield stress which must be overcome in 
order to break the interparticle network and initiate flow.[55,56] 
This network is formed of colloidal interactions between parti-
cles, and the CS dihydrate forming at the intersection of floc-
culated particles, giving the cements some elastic character. CS 

cements are thus thixotropic, as the viscosity, yield stress and 
elastic modulus increase with time, but are decreased by shear 
in a time-dependent manner.[57] The rheological characteris-
tics of CS cement are thus not only dependent on the applied 
shear, but also the shear history, and their viscoelastic and time-
dependent nature means that several rheological measurements 
are needed to fully characterize them.[57–59]

A standard mechanical testing set-up (Figure 2A) was used 
to find the force required to compress the syringe plunger and 
extrude each biomaterial from a 5 mL syringe, through a 19G 
or 30G needle, at 0.2 or 1 mm s−1. Mechanical testing apparatus 
is common in research institutions, and is already commonly 
used for injectability testing.[29–35] Mechanical testing can be 
performed with any biomaterial and syringe-needle system, 
and was found to be highly reproducible for the formulations 
tested in this study (Figure 3A,B). Of the two key values that can 
be extracted from injection curves, maximum force is arguably 
more objective and can quickly be identified computationally. 
Determination of the plateau force requires some user input to 
identify its starting point. However, measuring the average force 
at the plateau may be a better approach for samples, such as 
cements, which generate relatively “noisy” data (Figure 2C). The 
higher degree of localized force–displacement variation may be 
due to the range of particle sizes in the cement. During setting 
both the hemi- and dihydrate forms of calcium sulphate are pre-
sent, and dihydrate crystal growth and aggregation may not be 
uniform.[10] As particulates of different sizes pass through the 

Adv. Healthcare Mater. 2020, 9, 1901521

Figure 4. Subjective assessment of injectability. A) Ergonomic position in which participants held the syringe for subjective injectability analysis. 
B) Subjective difficulty rating given by participants to extrude the biomaterial from the syringe needle system. C) 3-way plot showing the interaction 
of material, needle gauge and sex on maximum injection force, for data where all three are available (water, 1 and 2 w/v% alginate). D) Summary of 
3-way ANOVA on maximum injection force, where all three variables are available. Mean ± SD (n = 24–26).
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needle, the force will slightly increase to different degrees, and 
then decrease once it has passed, appearing as localized varia-
tions in the force–displacement curve (Figure 2C). Nevertheless, 
a maximum force peak is only seen for samples where the force 
to move the plunger is greater than that to extrude the biomate-
rial. This only occurred for easily injectable samples, thus for 
the majority of samples where the injectability is in doubt, the 
maximum and plateau force values are the same.

The force required for injection generally increases with 
biomaterial viscosity, speed of injection, and needle gauge 
(Figure 3). The exception to this is CS cement that, if injected 

too slowly, solidifies in situ and becomes non-injectable. By 
considering the needle as a pipe, these results can be contextu-
alized with a version of the Hagen–Poiseuille equation,[60]

8 s
2

n
4 fF

R LQ

R
F

η
= +

 
(2)

where F is the injection force (N), Rs is the internal syringe 
radius (m), Rn is the internal needle radius (m), L is length (m), 
Q is fluid flow rate (m3 s−1), η is the dynamic viscosity (Pa s) 
and Ff is the friction force between the plunger and barrel wall 
(N). Increasing polymer concentration increases the viscosity 
(Figure 1A), resulting in a larger force required for extrusion. 
The set injection speed dictates the fluid flow rate through 
in the needle, a higher value of which increases the injection 
force. A higher gauge needle has a shorter length but a greater 
length to radius ratio, and thus the injection force increases. 
This also explains the significant interaction between these vari-
ables (Figure 3D), as the product of functions of viscosity, injec-
tion speed, needle length, and radius give the required force, 
and therefore they do not influence the force independently of 
each other. Equation (2) is a simplified model for Newtonian 
fluids such as water; the expression is even more complex for 
non-Newtonian fluids like shear thinning alginate solutions,[61]
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3 1
2 1

2 1
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n
3 1

1

fF L R KQ R
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Fn n n n

n

π= +
+





 +( )+ − − +
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where n is the power index (-) and K is the consistency index 
(Pa sn) from the Ostwald de Waele expression to describe 
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Figure 6. Boundaries of injectability regimes. The linear equation which 
describes the relationship between maximum injection force found at 
1 mm s−1, and effort score, and the injectability regime boundaries.

