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ABSTRACT: Although hydrogels are able to mimic native tissue micro-
environments, their utility for biomedical applications is severely hampered
due to limited mechanical stiffness and low toughness. Despite recent progress
in designing stiff and tough hydrogels, it is still challenging to achieve a cell-
friendly, high modulus construct. Here, we report a highly efficient method to
reinforce collagen-based hydrogels using extremely low concentrations of a
nanoparticulate-reinforcing agent that acts as a cross-link epicenter.
Extraordinarily, the addition of these nanoparticles at a 10 000-fold lower
concentration relative to polymer resulted in a more than 10-fold increase in
mechanical stiffness and a 20-fold increase in toughness. We attribute the high
stiffness of the nanocomposite network to the chemical functionality of the
nanoparticles, which enabled the cross-linking of multiple polymeric chains to
the nanoparticle surface. The mechanical stiffness of the nanoengineered
hydrogel can be tailored between 0.2 and 200 kPa simply by manipulating the
size of the nanoparticles (4, 8, and 12 nm), as well as the concentrations of the nanoparticles and polymer. Moreover, cells
can be easily encapsulated within the nanoparticulate-reinforced hydrogel network, showing high viability. In addition,
encapsulated cells were able to sense and respond to matrix stiffness. Overall, these results demonstrate a facile approach to
modulate the mechanical stiffness of collagen-based hydrogels and may have broad utility for various biomedical
applications, including use as tissue-engineered scaffolds and cell/protein delivery vehicles.
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Hydrogels are highly hydrated three-dimensional poly-
meric networks that can mimic the native tissue
microenvironment;1 however, their utility for bio-

medical applications is severely hampered due to limited
mechanical stiffness and low toughness.2−6 Despite recent
progress in designing stiff and tough hydrogels, it is still
challenging to achieve a cell-friendly, high modulus con-
struct.7−10 A range of chemical and physical mechanisms have
been proposed to enhance the mechanical stiffness of hydrogel
networks including double-network hydrogels,11 supramolecular
or topological hydrogels,12 microsphere-cross-linked hydro-
gels,13 nanoclay-cross-linked hydrogels,14−16 and hybrid physi-
cally/chemically cross-linked hydrogels.17 Nevertheless, most of
these modifications either require the hydrogels to be formed
under conditions that are not suitable for cell encapsulation or
need a high concentration of reinforcing agent. Thus, there has
been unprecedented interest in developing advanced strategies
to design and developmechanically stiff hydrogels for engineered
tissue structures.

Recently, collagen-based hydrogels have been extensively
investigated for cell and tissue engineering applications owing to
their ability to encapsulate cells, nonimmunogenic properties,
ability to mimic the native extracellular matrix (ECM) and
biodegradable characteristics.18 There have been several efforts
to fabricate mechanically robust collagen-based hydrogels by
covalent cross-linking, interpenetrating networks, and nano-
composite structures.19−22 However, these techniques cause
significant decreases in porosity and hydration degree, which are
important drawbacks. Recently, one-dimensional nanomaterials
such as carbon nanotubes (CNTs)20,21 and two-dimensional
nanomaterials such as graphene, graphene oxide (GO),19 and
synthetic silicate nanoparticles22 have been incorporated into
collagen-based (gelatin) hydrogels to enhance the mechanical
stiffness of these materials.20,21 These nanoparticles physically
and/or chemically interact with polymer and enhance the

Received: June 26, 2015
Accepted: December 15, 2015
Published: December 15, 2015

A
rtic

le
www.acsnano.org

© 2015 American Chemical Society 246 DOI: 10.1021/acsnano.5b03918
ACS Nano 2016, 10, 246−256

D
ow

nl
oa

de
d 

vi
a 

T
E

X
A

S 
A

&
M

 U
N

IV
 C

O
L

G
 S

T
A

T
IO

N
 o

n 
M

ar
ch

 1
9,

 2
02

0 
at

 0
7:

