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Introduction

Grafting of non-healing bone defects is an important medi-
cal therapy with 2.2 million yearly procedures worldwide.1 
Currently, the majority of transplants rely on autologous, 
allogeneic or xenogeneic sources.1,2 This entails poten-
tially painful, lengthy and costly procedures, bearing the 
risk of transferring diseases.2–6 Easily applicable alloplas-
tic scaffolds can overcome these limitations: they are read-
ily available, safe, and can drastically cut down treatment 
times and costs.1,6

Current alloplastic scaffold designs commonly employ 
crystalline calcium phosphates (CaP) in a polymeric matrix 
in an attempt to mimic the composite structure of biological 
bone tissue.6,7 Conventional synthetic scaffolds, however, 
do not reach the regenerative performance of naturally 

derived bone grafts.1 The synthetic bone graft substitutes 
are lacking the osteoinductive properties of biological bone 
grafts6 and highly crystalline CaPs are insufficiently 
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resorbed and remodelled into the poorly crystalline, cal-
cium-deficient hydroxyapatite (HA), which constitutes the 
majority of natural bone mineral.8 We suggest that instead 
of mimicking mature bone, synthetic bone scaffolds should 
be designed as a temporary matrix that stimulates bone for-
mation and can easily be replaced with newly formed bone 
tissue by cellular activity.

We previously mineralised enzymatically degradable 
synthetic poly(ethylene glycol) (PEG)-based hydrogel 
matrices that have been shown to be highly suitable for 
bone repair applications9,10 with amorphous calcium phos-
phate (ACP) of variable stability.11 In contrast to the highly 
crystalline CaP phases that are commonly studied in bone 
graft substitutes, composites in which 10% of the calcium 
ions were substituted with zinc featured stable ACP, while 
ACP in citrate-stabilised composites transformed via octa-
calcium phosphate into HA within days. Both composites 
released calcium or calcium and zinc ions in a two-stage 
manner: a high initial burst release followed by a sustained 
release over several weeks. However, the impact of soluble 
minerals released from these systems on human cells has 
not yet been elucidated.

Experimental evidence indicates that cells perceive the 
presence of extracellular, soluble minerals as paracrine sig-
nals capable of triggering proliferation and differentiation 
pathways.12 Particularly, soluble zinc has been demonstrated 
to induce osteogenic differentiation and bone formation,13,14 
while calcium-sensing receptors (CaSRs) and calcium/calm-
odulin-dependent protein kinase 2 (CaMK) have been identi-
fied as drivers in the differentiation process of cells.15–17 
Previous studies show that zinc not only enhanced alkaline 
phosphatase (ALP) activity in bone marrow stromal cells,18 
but also had an inhibitory effect on the resorbing activity of 
osteoclasts.19 Furthermore, long-term in vivo studies have 
proven zinc releasing calcium phosphates to be stimulatory 
in bone formation.20 We hypothesise that synthetic hydrogel 
scaffolds mineralised with stabilised ACP outperform con-
ventional synthetic bone graft substitutes as a sustained 
release of calcium and zinc ions from the former drives oste-
ogenic differentiation of stem cells in adjacent tissues.

The aim of the present study is to investigate the 
potential of soluble factors released from composite scaf-
folds to stimulate osteogenic differentiation of primary 
human mesenchymal stem cells (hMSCs). Therefore, we 

characterised the physical properties of the composites 
and measured the cation release under cell culture condi-
tions. Cell stimulation was assessed in terms of attach-
ment, cytotoxicity, metabolic activity, gene expression, 
protein and cytokine production, and matrix formation.

Material and methods

Scaffold fabrication

Plain or mineralised hydrogel scaffolds were produced as 
previously described by mixing two precursor solutions.11 
Component A contained maleimide-functionalised PEG 
macromers (8-armed macromers, 40 kDa, JenKem 
Technologies USA, Plano, TX) in an ammonium phos-
phate solution at pH 5.5. Component B contained an 
amount of enzymatically cleavable end-linking peptide 
(AcGCRDVPMSMRGGDRCGNH2,

21 GenScript, Piscata-
way, NJ) stoichiometrically matching the number of free 
maleimide groups in component A and calcium nitrate. 
Final samples contained 5 wt. % polymer, 200 mM phos-
phate and 400 mM calcium. Citrate stabilised scaffolds (C) 
contained additionally 50 mM ammonium citrate (added 
to component A). In zinc-stabilised scaffolds (Z), 10 mol. 
% of the calcium in component B were substituted with 
zinc. Non-mineralised scaffolds (N) contained no calcium 
in component B. In some groups (suffix R), cell binding 
sites were incorporated attaching 2.5 mM of a cyclic RGD 
(cRGD) motif (Cyclo(RGD(dF)C), AnaSpec, Fremont, 
CA) to the polymer prior to gelation as previously 
reported.22 All base reagents were purchased from Sigma 
Aldrich (Oslo, Norway). An overview of the scaffold com-
positions is provided in Table 1.