Figure 5. Correlation between objective and subjective measures of injectability. A) Correlation between maximum injection force and difficulty rating 
at 1 mm s−1. B) Correlation between plateau injection force and difficulty rating at 1 mm s−1. C) Correlation between maximum injection force and 
difficulty rating at 0.2 mm s−1. D) Correlation between plateau injection force and difficulty rating at 0.2 mm s−1. Points are mean ± SD (n = 3 for force, 
n = 50 for difficulty rating). Line is linear regression ± 95% confidence bands, with displayed R2 value.
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non-Newtonian fluid viscosity: 1K nη γ= −


, where γ  is the shear 
rate (s−1). Thus, if the rheological properties of such materials 
are known, the force can be calculated and compared to end-
user effort. However, this is more complicated still for bioma-
terials such as in situ setting cements, with highly complex 
rheological characteristics. This complexity is demonstrated 
by the fact that CS cements display a similar injection force 
requirement to 2 w/v% alginate solutions (Figure 3A,B), but 
have a far greater measured viscosity (around 100 Pa s com-
pared to 2 Pa s at a shear rate of 1 s−1) (Figure 1). Given that 
such systems display thixotropy, the most accurate measure 
of end user injectability is obtained by mixing the cement and 
loading it into the syringe as would occur in clinical practice. 
This enables its shear history to be replicated realistically prior 
to testing. Notably, mechanical extrusion testing takes a short 
time to perform (50 s to inject 5 mL at 1 mm s−1), and is more 
directly relatable than rotational rheology (typically 5–10 min 
per sample), which may also not be able to reach the shear rate 
experienced in a narrow needle. For example, the shear rate 
when injecting at 1 mm s−1 through a 30G needle is around 
166000 s−1,[62] whereas material is typically ejected from a rota-
tional rheometer at speeds greater than 1000 s−1.

The same biomaterials, in the same syringe-needle systems, 
were given to 50 participants, who rated the effort required to 
perform the injection on a 5-point scale (Figure 4). This is a 
relatively large number of participants; a sensory panel typi-
cally only has 3–15 people.[63] A great number of participants 
is required in order to find a meaningful correlation, given the 
relatively large variability seen in effort score (maximum SD of 
1 effort score unit) (Figure 4B). Given that effort score corre-
lated well with injection force (R2 of 0.89), it is likely that a large 
part of this variation comes from disparity in hand strength. 
However, interestingly there was not a significant difference in 
effort score between male and female participants (Figure 4D), 
despite men generally displaying greater hand strength.[64] It 
may be that the size and shape of the syringe prevents partici-
pants with larger or stronger hands applying greater force. A 
future study examining the relationship between hand strength 
and perceived injection effort is required to elucidate this 
further.

The effort score from the participant study shows the same 
trend as the objective extrusion force; increased effort is 
required as biomaterial viscosity and needle gauge increase. 
Further, the proportion of this trend contributed by each vari-
able is similar for both studies, with the majority of varia-
tion coming from the needle gauge, followed by the material 
(Figures 3D and 4D). This suggests that injection force, rather 
than duration, energy or power for example, is a good proxy for 
perceived effort, and provides a causative explanation as to why 
the two values correlate well. While the R2 values for correla-
tions at both test speeds and force values (maximum or plateau) 
are similar, the strongest correlation is seen when comparing 
effort score to the maximum force at 1 mm s−1 with an R2 of 
0.89. This suggests that maximum force is the limiting factor 
for injectability. However, as discussed earlier, the maximum 
and plateau force is the same for the majority of samples. This 
further suggests that participants were injecting, on average, at 
1 mm s−1, and therefore that this is the optimum test speed. 
When correlating the effort score with the extrusion forces at 

0.2 mm s−1, biomaterials injected through the narrower 30G 
needle received comparatively high effort scores (Figure 5C,D, 
arrows). This indicates that participants perceived a higher 
effort to inject through the narrower needle, for a comparable 
measured force requirement, than the wider. Given that par-
ticipants likely injected slower through the narrower needle, 
this suggests that duration may increase perceived effort, in 
addition to force. Clearly, duration is also important when con-
sidering biomaterials with a time-dependent viscosity, such as 
cements.

