
 
 

University of Birmingham

Self-assembled calcium pyrophosphate
nanostructures for targeted molecular delivery
Bassett, David C; Robinson, Thomas E; Hill, Reghan J; Grover, Liam M; Barralet, Jake E

DOI:
10.1016/j.bioadv.2022.213086

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Bassett, DC, Robinson, TE, Hill, RJ, Grover, LM & Barralet, JE 2022, 'Self-assembled calcium pyrophosphate
nanostructures for targeted molecular delivery', Biomaterials advances, vol. 140, 213086.
https://doi.org/10.1016/j.bioadv.2022.213086

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 20. Apr. 2024

https://doi.org/10.1016/j.bioadv.2022.213086
https://doi.org/10.1016/j.bioadv.2022.213086
https://birmingham.elsevierpure.com/en/publications/50992c34-324e-4f36-83fc-8cc4774311f7


140 (2022) 213086

Available online 17 August 2022
2772-9508/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Self-assembled calcium pyrophosphate nanostructures for targeted 
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A B S T R A C T   

Nanostructured, inorganic microspheres have many industrial applications, including catalysis, electronics, and 
particularly drug delivery, with several advantages over their organic counterparts. However, many current 
production methods require high energy input, use of harmful chemicals, and extensive processing. Here, the 
self-assembly of calcium pyrophosphate into nanofibre microspheres is reported. This process takes place at 
ambient temperature, with no energy input, and only salt water as a by-product. The formation of these materials 
is examined, as is the formation of nanotubes when the system is agitated, from initial precipitate to crystal-
lisation. A mechanism of formation is proposed, whereby the nanofibre intermediates are formed as the system 
moves from kinetically favoured spheres to thermodynamically stable plates, with a corresponding increase in 
aspect ratio. The functionality of the nanofibre microspheres as targeted enteric drug delivery vehicles is then 
demonstrated in vitro and in vivo, showing that the microspheres can pass through the stomach while protecting 
the activity of a model protein, then release their payload in intestinal conditions.   

1. Introduction 

Calcium phosphates are widely studied and utilised for biomedical 
applications, primarily for dental and orthopaedic treatments [1–4]. 
This is because the principal mineral in both bones and teeth is hy-
droxyapatite Ca10(PO4)6(OH)2, [5–8] and thus several calcium phos-
phate materials have been investigated to replace, repair and restore 
these tissues. Calcium phosphates have also been investigated as drug 
delivery vehicles, owing to their favourable biocompatibility, biode-
gradability, and material properties [9,10]. In addition to orthophos-
phate, the single tetrahedral ion, calcium has a strong affinity for many 
other phosphate based oxyanions, including the two-membered, P-O-P 
linked pyrophosphate [11,12], the so-called hexametaphosphate 
[13,14], and other longer chain polyphosphates [15,16]. Unlike calcium 
orthophosphates, which often crystallise rapidly, calcium poly-
phosphates can exist as stable amorphous, glassy materials [17,18]. 
Indeed, it is thought that the ability to co-localise high concentrations of 
calcium and phosphate without crystal formation is one of the key roles 
of polyphosphates in vivo [19]. 

Pyrophosphate, consisting of two phosphate tetrahedra linked by an 
oxygen atom, is the smallest of the polyphosphates. It is a well-known 

inhibitor of calcium orthophosphate crystallisation, both in vitro and in 
vivo [19–21], however calcium pyrophosphate itself can form crystals 
[22,23]. Biomedically this phenomenon is most well-known in condi-
tions of calcium pyrophosphate deposition disease (CPPD), more 
commonly known as pseudo-gout, a form of arthritis. In this disease 
crystalline calcium pyrophosphate dihydrate crystals form deleteriously 
in articulating joints causing pain and inflammation [24,25]. 

Nanostructured particulate materials and nanotubes have recently 
attracted substantial interest for application in a broad range of indus-
trial sectors. Their high specific surface area and tortuous pore networks 
provide them with significant benefits as drug release vehicles [26], 
catalyst supports [27], chromatography adsorbents [28] and in elec-
tronic applications [29]. Currently, nanoporous microspheres are syn-
thesized by indirect routes that require the use of, and therefore 
subsequent removal of, templating surfactants [30], porogens [31] or 
emulsion formers [32]. Inorganic nanotubes, meanwhile, are currently 
grown via sulphurisation of reactive oxides and halides, precursor 
decomposition, templated growth, pyrolysis and direct vapour phase 
synthesis, and more recently via hydrothermal, sol-gel, inter-
calation–exfoliation and sonochemical reactions [33]. The complexity of 
processing and the necessity for the use of environmentally harmful 
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chemicals, high temperatures or costly catalysts currently limits wide-
spread industrial, and especially medical, application. 