25
:3

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

www.acsnano.org
http://dx.doi.org/10.1021/acsnano.5b03918


mechanical stiffness 2- to 3-fold at higher nanomaterial
concentrations (3−20 mg/mL).20,21 Despite these advances,
collagen-based hydrogels are still not extensively used to
engineer mechanically stiff tissues that can undergo plastic
deformation and remain hydrated to support cellular infiltration.
Here, we report a highly efficient method to reinforce collagen-

based hydrogels using extremely low concentrations (5 μg/mL)
of a nanoparticulate-reinforcing agent that acts as a cross-link
epicenter. We hypothesize that the cross-linking of multiple
polymeric chains to the nanoparticle surface will provide control
over the physical properties of the hydrogel network attribute. It
is also expected that the mechanical stiffness of the nano-
engineered hydrogel can be tailored simply by manipulating the
size of the nanoparticulate-reinforcing agent, as well as the
concentrations of the nanoparticles and polymer. It is expected

that due to the facile approach to tune the mechanical properties
without changing the chemistry of the polymer network, these
nanoengineered hydrogels could be used to decouple the role of
biomaterials chemistry and structure with cellular behavior.
These nanoengineered hydrogels may have broad utility for
various biomedical applications, including use as tissue-
engineered scaffolds and cell/protein delivery vehicles.

RESULTS AND DISCUSSION

Synthesis and Characterization of Nanoparticle Cross-
Linker. To develop the chemically reinforced nanocomposite
networks, oleic acid coated iron oxide (Fe3O4) MNPs with three
different sizes (4, 8, and 12 nm) were synthesized using methods
reported in the literature.23−25 The surface of the MNPs was
modified with nitro-dopamine. Subsequently, poly(ethylene

Figure 1. Synthesis and characterization of surface functionalized MNPs. (a) Oleic acid coated MNPs were decorated with nitro-dopamine
anchored PEGdiacid (COOH-PEG-COOH) using EDC-NHS chemistry. (b) TEM images ofMNPswith different diameter and size distribution.
(c) SQUID data of MNPs with different sizes indicating superparamagnetic characteristics. (d) Zeta potential and electrophoretic mobility of
MNPs indicate highly stable nanoparticles in aqueous solution.
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glycol) (PEG) diacid was conjugated via carbodiimide-N-
hydroxysuccinimide (EDC-NHS) chemistry,26−28 as shown in
Figures 1a, S1 and S2. Transmission electron microscope (TEM)
images indicate the formation of monodisperse MNPs with sizes
of 4.4± 0.5, 8.6± 0.8, and 12.6± 0.7 nm (Figure 1b). According
to the magnetization profiles (M-H), the MNPs were super-
paramagnetic, as no hysteresis was observed (Figure 1c). The 12
nm MNPs had the maximum magnetization of 65 emu/g at 2
kOe. The 4 nmMNPs exhibited higher magnetization than 8 nm,
likely due to the smaller-sized particles being able to easily
aggregate in aqueous media. The magnetization profiles also
indicated that adding the nonmagnetic coating (i.e., the nitro-
dopamine-PEG ligand) onto the MNP surfaces reduced the
absolute magnetization values of Fe3O4. The coating is also
responsible for diamagnetic characteristics at higher fields, which
were more pronounced in the 4 nm MNPs. The zeta potential
and electrophoretic measurements of the MNPs (Figure 1d)

indicated high stability of the nanoparticles in aqueous solvent,
which can be attributed to the presence of the hydrophilic PEG
chains on the nanoparticles.

Reinforcing Hydrogels with Nanoparticle as a Cross-
Link Epicenter. To fabricate nanocomposite hydrogels,
denatured collagen (gelatin) was selected as the base polymer.
Notably, gelatin contains cell-binding domains and can be easily
modified to obtain covalently cross-linked hydrogels that mimic
the native tissue microenvironment.18 Briefly, the primary amine
groups present on the gelatin backbone were partially modified
with methacrylate groups to obtain photo-cross-linkable gelatin
methacryloyl (GelMA), according to previously published
reports.18,22 The degree of methacrylation was 80%, indicating
that 80% of amine groups present on gelatin backbone were
transformed into a methacrylamide group.18,22 Covalently cross-
linked gelatin hydrogels (Gel) were produced by exposing a
prepolymer solution of 5 wt % GelMA to ultraviolet (UV)