The amount of biomaterial to be injected should be taken 
into consideration when interpreting these correlations. Injec-
tion volumes of the order of 1–10 mL, as studied here, may be 
realistic for some applications like orthopedics.[65] However, in 
the case of fields like ophthalmology, volumes less than 100 µL 
may be used.[66] For small animal studies, which are common 
preclinical stages in the biomaterial translational pipeline, vol-
umes may be 5 µL or less.[67] In these cases, one might expect a 
higher effort score may be allowable, for only a short duration. 
On the other hand, for such precision applications, a low effort 
may be necessary to maintain accuracy. The type of syringe will 
also change the force required. Force decreases with a narrower 
syringe (Equation (2)), and thus injecting the same material 
through the same needle will, for example, require less effort 
with a 1 mL syringe compared to the 5 mL syringes used in this 
study. Holding the syringe in a different ergonomic position 
may also alter the force that can be applied. A limitation of this 
study’s methodology is that injecting biomaterial into open air 
is not entirely representative of injecting material into tissues. 
However, a previous study found a consistent 10% increase in 
force between injecting into soft tissue and open air.[68] This 
may be easily taken into account prior to evaluating the effort 
score.

4. Conclusion

The force required to extrude a range of common biomate-
rials, exhibiting varying rheological properties, was correlated 
to the effort required to inject these biomaterials by 50 users. 
Comparing these values allowed, for the first time, a correla-
tion to be drawn between objective injection force and subjec-
tive injection effort, with an R2 of 0.89. This correlation applies 
for a wide range of material properties and needle gauges, and 
shows that participants can easily inject 5 mL for F < 12 N; con-
siderable effort is required to inject 5 mL for 12 N < F < 38 N; 
great effort is required and less than 5 mL can be injected for 
38 N < F < 64 N; and materials are entirely non-injectable for 
F > 64 N. Overall, the findings herein support researchers 
making key decisions about biomaterial formulations and 
syringe-needle dimensions early in the translation pipeline, 
without the requirement for time consuming and potentially 
expensive end-user studies.

5. Experimental Section
Materials: Deionized water was obtained from a Milli-Q system 

(Millipore). Alginic acid sodium salt from brown algae, medium viscosity 
(alginate) was purchased from Sigma, and calcium sulphate hemihydrate 

Adv. Healthcare Mater. 2020, 9, 1901521
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>97% pure from Acros Organics. 5 mL disposable syringes (SKU 307731, 
Beckton Dickenson) were attached to 19G (SKU: NB19G1.5, internal 
diameter 0.69 mm, length 38 mm) or 30G (SKU: NB30G0.5, internal 
diameter 0.16 mm, length 13 mm) blunt needles (NeedlEZ). These needle 
gauges were chosen to give a large range, and to represent typical sizes 
used in small animal and large animal or human applications. 5 mL of 
fluid was used for extrusion and participant testing.

Alginate solutions (1, 2, 5 and 10 w/v%) were prepared by dissolving 
in deionized water at room temperature. Water and alginate solutions 
of 1 and 2 w/v% were aspirated into syringes, 5 and 10 w/v% were too 
viscous and were top loaded into syringes. Solutions were used after 
24 h, to remove transient viscosity changes, and negate the need for 
antimicrobial agents. CS (4 g) in deionized water (5 mL) was manually 
mixed for 1 min until homogeneous. For extrusion and participant 
testing, cement was top-loaded into the syringe, and testing began 
4 min after the water was added. This was to ensure consistency, and 
enough time to load the syringe into the mechanical tester and begin 
the test. All material preparation and testing were carried out at 20 °C.

