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Highly porous polycaprolactone microspheres for
skeletal repair promote a mature bone cell
phenotype in vitro†

Thomas E. Paterson, ‡abc Robert Owen, ‡*d Colin Sherborne,a

Hossein Bahmaee, ac Amy L. Harding, b Nicola H. Green, ac

Gwendolen C. Reilly *ac and Frederik Claeyssens *a

Improving our ability to treat skeletal defects is a critical medical challenge that necessitates the

development of new biomaterials. One promising approach involves the use of degradable polymer microparticles

with an interconnected internal porosity. Here, we employed a double emulsion to generate such round

microparticles (also known as microspheres) from a polycaprolactone-based polymerised high internal phase

emulsion (polyHIPE). These microspheres effectively supported the growth of mesenchymal progenitors over a

30-day period, and when maintained in osteogenic media, cells deposited a bone-like extracellular matrix, as

determined by histological staining for calcium and collagen. Interestingly, cells with an osteocyte-like morphology

were observed within the core of the microspheres indicating the role of a physical environment comparable to

native bone for this phenotype to occur. At later timepoints, these cultures had significantly increased mRNA

expression of the osteocyte-specific markers dentin matrix phosphoprotein-1 (Dmp-1) and sclerostin, with

sclerostin also observed at the protein level. Cells pre-cultured on porous microspheres exhibited enhanced

survival rates compared to those pre-cultured on non-porous counterparts when injected. Cells precultured on

both porous and non-porous microspheres promoted angiogenesis in a chorioallantoic membrane (CAM) assay. In

summary, the polycaprolactone polyHIPE microspheres developed in this study exhibit significant promise as an

alternative to traditional synthetic bone graft substitutes, offering a conducive environment for cell growth and

differentiation, with the potential for better clinical outcomes in bone repair and regeneration.

Introduction

Bone is the second most transplanted tissue in the world after
blood with over 2 million bone graft procedures performed
each year worldwide. With global increases in life expectancy
and population, there is an ever growing need to improve our
ability to treat skeletal defects and augment bone.1 Whilst auto-
and allografts remain the gold standard, synthetic bone graft
substitutes are also commonly used to meet demand.2 These
are typically bioceramic-based, and whilst partially successful
in clinical use, complications occur due to poor mechanical

properties and inappropriate resorption rates.3,4 Bone tissue
engineering has the potential to help address this healthcare
need by providing scaffolds that act as improved synthetic bone
graft substitutes.5 Scaffolds have been fabricated by a vast range
of manufacturing methods, ranging from solvent casting/parti-
culate leaching to electrospinning and additive manufacturing.6

However, to meet clinical needs and facilitate translation, these
products must ultimately be manufactured through a scalable
process and provided in an accessible, easy-to-use form. Ideally,
they should be administrable surgically in a manner analogous to
existing bone graft substitute products, such as granules or
microparticles.

To successfully facilitate bone regeneration, biomaterials
implanted into the defect site need to integrate with the surround-
ing tissues and undergo timely cellularisation and vascularisation.7

Microparticle technologies have attracted increased research atten-
tion in recent years within bone tissue engineering due to their
ability to act as bulk scaffolds and drug-delivery vehicles.8,9 More-
over, their ability to achieve high packing densities may enhance
tissue integration through superior interfacing with defect edges
compared to monolithic scaffolds.10 However, to ensure sufficient
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free volume remains in the filled defect for tissue and vascular
ingrowth, there must also be interconnected porosity within and
between the microparticles. Ideally, microparticles should be made
from a biodegradable material that resorbs at a rate comparable to
new tissue formation to allow full remodelling of the defect site.11

Microparticle-based systems that permit the possibility of being
used as both acellular void fillers and as a carrier to deliver cells
therapeutically to promote survival within the defect site will have
the broadest application in skeletal repair.8

Polymer microparticles for regenerative medicine have been
produced by a wide range of manufacturing techniques, including
emulsification via both traditional and microfluidic approaches,
electrospraying, phase separation and grinding.12,13 Microparticles
can either be solid or porous, with the former confining cell
attachment and tissue formation to the surface. Whilst these
successfully fill defect voids and permit osteogenesis in the spaces
between particles, histological analysis reveals entrapped polymer
within the new tissue that impedes full bone remodelling until
degraded.4,14,15 Porous polymer microparticles, such as those used
for cell expansion, permit cell ingrowth and allow more contin-
uous neo-tissue formation.16,17 Microparticles that are produced in
a spherical form are often classified as microspheres. Herein, we
will use the term microspheres for round microparticles.