Targeted oral delivery to the intestine is advantageous for both in-
testinal diseases, such as inflammatory bowel disease, and convenient 
delivery of pharmaceuticals, such as proteins, that are unstable in the 
stomach [34]. Oral administration is attractive due to ease of adminis-
tration, patient compliance and cost effectiveness, compared to rectal or 
parenteral administration [35]. The key goals of such delivery vehicles 
are to protect the high-value therapeutic from gastric enzymes and low 
pH of the stomach environment, followed by release of the intact cargo 
in the intestine. This is most usually achieved by utilising a pH 
responsive system, either as a coating or bulk material, which is dense 
and impenetrable in the low pH of the stomach, but swells to release the 
therapeutic in the intestine [34,36–38]. Other strategies include vehicle 
degradation by enzymes only present in the intestine, and time- 
dependent release, though this can be difficult to achieve because of 
the large variation in gastrointestinal transit time between individuals 
[34,38]. The vast majority of these systems are polymer based, though a 
small number are inorganic, such as silica particles [38]. Inorganic 
systems are particularly advantageous because of their high chemical 
stability, as well as their low reactivity and tolerance within the diges-
tive tract. However, as discussed above, creating inorganic particles 
structured at the nanoscale usually requires complex processing and 
harsh chemicals. 

In this manuscript the self-assembly of calcium and pyrophosphate 
are examined. Fascinating nanostructures of the metastable in-
termediates formed in both static and agitated systems are revealed and 
characterised, to elucidate possible mechanisms of formation. The great 
potential of the formed nanofibre microspheres, which are created from 
only calcium and pyrophosphate at ambient temperature, as a targeted 
oral drug delivery excipient is then explored. 

2. Materials and methods 

2.1. Materials 

Aqueous solutions were prepared using HPLC-grade water, 18.2 MΩ 
resistance (Millipore, Billerica, MA, USA). All chemicals of reagent grade 
quality were purchased from Sigma Aldrich (Oakville, ON, Canada) and 
used without further purification. 

2.2. Nanostructured intermediate preparation 

An initial amorphous precipitate was obtained by pouring 300 mM 
CaCl2 into an equal volume of 150 mM Na4P2O7, with both solutions 
adjusted to pH 7 with HCl and NaOH. To form nanofibre microspheres, 
the mixture was left static for around 30 min, then the microspheres 
were recovered via filtration through a vacuum filter, washed 3 times 
with double distilled water and 3 times with pure ethanol, then dried 
under vacuum at 25 ◦C. To instead form nanotubes, 1 mL of the initial 
mixture was immediately sealed in a 1.5 mL Eppendorf, inserted in a 
dental amalgamator (SDI Ultramat 2, SDI Ltd., Bayswater, Australia) and 
shaken at a frequency of 75 Hz and an amplitude of 5 mm for up to 20 
min. 

2.3. Electron microscopy 

Growth of the microspheres and nanotubes was observed using 
scanning electron microscopy (FE-SEM, Hitachi S-4700, Japan, accel-
erating voltage 2 kV) and transmission electron microscopy (TEM, 
Philips Technai 12, Eindhoven, Netherlands, accelerating voltage 120 
kV). Aliquots of the reaction mixture were taken at various times after 
initial mixing and immersed in excess ethanol to arrest the reaction. 
Samples were then deposited directly onto circular glass coverslips 
(diameter 12 mm) or 200 μm Ni TEM grids with carbon support films 
and allowed to dry in air. Glass coverslips were mounted on aluminium 

Cambridge stubs and sputter coated with Au/Pd prior to FE-SEM anal-
ysis. Calcium pyrophosphate particles were adhered to the surface of an 
aluminium stub using carbon tape. Particle cross sections made using a 
focused ion beam system (FB-2000A, Hitachi, Tokyo, Japan). After 
milling, the samples were imaged using FE-SEM. 

2.4. X-ray diffraction 

X-ray diffraction was performed on microspheres and nanotubes 
before and after crystallisation. A Philips powder X-ray diffractometer 
(Model PW 1710) was used with Cu Kα X-rays at a step size of 0.02◦ and 
collection time of 1 s across a 2θ range of 6–60◦. Diffraction patterns 
were processed using X'Pert High Score (Version 2.0) software with 
reference to Powder Diffraction File database (Version 4+ 2005) of the 
International Centre for Diffraction Data (Newton Square, PA). 