Rheology: Rheometric testing was carried out on a Kinexus Ultra+ 
rheometer (Malvern). Alginate solutions were tested using a 40 mm, 
4° angle cone, and plate geometry, and the shear rate was continuously 
ramped from 0.1 to 1000 s−1, over 10 min. CS cements were spooned 
onto the rheometer plate and tested using a 40 mm parallel plate, with 
a gap of 1 mm. The viscosity was measured at a constant shear rate, 
starting at 4 min after the water was added. Testing of cements was 
carried out for 90 s, to replicate the time period in which injection would 
be carried out. The test was stopped after this period to prevent the 
cement setting between the plates.

Extrusion Testing: Objective mechanical testing was carried out on a 
Z030 universal mechanical tester (Zwick Roell), equipped with a 50 kN 
load cell. The syringe was suspended securely with a system of clamps, 
the plunger was compressed at a set rate, and the force required to 
expel the formulation through the needle was recorded (Figure 1). Two 
injection speeds were selected, 0.2 mm s−1 and 1 mm s−1, to represent a 
slow and fast injection, respectively.

Participant Study: Approval for this study was granted by the 
STEM Ethical Review Committee at the University of Birmingham. 50 
participants (26 male, 24 female) between the ages of 18 and 28 were 
recruited for the study. Participants were asked to hold the syringe in 
their dominant hand, with index and middle finger under the pommel 
with their thumb over the plunger (Figure 4A). Each participant was 
asked to attempt to inject the entirety of each syringe. Participants were 
asked to rate how difficult they found each injection on a scale of 1 to 5, 
defined as:

1. Minimal effort required to inject.
2. Some effort required to inject.
3. A lot of effort required to inject.
4. Maximal effort required —could not inject the entire 5 mL.
5. Not injectable —could not inject any of the material.

Participants were uninformed of the contents of each syringe, and 
each participant was given each material-needle combination in a 
random order to minimize intra-participant comparison.

Statistical Testing: All graphs show mean ± standard deviation (SD). 
Results were considered significant for p < 0.05. 3-way ANOVAs were 
only performed on data sets where results for all variables were available. 
For the participant study, two male individuals’ data was removed at 
random to give the equal participant numbers required for the 3-way 
ANOVA. All tests are two-tailed. Statistical tests were performed in 
Prism 7 (GraphPad).
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Abstract

Injectable biomaterials are becoming increasingly popular for the minimally invasive delivery of drugs and cells. These materials are typically
more viscous than traditional aqueous injections and may be semi-solid, therefore, their injectability cannot be assumed. This protocol describes
a method to objectively assess the injectability of these materials using a standard mechanical tester. The syringe plunger is compressed by the
crosshead at a set rate, and the force is measured. The maximum or plateau force value can then be used for comparison between samples,
or to an absolute force limit. This protocol can be used with any material, and any syringe and needle size or geometry. The results obtained
may be used to make decisions about formulations, syringe and needle sizes early in the translational process. Further, the effects of altering
formulations on injectability may be quantified, and the optimum time to inject temporally changing materials determined. This method is also
suitable as a reproducible way to examine the effects of injection on a material, to study phenomena such as self-healing and filter pressing or
study the effects of injection on cells. This protocol is faster and more directly applicable to injectability than rotational rheology, and requires
minimal post processing to obtain key values for direct comparisons.

Introduction

Biomaterials are often studied and used as scaffolds for cell-based tissue regeneration and depots for targeted, sustained delivery of
therapeutics1. Within this field, injectable biomaterials are growing in popularity as they are minimally invasive, which reduces the risk of
infection, pain and scarring associated with implantation2. Further, because they are usually applied as fluids, they conform perfectly to tissue
defects, and drugs and cells may be mixed into them immediately prior to the application3,4,5. As such, while injectable biomaterials may be
manufactured as pre-loaded syringes, they are often prepared by clinicians directly prior to application. For example, cements begin to set once
the powder and liquid phases are mixed, and so cannot be stored for long periods before use6. The characterization of these materials is thus
time dependent and inextricably linked to their preparation.

Common injectable biomaterials include calcium cements, polymethyl methacrylate, bioglasses, and various polymeric hydrogels3,7. Unlike
traditional injections of drugs, which have the same rheological properties as water, these injectable biomaterials are typically more viscous,
non-Newtonian, may have some elastic character, and may also change over time. Therefore, the injectability of these materials cannot be
assumed but must be assessed experimentally. By quantifying the force required for injection and correlating it to the ease of injection, early
decisions about which biomaterial formulations, syringe, and needle sizes to take forward may be made early in the developmental process8.
Such experiments may also quantify the effects of changing formulations on injectability9.