Highly porous scaffolds for bone tissue engineering and 3D
cell culture substrates, made from polymerised high internal
phase emulsion (polyHIPE)-based materials, have attracted
increasing research interest in recent years. This is due to the
high porosity, interconnectivity, and tunability offered by the
process.18 By using a photocurable pre-polymer for the continuous
phase of the emulsion with an internal phase volume above 74%, a
highly interconnected, highly porous polymer is produced when
polymerised and the internal phase removed.19 For in vitro bone
cell culture, non-degradable polyHIPEs have been fabricated into
scaffolds using additive manufacturing,20,21 soft lithography,22 and
porogen leaching,23 as well as being formed into microspheres
using double emulsion24 and microfluidic techniques.25 We
recently developed and characterised the material properties
(structure (NMR), molecular weight (GPC), mechanical properties,
density, porosity, degradation) of a biodegradable, photocurable
polycaprolactone (PCL)-based polyHIPE26 that has been shown to
support bone growth both in vitro27,28 and in vivo29 in 3D printed
scaffolds. Whilst other non-degradable24 and degradable30 poly-
HIPE materials have been fabricated into porous polymer micro-
spheres through a double emulsion approach, this has not yet
been achieved using a biodegradable PCL-based polyHIPE.

Here, we present a route to creating PCL-based, highly
porous, polyHIPE microspheres for bone tissue engineering
applications, assessing their degradability, ability to support
bone cell cultures over extended time periods, and suitability
for promoting injected cell survival.

Results and discussion

This study aimed to assess the amenability of polycaprolactone
(PCL)-based polyHIPE materials to porous microsphere

manufacture and their suitability for skeletal repair applica-
tions. Whilst porous PCL microspheres have been made pre-
viously by phase separation and emulsion/solvent evaporation,
these approaches cannot achieve the same porosity as high
internal phase emulsion approaches.31,32 Porous polyHIPE
microspheres have previously been generated from both non-
degradable and degradable monomers; however, neither of
these approaches directly supported the adherence of mamma-
lian cells and required plasma modification prior to cell
culture,24 or only affected cells indirectly through controlled
release of growth factors30 rather than by acting as a substrate
for cell culture.

PCL polyHIPE microspheres can be produced using double
emulsion templating

Using a water-in-oil-in-water (w/o/w) double emulsion, highly
porous PCL polyHIPE microspheres were fabricated ranging
from 25 to 1000 mm diameter. After sieving, microspheres below
500 mm were retained for investigation, with a mean and median
diameter of 157.6 � 132.3 mm and 93.2 mm, respectively (Fig. 1A).
Morphology of the microspheres was assessed using CellProfiler by
segmenting particles as primary objects and measuring shape
parameters. They were slightly elliptical, with a mean eccentricity
(perfect circle: 0.0) of 0.5 � 0.2, likely due to the forces exerted
during mixing in the second emulsion prior to photopolymerisa-
tion (Fig. 1B). The classical interconnected polyHIPE microporosity
was retained within the microspheres (Fig. 1C). Rapid characterisa-
tion of biomaterial morphology using computer vision (digitizing
tasks humans do by sight) is emerging as a powerful tool.33 Here,
we used ‘Pore D2’, an open-source deep learning tool developed for
extracting morphological information from polyHIPE SEM
images34 to quantify pore and interconnect size, calculating a
mean and median pore diameter of 23.5 � 14.5 mm and 19.9
mm, respectively (Fig. 1D), and a mean and median pore inter-
connect diameter of 6.3� 3.5 mm and 5.9 mm, respectively (Fig. 1E).

Over a 60-day period, microspheres underwent significant
mass loss in both standard aqueous (23.3 � 15.3%, p o 0.05)
and accelerated basic (pH 13) (82.2 � 7.0%, p o 0.01) condi-
tions (Fig. 1F). PCL degrades by hydrolysis of the ester linkages
in the polymer backbone, with OH� ions present in basic
conditions catalysing this process.35 Previous degradation stu-
dies on non-polyHIPE (solid) variants of this PCL-M showed a
linear degradation profile that could be tuned through varia-
tion of the degree of methacrylation due to its influence on
crosslink density.36 Degradation rates observed here were only
marginally slower than the previous study despite using 0.1 M
sodium hydroxide (NaOH) rather than 5 M, demonstrating how
increasing surface area accelerates hydrolysis. Whilst an advantage
of PCL over other synthetic polymers such as PLA is its slower
degradation rate reduces local accumulation of inflammatory,
acidic byproducts, future work will need to identify a PCL-M
formulation that degrades at an appropriate rate in vivo in a bone
defect to allow tissue healing whilst avoiding inflammation.37

The double emulsion (w/o/w) microsphere fabrication tech-
nique used here produced a wide distribution of particle sizes
and some variation in morphology consistent with other
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emulsion-based studies.38,39 Whilst this can be reduced through
sieving, recent studies demonstrate that microfluidic approaches
would be a more efficient technology for producing monodis-
perse, uniform microsphere populations in the future40,41 as it is
a route to scalable production.42 However, whether monodisperse
microsphere diameters are desirable from a clinical perspective is
not established. Achieving a better clinical outcome is partly
dependent on successful microsphere integration with the sur-
rounding tissue, which can be improved by maximising micro-
sphere contact with the defect edges. The maximum theoretical
packing density for equal spheres in a cubic volume is 74%,43

whereas a polydisperse range of sphere sizes achieves a higher
theoretical packing density due to smaller spheres filling voids
left between larger spheres. Therefore, it may be the case that a
densely packed, polydisperse, porous microsphere population is
preferable to a monodisperse counterpart due to its ability to
achieve better edge integration whilst retaining an intercon-
nected microporous network.