Mechanical scaffold characterisation

Volume swelling ratios were determined on disc-shaped 
scaffolds using the buoyancy principle. Sample volumes 
were determined after 10 min of curing and after distinct 
time intervals of swelling in MSC basal medium 
(MSCBM™, PT3238, Lonza, Basel, Switzerland) at 37°C. 
Mechanical properties of swollen scaffolds were assessed 
by oscillatory shear measurements as previously described.23 
Large scaffold discs (⌀ 25 mm, t ~1.6 mm) were loaded on 

Table 1. Overview of the scaffold compositions.

Designation Polymer
(wt. %)

cRGD
(mM)

Ammonium 
phosphate
(mM)

Calcium 
nitrate
(mM)

Zinc nitrate
(mM)

Ammonium 
citrate
(mM)

N 5 – – – – –
NR 5 2.5 – – – –
C 5 – 200 400 – 50
CR 5 2.5 200 400 – 50
Z 5 – 200 360 40 –
ZR 5 2.5 200 360 40 –
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a plate-plate geometry of a rheometer (PP25 on an MCR 
301, Anton Paar, Graz, Austria) and pre-compressed with a 
normal force of 0.5 N to prevent slip. Oscillatory frequency 
sweeps were performed at 0.1% and 1% strain. Amplitude 
sweeps performed at 1 Hz confirmed that the measurements 
were performed within the linear viscoelastic regime and 
samples were fully recovered before starting a new meas-
urement. All measurements were performed at 37°C. In all 
material characterisation experiments, cRGD-functionalisa-
tion was mimicked using N-acetyl-cysteine in place of 
cRGD. All material characterisation was performed on three 
independent replicates. Media was replaced every 72 h for 
all cell experiments.

General cell culture

All cell studies were performed using bone-marrow-
derived hMSCs purchased from Lonza (lot 0000451491, 
tissue acquisition 28386, Lonza, Basel, Switzerland). Cells 
were cultured (passage ⩽ 5) at 37°C in a humidified incu-
bator at 5% CO2. Undifferentiated cells were expanded in 
MSCBM™ supplemented with MSCGM™ hMSC 
SingleQuots (PT3238 and PT4105, Lonza, Basel, 
Switzerland). At 70% confluence, cells were trypsinised for 
seeding. Medium used during cell attachment and exposure 
experiments was supplemented with dexamethasone (10 
nM), ascorbic acid (0.28 mM) and beta-glycerol phosphate 
(10 μM). Supplements were always added freshly before 
medium changes throughout the experiments.

Cell attachment

For cell attachment studies, 3.0 x 103 hMSCs in 30 µL of 
media were seeded directly on the surfaces of non-mineral-
ised and mineralised hydrogel scaffolds with and without 
cRGD functionalisation (discs, ⌀ ~5 mm, t ~1 mm). Cells 
seeded on scaffolds were allowed to attach for 1.5 h at 37°C 
in a humidified incubator before adding 1 mL of medium. 
For confocal imaging, hMSCs were fixed after 48 h of cul-
ture by adding 4% paraformaldehyde (PFA) solution in a 1:1 
ratio directly to the medium for 10 min. Subsequently, 
medium and PFA was discarded and replaced with pure 4% 
PFA solution for 20 min. Cells were then washed twice with 
phosphate buffered saline (PBS) and permeabilised using 
0.1% Triton X100 for 10 min. All samples were blocked with 
5% bovine serum albumin (BSA)-PBS solution for 2 h at 
room temperature. Blocking buffer was discarded and sam-
ples were washed with PBS three times. Primary mouse anti-
human vinculin antibodies (1:100 in 1% BSA-PBS solution; 
Sigma Aldrich, Oslo, Norway) were incubated with the sam-
ples overnight at 4°C. Samples were washed with PBS three 
times prior to 1 h incubation with Alexa Fluor 647 Phalloidin 
(1:400, ThermoFisher Scientific, Waltham, MA) and goat 
anti-mouse IgG secondary antibodies Alexa Fluor 488 
(ThermoFisher Scientific). Secondary antibodies were 

discarded, and wells were washed with PBS three times. 
4′,6-diamidino-2-phenylindole (DAPI) was used (1:1000, 
ThermoFisher Scientific) to stain the nuclei. Gels were 
viewed with a 20x/0.40 HCX PL APO CS objective lens on 
an upright confocal microscope (TCS SP8, Leica 
Microsystems, Wetzlar, Germany) using 638 nm excitation.

Cell activity and differentiation

The effect of soluble factors from different scaffolds on 
hMSC metabolism and differentiation was investigated indi-
rectly in an exposure setup. In all, 3.0 x 104 cells were seeded 
on the base of tissue culture plates (24-well, Nunc, Roskilde, 
Denmark). Upon confluency, mineralised and non-mineral-
ised hydrogel discs (20 µl, ⌀ ~5 mm, t ~1 mm) were placed 
in hanging inserts above the cultured cells (polycarbonate 
membranes, pore size 3 μm, Merck Millipore, Burlington, 
MA) for 2, 7, 14 and 21 days. Six independent replicates 
were cultured for each test and control setup.

Calcium and zinc concentration measurements. Calcium and 
zinc concentrations in the cell culture medium over time 
were determined by atomic absorption spectroscopy 
(AAS; AANALYST 400, Perkin Elmer, Waltham, MA). 
Lanthanum chloride was added to AAS samples at a con-
centration of 10 mg/mL to precipitate phosphate. Air/
acetylene was used as carrier gas. Media from six indi-
vidual replicates were collected. Two replicates per time 
point were pooled resulting in three samples from which 
data were collected (n = 3).