There are several methods to assess the properties of injectable materials. Rotational rheology is often utilized to assess viscosity, non-
Newtonian behavior, post-shear recovery, setting time, and other properties of these materials10,11,12. Whilst this type of test is useful to establish
fundamental properties of the materials, these properties do not correlate directly to injectability. For a Newtonian fluid and cylindrical syringe and
needle, the injection force can be  estimated from a form of the Hagen–Poiseuille equation13:

Where F is the force required for injection (N), Rs is the internal syringe radius (m), Rn is the internal needle radius (m), L is the needle length
(m), Q is fluid flow rate (m3 s-1), η is the dynamic viscosity (Pa.s) and Ff is the friction force between the plunger and barrel wall (N). Thus, if the
viscosity is measured via rotational rheology, the dimensions of the syringe and needle are known and the flow rate estimated, the injection force
can be estimated. However, this equation does not account for the conical end of the syringe or any other geometries, such as off-center outlets,
and Ff must be estimated or found experimentally by mechanical testing. Further, biomaterials are typically not Newtonian, but exhibit complex
rheological properties. For a simple shear thinning fluid, the equation becomes14:

Where n is the power index (-) and K is the consistency index (Pa.sn) from the Ostwald de Waele expression: , where  is the shear
rate (s-1). The complexity vastly increases for materials whose rheological properties cannot be characterized by two values, and particularly for
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time-dependent materials such as setting cements. Additionally, if the material properties are shear dependent, then the material must be tested
at the shear rate expected in the needle, which may far exceed the range of a rotational rheometer15.

Another quantitative method for measuring injectability involves attaching pressure and displacement sensors to a syringe while performing
an injection, either by hand or using a syringe pump. This equipment is relatively inexpensive, however, requires users to generate scripts and
calibration curves to convert into force data16. Further, a syringe pump may not possess sufficient torque to compress the plunger at a precise
rate if high forces are required to extrude viscous or semi-solid materials. Alternatively, utilizing these sensors when injecting by hand may be
useful as they can be used in a real clinical scenario, during clinical procedures17. However, this will take much longer and may introduce user
bias, and will, therefore, need larger numbers of repetitions with different users to obtain reliable results. This may, thus, be more appropriate for
materials that are further down the translational pipeline, or products already in clinical use.

In this protocol, a mechanical tester is used to compress the plunger at a set rate, and measure the force required to do so. This type of
mechanical tester is common in materials laboratories and has been used to quantify injectability for various biomaterials18,19,20,21,22,23,24. This
test can be used with any size and geometry of syringe and needle, containing any material. Further, in the case of biomaterials that are made
immediately prior to the use, the exact formulation procedure that would be used in the clinic or surgery can be followed prior to testing. A
further advantage of this procedure is that it is relatively fast; once the mechanical tester is set up, tens of samples can be studied in an hour,
depending on extrusion speed and syringe volume. This is in contrast to rotational rheology, which typically takes at least 5 – 10 minutes per
test, plus loading, equilibration and cleaning time. Using a mechanical tester produces a reliable extrusion rate equally over the plunger, which is
particularly advantageous for viscous formulations or those with time dependent properties. Following testing, minimal post-processing of data is
required to pull out important values for objective comparisons.

Protocol

1. Sample Preparation

1. Prepare the sample and load it into the syringe.
1. To simulate a pre-loaded syringe, prepare the sample in advance, load it into the syringe, and attach the needle. Store as required, until

testing. This may be suitable for hydrogels and materials that do not change with time.
 

NOTE: For example, to prepare 2% alginate solutions, dissolve 2 g of alginic acid sodium salt in 100 mL of deionized water, by stirring
at room temperature. Aspirate the solution into 5 mL syringes, and store for 24 h at room temperature.

2. Alternatively, to simulate an injection formulated directly prior to the application, prepare the sample in the same way it would be
made in the clinic, allowing for any setting times. Load into the syringe and attach the needle. This may be suitable for cements, and
materials whose properties change with time.
 