Osteogenic culture conditions promote cell infiltration into the
microporous network

Human embryonic stem cell-derived mesenchymal progenitors
(hES-MPs) were maintained on PCL polyHIPE microspheres for
up to 30 days in either basal (BM), supplemented (SM), or
osteogenesis induction media (OIM). hES-MP cells were
selected for this study as they resemble adult mesenchymal
stromal cells (MSCs) and are capable of long-term proliferation
and trilineage differentiation.20,22,44–47 Over time, cells and

microspheres formed aggregates in all media compositions,
although this occurred most rapidly in SM and OIM, the
formulations supplemented with an additional 50 mg mL�1 of
ascorbic acid 2-phosphate (Fig. 2A). Whilst cultures maintained
in basal media (BM) eventually also formed aggregates, faster
aggregation may have been due to increased collagen produc-
tion in ascorbic acid replete media due to its role as a cofactor
for lysyl hydroxylase and prolyl hydroxylase; enzymes essential
for extracellular collagen stabilisation via crosslinking.48 There-
fore, to our knowledge, this is the first time degradable poly-
HIPE microspheres that support mammalian cell culture
directly, without modification, have been produced from a
clinically relevant biomaterial; a key step towards translation
to clinical applications. These PCL microspheres will still need
regulatory approval prior to clinical use, but previous clinical
translations of PCL-based products facilitate this process49–51

To investigate whether cells penetrated the interconnected
porous network of the polyHIPE, microsphere aggregates were
removed from culture at five-day intervals from day 10 and
assessed histologically (Fig. 2B). In BM, there was no significant
difference in cell number within the microsphere at day 10 vs.
day 30, with cells mainly residing in the peripheral pores
despite the presence of interconnected porosity. The greatest
cellular penetration occurred in SM and OIM, with significantly
more cells within the porous network at days 15, 25, and
30 than day 10 in both media (p o 0.05). To investigate whether
there was any difference in the distance cells penetrated the
microsphere, only cells further than 2 or 4 mean pore diameters

Fig. 1 PCL polyHIPE microspheres formed by w/o/w emulsion templating. (A) Size distribution of microsphere diameters (mean (red): 157.6 mm, median
(blue): 93.2 mm, n = 500). (B) Min–max eccentricity of microspheres with example circles for each value below (perfect circle: 0, most elliptical: 0.95).
Microspheres were slightly elliptical. (C) Representative SEM images of PCL polyHIPE microsphere morphology at increasing magnification (green) and of
a bisected microsphere (red). (D) Size distribution of polyHIPE micropores (mean (red): 23.5 mm, median (blue): 19.9 mm, n = 1244). (E) Size distribution of
polyHIPE interconnects (mean (red): 6.3 mm, median (blue): 5.9 mm, n = 1294). (F) Degradation of the PCL microspheres resulted in significant mass loss in
both standard (23.3%) and accelerated conditions (82.2%) over a 60-day period.
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(47.0/94.0 mm) into the microsphere were counted. It was
observed that cells maintained in dexamethasone-replete media
(OIM) demonstrated the deepest penetration, with significantly
more cells in the far interior at day 30 than the other media
compositions, an observation consistent with previous work on
non-biodegradable polyHIPE microspheres24

PCL polyHIPE microspheres supported mineralised matrix
deposition

To assess osteogenesis, histological staining of cells maintained
in all three media compositions was performed at day 30 (Fig. 3).
In all media, a mass of cells encasing the microspheres and
forming the agglomerates was observed. However, a collagenous
extracellular matrix (ECM) was only observed in ascorbic acid 2-
phosphate-replete media (SM and OIM) (Fig. 3B–D), with the
greatest observed in OIM. Positive extracellular calcium staining
indicating a mineralising, bone-like ECM only occurred in OIM

(Fig. 3G), with red nodules apparent both at the periphery of the
microspheres (Fig. 3H) and in the surrounding cell mass.

Cells infiltrated the furthest into the interconnected micro-
porous network of the polyHIPE microspheres when maintained
in media containing dexamethasone (OIM), a potent stimulator
of osteogenic differentiation through its induction of Runx2
expression.52 Furthermore, calcium deposition, evidence of
osteoblastic differentiation, also only occurred in this media
formulation. Therefore, it appears that although cells can
deposit a collagenous ECM and infiltrate into the microspheres
in non-osteogenic media, commitment to osteoblastic differen-
tiation enhances ECM productions and promotes infiltration.