Cytotoxicity. Cytotoxicity was measured for cells indirectly 
exposed to hydrogel scaffolds for 72 h using a lactate 
dehydrogenase (LDH) detection kit (Roche, Basel, Swit-
zerland). Cytotoxicity was determined by extracellular 
LDH activity upon media collection relative to positive 
and negative controls. Cells cultured on tissue culture pol-
ystyrene (TCPS) with and without 0.1% Triton X100 were 
used as a positive and negative controls, respectively. 
Absorbance values were determined at 490 nm (n = 6). 
Data are presented as a percentage of maximum cytotoxic-
ity relative to the positive control.

Cell viability. Cell viability was assessed using an Alamar 
blue assay. After 72 h of indirect exposure, medium was 
replaced with fresh medium containing 10% Alamar blue 
solution (Thermo Fisher Scientific). Plates were protected 
from light and incubated for 4.5 h at 37°C. Alamar blue 
reduction was determined by reading fluorescence at 590 
nm (530 nm excitation). Values were normalised to Alamar 
blue reduction of cells relative to controls (negative con-
trol, non-exposed cells on TCPS; positive control, Alamar 
blue reagent in cell culture medium completely reduced by 
autoclaving). Cell-free samples were tested to verify that 
scaffolds did not interfere with the assay.
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Alkaline phosphatase activity. Alkaline phosphatase (ALP) 
activity was evaluated using a p-nitrophenol (pnPP; Sigma 
Aldrich) assay at 7 and 14 d. Medium from the wells was 
discarded and samples were washed with PBS twice. Cells 
were lysed by adding 500 µL deionised water. In addition, 
cells were scraped off the plate surface using a sterilised 
spatula. Lysed cells in deionised water were collected in 
test tubes and placed in a bath at 37°C for 1 h. The tubes 
were afterwards frozen at -80°C for 1 h. Before the ALP 
the assay, samples were allowed to defrost at room tem-
perature and centrifuged. Samples (25 µL) were mixed 
with 75 µL pnPP. Plates were incubated protected from 
light at room temperature for 30 min before adding 50 μL 
of 3 M sodium hydroxide to stop the reaction. Absorbance 
was read at 405 nm. ALP activity was calculated using 
standards (calf intestinal ALP).

Multiplex immunoassay. Multianalyte profiling was per-
formed to measure bone marker proteins in cell culture 
medium secreted from hMSCs at day 2, 7, 14 and 21 using 
the Luminex 200 system (Luminex, Austin, TX). Median 
fluorescent intensity was analysed using a 5-parameter 
logistic line-curve fitting method for calculating analyte 
concentrations in samples via the xPONENT 3.1 software 
(Luminex). Levels of interleukin-6 (IL-6), tumour necrosis 
factor alpha (TNFα), osteoprotegrin (OPG), osteopontin 
(OPN), osteocalcin (OC), and sclerostin (SOST) were 
measured using Human Bone Magnetic Bead Panel kit 
(EMD Millipore, Billerica, MA). The assay was performed 
according to the protocol provided by the manufacturer.

Reverse-transcriptase polymerase chain reaction (RT-PCR). The 
expression of bone-related genes, runt-related transcription 
factor 2 (RUNX2), osteopontin (OPN), osteocalcin (OC) 
and osterix (OSX) were evaluated via RT-PCR. Stem cells 
exposed to non-mineralised and mineralised hydrogels were 
lysed after 14 and 21 days of exposure and total RNA was 
extracted using Trizol reagent (Invitrogen, USA) in accord-
ance to the protocol provided by the manufacturer (n = 6 per 
group and time point). Total RNA was quantified using 
absorbance ratios of 260/280 and 260/230 nm measured on 
a NanoDrop One spectrophotometer (Thermo Fisher Scien-
tific). In all, 1 µg of RNA was utilised for first-strand cDNA 
synthesis using a commercial kit (#K1612, Thermo Fisher 
Scientific). The RT-PCR reaction was performed using iQ™ 
SYBR® Green Supermix in a CFX™ Connect cycler (Bio-
Rad, Hercules, CA) and the primers listed in Table 2. Data 
were analysed using the comparative CT method (ΔΔCt) 
method and normalised to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) expression.

Cell-mediated matrix formation

Scanning electron microscopy. Cell-mediated formation of 
mineralised matrix on different scaffolds was assessed by 

scanning electron microscopy (S-4800, Hitachi, Shibuya, 
Japan). In all, 7.5 x 103 hMSCs were seeded on scaffold 
discs as described in section 2.4 and cultured for 21 d (n 
= 2 per group). Samples were fixed with 4% PFA and 
washed twice with PBS followed by water replacement via 
ethanol series (10 min each in 50%, 80%, 90%, 95% and 
100% ethanol). Consequently, ethanol was exchanged 
with hexamethyldisilazane and samples were air-dried. 
Prior to SEM imaging, dried samples were sputter coated 
with 10 nm platinum.