Figure 2. Synthesis ofMNP-reinforced nanocomposite hydrogels. (a) Nanocomposite hydrogels were synthesized by combining PEG-dopamine-
MNPs with GelMA and exposing it to UV radiation in the presence of a photoinitiator to obtain covalently cross-linked network. (b) Cross-
linking of the prepolymer solution was monitored using UV rheology. After the UV radiation was turned on, a significant increase in the modulus
of the prepolymer solution was observed, indicating the formation of a cross-linked network. (c) The presence of MNPs within nanocomposite
network was determined from XPS. (d) TEM images of nanocomposite show uniform distribution of MNPs within GelMA matrix. Inset shows
the electron diffraction pattern. (e) SEM micrographs of the nanocomposites indicate the formation of highly porous and interconnected
networks.
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radiation (320−500 nm; 30 mW/cm2) in the presence of a
photoinitiator (0.5 wt % Irgacure 2959). Nanocomposite
hydrogels were fabricated (Figure 2a) by combining 5 wt %
GelMA prepolymer solution with different sizes (4, 8, and 12
nm) and concentrations of the functionalized MNPs (0.1−5 μg/
mL of iron (Fe)) and then performing UV cross-linking.
Cross-linking of the MNP-reinforced nanocomposite hydro-

gels (5 μg/mL of Fe in 50 mg/mL GelMA) was evaluated by
using a rheometer to monitor shear modulus evolution over time
during photo-cross-linking (Figure 2b). As expected, the un-
cross-linked prepolymer solution containing GelMA and MNPs
exhibited a low storage modulus (G′) before UV exposure (<1
min). After UV exposure (>1 min), which initiated crosslinking
of polymer network, a sudden increase in G′ was observed,
indicating the formation of a covalently cross-linked network. In
general, G′ reached a plateau after 1 min of UV exposure,
indicating that the network was fully cross-linked. However, the
final storage modulus (G′) obtained was strongly influenced by
the size of the functionalized nanoparticles, suggesting
interactions between the ligands present on the MNPs and the
collagen. In addition, we observed that the incorporation of
MNPs resulted in enhanced network stability as determined
from frequency sweep and stress sweep data (Figures S3 and S4).

The presence of MNPs within the cross-linked Gel network
was confirmed by X-ray photoelectron spectroscopy (XPS)
(Figure 2c) and electron diffraction pattern (TEM) (Figure S5).
The presence of peaks at ∼712 and 724 eV corresponded to Fe
2p3/2 and Fe 2p1/2, respectively, in the nanocomposites; these
peaks were absent in Gel hydrogels that did not contain MNPs.
XRD data also indicate presence ofMNPs within the cross-linked
samples (Figure S5). The presence of MNPs in the prepolymer
solution before photo-cross-linking was analyzed by TEM, which
displayed the homogeneous distribution, indicating ultrastable
suspension in prepolymer solution (Figure 2d). The nano-
particles are crystalline and hence they appear dark and can be
seen easily in the lighter polymer background.
The morphological features of the Gel and Gel-MNP

hydrogels were analyzed using scanning electron microscopy
(SEM), and the results indicated a porous and interconnected
network with pore sizes of 8−10 μm (Figure 2e), similar to
previously published reports.20,21 The addition of MNPs to Gel
significantly reduced the pore size of the nanocomposite
hydrogels, indicating an increase in cross-linking density. Thus,
an increase in mechanical stiffness due to addition of MNPs can
be expected. However, all the hydrogel showed highly porous
and interconnected network, indicating their ability to support

Figure 3. Effect of MNPs on the mechanical properties of covalently cross-linked hydrogel networks. (a) Representative stress−strain curves for
nanocomposites loaded with 8 nmMNPs (0.5 and 5 μg/mL of Fe). Box plot of nanocomposites reinforced with different concentrations of 4, 8,
and 12 nmMNPs for (b) compressive moduli, (c) ultimate stress and toughness. (d) The effect of polymer concentration (2.5, 5, 10 and 15%) on
compressive modulus of nanocomposite reinforced with 8 nmMNPs (5 μg/mL Fe). (Error bars not visible in some plots; they are too small). (e)
The comparative chart of the moduli of various nanocomposite hydrogels: Gel-CNTs,20,21 Gel/Graphene,19 Gel/Silicate,22 Gelatin + Genipin,31

