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ABSTRACT: Matrix elasticity helps to direct bone cell differentiation, impact healing
processes, and modify extracellular matrix deposition, all of which are required for tissue
growth and maintenance. In this work, we evaluated the role of inorganic nanocrystals or
mineral inducers such as nanohydroxyapatite, alkaline phosphatase, and nanoclay also
known as montmorillonite deposited on vinyl-based hydrogels in generating matrices with
different stiffness and their role in cell differentiation. Poly-2-(dimethylamino)ethyl
methacrylate (PD) and poly-2-hydroxypropylmethacrylamide (PH) are the two types of
vinyl polymers chosen for preparing hydrogels via thermal cross-linking. The hydrogels
exhibited porosity, which decreased with an increase in stiffness. Each of the compositions is
non-cytotoxic and maintains the viability of pre-osteoblasts (MC3T3-E1) and human bone
marrow mesenchymal stem cells (hBMSCs). The PD hydrogels in the presence of ALP
showed the highest mineralization ability confirmed through the alizarin assay and a better
structural environment for their use as scaffolds for tissue engineering. The study reveals that
understanding such interactions can generate hydrogels that can serve as efficient 3D models
to study biomineralization.

1. INTRODUCTION
Hydrogels are water-containing 3D networks of polymers with
both soft and wet properties due to the involvement of polymer
chains and water in the 3D network.1−7 Vinyl compounds such
as N-isopropylacrylamide (NIPAAm), 2-(dimethylamino)ethyl
methacrylate (DMAEMA),7 and 2-hydroxypropyl methacrylate
(HPMA)8 are useful precursors for hydrogels due to their
structural diversity. This class of polymers has been the subject
of extensive research over the past few decades. They are
appealing materials due to their ease of synthesis and wide range
of topologies, compositions, and functions.9 With their highly
hydrated 3D polymer networks, vinylic hydrogels are appealing
biomaterials for tissue regeneration, particularly bone regener-
ation.10 Furthermore, hydrogels with mineralization precursors
such as calcium phosphate (CaP)/silica layer are considered
beneficial for bone regeneration applications.11 Numerous
biomimetic strategies have been used so far for developing
pre-mineralized hydrogels.12,13 Hydrogels’ structure and
hydrated nature allow for simple entry of ions such as calcium,
phosphate, and silicates, whose delivery can be customized by
varying their concentration in the local environment using
appropriate mineralization solutions or sophisticated ion
diffusion control devices. The process of hydrogel preparation
using these polymers allows simple entrapment of mineraliza-
tion-promoting elements during hydrogel polymer network

creation.14,15 It has been observed that substrates with different
stiffness can have varied mineralization effects, as well as
different degrees of cell proliferation and differentiation, with
moderately stiff substrates promoting cell proliferation and
differentiation.16 However, the correlation between various
stiffness generated by mineralized surfaces and their effect on
cell differentiation is not well documented. In this study, the
hydrogel elasticities are varied using mineral inducers or mineral
precursors, namely, nHAp (nanohydroxyapatite), alkaline
phosphatase (ALP), and nanoclay (MMT). Hydroxyapatite
(nHAp) (Ca10(PO4)6(OH)2) has a similar mineral composition
and structure to that of the human bone tissue and has been used
as an implant material since the 1970s.17,18 nHAp has been well
established as a promising biomaterial for bone tissue engineer-
ing and regeneration because of its good biocompatibility,
strong osteoconductivity, osteoinductivity, and biological
activity19,20 Furthermore, nano-hydroxyapatite (nHAp) with
particle size ranging from 1 to 100 nm has the advantage of a
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larger surface area to enhance the osteoblast function and to
provide intimate contact with surrounding tissues, enhanced
biological activity, and low biodegradability.21,22 The other
mineral inducer evaluated in this study is ALP, which is a
glycoprotein that acts as an ectoenzyme linked to the outer
membrane of cells and matrix vesicles. ALP stimulates
extracellular mineralization by releasing inorganic phosphate
from the mineralization inhibitor inorganic pyrophosphate.23,24

Bioceramics have been explored in the field of bone tissue
engineering due to their biocompatibility and biodegradability.
Recently, silicate bioceramics have attracted a lot of interest as
they help in stimulating proliferation, differentiation, osteogenic
gene expression of tissue cells, and regeneration of bone tissue
mainly attributed to the presence of Si-rich ionic product.25−27

MMT (Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]−
0.7) used in this study,

is a type of synthetic silica clay material, which under
physiological conditions can be molded into innocuous,
biocompatible biomaterial.28,29

The vinyl hydrogels, polyDMAEMA(PD) and polyHPMA-
(PH), are prepared by a free-radical mechanism using HEMA as
a cross-linker. pHEMA is hydrophilic, gives rise to bioinertness,
and enhances cell and protein adhesion properties.30 The
objective of the study was to develop hydrogels from vinyl
polymers and understand the type of matrix elasticity that they
possess and how that, in turn, dictates cell differentiation of
preosteoblasts as well as hBMSCs.