NOTE: For example, to prepare calcium sulfate cement, manually mix 4 g of calcium sulfate hemihydrate into 5 mL of deionized water
with a spatula for 1 min. Remove the plunger from the syringe and load the cement into the syringe barrel with the spatula. Begin the
mechanical testing after 4 min.
 

CAUTION: Needles pose a safety risk, use blunt needles if possible. If the material contains cells or other biological materials, extra
care should be taken to prevent sharps injuries.

2. Set up the mechanical tester

1. Attach flat platens (for compression testing) to the mechanical tester.
2. Manually equip the mechanical tester with a load cell with a maximum load of 200 N.

 

NOTE: A larger load cell may be used, provided it has sufficient precision at the 1 – 200 N range. Samples that are more viscous and not
intended to be injected by hand may require a larger load cell.

3. Separate the plates, using the manual control buttons, to allow for sufficient space for the needle, syringe and plunger (around 30 cm will be
sufficient).

4. Create a testing protocol.
1. Open the test wizard and set the test type to uniaxial compression.
2. Set the pre-load. This is the measured force value at which testing will begin. 0.5 N is sufficient.
3. Set the speed to pre-load to 5 mm/min. This is the speed the crosshead will move down until it encounters the pre-load.
4. Set the loading to displacement control and select an appropriate test speed. 1 mm/s is an appropriate speed for a standard 5 mL

syringe.
5. Set an upper force limit at which to stop the test, e.g., 200 N. This is primarily for safety reasons. The test may also be stopped

automatically at a given displacement, e.g., the length of the syringe.

3. Set up the clamping system

1. Attach two sets of clamps to two stands, with grips large enough to securely ensconce the chosen syringe.
2. Place the grips between the crosshead and baseplate, with enough space below the grips for the syringe and needle.
3. Line up the centers of the two grips, and line these up with the center of the crosshead.

 

NOTE: Alignment of the clamp grips with each other and the center of the crosshead may take some time and iteration to achieve, but is
important to acquire high quality data.

4. Ensure the clamps are secured firmly so that there is no movement in the clamps when a downward force is applied.
5. Place a dish onto the bottom plate to collect the extruded material.
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4. Run the injectability protocol

1. Insert the syringe into the clamp grips and close them. The grips should hold the syringe in place, but allow it to move up and down without
resistance.

2. Ensure the syringe and plunger are perpendicular to the crosshead. This ensures that only uniaxial compression of the material will be
measured.
 

NOTE: An empty syringe should be used to check steps 4.1 and 4.2.
3. Lower the top plate to a position just above the plunger, using the manual movement buttons.

 

NOTE: It may be possible to select a ‘Start position’ in the mechanical tester protocol, such that the original position above the plunger is
reached automatically and is consistent throughout testing.

4. Zero the measured force by clicking ‘Zero Force’.
5. Run the testing protocol by pressing ‘Run’.

 

CAUTION: The experimenter should always be present to observe each trial, and ready to activate the emergency stop in case of a mishap.
6. Raise the plates to a sufficient height, using the manual movement buttons, such that the syringe can be removed.
7. Repeat step 4 for each sample.

 

NOTE: At this point, the syringe and extruded sample can be discarded if no further analysis is required, but may be kept in order to examine
filter pressing, self-healing, the effects on cells, etc.

5. Data collection

1. Save the data from each trial in a format from which a table of force and displacement values can be generated (.txt, .xls, .xlsx).
2. Plot the results from each trial, with displacement on the x-axis and force on the y-axis.
3. Read the maximum force (if it exists) and plateau force from the graphs.

Representative Results

The set-up of the mechanical tester and clamping system is shown in Figure 1A. This protocol generates a table and graph of force versus
displacement for each tested sample. A typical force displacement curve consists of three sections (Figure 1B): an initial gradient, as the plunger
overcomes friction from the barrel and the material is accelerated, a force maximum, and a plateau, as the material is extruded at a steady state.