Gel/PEG,32 Gel/nHAp,33 Gel/Cloisite,34 Gel-GellanGum(GGMA),35 Acrylamide/MBAA,17 Alginate/CaCl2,
36 Hyaluronan/Au.37
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nutrient and waste transfer. Furthermore, we investigated the
effect of MNPs addition to Gel on hydration and degradation
characteristics of hydrogel network. The addition ofMNPs to the
Gel hydrogels did not have a significant effect on the hydration
and degradation profile (Figure S6).
Physical and Structural Characterization of Mechan-

ically Stiff Nanocomposite Hydrogels. To investigate the
influence of MNPs on mechanical properties, an unconfined
compression test was performed on the nanocomposite
hydrogels and compressive modulus was calculated from
engineering stress−strain curve. The modulus calculated from
the initial linear region (0.1−0.2 mm/mm strain) of the stress−
strain curve of nonreinforced Gel hydrogels was observed to be
3.2 ± 0.5 kPa (Figure 3a), which is comparable to previously
published reports.19 The addition of nitro-dopamine function-
alizedMNPs to gelatin hydrogels resulted in a significant increase
in mechanical stiffness compared to the Gel hydrogels (Figure
3b); the addition of 0.1, 0.5, 1, 2.5, and 5 μg/mL (Fe) of MNPs
(8 nm) to Gel hydrogels increased the modulus to 4± 0.2, 16.9±
4.1, 17.3 ± 6.6, 22.2 ± 2.2, and 26.7 ± 4.7 kPa, respectively. A
more than 8-fold increase in mechanical stiffness was observed by
adding just 0.5 μg/mL of MNPs, which corresponded to a
10 000-fold lower concentration compared to the polymer
concentration (50 mg/mL). It should be appreciated that the
increase in mechanical stiffness and toughness can be controlled
by modulating the density of the nitro-dopamine-PEG
functionality on the MNP surfaces. Though smaller size of
MNPs (4 nm) had larger net surface area, but due to inevitable
aggregation, the possible number of available cross-linking points
on nanoparticle surface was significantly lower compared to the
larger MNPs (8 and 12 nm). The aggregation of smaller size
nanoparticles was evident in magnetization data (Figure 1c).
Thus, the addition of 5 μg/mL of 4 nm-MNPs resulted in a
moderate 2.5-fold increase in modulus (7.8± 1.9 kPa) compared
to Gel, whereas the addition of 12 nm-MNPs (5 μg/mL) resulted
in ∼10-fold increase in modulus (31.25 ± 4.6 kPa) compared to
Gel. A similar trend was observed in storage modulus when
hydrogels was subjected to shear deformation (Figure 2b).
Moreover, similar trends were observed for ultimate stress and

toughness (Figure 3c) with the change in nanoparticle size and
concentration. The energy absorbed by the Gel hydrogel after 0.8
mm/mm strain was 16.9 ± 2.9 kJ/m3. The addition of 0.5 and 5
μg/mL ofMNPs (8 nm) toGel resulted in increases in toughness
to 113.7 ± 7.6 and 178.8 ± 8.3 kJ/m3, respectively. The addition
of 4, 8, and 12 nmMNPs at a concentration of 5 μg/mL resulted
in 3-fold (61.5 ± 5.5 kJ/m3), 11-fold (178.8 ± 8.3 kJ/m3), and
17-fold (286.9 ± 13.6 kJ/m3) increases in toughness,
respectively. To confirm that amine groups present in Gel are
interacting with MNPs, we replaced GelMA with poly(ethylene
glycol) (PEG) diacrylate with the functionalized MNPs (0.1−5
μg/mL of iron (Fe)) (Figure S7). No significant increase in
mechanical stiffness was observed indicating amines present on
GelMA play a critical role in chemical conjugation.
This approach of reinforcing Gel hydrogels was expanded to

hydrogels prepared from different concentrations of GelMA. By
changing the GelMA concentration, the number of available
unreacted − NH3+ and methacrylate groups would increase or
decrease with the change in polymer concentration. We used 5
μg/mL of 8 nm-MNPs to reinforce covalently cross-linked
hydrogels comprising 2.5, 5, 10 and 15% GelMA (Figure 3d). A
significant increase in mechanical stiffness was observed for all
compositions whenMNPs were added. Almost a 10-fold increase
in modulus was observed in nanocomposites containing 2.5 and