2. MATERIALS AND METHODOLOGY
2.1. Materials. 2-(Dimethylamino)ethyl methacrylate

(DMAEMA) (cat. no. 234907), poly hydroxypropylmethacry-
lamide (pHPMA) (cat. no. 804746), 2-hydroxyethyl meth-
acrylate (HEMA) (cat. no. 477028), ammonium persulfate
(APS) (cat. no. A3678), MMT (cat. no. 682659), phosphatase
alkaline from bovine intestinal mucosa (ALP) (cat. no. P7640),
and lysozyme from chicken egg white (cat. no. L6876) were
purchased from SIGMA, and hydroxyapatite (nHAp) (cat. no.
13616) and TEMED (cat. no. 52145) were purchased from
SRL.
2.2. Fabrication of Hydrogels.The hydrogels are prepared

by a multistep process involving free-radical polymerization and
subsequent lyophilization. We have prepared two types of
hydrogels: (a) PD and PH hydrogels and (b) PD/PH with
nHAp (nHAp)/nanoclay (MMT)/alkaline phosphatase (ALP)
mineral inducers. Briefly, PD or PH was added to the tube
followed by HEMA and Milli-Q , and then, the chain initiator
APS and TEMEDwere added to the final solution. The solution
was vortexed for 10 s and kept at 37 °C for 8 h for complete
cross-linking of hydrogels to occur. The purification of the
hydrogels after the incubation period was performed by washing
the hydrogels with Milli-Q six times. After washing, the
hydrogels were kept at −20 °C overnight and then lyophilized
for 48 h. For the preparation of nHAp and MMT-based
hydrogels, the previous protocol was followed with the addition
of 1, 5, and 10 wt % nHAp/MMT in the presence of APS and
TEMED. The incubation time, temperature, and washing steps
were all kept the same as those of the previous method.
For the preparation of ALP-based hydrogel, the PD/PH

hydrogels were prepared, and steps were followed until
lyophilization. After complete lyophilization of PD/PH hydro-
gels, they were treated with 0, 5, and 10 wt % ALP dissolved in
1× PBS solution. Approximately, 120 μL of ALP was used to
soak a scaffold cast onto 48-well plates. After 30 min of
incubation, beta glycerophosphate calcium hydrate (βGP) was

added to the scaffold until the scaffold was immersed completely
into it. Every day, the βGP was changed with fresh βGP for 7
days.23,31 The final hydrogel was washed and freeze-dried by
using lyophilization. The reagents used for hydrogel preparation
are given in detail in Table 1 (Supporting Information), and the
nomenclature of variations used for hydrogel preparation is
reported in Table 2.
2.3. Gel Fraction. The scaffolds were analyzed for gel

fraction by placing scaffolds inside the 24-well plate, and 1mL of
Milli-Q was poured into each well. The plate was then placed
inside the shaking incubator and maintained at 37 °C for 24 h.
The weight of the scaffold before being soaked in water was
recorded (M0). After 24 h, the scaffolds were dried with tissue
paper using the tap drying method and again freeze-dried before
taking the final weight (M) (n = 4). The gel fraction ratio was
calculated using the following equation:

= ×M
M

gel fraction(%) 100%
o

2.4. Water Uptake Capacity of the Hydrogels. The
scaffolds used for analyzing water uptake were first freeze-dried,
and then, the initial weight of each sample was recorded. The
scaffolds were then immersed in Milli-Q and maintained at pH
7.4. All of the experiments were continued at room temperature.
At regular time intervals, the samples were weighed by removing
the excess surface liquid with the help of soft tissue. The
percentage of swelling degree (%SD) was calculated to obtain
the water uptake of the scaffolds. Here,WS represents the weight
of the swollen sample for each time interval and WD represents
the initial weight of the scaffolds. The water uptake was
performed in quadruplicate, and the %SD was calculated as the
mean value:

= ×%SD
WS WD

WD
100%

2.5. NMR. PD and PH synthesized in the laboratory were
characterized by using 13C NMR spectroscopy. 13C NMR
analysis was carried out using a Bruker Advance-400.
2.6. TGA-DSC. The thermal behavior of the PD and PH was

analyzed using TGA/DSC by using STA 449 F3 Jupiter
NETZSCH with a refrigerated cooling system (RCS) facility.
Calibration of the system was done by Al2O3 standard. The
initial weight of the sample was around 15 mg, which was
weighed and sealed in aluminum pans. Insulation of the
calibration pan was done by maintaining an argon atmosphere.
The flow rate of the system was maintained at 80 mLmin−1 with
a 10 °C min−1 rise in temperature. Analysis was done until 600
°C both for TGA/DSC.
2.7. Mechanical Properties Using Rheology. The

amount of elasticity, complex viscosity, cross-linking, and
mechanical strength of the scaffold was analyzed using frequency
sweep measurement conducted using a modular compact
rheometer (MCR 102E, Anton Paar). The scaffolds were
analyzed in parallel plate geometry with a 25 mm diameter. The
plates were made of aluminum metal. The force was normalized
to 1 N before the test. For the frequency sweep analysis, the
frequency was varied from 100 to 0.1 rad s−1 at a constant shear
strain of 0.1%. All measurements were taken at room
temperature. The data points were processed with the inbuilt
software Rheoplus, and the storage modulus (G′), complex
viscosity (η), loss modulus (G″), etc. were processed from those
data points.
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2.8. Surface Morphology. The surface morphology of the
scaffolds was investigated using a scanning electron microscopy
(SEM) (JEOL JSM-IT800) instrument. The samples were cast
into 48-well plates, giving them dimensions of 6−8mm in height
and 8 mm in diameter. Before image processing, the samples
were freeze-dried and then coated with a thin gold/palladium
(Au−Pd) for 90 s to form a layer by using a plasma magnetron
sputter-coater. The porosity of the hydrogel was measured by
the software image J by considering n = 3 of the images.
2.9. In Vitro Cell Culture. The MC3T3-E1 (mouse calvaria

preosteoblast, Sigma, cat. no. 99072810-1VL) cell culture was
performed in alpha-minimal essential medium (α-MEM,
HIMEDIA cat. no. AL221A) with 10% fetal bovine serum
(FBS, Gibco Invitrogen, cat. no. 16000044) supplementation,
1% of penicillin-streptomycin (Gibco, Thermo scientific, cat. no.
15140122), and antibiotic solution (0.25%). The amount of
antibiotic used was 10 μL of gentamicin (50 mg/mL) for each
50 mL of media prepared for the MC3T3-E1 cell line, and the
hBMSCs were cultured in mesencult basal medium with no
antibiotics. The hBMSCs cell culture was performed in
Mesencult MSC Basal Medium (Human, Stem cell, cat. no.
05401) and wasmaintained at 37 °Cwith 5%CO2. ForMC3T3-
E1 cell differentiation, media were prepared by adding 500 μL of
beta-glycerophosphate (βGP) disodium salt (Sigma, cat. no.
G9422) and 100 μL of L-ascorbic acid (Sigma, cat. no. A5960-
100G) to complete α-MEM media supplemented with 10%
FBS, 0.25% antibiotic solution, and 1% penicillin-streptomycin
(Gibco, Thermo scientific, cat. no. 15140122). A stem cell
differentiation MesenCult Osteogenic Differentiation Kit
(Human, Stemcell, cat. no. 05465) was used for differentiation,
and 1.5 × 104 cells on scaffolds were placed in 48-well plates for
the alizarin assay and 2 × 103 on scaffolds were prepared in 96-
well plates for the PrestoBlue assay.32

2.10. PrestoBlue Assay. The cytotoxicity of scaffolds was
confirmed using the PrestoBlue assay with the hBMSCs and
MC3T3-E1 cell lines. Both cells were grown in 96-well plates (2
× 103 cells per scaffold per well) on hydrogels for 7 days at 37 °C
and 5% CO2. PrestoBlue, a ready-to-use cell-permeable
resazurin-based solution, is used to quantitatively measure the
viability of the cells by utilizing the reducing power of living cells.
On adding the PrestoBlue reagent to the cells, there was a color
change from purple to red. This color change can be detected
using fluorescence or absorbance measurements. Briefly, 100 μL
of PrestoBlue (A 13261, Thermo) reagent was added to every
900 μL of culture media. This reagent was added to each well of
96-well plates containing cell-seeded scaffolds and incubated for
4 h at 37 °C. After 4 h, the fluorescence intensity was measured
with a multiplate reader at 535 (excitation)/615 nm (emission).
2.11. Biodegradability of Scaffolds. The biodegradability

of scaffolds (n = 4) was determined using lysozyme at 800 mg
L−1 in phosphate-buffered saline solution (PBS, pH = 7.4). The
plates were maintained at 37 °C in an orbital shaker at 50 rpm.
Enzymatic degradation was monitored for 14 days. Every third
day, the lysozyme solution was changed. The samples were
removed from the medium after 14 days, rinsed with distilled
water, and dried in an oven at 50 °C followed by lyophilization
until the mass was constant. The samples were weighed before
(m1) and after in vitro degradation (m2). The degradation degree
(Δm) was determined as the weight loss with respect to the
initial weight of the sample:

= ×m
m m

m
(%) 100%1 2

1

2.12. Alizarin Red Assay. The alizarin red staining method
was used to evaluate the amount of calcium deposited on the
hydrogel post cell seeding (1.5 × 104) for 7, 14, and 21 days.