However, a distinct maximum only exists where the plateau force is lower than the force required to accelerate the plunger. As such, peaks are
only seen for inviscid samples passing through wide needles. For viscous samples passing through a more narrow orifice, the force needed
to inject the sample at constant speed is greater than the force required to overcome friction in the barrel and accelerate the material, and no
distinct peak is seen (Figure 1C). For highly viscous samples or very narrow needles, the force required to extrude the material may be so great
that the syringe buckles and fails, often with very little extrusion of the material (Figure 1D). If the material being injected contains particles or is
undergoing setting, such as cement, filter pressing (preferential expulsion of the liquid phase) or bulk setting may occur, leading to incomplete
injection (Figure 1E).

 

Figure 1: Sample curves generated by this protocol. (A) Set up of the mechanical tester for this protocol. (B) Typical force-extrusion curve.
(C) Force-extrusion curve with no distinct maximum peak. (D) Force-extrusion curve for syringe failure. (E) Force-extrusion curve for a setting
cement. This figure is adapted from Robinson et al.8. Please click here to view a larger version of this figure.

Discussion

Mechanical testing is perhaps the simplest and most reliable way to quantify injectability. A key advantage of this protocol is that no special
equipment is required, other than the mechanical tester, which is common in materials laboratories. This protocol is highly versatile; any material,
needle gauge and syringe size can be used, provided the syringe can be accommodated by the clamps. This has been verified in this protocol
for syringes up to 10 mL. Further, the material can be prepared exactly as it would for the real-world application25. Finally, this procedure is very
fast, taking only up to a few minutes per sample, allowing tens of samples to be processed per hour.
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For samples that give typical curves, two values can be extracted: the maximum force and the plateau force curves. The maximum force is
arguably more objective and can be extracted computationally from the data table for each sample. Conversely, the plateau force may be more
representative, as this will be the force experienced for the greatest amount of time and, as an average, is less affected by curves with large
fluctuations. These fluctuations may be caused by air bubbles or particles in the material causing intermittent changes as they are extruded, or
by low instrument precision for small force measurements. However, it is notable that, for many samples, there is no maximum force peak, and
so the maximum and plateau value are the same. Objective comparisons between injection forces can be made so long as a consistent value is
used.

The data obtained can be used in several ways. The injectability force values may be compared to ease of injection, to establish which
formulations, syringe and needle sizes are viable for translation8. Alternatively, comparing between samples allows for the quantification of
changes to formulations on injectability. For example, in cements, changing the viscosity of the liquid phase, the particle size distribution, and
adding additives such as citrate to alter the colloidal properties, can have large changes in injectability9. These tests may also inform formulation
protocol for cements, for example mixing time, time to loading and time to application, for optimum injection and post-injection performance. In
addition, this method may be used to test the initial feasibility of novel bioinks for 3D printing.

This protocol can be modified in several ways. The clamp system may be replaced with a bespoke 3D printed construct to hold the syringe,
which may make it easier to ensure the syringe and plunger are perpendicular to the crosshead, and the syringe held securely. The needle can
be replaced with a cannula or any device that extrudes material by compression of a plunger and can be of any size and geometry. In order
to increase the fidelity of the results, the tip of the needle can be placed into a tissue or hydrogel, in order to more accurately simulate clinical
injection. However, this adds further complexities to the protocol, as tissue/gel composition and needle depth must be kept constant. Further,
this protocol utilizes displacement-controlled extrusion, to measure the force required to inject at the specified speed. Alternatively, the injection
force can be specified, and the amount of extrusion can be measured against time. This may be useful for materials with time dependent
properties, such as cements. For example, by using a correlation between injection force and ease of injectability to select a force8, this protocol
may be used to establish whether the entire volume of cement can be injected with this speed prior to setting. Finally, this protocol can easily
be combined with other experiments, in order to test the effect of injection on the material properties and examine phenomena such as filter
pressing and self-healing, or the effect of injection on cells.

The main limitation of this protocol is that a universal mechanical tester is required. While these are common in materials testing labs, they are
expensive to purchase if the user cannot access one. Further, the mechanical tester provides uniaxial compression at either a set force or rate of
displacement, whereas the applied force and injection speed may vary over the course of injection by hand. This protocol is also unsuitable for
replicating some real world injections, such as injections into complex tissues in theatre, or injecting at different angles. To quantify the force of
injection in the clinic, force and displacement transducers may be a better method.
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