5% GelMA, whereas around a 2.5-fold increase in modulus was
observed at higher GelMA concentration. Since the MNP
concentration was held constant, the cross-linking sites present
on MNPs were exhausted at higher GelMA concentration. This
result indicates that by changing the concentration of polymer
and nanoparticles, a range of mechanical stiffness can be
obtained.
Compared to other reported stiff hydrogels, the amount of

nanoparticles (or cross-linker) used here is 2−3 orders of
magnitude lower. Even at a 10 000-fold lower concentration of
nanoparticles compared to polymer, we were able to achieve
more than a 10-fold increase in mechanical stiffness. This is
mainly due to the fact that each nanoparticle acts as cross-link
epicenter, and the nanoparticle surface covalently interacts with
multiple polymeric chains to form highly cross-linked network.
Furthermore, we believe this concept can easily be generalized
for different shaped nanoparticles such as one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) nano-
particles to further enhance the stiffness of polymeric net-
works.29,30 As the proposed approach is surface-mediated, by
increasing surface roughness or features, it is possible to fine-tune
the mechanical properties of nanocomposites. Notably, some of
the other cross-linking techniques that have been used to achieve
mechanically stiff hydrogels (e.g., double-network hydrogels,11

supramolecular or topological hydrogels,12 microsphere-cross-
linked hydrogels,13 nanoclay-cross-linked hydrogels,14,15 and
hybrid physical/chemical cross-linked hydrogels17) have also not
been able to provide a 10-fold increase in stiffness with such low
concentrations of reinforcing agents.
To illustrate the significance of this result, the comparative plot

Figure 3e shows the percentage increase in moduli with respect
to nanofiller/reinforcing agent/cross-linker concentration in Gel
hydrogel systems including Gel-CNTs,20,21 Gel/Graphene,19

Gel/Silicate,22 Gelatin + Genipin,31 Gel/PEG,32 Gel/nHAp,33

Gel/Cloisite,34 Gel-GellanGum(GGMA),35 Acrylamide/
MBAA,17 Alginate/CaCl2,

36 Hyaluronan/Au.37 For example,
the addition of CNTs to Gel hydrogels resulted in merely 3-fold
increase in hydrogel modulus.20 2D nanomaterials such as
graphene did not significantly change the compressive modulus
when incorporated within Gel, and instead simply acted as a
filler.19 When the surface of graphene oxide was modified with
methacrylate groups, its interactions with Gel were increased and
resulted in a 2- to 3-fold increase in stiffness.38 Another type of
2D nanomaterial that has a charged surface (synthetic silicates)
resulted in a 4-fold increase in stiffness due to the enhanced
nanoparticle−polymer interactions.22 Some other attempts to
increase the mechanical stiffness of Gel hydrogels include the
formation of semi-interpenetrating networks using Gellan
Gum35 and PEG;32 these approaches also resulted in moderate
increases in stiffness. Comparing to the existing literature, the
present study clearly highlights that dopamine functionalized
MNPs are efficient in increasing the mechanical robustness by
10-fold at ultralow (10 000-fold less) nanoparticle concen-
trations, which is superior to many alternatives at similar relative
concentrations.

Chemical Characterization of Reinforced Hydrogel
Network. The increase in mechanical stiffness can be attributed
to covalent cross-linking between gelatin backbones and surface
functionalized MNPs. Being photoactive, nitro-dopamine (λabs =
310 nm) present on MNPs might act as a cross-link epicenter.
The role of surface functionalized MNPs in reinforcing the
hydrogel network was probed using XPS. The change in binding
energies (B.E.) for nitrogen (N 1s), carbon (C 1s) and oxygen
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(O 1s) for gelatin, GelMA, Gel (i.e., cross-linked gelatin), MNPs,
GelMA/MNPs andGel/MNPs are shown in Figure 4a and Table
S1. The N 1s peak for gelatin appeared at around 402.5 and 402.8

eV due to presence of free amine (NH3
+) on polymer backbone.