Figure 1. (a) Reaction mechanism of pDMAEMA hydrogel formation. (b) Reaction mechanism of pHPMA hydrogel formation. (c) 13C NMR (400
mHz, Bruker) spectra of (i) pDMAEMA and (ii) pHPMA.
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After removal of the medium from each well, the plates were

cleaned with a 1× PBS solution. The cells on the hydrogel were

then fixed with 4% formaldehyde dissolved in 1× PBS for 20 min

at room temperature. After removing the fixation, the scaffolds

Figure 2. (a) Schematic showing cross-linking while preparation of hydrogel.(b) (i) Schematic showing the formation of PD/PH hydrogels, (ii)
structure of mineral inducers used, and (iii) schematic showing the mode of incorporation of mineral inducers. Ca = calcium, GP = beta-
glycerophosphate, P = phosphate, CaP = calcium phosphate.
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were washed three times with Milli-Q and stained for 20−30
min with 2% alizarin red (Sigma-Aldrich, USA) solution. Then,
the scaffolds were washed 3 times with Milli-Q followed by
washing with acetone and xylene. The red precipitate was
solubilized in 10% cetylpyridinium chloride dissolved in Milli-Q
(cat. no. CO732, Sigma-Aldrich, USA), and the optical density
was measured at 562 nm to quantify the calcium on the scaffold.

2.13. Statistical Analysis. The quantitative data were

expressed as mean ± standard deviation (SD). Statistical

analysis was performed using one-way ANOVA in Prism

software. Differences between groups of *p < 0.05, **p <

0.01, ***p < 0.001, and ****p < 0.00001 were significant.

Figure 3. (a) Gel fraction of PD/PH hydrogels, (b) degree of swelling ratio % of PD/PH hydrogels (n = 4), (c) (i) swelling ratio % of PD hydrogels (n
= 4) in all variations and (ii) degree of swelling ratio % of PH hydrogels (n = 4) in all variations, (d) TG curves of the (i) PD hydrogel and (ii) PH
hydrogel, and (e) DSC curves of the (i) PD hydrogel and (ii) PH hydrogel.
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3. RESULTS
3.1. Synthesis of pDMAEMA (PD)/pHPMA (PH). PD and

PH were formed using a free-radical mechanism with HEMA as
the cross-linker. Hydrogen atoms from a hydroxy group of
HEMA and the carbonyl group of the pDMAEMA/pHPMA
interact through H-bonding, which helps in gel formation
(Figure 1a,b). The hydrogels of PD and PH are characterized by
13C NMR spectroscopy (Figure 1). Signals corresponding to the
carbonyl groups of DMAEMA are shown at δ = 181.82 ppm
(Figure 1c(i)), and ethyl groups of pDMAEMA and HEMA
correspond to signals at δ = 57.91, 62.88, and 70.11 ppm and δ =
70.11 ppm, respectively. The methyl group of the dimethyla-
mino group of pDMAEMA has its corresponding signals at δ =
47.76 ppm, and the methyl group of the pDMAEMA group
corresponds to δ = 18.68 ppm. Signals corresponding to the
carbonyl groups of HPMA and HEMA are shown at δ = 181.67
and 102.48 ppm (Figure 1c(ii)), the ethyl group of pHEMA
corresponds to signals at δ = 57.91, 62.88, and 70.11 ppm,
respectively. Themethyl group of pHPMAhas its corresponding
signals at δ = 18.61 ppm. The methylene group of pHPMA has
its corresponding signals at δ = 47.76 ppm, and the −CH group
corresponds to the signal at δ = 70.11 ppm.