2.5. pH and ion concentration tracking 

The pH of the reaction was monitored (n = 4) using a pH/ion meter 
(Oakton Instruments, Vernon Hills, IL, USA) connected to a micro pH 
combination electrode (Microelectrodes Inc. Bedford, NH, USA) and 
data logging software (CyberComm Pro 2.4.2). The pH electrode was 
calibrated using pH 4.00, pH 7.00 and pH 10.00 Fisher standard buffer 
solutions (SB101B, SB107B, SB115B, Fisher Scientific Company, 
Ottawa, ON, Canada). Calcium, sodium and pyrophosphate ions were 
monitored (n = 6) by ion chromatography (DX2500, Dionex, Sunnyvale, 
CA). At various timepoints 1 mL aliquots of the reaction liquor were 
taken and immediately centrifuged at 2000g for 20 s. A proportion of the 
supernatant was taken and diluted appropriately in DI water for 
analyses. 

2.6. Surface area measurement 

Specific surface area measurements were made using nitrogen 
adsorption apparatus, utilising the Brunauer–Emmet–Teller (BET) 
method to interpret the data (TriStar 3000, Micromeritics, Norcross, 
GA). 

2.7. Gastrointestinal drug delivery model 

The drug release properties of the nanofibre microspheres were 
determined in vitro using the physiologically based extraction test 
(PBET) [39], a model of the digestive tract using gastric (fed stomach, 
pH 4) and intestinal (pH 7) solutions. Nanofibre microspheres were 
loaded by suspending 100 mg of microspheres in 10 mL of a 10 mg mL− 1, 
pH 4 albumin or horse radish peroxidase (HRP) solution for 30 min. 
Following this immersion, the microspheres were washed thoroughly 
with distilled water and then vacuum filtered, and dried at 25 ◦C. Pro-
tein loading was quantified through thermogravimetric analysis (TA 
Instruments, Model SDT Q600, New Castle, DE). 10 mg of the loaded 
microspheres were placed in 10 mL of gastric solution at 37 ◦C, and 
agitated by bubbling nitrogen at 0.2 L min− 1. 100 μL aliquots were taken 
at 10 and 20 min, at which point the solution was altered to simulate the 
intestinal environment. Further aliquots were taken every 2 min for 10 
min during this phase. The amount of albumin and HRP released was 
quantified through a bicinchoninic acid total protein assay (Thermo 
Scientific Pierce). HRP enzyme activity was qualitatively determined by 
comparing samples of enzyme released from the spheres during the 
PBET assay or an equivalent amount free enzyme that had been passed 
through the PBET assay. 0.8 mL samples were taken from the final PBET 
timepoint and incubated with 0.2 mL 3-amino-9-ethylcarbazole (AEC) 
buffer for 10 min at 37 ◦C. Optical adsorption was measured at 495 nm 
using a UV–Vis-NIR spectrophotometer (Cary 5000, Varian, Palo Alto, 
CA). Results were compared to and expressed as % activity of an 
equivalent amount of fresh HRP prepared in 100 mM phosphate buff-
ered saline (PBS) buffer at pH 7. 
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2.8. In vivo behaviour of microspheres 

To determine the effect of passage through the gastrointestinal tract 
on the microspheres, a suspension of microspheres was given to mice by 
gastric gavage. 6 male BALB/c mice (5–6 weeks old) were obtained from 
Charles River Laboratories (Saint-Constant, QC, Canada). A suspension 
containing 300 mg microspheres in 1 mL of glycerol was prepared. 0.1 
mL of this suspension was administered by gastric gavage to each of the 
mice. Mice were sacrificed by CO2 asphyxiation at 30, 60 and 90 min 
following gavage, after which the stomach and intestinal tract were 
removed for examination by light microscopy and SEM. All procedures 
were approved by the McGill University Animal Care Committee 
(UACC). 