Alizarin red. The effect of soluble factors from different 
scaffolds on hMSC extracellular calcium deposition was 
investigated in an exposure setup as performed when 
assessing cell activity and differentiation. Four independ-
ent replicates were cultured for all experiments. Cells were 
cultured on the base of 24-well plates with exposure to the 
different scaffolds for 21 days. After fixation with 4% 
PFA, cells were washed with PBS. Cells were then incu-
bated in alizarin red solution (2% w/v) for 5 min. The solu-
tion was discarded and cells were washed with distilled 
water, followed by optical microscopy using 5x and 10x 
objectives (Leica DM IL, Germany). In order to quantify 
alizarin red staining from each sample, cetyl pyridium 
chloride (10% w/v) was added to each well and incubated 
at room temperature for 30 min. Absorbance was read at 
562 nm.

Statistical analysis

Differences between groups were statistically assessed via 
analysis of variances using SigmaPlot 14.0 (Systat 
Software Inc., USA). Post hoc Dunnett’s test was per-
formed if groups were compared to controls, post hoc 
Tukey test was used for pairwise comparison between dif-
ferent groups. Normality was tested by a Shapiro-Wilk 
test. If the normality test was failed, one-way analysis of 
variance (ANOVA) on ranks (Kruskal–Wallis test) and 
post hoc Dunn’s test was performed. For all tests, a value 
of p < 0.05 was considered significant. Data in all figures 
are presented as mean ± standard deviation.

Table 2. List of primers used in this study.

Gene Primer sequence

RUNX2 F: 5’TTACTTACACCCCGCCAGTC 3’
R: 5’CACTCTGGCTTTGGGAAGAG 3’

OPN F: 5’GCCGAGGTGATAGTGTGGTT 3’
R: 5’TGAGGTGATGTCCTCGTCTG 3’

OC F: 5’GCAAGTAGCGCCAATCTAGG 3’
R: 5’GCTTCACCCTCGAAATGGTA 3’

OSX F: 5’TACCCCATCTCCCTTGACTG 3’
R: 5’GCTGCAAGCTCTCCATAACC 3’

GAPDH F: 5’CTCTGCTCCTCCTGTTCGAC 3’
R: 5’ACGACCAAATCCGTTGACTC 3’
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Results and discussion

Scaffold characterisation

Hydrogel elasticity has previously been identified as one of 
the key factors controlling stem cell attachment, organisa-
tion, and differentiation.22,24 We therefore characterised 
swelling behaviour and mechanical properties of non-min-
eralised hydrogels, (N), citrate- (C), or zinc-stabilised com-
posites (Z). Furthermore, the effect cRGD motifs on the 
physical scaffold properties was investigated. These motifs 
were tethered to the PEG-macromers to provide attachment 
sites for cells directly seeded onto the scaffolds.

In contact with cell culture medium, both non-mineral-
ised and composite hydrogel scaffolds exhibited notable 
swelling (Figure 1(a)). Volumetric swelling measurements 
revealed that swelling persisted for 48 h in all tested mate-
rials. After this time point, no further statistically signifi-
cant increase in volume was observed. Related to the 
polymer content, the observed swelling ratios were similar 

to those reported elsewhere.25,26 Interestingly, no statisti-
cally significant differences were found comparing swell-
ing of non-mineralised and mineralised scaffolds. This 
indicates that mineral particles in the composites did not 
considerably restrict polymer chain stretching. The incor-
poration of cRGD, on the other hand, resulted in approxi-
mately 30% higher equilibrium swelling ratios (~2.1) 
compared to scaffolds without cRGD (~1.6). This can be 
explained by the fact that cRGD motifs are tethered to the 
same functional groups on the polymer that are also used 
for end-linking. Functional groups that are occupied by 
cRGD are no longer able to form cross-links; a looser net-
work with less elastically effective chains is formed. 
Interestingly, this observation stands in contrast to findings 
we earlier reported for similar hydrogels.22 Investigating 
similar hydrogels, we found no significant effect of the 
presence of cRGD-functionalisation on the swelling ratio. 
It is important to notice that in our previous study hydro-
gels were formed with twice the polymer content as in the 

Figure 1. Mechanical characterisation of a non-mineralised hydrogel (N) and composites with citrate (C) or zinc (Z) depend 
on presence of mineral and cRGD-functionalisation (suffix R). (a) Volume swelling ratios versus time in cell culture medium. (b) 
Comparison of storage moduli of all sample groups as determined in oscillatory shear at 1 Hz and 0.1% strain. (c) Exemplary 
oscillatory shear strain sweeps of C composites with and without cRGD at 1 Hz frequency. (d) Exemplary frequency sweeps for the 
same samples at 0.1% strain.
Mean values and standard deviation are shown for all samples (n = 3). * indicates significance compared to non-mineralised scaffolds with same 
cRGD-functionalisation, # indicates significance compared to cRGD-free scaffolds (p < 0.05).
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present study. Consequently, in the present study, the same 
absolute amount of incorporated cRGD corresponds to a 
higher relative reduction in functional groups available for 
end-linking, which explains the increased impact of cRGD 
incorporation on swelling rations.