3.2. Synthesis of pDMAEMA(PD)/pHPMA(PH)-co-poly
HEMA Hydrogels and Effect of Mineral Inducers. Two
types of hydrogels are prepared using HEMA as a cross-linker,
pDMAEMA (PD)- and pHPMA (PH)-based hydrogels. The
hydrogels are prepared by free-radical polymerization due to the
presence of a carbon−carbon double bond.33 There are three
possible ways of cross-linking taking place where the polymer:-
cross-linker ratios can be 2A:B/A:2B/A:B (Figure 2a), leading
to hydrogel formation. Preparation of the hydrogel includes the
addition of PD/PH, HEMA, and Milli-Q followed by APS and
TEMED (Figure 2b(i)). The chemical structures of each
mineral inducer are shown in Figure 2b(ii). After successful
hydrogel preparation, mineral inducers, namely, nHAp, MMT,
and ALP, were introduced to these hydrogels at varied
concentrations to obtain hydrogels with varying mechanical
strength (Figure 2b(iii)). The vinyl groups present in PD and
PH promote the binding of Ca2+ ions in an aqueous
environment, which provides sites for hydroxyapatite nucleation
in the hydrogels, favoring the growth of nHAp crystallites.34,35

ALP stimulates extracellular mineralization by causing the
mineralization inhibitor inorganic pyrophosphate to release an
inorganic phosphate. Mineralization begins with the accumu-
lation of calcium and inorganic phosphate, which is then
followed by crystal development.36 The prepared hydrogels
contain pores that absorb the ALP solution, which in turn acts
on the organic CaP immediately and breaks it down. The
enzyme activity is measured at day 0 and day 7, and the ALP
activity was seen to gradually decrease after 7 days (Figure S1).
The gradual decrease allows the enzyme to breakdown the
organic beta-glycerolphosphate and deposit inorganic minerals.
Members of the smectite clay group include montmorillonite,

pyrophyllite, saponite, and nontronite. The typical formula for
this group’s chemical structure is (Ca,Na,H)(Al,Mg,Fe,Zn)2-
(Si,Al)4O10(OH)2XH2O.33 Silicate layers with aluminum oxide/
hydroxide layer (Al2(OH)4) in the layer structure are FDA-
approved additives in multiple medicinal products and are being
used as mineralizing reagents for different hydrogels.37,38

3.3. Physicochemical Characterization of the Hydro-
gels. 3.3.1. Gel Fraction. The gel fraction considers polymer
chains that are covalently linked to the network and is used to
calculate the degree of cross-linking. First, the initial weight of
the hydrogels is measured, followed by incubation in 2 mL of
Milli-Q and incubation at 37 °C for 24 h (as shown in Figure 3a).
After 24 h, the final weight is used to calculate the gel fraction.
The gel fraction indicates 61.3 and 68% cross-linking for PD and
PH, respectively, to form the hydrogels.39

3.3.2. Water Absorption Ratio (Swelling Ratio %). The
swelling ratio is defined as the fractional increase in the weight of
the hydrogels due to water absorption. The swelling ratio is
calculated to study water uptake by immersing the scaffolds in
Milli-Q at room temperature. The equilibrium swelling is
reached at about 4 h and is around 128.64% for PD and 81.94%
for PH (Figure 3b). PD showed a higher swelling ratio than the
PH hydrogel, which depicts the higher water retention ability of
the PD hydrogels compared to PH. The mineral-induced
hydrogels show a higher swelling ratio of around 200%
compared to only PD (Figure 3c(i)) or PH (Figure 3c(ii)).
3.3.3. Thermal Analysis Using TG-DSC.The thermal stability

of the PD and PH hydrogels was investigated using TG analysis.
Figure 3d(i) shows the thermal degradation curve of the PD
hydrogel sample within a range temperature of room temper-
ature to 600 °C. The decomposition occurs in three steps. The
first step occurred in the 100 to 245 °C range, the second is

Figure 4. (a) SEM images of PD/PH with all variations of mineral
inducers showing the pore nature of the hydrogels. (b) Mineral content
of hydrogels calculated by EDAX; (n = 3). (c) Porosity % of (i) PD
hydrogels with mineral inducers and (ii) PH hydrogels with mineral
inducers, n = 4. (0, 1, 5, and 10 in the nomenclature represent the
weight % of mineral inducers added in that particular composition).
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located at 245 to 325 °C, and the third decomposition occurs at
325 to 423 °C, which may be due to the thermal decomposition
of side groups and initiation of the disintegration of the main
chain.40 The DSC thermograms of the samples show PD
hydrogels (Figure 3e(i)) with an endothermic peak at 90 °C due
to water evaporation and at 245 °C showing the first melting of
the polymer. The thermogram shows an exothermic peak at 325
and 423 °C related to oxidation and volatile degradation of side
groups and initiation of the disintegration of the main chain,
respectively.
The thermal stability of the PH hydrogel was investigated

using TG analysis. Figure 3d(i) shows the thermal degradation
curve of the PH hydrogel samples from room temperature to
600 °C. Here, the decomposition occurs in three steps. The first
step occurs in the 100 to 246 °C range, the second is at 246 to
348 °C, and the third decomposition occurs at 348 to 423 °C.
The first weight loss corresponds to the loss that occurred due to
moisture, the second weight loss occurred at 348 °C due to