Cells within the microsphere porous network present an
osteocyte-like phenotype

During histological evaluation of cellular penetration and
extracellular matrix deposition, some cells deep within the

Fig. 2 Infiltration of hES-MP cells into PCL polyHIPE microspheres. In comparison to BM, cells maintained in SM and OIM formed aggregates by (A) day
5, although all media supported agglomeration by day 30. (green: f-actin (FITC-phalloidin), blue: nuclei/material (DAPI/autofluorescence), scale bars:
200 mm). (B) Counts of cell penetration into the interconnected network were significantly higher in SM and OIM than BM. When excluding cells at the
periphery (2 or 4 mean pore diameters into the particle), the deepest penetrations were observed in OIM.
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microporous network were observed presenting a ‘‘stellate’’,
osteocyte-like morphology53 (Fig. 4A–C). In vivo, these mature
osteoblast-lineage cells act as orchestrators of bone remodel-
ling and mineral homeostasis54 through an interconnected
network of cells, with the cell body residing within lacunae
and dendritic processes extending through the canalicular
system, connecting osteocytes together. Through SEM imaging,
it was observed that cells with this phenotype residing within
deep pores connected to their neighbours through processes
extending through the smaller interconnecting windows of the
micropores (Fig. 4D and E). Here, we observed a mean pore
diameter of 23.8 mm and mean interconnect diameter of
6.4 mm, comparable to the reported dimensions of lacunae
and canaliculi in human bone (B20 mm and 0.5 mm,
respectively).55 Whilst the polyHIPE interconnects are an order
of magnitude larger than native canaliculi, smaller intercon-
nects would not permit cellular infiltration into the interior of
the microsphere. The occurrence of this phenotype only within
the deeper regions of the microsphere suggests that this
microarchitecture that resembles the pore sizes of the
lacunar-canalicular system may have presented a 3D environ-
ment that facilitated osteocytogenesis.

To further investigate this observation, qPCR was performed at
days 15 and 30, revealing significant upregulation of osteoblast-
lineage genes when cells were maintained in OIM. Expression of
osteocalcin,56 a mature osteoblast marker, and sclerostin,57 a late
osteocyte marker, both increased 50% between days 15 and 30,
with expression of Dmp-1, an early osteocyte marker,58 remaining
constant. Sclerostin is a protein produced only by osteocytes that
acts to reduce bone formation through negative regulation of Wnt
signalling.59 Here, matrix mineralisation occurred primarily at the
periphery of the microspheres and in the matrix, holding micro-
spheres together, although some calcium staining was observed
deeper into the microsphere. Production of sclerostin by osteocyte-
like cells deep within the particle may partly explain the calcium

distribution, although it could also be due to reduced diffusion of
supplements such as bGP required for mineralisation to the core
of the microsphere.

Culture of osteocytes in vitro is challenging, with extraction
of viable primary osteocytes from their embedded location within
hard, mineralised tissues being extremely difficult60 and limited
commercially available cell lines (e.g. IDG-SW3,58,61 MLO-Y462) avail-
able to study this cell type. Differentiation of mesenchymal progeni-
tors and osteoblasts into cells with an osteocyte-like phenotype
in vitro is also challenging, although extended cultures in osteogenic
media have reported comparable cell morphologies and upregula-
tion of osteocyte-related gene expression.63–66 To observe whether
the phenomenon of osteocyte-like cells derived from hES-MPs was
specific to the PCL polyHIPE used or would occur on polyHIPE
matrices formed from other materials, cultures were repeated for 60
days on our previously reported non-biodegradable polyHIPE micro-
spheres where similar stellate morphologies had been observed.24 By
antibody/3,30-diaminobenzidine (DAB) staining these sections and
quantitatively assessing the intensity of the stain, it was observed
that some stellate cells within the microspheres had significantly
more sclerostin than others within the microspheres, and that all
cells measured within the microsphere were significantly darker
than those immediately outside the periphery of the microsphere
(Fig. 5).

Sclerostin staining in our positive control (Fig. 5C) is com-
parable to other antibody/DAB staining of native osteocytes in
bone.67–69 In combination, upregulation of gene-level of expres-
sion of osteocyte-related markers in PCL polyHIPE micro-
spheres and positive protein-level staining of sclerostin in
stellate morphology cells in non-degradable polyHIPE micro-
sphere indicate that hES-MPs are capable of undergoing osteo-
cytogenesis. However, for this to occur, they seem to require a
conducive 3D physical environment, such as that provided by
the morphology of these polyHIPE matrices, as well as osteo-
genic (dexamethasone replete) culture conditions.

Fig. 3 Histological evaluation of osteogenesis. Representative collagen staining (Direct Red 80) of hES-MPs cultured on microspheres for 30 days in (A)
BM, (B) SM, and (C) and (D) (OIM). Only SM and OIM supported collagenous matrix formation, with the most observed in OIM. Representative calcium
staining (Alizarin Red S) of hES-MPs cultured on microspheres for 30 days in (E) BM, (F) SM, and (G) and (H) (OIM). Only OIM supported calcium deposition,
indicating formation of a bone-like mineralised extracellular matrix. All sections are 10 mm thick.

Journal of Materials Chemistry B Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/1
5/

20
26

 6
:1

7:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01532k


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024, 12, 11746–11758 |  11751

PolyHIPE microspheres improve injected cell survival and
support angiogenesis

Whilst porous polymer microspheres hold promise as an
acellular bone graft substitute material, they also hold potential
as a carrier for injectable cell therapies for skeletal repair. To
assess the amenability of this PCL polyHIPE microsphere

system to this application, cell survival post injection with
polyHIPE microspheres was compared to their non-porous
counterparts and ‘unconfined’ cells in suspension. Cells were
either injected ‘unconfined’ or cultured on microspheres for 4
days prior to injection through a 21G needle. Immediately post-
injection, cells were dissociated, and viable cell counts made.