3. Results 

3.1. Calcium pyrophosphate nanostructure formation 

On mixing solutions containing calcium and pyrophosphate ions, a 
precipitate immediately formed, at a pH of 3.7 (Fig. 1A), which was 
subsequently shown to be X-ray amorphous (Fig. 2c). When left under 
quiescent or low shear conditions, this precipitate sedimented and 
rearranged into nanofibres, which self-assembled into microspheres, 
around 10 μm in diameter, over 30 min (Fig. 1B). Leaving this inter-
mediate phase in solution caused densification of the precipitate, and 

the transition from amorphous nanofibre microspheres to a stable 
crystalline phase (Fig. 1C). If the calcium and pyrophosphate solutions 
were not adjusted to pH 7 prior to mixing, the amorphous precipitate did 
not form microspheres, and was instead stable in solution over long time 
periods. Interestingly if, following mixing of the calcium and pyro-
phosphate solutions, the resulting precipitate was agitated vigorously, 
the initial phase rearranged into nanotubes, with the macroscopic form 
of a thick blue-grey liquid (Fig. 1D). These tubes were around 10 μm in 
diameter with an aspect ratio of around 400. When left in solution, a 
similar densification of the precipitate was observed, and the nanotubes 
crystallised, however the timescale for this was drastically reduced; 
15–20 min compared to several hours for the microspheres (Fig. 1E). 

3.2. Characterisation of nanofibre microspheres and nanotubes 

The structure of the nanofibre microsphere intermediate was then 
examined in more detail. Using a focussed ion beam to reveal a cross 
section of a microsphere showed that the nanofibre structure seen at the 
surface persisted homogeneously throughout the volume (Fig. 2B), with 
randomly oriented fibres creating a nanoporosity of 53 %, as measured 
by helium pyconometry (data not shown). When a microsphere was re- 
immersed in water, the stable crystalline phase was seen to erupt from 
the sphere surface, suggesting formation via densification and direct 
phase transition, rather than dissolution and reprecipitation (Fig. 2A). 
The crystal structure of both the nanofibre microspheres and nanotubes 

Fig. 1. Formation and change in structure of nanostructured calcium pyrophosphate. Precipitation of amorphous calcium pyrophosphate (A) was followed by the 
formation and crystallisation of nanofibrous microspheres under static conditions (B and C), and formation and crystallisation of nanotubes with vibration (D and E). 
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Fig. 2. Characterisation of nanostructured calcium pyrophosphate. Blade-like nanocrystals erupting from the surface of a microsphere on re-emersion in water (A). 
SEM image of a cross section through a microsphere, showing the homogeneity of the nanofibrous internal structure (B). X-ray diffraction patterns of the initial 
amorphous calcium pyrophosphate precipitate immediately after mixing (initial precipitate), nanofibrous microspheres and nanotubes (C left) and the products of 
aqueous crystallisation of nanotubes and microspheres (C right) (▴ triclinic calcium pyrophosphate dihydrate, ● monoclinic calcium pyrophosphate dihydrate, ■ β- 
calcium pyrophosphate tetrahydrate). 

Fig. 3. Ionic concentration profiles during nanostructure formation. The change in pH (black triangles), calcium concentration (red circles), pyrophosphate con-
centration (black diamonds) and sodium concentration (blue squares) over time as the nanofibre microspheres in the static system (A) and nanotubes in the agitated 
system (B) form. 
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were studied via XRD (Fig. 2C). As expected, the initial precipitate was 
X-ray amorphous, as were both the nanofibre microspheres and nano-
tube intermediate phases, though the nanotubes appeared to have some 
crystallinity. As expected, both mature structures were crystalline, 
though critically were different phases. The crystallised nanotubes were 
formed of a mixture of monoclinic and triclinic calcium pyrophosphate 
dihydrate, while the stable phase emerging from the nanofibre micro-
spheres was β- calcium pyrophosphate tetrahydrate. 

The stark difference in nanostructure and phase between the nano-
fibre microspheres and nanotubes was investigated further by 
measuring the ion concentrations during formation. In the case of the 
microspheres, formed in quiescent conditions, the pH dropped imme-
diately to 3.71 ± 0.16 following mixing, then dropping to a plateau at 
3.33 ± 0.03 after 20–30 min, with a further drop later during crystal 
formation (Fig. 3A). The calcium concentration dropped rapidly from 
150 to 35.9 ± 1.2 mM over the first minute, and continued to drop over 
the first 10 min, before rising over the next hour. The sodium concen-
tration followed a similar pattern to the calcium. Similarly, the pyro-
phosphate dropped in the first minute from 75 to 12.2 ± 0.6 mM, 
however it continued to drop over the following 40 min, to a minimum 
of 6.7 ± 0.4 mM, before rising again. 