oxidation and volatile degradation of side groups, and the third
weight loss occurred at 423 °C, which may be due to thermal
decomposition of side groups and initiation of the disintegration
of the main chain.41 Here, the DSC thermograms of the samples
show PH hydrogels depicting an endothermic peak at 90 °C as a
result of water evaporation and at 246 °C showing the first
melting of the polymer. The thermogram shows an exothermic
peak at 348 and 423 °C related to oxidation and volatile
degradation of side groups and initiation of the disintegration of
the main chain, respectively.
3.4. Morphological Analysis. SEM images of the freeze-

dried PD and PH hydrogel with all mineral inducers are
presented (Figure 4a). SEM reveals a decreasing porosity with
an increase in weight % of mineral inducers and stiffness. The
minerals accumulate in pores in the case of nHAp. The increase
in concentration of nHAp causes higher mineral deposition in
these hydrogels. A higher mineral deposition refers to the Ca:P
ratio that is found after forming hydrogels with the

Figure 5.Mechanical properties validated by rheology showing (a) G′ vs angular frequency ((i) nHAp-based hydrogels, (ii) MMT-based hydrogels,
and (iii) ALP-based hydrogels) and (b) stress vs strain% ((i) nHAp-based hydrogels, (ii) MMT-based hydrogels, and (iii) ALP-based hydrogels). (0,
1, 5, and 10 in the nomenclature represent the weight % of mineral inducers added in that particular composition).
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incorporation of mineral inducers. In the case of MMT,
increased concentration leads to lesser mineral deposition
with varied morphological appearance. Upon treatment with
ALP, the deposition of minerals varies between MMT and
nHAp (Figure 4b). In the case of nHAp and ALP, Ca and P are
predominantly deposited. In the case of MMT, the presence of
Si is predominant. Overall, the presence of minerals could be
observed in all samples with inducers.
The porosity % (Figure 4c) is calculated to understand the

ability of the hydrogel to have a cell−cell interaction. The
porosity % values of native PD and PH hydrogels were high as
compared to other variations of the mineral inducers, and we
could observe that the porosity of the hydrogel decreases with an
increase in the % of mineral inducers in comparison to PD and
PH hydrogels.
3.5. Hydrogel Mechanical Properties. The storage

modulus and loss modulus were analyzed by using rheology.
In all the combinations of hydrogels, G′ is higher than G′′. This
data indicates the gel-like behavior of the hydrogel (Figure 5 a).
G′ andG″ were calculated using angular frequency as a function.
From the data, it is seen that the ALP-based hydrogel has a
higher G′, and the MMT-based hydrogel with 1 wt % MMT
showed the least G′. The G′ has an increasing trend with an
increase in the weight % of mineral inducers used with some
exceptions. Figure 5b shows the graph for stress (in kPa) versus
strain %. This graph depicts that the stress of the hydrogel
increases with an increase in strain %, which means that the
strength of hydrogel increases with an increase in percentage of
mineral inducers, showing that the mineral inducer-based
hydrogels have good mechanical strength for potential bone
tissue engineering. From Figure 4 and Figure 5, it was evident
that all the types of mineral inducers deposited minerals within
the pores of the hydrogels and the mineral-based hydrogels
possess good mechanical properties, irrespective of the types of
minerals. Eight out of twenty two hydrogels (i.e., PD, PDH5,
PDL5, PDA10, PH, PHH5, PHL5, and PHA10) were selected
on the basis of mechanical strength aiming support for
osteogenic differentiation.

3.6. In Vitro Biodegradation. The biodegradation assay is
performed on the hydrogels under in vitro conditions while
mimicking in vivo conditions using lysozyme as the enzyme.
Approximately, 1.5 μg mL−1 to 1 mg mL−1 concentration of
lysozyme was found to be present in human tissue, depending on
the tissue and infection status.42 The hydrogels did not start
degrading until 14 days, offering the possibility of studying the
role of matrix stiffness in bone mineralization. Out of the eight
selected hydrogels, PDA10 and PHA10 containing ALP showed
the highest biodegradability of 12.8 and 11.7%, respectively,
while MMT-containing hydrogels showed the least biodegra-
dation %, i.e., 2.97% for PDL5 and 7.92% for PHL5 (Figure 6).
3.7. Effects of Hydrogel Stiffness due to Mineral