The mechanical properties of the different scaffolds after 
swelling were characterised by rheology. Exemplary ampli-
tude and frequency sweeps for citrate-stabilised composites 
with and without cRGD-functionalisation are shown in 
Figure 1(c) and (d). All scaffolds exhibited elastic, solid-like 
behaviour for strains up to 1% and frequencies below 10 Hz. 
In the linear-elastic regime, storage moduli ranged from 2.1 
to 7.1 kPa depending on the mineralisation and cRGD-func-
tionalisation (Figure 1(b)). Incorporation of cRGD signifi-
cantly affected the mechanical properties, which is consistent 
with the results from swelling measurements. Storage mod-
uli were 30%–45% lower for cRGD-functionalised com-
posites compared to non-functionalised ones. The reduction 
in storage modulus due to cRGD incorporation was most 
pronounced for non-mineralised hydrogels. Notably, the 
stiffness of non-mineralised scaffolds was considerably 
higher than the values reported for similar hydrogels based 
on four-armed macromers,23,25,26 despite the lower initial 
polymer content. This indicates that in the present hydrogels 
a larger proportion of functional groups resulted in elasti-
cally effective cross-links, that is., less heterogeneous net-
works were formed.

Despite their similar swelling ratios, rheometry further 
showed that mineralised composites were significantly 
stiffer than non-mineralised hydrogels, as reported else-
where.27 This suggests that the presence of mineral in the 
scaffold increased the resistance to elastic deformation 
without affecting their network architecture. The mineral-
induced stiffening effect was particularly prominent for 
citrate-stabilised composites, which featured 80% and 
120% higher storage moduli than non-mineralised hydro-
gels in the absence and presence of cRGD, respectively. 
After 3 days of ageing in buffer, the CaP mineral in citrate-
stabilised composites consists of a mix of OCP and HA 
crystals that exhibit an entangled plate-like morphology.11 
It appears intuitive that these entangled crystals contribute 
to the mechanical properties to a higher degree than the 
spherical ACP particles that we found in zinc-doped 
composites.

Cell attachment

PEG-based hydrogels are known for their low protein 
adsorption, which also makes them inherently non-adher-
ent for cells. The ability of cells to adhere to the substrate 
not only dictates their morphology, but can also determine 
their capacity to differentiate towards a specific line-
age.28,29 Synthetic hydrogels have been rendered cell-
adhesive upon incorporation of whole extracellular matrix 
(ECM) proteins or via bio-functionalisation with cRGD 

motifs.22,30,31 Concurrently, there is evidence that minerals 
can serve as protein attachment sites, which raises the 
question if the presence of these minerals is sufficient to 
serve as anchoring sites for cell adhesion.32 Figure 2 pre-
sents confocal microscopy images of mineralised and non-
mineralised hydrogels with and without cRGD. Cells 
seeded on hydrogels in the presence of minerals exhibited 
morphologies similar to those on non-mineralised gels. In 
all confocal images of hMSCs on gels without cRGD 
(Figure 2(a)–(c)), cells appeared rounded and fewer in 
number compared to hydrogels functionalised with cRGD, 
where cells have more spread morphologies (Figure 2(d)-
(f)). Irrespective of the presence of minerals, it is evident 
that cRGD is essential for cells to adhere in spread mor-
phology on the surface of the investigated scaffolds.

Confocal microscopy further showed no peripheral 
localisation of vinculin, irrespective of the presence of 
minerals. This is similar to our findings previously reported 
on soft and stiff non-mineralised PEG hydrogels.22 In addi-
tion, the absence of mature focal adhesions in cells cul-
tured with osteogenic differentiation media has previously 
been attributed to a loosely adherent phenotype and lower 
cell motility, which was interpreted as a sign of induced 
osteogenesis.33

ECM formation of hMSCs seeded directly onto cRGD-
functionalised scaffolds was qualitatively investigated by 
SEM. Cells on citrate- or zinc-stabilised composites 
formed significantly more heavily mineralised ECM com-
pared to cells on non-mineralised scaffolds (Supplementary 
Figure S 1). This suggested that factors released from scaf-
folds with stabilised amorphous CaP might support osteo-
genic differentiation and matrix mineralisation facilitating 
bone formation.

Biocompatibility and cell differentiation

Cation release and cell viability. We used an exposure setup 
to investigate the effects of the observed release of calcium 
and zinc ions on matrix mineralisation, hMSC activity, 
and differentiation. Scaffolds were formed under mildly 
acidic conditions to mimic gelation in inflammatory envi-
ronments, where pH values as low as 3.7 have been 
detected.34 The low reaction pH, however, entails a rela-
tively high solubility of CaPs during composite formation. 
This means that a substantial fraction of ions remains 
unprecipitated within the scaffolds. When immersed in 
cell culture medium, these ions readily diffuse out of the 
hydrogel matrix. After this initial release, more ions are 
released when mineral particles dissolve, as expected for 
low crystalline phases.11