During the formation of the nanotubes, under agitation, similar pH 
drops were observed, though over much shorter time frames, and to 
lower values; 3.39 ± 0.03 after 1 min, and a final pH of 2.94 ± 0.02 
(Fig. 3B). However, the ionic concentration profiles were very different. 
The sodium concentration did not change, remaining constant at around 
300 mM. The initial calcium concentration was higher at 69.6 ± 7.3 
mM, but continuously to 61.4 ± 6.8 mM, while the initial pyrophos-
phate concentration was lower and remained constant at around 7.5 
mM. 

Over the same time frames as the ionic measurements, the nano-
structures were imaged. In the static system, the initial precipitate which 
consisted of spheroidal agglomerates 40–200 nm in diameter which both 

grew to up to 600 nm in diameter and began to form fine mesh-like 
networks within 2 min (Fig. 4). However, within 5 min, these large 
agglomerates had disappeared, and the structure was finer and more 
uniform, consisting of spheroidal particles and short fibre networks 
between 15 and 20 nm in diameter. Between 5 and 15 min, coinciding 
with the minima in calcium and sodium concentration (Fig. 3A), the 
agglomerates self-assembled into microspheres, with a diameter of 5–15 
μm. By 20 min, the larger spheroidal particles had mostly disappeared, 
giving way to a very refined network of nanofibers. These nanofibres 
appeared along with slightly larger individual spheroidal particles, 
which were perhaps feeding the growth of the fibres from their tips 
(Fig. 4, arrows). Beyond this the nanofibres continued to grow and the 
interconnectivity increased, as larger voids in the microspheres were 
filled leading to a more homogeneous system. 

In the agitated system, the initial precipitate formed a suspension of 
amorphous nanotubes within 2 min (Fig. 5). These nanotubes formed 
disorganised bundles by 4 min, however on continuous agitation the 
nanotubes began to align, and at 9 min this alignment was total, with no 
disorganised bundles remaining. Over the next 5 min, the tubes densi-
fied via aqueous sintering to form nanofibres, which further densified 
through the transition to crystallinity. 

3.3. Nanofibre microspheres as drug delivery systems 

As they are prepared from safe, biocompatible materials and can be 
made at industrial scale, the nanofibre microspheres present a promising 
vehicle for drug delivery. The nanostructure of the microspheres imparts 
them with a large specific surface area of 125 m2 g− 1, compared to 65 m2 

g− 1 for the initial precipitate and only 1.5 m2 g− 1 for the final crystal-
lised form. This presents the opportunity to adsorb large amounts of 
therapeutic for targeted delivery to a specific anatomic location. To test 
this, albumin and HRP were used as model proteins, and loaded into the 
particles, where both were readily adsorbed to the surface. The particles 

Fig. 4. The temporal structural development of nanofibre microspheres. SEM images showing the transition from disorganised initial precipitate (0 min) to 
microsphere formation (10 min), through the development of nanofibres (20 min) and their rearrangement into fine, homogeneous structures (60 min). 
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were then placed in a model of the gastrointestinal tract, consisting of a 
fed stomach environment (pH 4) followed by an intestinal environment 
(pH 7). 

Both proteins behaved similarly in the model (Fig. 6 A&B). A small 
amount of each was released in the stomach (15.2 % and 19.7 % of 

albumin and HRP, respectively) over 20 min. However, when in intes-
tine conditions, the rate of release drastically increased, with a sustained 
release of around 7 % per minute for both proteins, over 10 min, until all 
the protein had been released. This was accompanied by rapid crystal-
lisation of the microspheres. To assess the protection imbued to the 
proteins by the nanofibre microsphere carrier, the activity of free HRP 
was compared to that loaded into particles, following exposure to the 
stomach environment (Fig. 6C). The HRP protected by the microspheres 
was found to be over 15 % higher in activity than the free HRP. 

Finally, an initial assessment of the in vivo behaviour of the nanofibre 
microspheres was undertaken. A preparation of the microspheres was 
administered to mice via oral gavage, and the contents of the stomach 
and intestines examined at various time points. All recovered micro-
spheres appeared in tact, and many remained in the stomach for up to 
90 min (Fig. 6C). Microspheres also passed the stomach, and were found 
in the intestine; up to 9 cm along by 30 min, 15 cm by 60 min, and 25 cm 
by 90 min. 