Fig. 4 Osteocyte-like morphologies within polyHIPE microspheres. Stellate morphologies (circled) apparent in histological sections stained with (A)
H&E, (B) Direct Red 80, and (C) Alizarin Red S. (D) SEM with (E) false colour to improve contrast reveal osteocyte-like cells connect via processes through
interconnecting windows between micropores. qPCR at (F) day 15 and (G) 30 reveal significant expression of late osteoblast-lineage genes when
maintained in OIM, including sclerostin, a late osteocyte marker.

Paper Journal of Materials Chemistry B

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/1
5/

20
26

 6
:1

7:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01532k


11752 |  J. Mater. Chem. B, 2024, 12, 11746–11758 This journal is © The Royal Society of Chemistry 2024

Only porous, polyHIPE PCL microspheres were able to provide
a protective environment, with no significant difference to the
‘unconfined’ cell control. In contrast, significantly reduced cell
survival of only 79.6% was observed on solid PCL microspheres
(Fig. 6A). The ability to for cells to grow into the porous
microsphere interior may explain why only this variant of PCL
microspheres protected cells during injection, with cells resid-
ing within the particle being further from the fluid shear stress
exerted during injection,70 indicating the suitability of these
microspheres as a carrier for injectable cell therapies.

To assess vascularisation, an ‘unconfined’ hES-MP suspen-
sion, and non-porous and polyHIPE PCL microspheres pre-
cultured using the same method, were injected into the chor-
ioallantoic membrane (CAM) of a fertilised chicken egg. The
use of the CAM assay is a relatively simple way to assess the
angiogenic potential of new biomaterials as it is legally not
considered an animal model, yet still provides an in vivo
environment with complex vasculature.71,72 After 7 days, both
microsphere types supported greater neo-vasculature formation
than ‘unconfined’ cells (Fig. 6B), with no significant difference
between the porous and non-porous versions despite the dif-
ference in microarchitecture (Fig. 6C). As our PCL–M release no
factors known to directly stimulate angiogenesis (e.g. vascular
endothelial growth factor) and we observed no significant
difference in porous and non-porous microspheres, we
hypothesise that cell-laden microspheres caused an increase
in blood vessel infiltration versus ‘unconfined’ cells due to the
retention of cells within a specific location in the CAM causing
an oxygen gradient. This localised hypoxia may have stimulated
the release of hypoxia-inducible factors (HIFs) which are known
to drive angiogenesis.73 New blood vessel infiltration into the
microsphere agglomerates was apparent from macroscopic
brightfield images (Fig. 6E and F), but histological analysis of

explanted particles revealed continuous tissue growth across
the implant site, whereas solid polymer microspheres had voids
similar to other comparable microsphere architectures.4,15

Conclusions

In summary, highly porous, biodegradable microspheres were
successfully generated that supported mesenchymal progenitor
cell culture over extended time periods (30 days). When main-
tained in osteogenesis induction media, cells underwent differ-
entiation and penetrated deep within the interconnected
microporous architecture. Bone-like mineralised extracellular
matrix was deposited both within the microspheres and between
them, forming cell-microsphere agglomerates. It was observed
some differentiated cells within the microspheres had a ‘‘stel-
late’’, osteocyte-like morphology along with mRNA expression
and protein synthesis of osteocyte specific markers, suggesting
the polyHIPE microsphere architecture facilitated the differentia-
tion of mature bone cell phenotypes. Finally, when microspheres
were injected with cells, porous microspheres significantly
improved cell survival in comparison to non-porous controls,
and stimulated angiogenesis in a CAM model. To conclude, these
biodegradable, porous polymer microspheres support mature
bone-like tissue formation and present a promising opportunity
to expand our range of synthetic bone graft substitutes.

Experimental
Materials

Polycaprolactone (PCL) triol (Mn B 900), trimethylamine (TEA),
methacrylic anhydride, diphenyl(2,4,6-trimethylbenzoyl)phos-
phine oxide/2-hydroxy-2-methylpropiophenone, (50 : 50), 2-ethylhexyl

Fig. 5 Osteocyte-like cells within non-degradable polyHIPE microspheres produce significantly more sclerostin than those immediately outside the
microspheres. microspheres. (A) No observable difference in cell staining in the control without antibody or (B) DAB control. (C) Staining of native murine
cortical bone reveals positive sclerostin staining in the bone lacunae. (D) Low and (E) high magnification representative image of an antibody/DAB staining
microsphere section. Red: positive cell, green: negative cell, blue: cells immediately outside microsphere periphery. (F) Converting images to greyscale
and measuring a central ROI in positive, negative and external cells revealed a sub-population of internal cells displayed significantly higher sclerostin
abundance than their neighbours, and all internal cells had significantly higher sclerostin than those immediately outside the microsphere (N = 4, n = 15).
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acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane tria-
crylate (TMPTA), sodium hydroxide (NaOH), penicillin–streptomy-
cin, L-glutamine, dexamethasone b-glycerophosphate, ascorbic
acid(2-phosphate), phosphate buffered saline (PBS), formaldehyde,

Triton X-100, haematoxylin and eosin (H&E), Alizarin Red S,
Direct Red 80, hexamethyldisilane (HMDS), bovine serum albu-
min (BSA), and trypan blue were purchased from Sigma-Aldrich/
Merck, UK.