Calcium and zinc concentrations in the cell culture 
medium over time in the presence of the different scaf-
folds are shown in Figure 3(a) and (b). For non-mineral-
ised hydrogels, calcium concentrations of roughly 80 
mg/L were measured steadily throughout the experiment. 
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The only calcium source present in this group was the cell 
culture medium itself. In the presence of zinc- and citrate-
containing composites, calcium concentrations were 
approximately three- and twofold higher, respectively, 
compared to non-mineralised hydrogels at the first 
medium change (Figure 3(a)). From the second medium 
change onwards, medium calcium concentrations in the 
presence of zinc-doped composites were similar to those 
of the plain cell culture medium. For citrate-stabilised 
composites, however, medium calcium concentrations 
were significantly lower than those measured in medium 
alone. Observations of citrate-stabilised composites indi-
cated the initial mineral particles in the hydrogel matrix 
gradually dissolve over the course of days (Supplementary 
Figure S 2).11 Initially, the reduced medium calcium con-
centration in the presence of citrate-stabilised composites 
might be partially attributed to chelation of free calcium 
by released citrate. With each medium change, however, 
the citrate concentration in the medium would be further 
decreased suggesting that the medium calcium concentra-
tion should approach that of plain medium over time. 
Meanwhile, we observed significant mineral deposition in 
the cell sheets in the presence of mineralised composites 

(Figure 4(a)–(c)). This leads us to believe that the low 
medium calcium concentrations are a consequence of 
more calcium being consumed in ongoing mineral pre-
cipitation in the ECM of the cell sheets, which is facili-
tated by ECM proteins such as collagen, than is supplied 
by the dissolution of citrate-stabilised mineral particles in 
the scaffolds.

Zinc concentrations in the medium were constantly 
below 1 mg/L (the normal serum level in humans)35 for 
both non-mineralised hydrogels and citrate-stabilised 
composites. In the presence of zinc-doped composites, we 
found a high initial zinc release resulting in a concentra-
tion around 22 mg/L followed by a sustained release with 
concentrations slowly decreasing from 7 to 4 mg/L. The 
initial release can again be interpreted as a result of the 
high concentration of unprecipitated ions in the freshly 
formed composites. The sustained release indicates that 
zinc-doped ACP was slowly dissolving, which is in agree-
ment with earlier observations.11 Interestingly, at later time 
points, the zinc concentration in medium was close to 3 
mg/L, which has previously been shown to induce a sig-
nificant increase in osteogenic differentiation and miner-
alisation in hMSCs.36

Figure 2. Confocal images of hMSCs on hydrogels and composites with and without 2.5 mM of cRGD. hMSCs were 
immunolabelled for actin (red), vinculin (green) and DAPI (blue). (a-c) Representative images show cells seeded on non-mineralised 
(N) and composite hydrogels (C and Z) indicating the lack of spreading of hMSCs in the absence of cRGD. (d-f) Alternatively, 
images represent cells adopting a spread morphology when cultured on non-mineralised or composite hydrogels in the presence of 
cRGD tethered to the hydrogels.
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As we introduced cells to an environment with poten-
tially cytotoxic ion concentrations, we assessed cell mem-
brane integrity via LDH assay.37 Our results indicated no 
significant cytotoxic effects for hMSCs exposed to any of 
the scaffolds (Figure 3(c)). In addition, cell viability was 
assessed via Alamar blue assay, which indicated that cells 
exposed to non-mineralised gels exhibited slightly higher 
viability and metabolic activity compared to those exposed 
to mineralised hydrogels (Figure 3(d)). However, the 
observed differences were not statistically significant.

ECM mineralisation and osteogenic cell differentiation. Appear-
ance and ECM mineralisation of the cell sheets was investi-
gated by phase contrast microscopy and alizarin red staining 
(Figure 4(a)-(c)). Images acquired one day prior to the LDH 
and Alamar blue assays revealed notable qualitative differ-
ences among the groups. In cell sheets exposed to citrate- 
and zinc-stabilised hydrogels, scattered clusters of mineral 
particles were observed, which persisted until day 21 

(arrowheads in Supplementary Figure S 3). No mineral 
clusters were seen for cells exposed to non-mineralised 
scaffolds, which formed a uniform, confluent monolayer. 
Notably, in the presence of citrate- or zinc-stabilised com-
posites, the cell sheets did not cover the entire TCPS surface 
and exhibited fluctuations in cell density (dashed ellipses in 
Figure 4(a)), which could explain the lowered metabolic 
activity observed in the Alamar blue assay (Figure 3(d)).

Alizarin red staining confirmed the systematic differ-
ences in calcium deposition within cell sheets exposed to 
the different scaffolds. Optical microscopy images of aliza-
rin red stained cell sheets clearly indicate an abundance of 
calcium deposits in the ECM of cells exposed to mineralised 
scaffolds (Figure 4(b)). Quantitative analysis of alizarin red 
staining confirmed a significant increase of ECM minerali-
sation in the presence of both citrate- and zinc-containing 
mineralised hydrogels compared to non-mineralised hydro-
gels (Figure 4(c)). For non-mineralised hydrogels, no cal-
cium deposition was observed in the absence of cells, 

Figure 3. (a, b) Calcium and zinc concentrations in cell culture media exhibit an initial burst release followed by steady 
concentration levels over time for both citrate- (C), and zinc-stabilised composites (Z). Calcium and zinc levels for non-mineralised 
hydrogels (N) correspond to the concentrations of the cell culture medium. Where error bars are not visible, standard deviations 
are smaller than symbols. Assessment of membrane integrity and cell metabolism of hMSCs after 72 h of exposure indicated 
no negative effects of mineralised and non-mineralised hydrogel scaffolds compared to TCPS controls. (c) Membrane integrity 
determined via extracellular LDH activity relative to controls (negative control, non-exposed cells on TCPS; positive control, cells 
lysed with Triton X-100). (d) Alamar blue reduction as a measure of cell metabolism relative to controls (negative control, non-
exposed cells on TCPS; positive control, Alamar blue reagent in cell culture medium completely reduced by autoclaving).
Graphs show mean values and standard deviations (n =  6).
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whereas some calcium deposition occurred in the presence 
of hMSCs. This is likely a consequence of the presence of 
osteogenic supplements in the cell culture medium and 
increased cell-to-cell contact driving differentiation and 
matrix production.