4. Discussion 

Creation of nanostructured particles usually requires a templating 
agent, which must later be removed, harsh chemicals that are environ-
mentally hazardous and unsafe in the body, and/or extensive process-
ing, making these materials unsuitable for industrial scale manufacture 
of biocompatible nanostructures. However, the large specific surface 
area of such materials is highly desirable for drug delivery, in order to 
adsorb large quantities of therapeutics into them, protect their payload 
in vivo, and then provide sustained release at the target site. Addition-
ally, the use of nanostructures such as particles and tubes to template 
other materials is widely used, and so the ability to produce such tem-
plates easily from a soluble and non-toxic material will contribute to the 
further development of this technique. The ability to produce nano-
structures safely at scale is also critical in the emerging field of nano-
architectonics [40]. This study reports the first purely inorganic self- 
assembling system in which the reagents themselves, calcium and py-
rophosphate, form nanostructured microparticles. The key advantage to 
this is that no purification is required, and all materials are safe for use in 
vivo. Further, this process uses relatively cheap starting materials, has 
only brine as the by-product, requires little processing and occurs at 
ambient temperature, making it a highly attractive route to manufacture 
of nanostructures at industrial scale. 

It is hypothesised that the initially formed precipitate is composed of 
an amalgamation of ionic clusters. Intriguingly, the cation:anion ratio 
Ca+Na

2
P , calculated from the ionic profiling in Fig. 3, for the initial pre-

cipitate in this system is around 1.6, similar to that of Posner's clusters, 
1.5 [41]. This could indicate the formation of a similar cluster, where 
one pyrophosphate ion takes the place of two orthophosphate (Fig. 7, 
2–5 min). This data also suggests that the initial precipitate contains 
high quantities of sodium ions, a phenomena that has also been shown to 
occur in initial Posner's clusters when then initial reaction liquor con-
tains high sodium concentration [42]. These models also suggest that 
sodium replaces the peripheral, rather than central, calcium ions in 
these clusters. The ionic profiles in this study (Fig. 3) show the Ca:Na 
ratio increasing as the reaction progresses, and it is postulated that this is 
because as the clusters aggregate and move towards crystallisation, 
there are fewer peripheral positions for the sodium to occupy. 

Another consideration is the protonation state of the pyrophosphate 
ions in solution. At pH 7, the initial solution would be expected to 
contain approximately 3 % P2O7

4− , 87 % HP2O7
3− and 10 % H2P2O7

2−

[43]. The immediate drop in pH from the pure solutions at pH 7 to the 
precipitation mixture at 3.7 (Fig. 3) in the quiescent system may thus be 
attributed to preferential association of calcium and pyrophosphate, and 
the subsequent release of the associated protons into solution. In the 
agitated system, the pH drops immediately to 3.4, which does not 
happen in the static system until around 20 min, the point at which 

Fig. 5. The temporal structural development of nanofibre microspheres. TEM 
images showing the transition from disorganised, amorphous nanotubes (A, 
where B is a magnified image), which form bundles (C) then begin to align 
(E&F). This alignment is complete at 9 min (G, where H is a magnified image), 
after which the nanotubes densify through aqueous sintering to form fibres (I), 
and then crystallise (J). 
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fibres form. This is interesting because, in a computational study of 
Posner's clusters, it was shown that the initial aggregates were spherical 
where the phosphate species were protonated, and needle like where the 
phosphate was entirely deprotonated [42]. It may therefore be that the 
structures formed in the agitated system, anisotropic tubes (Fig. 5), 
occur at least in part because the agitation accelerates the deprotonation 
of the pyrophosphate though increased interaction frequency, leading to 
the larger immediate drop in pH, and the faster transition to needle-like 
structures. 

In the absence of agitation, the precipitate initially forms spheroidal 
particles, the largest on the order of 100 nm in diameter (Fig. 4). This 

suggests that the ions in this immediate precipitate are randomly ar-
ranged, and the lack of order leads to a spherical morphology. As the 
precipitate matures, the spheres align to form branched networks (at 5 
min), which subsequently transform into fibres (20 min) that get pro-
gressively thinner (30–60 min), prior to crystallisation as β‑calcium 
pyrophosphate dihydrate, a plate-like mineral. This suggests that the 
initial regular spheres develop a degree of anisotropy, resulting in chain 
formation and the development of structures with increasing aspect 
ratio over time. Indeed, this indicates that the process represents the 
precipitate transforming from the most kinetically favourable formation 
(regular spheres) to the most thermodynamically stable (crystal) form, 

Fig. 6. Nanofibre microspheres as drug delivery systems. The release profiles of albumin (A) and HRP (B) in an in vitro model of the gastrointestinal tract. The activity 
of HRP, either free or protected by the microspheres, following exposure to stomach conditions (C). Images of the microspheres recovered from the stomach and 
intestines of mice following oral administration (D). 