Fig. 6 Injected cell survival and angiogenesis. (A) Cell viability comparable to injection of ‘unconfined’ cells was only achieved through polyHIPE
microspheres, with a significantly reduced cell survival on non-porous microspheres. (B) When implanted into a chick chorioallantoic membrane for 7
days, greater blood vessel infiltration was observed in the presence of microspheres, with no significant difference between polyHIPE and non-porous
structures. SEM images demonstrate the difference in microarchitecture between (C) polyHIPE and (D) non-porous microspheres. Macroscopic images
show blood vessel formation into both (E) polyHIPE and (F) non-porous microspheres, but histology (H&E) reveals that continuous tissue formation is
only achieved in (G) polyHIPE particles, with cells surrounding but not penetrating (H) non-porous variants.
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Dichloromethane (DCM), methanol, chloroform, toluene,
ethanol, xylene, FITC-phalloidin, and 40,6-diamidino-2-phenyl-
indole (DAPI) were purchased from Fischer Scientific, UK.
Hypermer B246 was kindly donated by Croda, UK.

Human embryonic stem-cell derived mesenchymal progeni-
tor cells (hES-MPs) were sourced from Cellartis, Sweden. Alpha
modification of Eagle’s medium (a-MEM) was purchased from
Lonza, UK, foetal bovine serum (FBS) from Labtech, UK, and
human basic fibroblast growth factor (hFGF) from (Life Tech-
nologies, UK). Tissue freezing medium was acquired from
Leica. RNAqueous 4PCR Kits were purchased from Ambion,
UK, first strand cDNA synthesis kit from (GE Healthcare, UK),
and SYBR green PCR master mix and primers from Eurogentec,
UK. Rabbit anti-sclerostin antibody (ab85799) and a mouse and
rabbit specific HRP/DAB detection IHC kit (ab64264) were
purchased from Abcam, UK. Fetilised chicken eggs were pur-
chased from Medeggs, UK, and maintained in a humidified egg
incubator (R-COM Suro20).

Methods

Polycaprolactone methacrylation. Commercially available
PCL was methacrylated via a modification of the process described
previously.26 Briefly, PCL triol (30.0 g) was dissolved in a solution
of DCM and TEA (120 mL and 17.4 g (6 molar equivalent),
respectively) and cooled in an ice bath. Methacrylic anhydride
(28.2 g, 6 molar equivalent) dissolved in 50 mL DCM was added
dropwise, then the reaction brought to room temperature and left
to react for 24 h under constant stirring. Residual DCM and TEA
were removed by rotary evaporation before dissolving the residual
pre-polymer dissolved in excess methanol. The solution was
purified by three precipitations at �80 1C, removing the
methanol-containing contaminants after each freeze and redissol-
ving the PCL methacrylate (PCL-M) in fresh methanol. The final
PCL-M was rotary evaporated to constant mass to remove residual
methanol. This reaction duration and molar ratio yields a PCL-M
with an B47% degree of methacrylation.36

PCL HIPE formulation. To form the photocurable continu-
ous phase, 3 g of PCL-M and 0.3 g of surfactant (Hypermer
B246) were combined in a vessel at 40 1C until the surfactant had
dissolved. Once cooled to room temperature, 0.15 g photoinitia-
tor (diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide/2-hydroxy-
2-methylpropiophenone, 50 : 50), 3 g chloroform and 0.5 g
toluene were added. To form the HIPE, 1 mL was transferred to
a new vial and stirred at 350 rpm at 35 1C with dropwise addition
of 4 mL of deionised water (dH2O) over a 5-minute period.

PolyHIPE microsphere manufacture. Manufacturing of PCL
microspheres was based on previously established parameters.24 2
mL of HIPE solution was shear separated to form droplets through
dropwise addition to a stirred beaker (320 rpm) of dH2O using a
micropipette, forming a double emulsion (w/o/w). Once fully
added, the double emulsion was stirred for a further 2 minutes
before immediate photopolymerisation for 60 seconds (Omnicure
S1000, 100 W), converting the HIPE droplets to polyHIPE micro-
spheres. Solid microspheres were produced as above, but from the
photocurable continuous phase only. Microspheres were removed

by filtration, washed in water 3 times for 15 minutes each then
sieved to retain only microspheres below 500 mm diameter.