The methacrylation of gelatin gives rise to amide (399.8 eV)
along with primary amine (397 eV) peaks in PBS. After photo-

Figure 4. Chemical interactions between nanoparticle and polymer. (a) High-resolution X-ray photoelectron spectra of Gelatin, GelMA
(prepolymer), Gel (i.e., cross-linked GelMA), MNPs, GelMA/MNPs (i.e., prepolymer solution), and Gel/MNPs (cross-linked nanocomposite).
The peaks for nitrogen (N 1s), oxygen (O 1s) and carbon (C 1s) atoms have been deconvoluted into curve components, which are shown
underneath the experimental data points (dotted lines). (b) Proposed cross-linking mechanism between surface modified MNPs and polymer
backbone (GelMA).
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cross-linking of the methacrylate groups, the associated N 1s
peak was shifted marginally toward lower binding energy due to
the change in vicinity. The N 1s peaks at 398.4 and 403.8 eV in
MNPs are attributed to the amide and nitro groups, respectively,
of the nitro-dopamine-PEG. In the prepolymer solution
consisting of GelMA and MNPs; amide and amine peaks
would be expected to appear at 399.8 and 397 eV, respectively
(due to GelMA). Instead, a new peak with considerable shift in
the primary amine position, at 398.4 eV emerged, indicating a
strong carboxylate-amine interaction in the prepolymer solution
of GelMA and MNPs. After UV cross-linking, peak splitting was
observed inGel/MNPs, suggesting the shift in carboxylate-amine
cross-linking (399.1 eV) and the formation of imide linkages
(399.7 eV), due to interactions between the amide groups of the
methacrylated polymer chains and the carboxylates of theMNPs.
The peak associated with nitro groups of the MNPs was not
detected in the prepolymer solution (GelMA+MNPs), likely due
to the ultralow concentration.
Comparison of the O 1s peaks for gelatin and GelMA

indicated the presence of noncarbonyl oxygen (534 eV) that was
transformed into carbonyl (531.5 eV) and anhydride (532.1 eV)
after methacrylation. After UV cross-linking, the carbonyl and
anhydride peaks in Gel were shifted due to change in vicinity in
the neighboring atoms. An additional O 1s peak was observed for
Gel at B.E. 533.4 eV, perhaps due to ester formation. The oxygen
peaks observed at 530.1, 528.4, and 531.4 eV in MNPs
correspond to iron oxide, nitro-dopamine, and carboxylates,
respectively. In the prepolymer solution of GelMA and MNPs,

the iron oxide, nitro-dopamine, and carboxylate peaks were
shifted and peaks corresponding carboxylate-amine interactions
(532.6 eV) appeared, confirming the strong interactions of
GelMA and MNPs. Upon UV exposure, a strong peak
corresponding to the imide formation between the amides of
GelMA and carboxylate groups of MNPs was observed.
The C 1s peaks for gelatin show the presence of carbonyl C

O and carboxyl (O−CO) peaks at 287.5 and 288.8 eV,
respectively. Methacrylation of the primary amines of gelatin
resulted in the formation of CC (283.8 eV) and amide (288.2
eV). After UV cross-linking of GelMA, a peak appeared at 284.4
eV, corresponding to the C−C bond formed by polymerization.
In MNPs the carbon positions corresponding to COOH and
amide were observed at 282.7 and 286.8 eV, respectively. In the
prepolymer solution (GelMA + MNPs), all the peaks
corresponding to GelMA and MNPs were observed. After UV
cross-linking, peaks at 288.1 and 285.8 eV indicate the formation
of carboxylate-amine and imide interactions.
Overall, the XPS data confirmed that interactions occurred

between the MNPs and polymer in the nanocomposite
hydrogels and provided further evidence for MNPs acting as
focal points from which polymeric cross-linking originated. The
cross-linking mechanism obtained from XPS data indicates the
formation of “imide” bonds as well as the presence of
“carboxylate-amine” interactions between nanoparticles and
polymer (Figure 4b). The ability of MNPs to provide multiple
cross-linking points and its ability to covalently interact with
polymer chains at multiple location are believed to be the

Figure 5. Effect of mechanically stiff nanocomposite hydrogels on cellular behavior. (a) The addition of nanoparticles result in significant
increase in mechanical stiffness of hydrogel matrix and it is expected to influence cell morphology. (b) Due to facile fabrication process,
encapsulated cells showed high viability after 24 and 72 h. (c) Cell shape was significantly influenced due to matrix stiffness. Cells encapsulated
within Gel showed circular morphology, while cells in nanocomposite showed elongated and spread morphology, indicating that cells sense and
respond to external stimuli. (d) Cells seeded on nanocomposite hydrogel readily proliferated as determined by Alamar blue assay. (e) Cells were
synchronized via serum reduction for a 24 h period. No significant effect of stiffness was observed in cell cycle.
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underlying mechanism for the observed increases in mechanical
stiffness.
Effect of Mechanically Stiff Nanocomposite Hydrogels