Fig. 7. Schematic of the proposed reaction mechanism in the static system. Ions of calcium and pyrophosphate immediately precipitate on contact, forming spheres 
as the most kinetically favourable structure. Within 5 min, the ions rearrange to form clusters with short range order which, along with incorporation of water, 
introduce anisotropy into the nanostructure, leading the spheres to form chains. As this reaction progresses over the next 20 min, clusters aggregate together, cations 
are expelled and water is incorporated, increasing the nanoscale anisotropy and networks of spheres merge to become branched networks, which form microscale 
spheres. This process continues, and the fibres become thinner and longer, with an ever-increasing aspect ratio, until they crystallise into mineral plates, over the 
course of hours. 
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with a fascinating array of intermediate structures. 
This progression from regular spheres to structures with ever 

increasing aspect ratio suggests the initial precipitate quickly becomes 
anisotropic. Formation of similar networks from spherical precipitates, 
albeit an order of magnitude smaller, have recently been observed 
[41,44], and it has been suggested that the prenucleation clusters, for 
example Posner's clusters or calcium triphosphate, arrange to form the 
unit cell of the final mineral, in this case octacalcium phosphate and 
hydroxyapatite, and that this structure is conserved throughout the re-
action. The final mineral in this study, β‑calcium pyrophosphate tetra-
hydrate, forms in plates bounded by a layer of water [45], a clearly 
anisotropic structure. It is thus proposed that the initial, spherical pre-
cipitate reorganises into an anisotropic structure similar to the unit cell 
of the final mineral product. This anisotropy, which may be increased 
further by the expulsion of cations and incorporation of water into the 
structure, causes the spheres to form branched chains, rather than coa-
lescing uniformly, which then reorganise into fibres and finally into 
mineral plates (Fig. 7). The aspect ratio of the structures continuously 
increases as the reaction progresses and the anisotropic structures 
reorganise themselves. The nanofibres themselves forming microspheres 
may be due to convection currents in the reaction vessel, driven by the 
chemical gradients present while the reaction progresses, which act to 
converge the fibres into spheres of a certain size, rather than forming a 
single, integrated network. 

The initial drop in the concentrations of all species up to around 10 
min reaction time, and an accompanying small drop in pH, may be 
attributed to the continued formation of precipitation clusters, though 
the vast majority of ions form clusters almost immediately (Fig. 3A). 
However, this is concurrent with the formed clusters rearranging into 
their preferred anisotropic arrangement, and then forming nanofibres 
which begin to arrange into microspheres (Fig. 4). At around 10 min 
both calcium and sodium are released into solution, as the stoichiometry 
of the nanofibre microspheres moves from its initial, Posner cluster like 
cation:anion ratio of 1.5, towards the thermodynamically stable crystal 
structure with a lower ratio of 1. The drop in the pH at this point may 
suggest further deprotonation of the pyrophosphate species; indeed, in 
the final mineral the pyrophosphate is entirely deprotonated. At 40 min, 
the pH stabilises, however both cationic species (predominantly sodium) 
and pyrophosphate continue to be released back into solution. This 
could be due to the ever-decreasing specific surface area, allowing fewer 
ions which are not fully incorporated into the structures to be loosely 
bound at the interface; or because the nanofibre material is inherently 
more soluble, which may be further increased by the decreasing pH; or a 
combination of the two. After several hours, the material has crystalised, 
with a measured cation:anion ratio of 0.97, close to the theoretical value 
of 1 for β‑calcium pyrophosphate dihydrate. It should also be noted that 
the apparent sodium substitution decreases over the course of the re-
action, as the precipitate moves from loose clustering to crystal 
formation. 

The nanotube structures formed when mechanical energy is applied 
to the system may be explained similarly to the quiescent system, but 
with key differences. The increased mechanical energy means that the 
ions interact with each other much more frequently, and thus structures 
are formed more quickly. This is evident as rod like structures, not seen 
in the quiescent system until 5–10 min, and are clear only at around 30 
min (Fig. 4), are evident in only 2 min, and clearly visible after 9 min 
(Fig. 5). Both the increased mechanical energy present, which may break 
down loosely bound structures, and the increased rate of reaction, may 
lead to an alternative cluster formation, or even a bypassing of the 
cluster formation and rearrangement phase, going directly to an aniso-
tropic tube phase which grow rapidly as ions collide with it at an 
increased rate. The increased anisotropy may also explain the alignment 
of the tubes prior to crystallisation, as the forces that cause stacking of 
the unit cells within tubes also attract the outside of tubes to each other, 
causing alignment. 