Microsphere physical characterisation. To quantify diameter,
microspheres were imaged under an inverted light microscope
and a scale set using a micrometer. 50 microspheres per image
across ten images were measured using ImageJ (n = 500).74

Circularity was assessed by segmenting microspheres as pri-
mary objects using CellProfiler and measuring their eccentricity
(n = 161).75

Pore and interconnect diameters were calculated using Pore
D2, a deep learning tool for assessment of polyHIPEs.34 10 SEM
images of microsphere cross sections were quantified, measur-
ing 1244 pores and 1294 interconnects. Pore diameters were
multiplied by a statistical correction factor to represent the
equatorial void diameter as it is not known how close to the
equator the pore has been bisected.20

PCL degradation. Standard (dH2O) and accelerated (0.1 M
NaOH) degradation media were used to assess degradability of
PCL polyHIPE microspheres. 0.2 g of microspheres were added
to each media or stored dry as a control, then maintained at
37 1C for 60 days. Solutions were removed, particles dried to
constant mass, and then a final weight taken to determine
material loss.

Cell culture. Human embryonic stem-cell derived mesench-
ymal progenitor (hES-MP) cells were used for all experiments and
maintained under standard conditions (37 1C, 5% CO2 humidified
incubator, culture medium changed every 2–3 days). Cells were
maintained in basal media (BM), formulated from alpha modifica-
tion of Eagle’s medium (a-MEM) supplemented with 10% foetal
bovine serum (FBS), 100 mg mL�1 penicillin–streptomycin, 2 mM
L-glutamine, and 4 ng mL�1 human basic fibroblast growth factor
(hFGF). For osteogenesis studies, cells were also maintained in
either osteogenesis induction media (OIM, BM supplemented
with 100 nM dexamethasone, 5 mM b-glycerophosphate, and
50 mg mL�1 ascorbic acid 2-phosphate), or supplemented media
(SM), which is OIM without dexamethasone.

For cell culture, microspheres were sterilised in 70% ethanol
for 1 hour, rinsed three times in PBS, and soaked in BM for one
hour before seeding. To seed, 100 000 cells were added to 0.2 g
of microspheres in a T25 and gently rocked for 45 minutes at 12
oscillations per minute in an incubator. They were then main-
tained under static conditions for a further 2 hours before gently
rinsing with PBS and transfer to BM in a new T25. 80% of media
was replaced every 2–3 days to prevent loss of microspheres.

Confocal microscopy. To image cell-microsphere agglomer-
ates, samples were taken on days 5 and 30, rinsed three times
PBS, fixed in 3.7% formaldehyde for 1 hour, permeabilised for
15 minutes (0.1% Triton X-100 in PBS), then washed three
times in PBS. Cytoskeleton (f-actin) and nuclei were stained
with FITC-phalloidin and DAPI, respectively, for 1 hour before
rinsing with PBS three times. Samples were mounted on cover-
slips, then imaged using a Zeiss LSM 510META upright con-
focal microscope, capturing 1024 � 1024 pixel images with a
10� objective (Achroplan 10�/0.3 W, Carl Zeiss Ltd, UK) at Ex:
488 nm/Em: 505 nm (phalloidin) and Ex: 760 nm, Em: 435–
485 nm (nuclei).
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Quantifying cellular penetration. For quantification, samples
were taken every 5 days from days 5–30, rinsed three times PBS,
fixed in 3.7% formaldehyde for 1 hour, then washed three further
times in PBS. For histology, samples were submerged in tissue
freezing medium and frozen by dipping in liquid nitrogen.
Samples were then stored in a �80 1C freezer for a minimum of
24 hours before sectioning using a cryostat (Leica CM1860 UV) at
�24 1C and 10 mm thickness. Samples were stained with haematox-
ylin and eosin (H&E), Alizarin Red S (calcium) or Direct Red 80
(collagen) and imaged under an optical microscope (B5 professional
series, Miotic). Number and distance of all cells penetrating into
each microsphere in each section was measured using ImageJ.74

Scanning electron microscopy. SEM was used to assess cell
morphology inside microspheres. Cell-containing samples were
sectioned as above, then mounted on 12 mm glass coverslips,
and dehydrated through a series of solutions of increasing
ethanol content in dH2O (35%, 60%, 80%, 90% and 100%, 15
min per solution). Finally, samples were exposed to HMDS in
ethanol (50 : 50) for 1 hour, then 100% HMDS for five minutes
twice, before air drying for 1 hour. Samples were then gold
coated and imaged with an SEM (Philips/FEI XL30 ESEM).

Osteoblast-lineage gene expression. Assessment of osteo-
blast and osteocyte genes was performed on days 15 and 30 as
previously described.76 Briefly, RNA was extracted using RNAqu-
eous 4PCR Kits according to manufacturer’s instructions. 2 mg of
RNA was used for reverse transcription using the first strand cDNA
synthesis kit and quantitative real-time polymerase chain reactions
(RT-PCR) performed using SYBR green PCR master mix and
0.1mM primers (L32) (housekeeping, F: 50-GGGAGAGACACCG
TCTGAACA-30 R: 50-GAACCACGATGGTCGCTTTC-30), osteocalcin
(F: 50-CAATCCGGACTGTGACGAGTT-30, R: 50-CCTAGACCGGGCC
GTAGAAG-30), Dmp-1 (F: 50-GAGCAGTGAGTCATCAGAAGGC-30, R:
50-GAGAAGCCACCAGCTAGCCTAT-30), sclerostin (SOST, F: 50-CCG
GAGCTGGAGAACAACAAG-30, R: 50-GCACTGGCCGGAGCACACC-30).
PCR amplification was carried out according to the following
conditions: 50 1C for 2 minutes, 95 1C for 10 minutes (1 cycle);
95 1C for 15 seconds, 60 1C for 1 minute, (40 cycles). Data were
analysed using SDS 2.0 software.