Conversely to the significant differences in ECM min-
eralisation, membrane-bound ALP activity measured after 
7 and 14 days of exposure to the different scaffolds did not 
reveal any significant differences in osteogenic differenti-
ation (Figure 4(d)). For all groups, ALP activity was sig-
nificantly higher after 14 versus 7 days of exposure. The 
high ALP activity at day 14 suggests that hMSCs were no 
longer in an undifferentiated state and implies commit-
ment towards the osteogenic lineage.38 It is surprising, 
however, that ALP activity was not significantly increased 
by the presence of zinc, as this stands in contrast to obser-
vations made in vitro and in vivo.39,40 On the contrary, one 
study in particular cultured rat bone marrow stromal cells 
supplemented with soluble zinc and reported no signifi-
cant increase in ALP activity with the presence of zinc.41

To further evaluate the commitment of hMSCs to the 
osteogenic lineage, we investigated the presence of osteo-
genic proteins secreted by the cells and the expression of 
osteogenic genes on RNA level. Proteins secreted by 
hMSCs were analysed using a multiplex immunoassay 
after 2, 7, 14, and 21 days of exposure to non-mineralised 
and composite hydrogels. Generally, IL-6 and TNFα lev-
els were not significantly different for composite hydro-
gels compared to non-mineralised controls (Figure 5(a) 
and (b)). However, zinc-stabilised composite hydrogels 
exhibited significantly higher levels of IL-6 compared to 
the non-mineralised controls and higher amounts of TNFα 
compared to the other groups at all time points but specifi-
cally at day 2. This increase may likely be a consequence 
of the cells being initially exposed to elevated zinc concen-
trations (Figure 3(b)).42

Analysis of osteogenic proteins secreted by hMSCs at dif-
ferent time points can provide insights into the differentia-
tion patterns adopted by stem cells in inductive environments 
(Figure 5(c)–(f)).38 In particular, protein secretion of OC, 
OPN, and SOST were highest at day 21 for most groups, 
confirming that cells had committed to osteogenic differen-
tiation. In addition, OPG expression was highest at day 14, 
irrespective of the scaffold type. Overall, no prominent stim-
ulating effects exclusive to composite scaffolds were 
observed. Though this was unexpected, there are several 
possible explanations for this observation. For all groups, 
hMSCs were cultured in media containing osteogenic sup-
plements. This implies that potential osteogenic effects 
imposed by the presence of soluble minerals may have been 
masked by the stimulatory effects of the osteogenic supple-
ments in the medium itself. The fact that the protein expres-
sion for all groups followed similar trends indicates that the 
driving force in the differentiation of hMSCs appeared to be 
largely influenced by the presence of osteogenic supple-
ments rather than ions released by the composites. As a 

Figure 4. (a) Phase contrast microscopy images reveal 
differences in cell sheet mineralisation of hMSCs after 21 d 
of exposure to non-mineralised (N), citrate- (C), and zinc-
stabilised composites (Z). In addition, cell coverage varied 
considerably across the different groups (dashed ellipses 
indicate areas not covered by cells). (b) Alizarin red staining 
revealed increased ECM mineralisation for cells exposed to 
mineral-containing composites. (c) Quantification of alizarin 
red assay based on absorbance values at 562 nm (n = 4). (d) 
Membrane-bound ALP activity of hMSCs increased significantly 
between day 7 and 14 of exposure, indicating osteogenic 
differentiation irrespective of the scaffold group (n = 6).
Bars represent mean values and standard deviation, **indicates statisti-
cal significance compared to TCPS control (cells not exposed to scaf-
fold), *compared to N, and # compared to C (p < 0.05).
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result, no noticeable effects on the osteogenic differentiation 
of hMSCs could be observed for the composite scaffolds. 
Various studies have investigated whether the influence of 
osteogenic additives as part of the cell culture media is 
responsible for the differentiation of cells within treatment 
groups for a range of scaffolds.43–45 For instance, Müller and 
colleagues43 observed increased ALP activity and expression 

of osteogenic genes in cells cultured on calcium phosphate 
surfaces in the absence of osteogenic additives. However, 
their results were largely attributed to physical cell-matrix 
interactions rather than the presence of dissolved ions.