This would explain both the formation of nanotubes, rather than 

nanofibres, as well as the difference in the final mineral formed if this 
was the preferred arrangement of this alternative unit cell. The fact that 
the final crystallised material is a mixture of multiple mineral phases 
(monoclinic and triclinic calcium pyrophosphate dihydrate) may imply 
that more than one anisotropic cluster formed, which then grew into a 
nanotube before it could reach its most thermodynamically preferably 
arrangement. Indeed, both experimental data and quantum modelling 
suggest that the tetrahydrate (formed in the static system) is the most 
thermodynamically stable at the low pH and ambient temperature used 
here [22,46]. The dihydrates, here formed in the agitated system, are 
more favourable at higher temperatures, and indeed some heating does 
occur in the agitated system (50–60 ◦C), though further studies are 
needed to understand the interplay between agitation and heating. 

Nanostructured materials have a range of practical applications, 
many arising from their high specific surface area. The advantages of 
this system, chiefly the simple, low energy manufacturing route and the 
need for only two, non-harmful reagents, make it attractive for large 
scale processing from both a cost and environmental point of view. In 
targeted drug delivery, the vast majority of vehicles are based on poly-
mers, however inorganic materials are advantageous because of their 
high chemical and mechanical stability, ease of functionalisation, and 
tuneable release properties [47,48]. The production of porous, inorganic 
microparticles usually involves the use of surfactants, solvents, porogens 
and/or templating agents [47–49], which require extensive post- 
processing to remove. Further, microparticle production often requires 
complex and expensive processing steps, such as emulsification, spray 
drying, freeze drying, and microfluidics [50]. Both the process itself, and 
the chemicals involved, may deactivate or destroy sensitive therapeu-
tics, particularly high-value biologics such as proteins and mRNA 
[51,52]. In contrast, the system presented here produces only calcium 
pyrophosphate, which is FDA approved [53], and salt water as a by- 
product and requires no external energy inputs. To demonstrate the 
potential of calcium pyrophosphate nanofibre microspheres to act as 
enteric drug delivery vehicles for sensitive cargoes, initial experiments 
demonstrating effective delivery of two model proteins were performed 
in vitro. Both proteins were readily adsorbed to the particles through 
physical interactions, most likely hydrogen bonding and ionic in-
teractions, which are strengthened by the highly negative charge density 
at the surface throughout the pH range of interest [54]. When placed in 
conditions simulating the stomach (Fig. 5A&B, pH 4), low amounts of 
the protein were released, suggesting the microspheres are able to 
transport proteins to the lower gastrointestinal tract. Once in the higher 
pH conditions of the intestines however (Fig. 5A&B, pH 7), the micro-
spheres rapidly crystallised with a drastic reduction in surface area and 
subsequent release of nearly all the protein cargo over 10 min (Fig. 8). In 
addition to releasing in the intestines, a key role of an enteric drug de-
livery vehicle is to protect the therapeutic from the harsh, acidic envi-
ronment of the stomach, for example to preserve the activity of an 
enzyme. By way of demonstration, it was shown that by loading HRP 
into the spheres, the activity of the enzyme could be maintained more 
effectively while passing through the stomach, than if the protein was 
free (Fig. 5C). An increase of 15 % was achieved in this study, however 
this may be increased with some optimisation of the system, for example 
ensuring most of the protein is within the interior of the sphere. In any 
case, as biological therapeutics can cost billions of pounds per kilogram 
[55], any improvement in activity retention using a cheap biomaterial is 
economically beneficial. Finally, the fate of the microspheres as they 
passed through the gastrointestinal tract was examined in vivo (Fig. 5D). 
The microspheres were found not to have been broken down by either 
the pH or enzymes present in the stomach, and could successfully pass 
through to the intestines to deliver their payload. 

5. Conclusions 

Mixing solutions of calcium and pyrophosphate immediately forms a 
regular spherical precipitate, which when left static form branched 
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networks, and then nanofibres that arrange into microspheres, and when 
agitated form nanotubes, before crystallising. This reaction represents 
the system transforming from the most kinetically favourable formation 
to the most thermodynamically stable, with the unit cell of the final 
mineral forming early in the prenucleation cluster, creating the nano-
scale anisotropy that leads to the formation of the high aspect ratio in-
termediates. These intermediate phases, particularly the nanofibre 
microspheres, have a very large specific surface area, allowing for a high 
level of drug adsorption. Model proteins were adsorbed to the particles, 
which protected their payload in stomach conditions, before targeted 
release in the intestine. 
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