on Cellular Behavior. The ability to encapsulate cells and
subsequent support proliferation is an important requirement of
a tissue engineered scaffold. Cellular behavior of encapsulated
cells is regulated viamultiple microenvironmental cues including
mechanical stiffness, presence of cell adhesion ligands, ECM
proteins and soluble factors.39,40 Among these external signals,
mechanical stiffness of the hydrogel scaffolds plays an important
role in governing cells shape (Figure 5a). Various reports
demonstrated that cell shape profoundly impacts the cell fate via
intracellular signaling.41 This ability of cells to sense and respond
to external mechanical stimuli is extensively investigated for
regenerative engineering. Moreover, ECM stiffness can also
direct the differentiation of encapsulated stem cells toward
certain tissue lineages. For example, soft hydrogels (<5 kPa)
support circular morphology of encapsulated cells and support
adipogenic/chondrogenic differentiation, while stiff hydrogels
(>20 kPa) facilitate cells spreading and formation of strong
cytoskeleton and induces osteogenic differentiation.41,42 Here,
we demonstrated that surface-modified MNPs can reinforce
GelMA by up to 10-fold at far lower concentrations (10 000-
fold) nanoparticle concentrations. These ultralow nanoparticle
concentrations modify matrix stiffness (∼3−30 kPa) with
minimal direct interactions with cells. Thus, it is expected that
this nanocomposite hydrogel system can be used to delineate the
effect of matrix stiffness and engineer cell-matrix interactions.
Due to facile cross-linking process, we can encapsulate human

bone marrow stem cells (hMSCs) and murine-derived
preosteoblasts (MC3T3s) within the nanocomposite hydrogel
network. Cells survive the gelation process and maintain high
viability after 24, 48, and 72 h, as evident by high number of live
(green) cells compared to dead cells (red) (Figures 5b, S8 and
S9). The effect of matrix stiffness was observed on cell spreading.
After 24 h, encapsulated cells showing circular morphology were
observed in Gel and nanocomposite hydrogels. After 72 h, no
significant change in cell spreading was observed (Figure 5c) in
Gel. The addition of 4, 8, and 12 nm MNPs to Gel results in
significant increase in cell spreading. The projected cell area was
calculated from the confocal images, quantitatively demonstrat-
ing the effect of matrix stiffness on cells spreading (Figure 5c).
The effect of matrix stiffness was also investigated by determining
the circularity index (1 ∼ circular and <1 ∼ elongated) of
encapsulated cells. Cells encapsulated within Gel (0.6± 0.2) and
Gel/MNPs (12 nm) (0.3 ± 0.1) showed significant difference in
circularity index. In addition, well-organized actin cytosketon was
observed in nanocomposite hydrogel with high stiffness (>20
kPa).
The metabolic activity of encapsulated cells was investigated

using Alamar Blue assay and cell cycle analysis. The addition of
nanoparticles does not result in any significant change in
metabolic activities of cells, indicating high cytocompatibity of
cross-linking process (Figure 5d). To investigate proliferative
capacities of the nanocomposite hydrogels, cell cycle analysis via
flow cytometry was performed. Initially, cells were synchronized
via serum reduction for a 24 h period, enabling presentation of a
more robust material effect after cell seeding. Incubation on the
materials for 24 and 72 h provided ample time for trends to
emerge among cell populations (Figure 5e). Cells seeded on the
nanocomposite hydrogels began to display enhanced prolifer-
ation after 24 and 72 h. A significant increase in the G2/M
population was observed, signifying a shift into a higher

proliferative capacity. As expected, this was accompanied by a
decrease in the G1/G0 population as cells entering a mitotic state.
RGD sequences within the natural polymer promote cellular
adhesion and subsequent cellular spreading, likely leading to the
augmentation of cell numbers. Overall, the presented data
suggest a promising future for the use of epicenter cross-linked
nanocomposite hydrogels in cell and tissue engineering, and ex
vivo cell culture models. Future investigations will focus on
understanding the effect of mechanical stiffness of nano-
composite hydrogels on cellular behavior.