In addition to analysing the protein secretome of 
hMSCS, gene expression for both early and late osteogenic 
differentiation markers RUNX2, OC, OPN and OSX was 

Figure 5. Cytokines and proteins measured from medium of hMSCs exposed to non-mineralised hydrogels (N), citrate- (C), 
and zinc-stabilised composites (Z). (a) Inflammation markers interleukin-6 (IL6) and (b) tumour necrosis factor α (TNFα) are 
shown among bone markers (c) osteoprotegerin (OPG), (d) osteopontin (OPN), (e) osteocalcin (OC), and (f) sclerostin (SOST). 
Osteogenic proteins such as OPG, OPN and OC are highest at day 14 or 21, indicating that cells are transitioning towards the 
osteogenic lineage. However, despite the initial release of calcium of zinc, no significant differences among the groups are observed 
at early timepoints.
Bars represent mean values and standard deviations (n = 6). * indicates statistical significance compared to N, # compared to C (both p < 0.05).
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assessed (Figure 6). Irrespective of exposure to any scaf-
fold group, all genes exhibited significantly higher fold 
changes at 21 d versus 14 d. However, gene expression at 
21 d was highest for cells exposed to non-mineralised 
hydrogels for all genes analysed. One explanation could 
pertain to the depletion of zinc available to the cells over 
time. As shown in the release studies, the zinc concentra-
tion in the culture media changed from initially 22 mg/L to 
a sustained level of approximately 7–4 mg/L after 5 days 
(Figure 3(b)). Other studies that show an upregulation of 
osteogenic genes such as RUNX2 in the presence of zinc 
tend to replenished cell culture media with zinc every 2 
days to maintain high concentrations of the metal available 
to the cells.46 However, irrespective of the availability of 
zinc, one would expect the changes in gene expression to 
be at least at par with that of the control group lacking min-
eral supplementation altogether. While zinc-stabilised 
composites exhibited a controlled release of zinc (Figure 
3(b)), higher concentrations over longer periods of time 
may be required to drive osteogenic gene expression. It was 
to our surprise that RUNX2 and OSX expression in particu-
lar were not upregulated in the presence of zinc, since zinc 
itself is known to synergistically mediate osteogenic 

differentiation via these genes.47 However, zinc is likely to 
interact and precipitate with anions or bind to serum albu-
min present in the cell culture medium, thereby reducing 
the concentration of free zinc ions available to the cells.

Comparing gene expression levels between cells 
exposed to citrate- and the zinc-stabilised composites, in all 
instances cells exposed to citrate-stabilised composites 
showed higher fold changes compared to zinc-stabilised 
composites. Nevertheless, statistical analysis found the dif-
ferences in gene expression between citrate- and zinc-stabi-
lised composites to be insignificant. Finally, as observed in 
the protein secretion of OPN and OC (Figure 5(c) and (e)), 
the expression of these genes was highest at day 21 for all 
groups. This implies that the cells have terminally differen-
tiated towards the osteogenic lineage, irrespective of the 
presence of ACPs. We observed mineral precipitation 
within the ECM of the cell sheets as seen in Figure 4(b) and 
Supplementary Figure S1. Along with the low concentra-
tions of calcium and zinc ions in the cell culture media, this 
suggests that after the initial burst release, cells are exposed 
to reduced amounts of zinc and calcium ions, likely explain-
ing why we see a reduction in gene expression levels for the 
cells exposed to the composite hydrogels.

Figure 6. RT-PCR of genes involved in osteogenic differentiation of hMSCs show a significant increase in gene expression between 
14 and 21 d for (a) Runt-related transcription factor 2 (RUNX2), (b) Osteocalcin (OC), (c) Osteopontin (OPN), and (d) Osterix 
(OSX). Cells were cultured in the presence of non-mineralised hydrogels (N), citrate- (C), and zinc-stabilised composites (Z). 
Data is presented as fold-changes normalised to the housekeeping gene expression (GAPDH) levels. Bars represent the mean and 
standard deviation (n = 6), * indicates statistical significance compared to N.
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Conclusion

The aim of this study was to investigate the attachment 
of hMSCs on hydrogel-ACP composites and the osteo-
genic effect of soluble factors from these scaffolds. 
Physical characterisation showed that the formed scaf-
folds featured improved mechanical properties com-
pared to similar PEG-based matrices. Stiffness was 
significantly increased in the presence of CaP mineral. 
The two-dimensional attachment setup showed that the 
presence of CaP mineral alone was insufficient for cell 
attachment and cRGD functionalisation of the hydrogel 
was required to promote cell attachment of large num-
bers of cells with spread morphology. Protein and 
cytokine analysis suggested that the high initial zinc 
release from zinc-doped composites provoked a mild 
inflammatory response in primary human hMSCs. 
However, cell membrane integrity and viability assays 
showed that all tested scaffolds were cytocompatible.

Cell sheets exposed to citrate-and zinc-stabilised com-
posites showed significantly increased mineralisation and 
increased levels of osteogenic proteins compared to non-
mineralised scaffolds up to 1 week of exposure. At later 
time points, however, both osteogenic protein levels and 
expression of osteogenic genes were found to be reduced 
in the presence of mineralised composites. While more 
research is needed to exclude potential masking effects 
from osteogenic supplements in the cell culture medium, 
the observations suggest that soluble factors released 
from composites containing stabilised amorphous CaP 
mineral are effective at stimulating early ECM minerali-
sation and osteogenic differentiation. This makes the 
evaluated composite scaffolds interesting for applications 
in non-healing bone defects. Particularly, zinc-stabilised 
composites could be a promising system for their capacity 
to facilitate a tailored release of zinc ions acting as a 
bioinorganic drug.
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