Non-degradable HIPE formulation. To assess whether cell
response was due to the chemistry or morphology of the PCL
polyHIPE, non-degradable polyHIPE particles were formed from
an EHA and IBOA-based HIPE, as previously described.20,24 Briefly,
to form the continuous phase, a monomer mixture (30 wt% EHA, 70
wt% IBOA) was blended, then the crosslinker trimethylolpropane
triacrylate TMPTA added at 27 wt%. A surfactant (Hypermer B246)
and photoinitiator (diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide/2-hydroxy-2-methylpropiophenone, 50 : 50) were dissolved
at 3 wt% and 5 wt% of the monomers and crosslinker, respec-
tively. To prepare the HIPE for microsphere manufacture, 1 mL
was transferred to a new vial and stirred at 350 rpm at 35 1C with
dropwise addition of 4 mL of deionised water (dH2O) over a
5-minute period.

3,30-Diaminobenzidine staining of sclerostin. Sclerostin
staining was performed at day 60 on non-degradable polyHIPE
microsphere cultures maintained in OIM using a rabbit anti-
sclerostin antibody (ab85799, Abcam, UK) and a mouse and

rabbit specific HRP/DAB detection IHC kit (ab64264, Abcam,
UK). Sections of a native Wistar rat tibia embedded in paraffin
collected from a previous study were used as a positive control.
Sectioned samples of microspheres were protein blocked for 10
minutes, washed, submerged in a hydrogen peroxide block for
5 minutes to inhibit endogenous peroxidases, then washed
again. The primary rabbit anti-sclerostin antibody was diluted
in buffer (PBS, 1% bovine serum albumin) at 1 : 350 and added
to the samples for 12 hours at 4 1C. Samples were washed
5 times with PBS for 5 minutes each wash, then a biotinylated
goat anti-rabbit antibody (1 : 300 in buffer) was added for 1 hour
before removal and washing 3 times in PBS for 5 minutes each
wash. The 3,30-diaminobenzidine (DAB) stain was then added
for 5 minutes precisely before washing 3 times in PBS for 5
minutes each wash. Tibiae sections were dewaxed in xylene
before undergoing the same process as above. No antibody and
DAB-only controls were also performed to ensure specificity.
Brightfield images were captured under an optical microscope
(B5 professional series, Miotic) with constant exposure time.

For quantification, brightfield images were converted to
8-bit greyscale using ImageJ. Cells within the microsphere in
the sections that were visibly darker were qualitatively assigned
as ‘DAB positive’, with the remainder assigned ‘DAB negative’.
A 50-pixel diameter region of interest (ROI) was placed centrally
on 15 DAB positive cells, 15 DAB negative cells, and 15 regions
immediately outside the periphery of the microsphere, measur-
ing the mean greyscale value in each ROI.

Injected cell survival. Cells were seeded on porous or solid
microspheres as above and maintained in BM for 4 days. Half
of the particles had cells dissociated with trypsin and viable cell
counts taken by Trypan Blue staining and counting with a
haemocytometer, with the other half drawn into a 20 mL
syringe and passed through a 21G needle before dissociation
and counting. The number of live cells obtained from the
injected microspheres was normalised against the non-
injected, with 20 000 ‘unconfined’ hES-MP cells treated the
same as the microsphere-sourced cells used as a control.

Vascularisation. The chorioallantoic membrane (CAM) assay
was performed with fertilised chicken eggs (Gallus domesticus)
incubated from day 2 of fertilisation until day 8 at 37 1C in a
humidified egg incubator.77 At day 8, a window was cut into the
shell of the egg (5 mm2) and 100 000 ‘unconfined’ cells or 0.5 g
precultured microspheres (3 days in OIM) in PBS were injected
into the opening using a 5 mL syringe with a 17G needle. Masking
tape was used to secure sterilised (in ethanol, 30 minutes) parafilm
over the implantation site to prevent infections.

Statistics. All statistical analyses and data visualisations
were produced in Graphpad Prism (v10.2.3). Depending on
the number of independent variables, significant differences
were evaluated with either one- or two-way ANOVA with Holm-
Šı́dák’s post-test for multiple comparisons. qPCR comparisons
are made from DDCT values to retain normally distributed
values for analysis. All data are presented as mean � SD. p o
0.05 (*) was considered significant, and p values o 0.01 are
noted as **. All experiments were repeated a minimum of twice
in triplicate (N = 2, n = 3).
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