Inducers on Bone Cells. 3.7.1. Cell Viability and Prolifer-
ation. The viability of the cell on the developed material was
validated by a PrestoBlue assay using two types of bone cells, i.e.,
MC3T3-E1 and hBMSCs. All eight selected variations show
positive responses for both cell types, and out of all variations,
PDL5 and PHA10 showed the highest cell viability in both cell
types. All the hydrogels showed a higher viability than the
control, implying that vinyl-based hydrogels can have a wider
tissue engineering application (Figure 7a).
3.7.2. Mineralization increases on the overall stiffened

matrix of the engineered bone of 3D vinyl hydrogels. The
impact of mineralization and bone nodule formation on the
increasing stiffness of PD/PH hydrogels is measured using an
alizarin assay. Mineralization on days 7, 14, and 21 on these
hydrogels is confirmed by using an alizarin red staining assay
(Figure 7b). Two types of cell lines, i.e., MC3T3-E1 and
hBMSCs, are used. It is observed that ALP-induced hydrogels
show a significantly higher mineralization in both the cell type as
well as in both the polymer hydrogel (PD/PH). Among the
eight selected hydrogels, PDA10 showed a higher mineralization
ability compared to PHA10 by 21 days post mineralization.
Native hydrogels without cells were taken as a control for the
study (Figure S2 and Supporting Information).

4. DISCUSSION
The tissue engineering technique, which uses cells as the
building block and provides a scaffold or matrix to guide cell
development and matrix formation, is emerging as a sub-
category of regenerative medicine. The matrix interaction with
the cell has been important in understanding tissue healing and
regeneration and has attracted increased attention for
reconstructing damaged tissues by using biomimetic strategies.
The matrix whose properties predominantly guide the tissue
formation has been extensively researched as well. Among many
categories of materials that have proven their potential to
become suitable matrices, synthetic hydrogels like vinyl
polymers allow for tunable biofunctionality as their material
properties can be tailored to mimic those of native tissues.43−46

In this work, vinyl-based hydrogels are considered biomineral-
ized matrices. The matrices are subjected to treatment using
different mineral inducers (ALP, nHAp, and MMT), in which
matrices with varying mechanical strengths are generated to
validate the importance of the matrix in cell proliferation and
differentiation. The PD- and PH-based hydrogels have been
extensively researched due to their chemical stability, non-
toxicity, biocompatibility, biological aging resistance, high
water-absorbing capacity, and ease of processing.47,48

The hydrogels, PD and PH, have gel fractions of 61.3 and
68%, which quantitatively represents a successful chemical
cross-linking (Figure 3a). The water uptake ability of the

Figure 6. In vitro biodegradation of the PD/PH hydrogels when treated
with lysozyme enzymes (0, 1, 5, and 10 in the nomenclature represent
the weight % of mineral inducers added in that particular composition).
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Figure 7. Biological evaluation of hydrogels. (a) Cell proliferation assay by PrestoBlue after 7 days post cell seeding: (i) MC3T3-E1 and (ii) hBMSCs.
(b)Mineralization of hydrogels with alizarin red staining of (i) 7 days post cell seeding withMC3T3-E1 on hydrogels, (ii) 7 days post cell seeding with
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hydrogels calculated from the swelling ratio inferred that vinyl-
based polymers have the ability to take up cells and allow
nucleation sites for mineralization (Figure 3b).
The decreased swelling behavior (Figure 3c(i),(ii)) of

mineral-induced hydrogels after a certain duration is due to
intense contacts between organic and inorganic phases as well as
possible moderate interactions between vinyl groups. These
extensive connections produce compact hydrogels with lower
media diffusion into the hydrogel network, which alters their
swelling behavior.49 The 3D scaffold breakdown behavior is
complex in a dynamic physiological microenvironment and can
vary greatly between systems. Weight loss can occur via
dissolution or solvation in media, erosion, etching, and
enzymatic or hydrolytic cleavage of chains and networks into
minute fragments.50 The thermal stability of the hydrogel, as
shown in Figure 3d, shows higher phase change temperatures for
the hydrogels. PD and PH variants do not showweight loss up to
100 °C. This means that the fabricated hydrogel is thermally
stable for up to 100 °C. Beyond 100 °C, there is a slight change
in weight loss, i.e., 4.89% for PD and 5.64% for PH, due to the
evaporation of water from the sample up to approximately 245
°C, indicating thermal stability. All the above characterizations
indicate vinyl hydrogels to be chemically and thermally stable. In
vinyl hydrogels, strong cross-linking in the hydrogel network
shields the polymeric chain-breaking site from enzymes.51

Lower porosity lowers the media penetration and leads to slow
disintegration of vinyl-based hydrogels, thus leading to matrices
with a slower degradation capability. The hydrogels are
subjected to appropriate treatment with three different mineral
inducers, namely, ALP, nHAp, and MMT. The three mineral
inducers have three different mechanisms of depositing minerals
onto the hydrogels.52 When utilized as implants in the
orthopedic, dental, or maxillofacial fields, these mineral inducers
have been reported to promote development and osteointegra-
tion. In the case of orthopedic implants, the surface of the nHAp
mineral-induced implant that is exposed to the surrounding
environment binds to natural apatite in the body, promoting
bone growth.53 In ALP- and nHAp-based hydrogels, Ca2+ and
PO4

3− are secreted from the osteoblasts via vesicles and
precipitate in the surroundings. When these hydroxyapatite
crystals develop on the polymer matrix, additional mineraliza-
tion occurs. As a result, the mineralized scaffolds dramatically
increase cell activity and callus production for bone repair.54,55

The MMT-based hydrogel is a synthetic smectite nanoclay that
degrades slowly into nontoxic compounds such as Na+, Li+,
Mg2+, and Si(OH)4, which can promote stem cell proliferation
and osteodifferentiation in the absence of exogenous osteoin-
ductive stimuli. MMT nanoplates have a positive charge on their
edges and a negative charge on their surface.28,56 The EDAX
report suggests that our mineral-induced hydrogels consist of
different forms of minerals required for bone differentiation
(Figure 4). Engineered scaffolds with excessive stiffness, for
example, impede bone repair due to the stress shielding
phenomena.57 Cells within substrates, on the other hand,
sense the stiffness of the surrounding matrix and translate
mechanical signals into physiological responses, involving cell
proliferation and differentiation. The mechanical strength of the

developed hydrogels showed an increased G′ rate with an
increase in mineral inducer % (Figure 5). The two types of
polymer hydrogels (PD/PH) in the presence of different
mineral inducers (nHAp, MTT, and ALP) generate a wide
variety of hydrogels with different mechanical strengths and
stiffness. This also indicates that the PD/PH hydrogel behaves
differently from the different mineral inducers. Mechanical
strength plays an important role in analyzing the role of hydrogel
stiffness in bone context. The mechanical strength increased
with increasing cross-linker concentration for both hydrogels
because of the resultant stiffer network.58 The mechanical
strength of PD and PH hydrogels with and without mineral
inducers is in the range of 5 to 600 kPa. The mechanical strength
and mineral content of the bone matrix are around 300 kPa.
During the bone healing process, osteogenic progenitor cells
adhere and multiply on the implant surface, while calcium and
phosphorus are absorbed into the implant surface to precipitate
and crystallize for biomineralization, resulting in the production
of new bone tissue.59,60 The hydrogels with different mineral
inducers showed different biodegradation profile with ALP
based hydrogels having maximum degradability (Figure 6). The
proliferation and differentiation of MC3T3-E1 cells and
hBMSCs on unmineralized and mineralized substrates are
performed to assess whether such alterations may further affect
the proliferation and differentiation of cells in the biological
environment. The validation of biocompatibility of the hydrogel
is done by the PrestoBlue assay, which further proves that the
hydrogels are viable for both types of cells (Figure 7a). The
presence of mineral-induced matrix stiffness, which in turn had a
role in cell mineralization, is validated by the alizarin assay
(Figure 7b). These data validated that after 7, 14, and 21 days
post cell seeding, the mineral inducer-based hydrogels show
enhanced mineralization properties. On day 7, PDH5, PHH5,
PDA10, and PH10 show upregulation of mineralization in the
MC3T3-E1 cell line, and PDH5, PDL5, PDA10, and PHA10
show upregulation of mineralization in the hBMSC in
comparison to the control, indicating the importance of
incorporation of mineral inducers in hydrogels. This trend
continues for day 21, with similar and comparable observations
in both cell lines. However, PDA10 and PHA10 are observed to
be efficient from day 7 and can be effectively used as a 3Dmodel
for bone tissue engineering.61,62

5. CONCLUSIONS
The current study lays down observations on the role of matrix
stiffness through mineral inducers in 3D hydrogels to under-
stand alterations in normal bone tissue growth and disease
progression during bone loss. Substrate stiffness from mineral
inducers has a different influence on cell behavior and fate as per
our study. Vinyl-based matrices with different quantities of
calcium phosphate mineral inducer can serve as efficient 3D
models to study bone mineralization.

Figure 7. continued

hBMSCs on hydrogels, (iii) 14 days post cell seeding with MC3T3-E1 on hydrogels, (iv) 14 days post cell seeding with hBMSCs on hydrogels, (v) 21
days post cell seeding with MC3T3-E1 on hydrogels, and (vi) 21 days post cell seeding with hBMSCs on hydrogels. (0, 1, 5, and 10 attached to the
nomenclature represent the weight % of mineral inducers added in that particular composition).
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