CONCLUSIONS

We have successfully synthesized mechanically stiff collagen-
based hydrogels by incorporating a 10 000-fold lower concen-
tration of nanoparticles without sacrificing pore morphology and
interior hydrogel architecture. The chemical reinforcement with
nitro-dopamine-PEG functionalized nanoparticles resulted in a
10-fold increase in mechanical stiffness and a 20-fold increase in
toughness. The increase in mechanical stiffness of the nano-
composite hydrogels is due to the multifunctional nature of the
nanoparticles, which act as cross-link epicenters. The mechanical
stiffness of the nanoengineered hydrogel can be tailored between
0.2 and 200 kPa simply by manipulating the size of the
nanoparticles (4, 8, and 12 nm), as well as the concentrations of
the nanoparticles and polymer. Moreover these nanoengineered
hydrogels are highly elastomeric and can sustain more than 90%
compressive strain with minimal plastic deformation. Due to
facile cross-linking process, high viability of encapsulated cells
was observed. In addition, encapsulated cells were able to sense
and respond to external mechanical stimuli. The ultralow
nanoparticle concentrations required to modify the matrix
stiffness can be used to understand and direct cellular fate.
Overall, these nanoengineered hydrogels can be used to engineer
mechanically stiff networks for biomedical applications including
tissue-engineered scaffolds, drug delivery vehicles, bioactuators,
and sensors.

METHODS
Synthesis of Magnetite Nanocrystals. For the synthesis of 4 nm

magnetite nanocrystals, the protocol established by Sun et al.was used.43

In a typical reaction, the precursors iron(III) acetylacetonate (ca. 1.41
g), lauric acid (ca. 2.40 g), hexadecanediol (ca. 5.17 g), dodecylamine
(2.76mL) (all procured from Sigma) were dissolved altogether in 40mL
of benzyl ether (bp 298 °C) and heated to 180 °C for about 4 h underN2
blanket. The reaction chamber was raised to 295 °C slowly and
maintained for 10 min. The formed nanocrystals were of the size
approximately 4 nm with oleic acid coated onto it.

For the synthesis of 8 and 12 magnetite nanocrystals, we followed the
standard methodology based on the high temperature decomposition of
iron oleate complex (Figure S1).24 In brief, 40 mmol of ferric chloride
hexahydrate (FeCl3·6H2O, procured from Sigma) and 120 mmol of
sodium oleate (procured from Fluka) dissolved in the mixture solvent of
ethanol, water and hexane was heated at 70 °C for about 4 h under N2
blanket. The thus obtained complex was properly washed with ultrapure
water and the excess of hexane was evaporated to get wax-like solid
product. In the next step, the calculated amount of the obtained complex
(5.815 g) was dissolved in 40 mL of 1-octadecane (bp 317 °C) and 1.08
mL of oleic acid and raised to 315 °C at controlled rate of 3.3 °C/min
and maintained for 10 (or 15) min to achieve hydrophobic oleic acid
functionalized Fe3O4 nanocrystals of sizes 8 (or 12 nm) respectively.

Hydrophilic Fe3O4 MNPs by Nitro-Dopamine-PEG. The oleic
acid coated hydrophobic Fe3O4 nanocrystals were made aqueous stable
by replacing the long aliphatic chain molecules from the surface and
stabilizing them by functionalizing with PEG diacid (procured from
Millipore, USA) via strong anchoring ligand of nitro-dopamine. The
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dual hydroxyl groups of the catechol part of nitro-dopamine get oxidized
easily and bind with the Fe3+ onto the nanoparticle surfaces and hence
establish a robust and highly sustainable nanoparticles under
physiological conditions.25,26 The presence of additional nitro group
(−NO2) facilitates electron deficiency in the benzene ring and thus
helps easy oxidation of hydroxyl groups. Furthermore, the surface was
modified with PEG-diacid using simple EDC-NHS chemistry wherein
the one end carboxylate group of PEG undergoes esterification and
binds with nitro-dopamine, while the other end extends in water and
provides ultrastable aqueous suspension. The detail mechanisms of this
chemistry is described in the Supporting Information (Figure S2). In
typical laboratory procedure for the ligand solutions, 55.8 mg of nitro-
dopamine and 144 mg of PEG diacid were dissolved in 15 mL of
chloroform. The prepared solution was subsequently mixed with
NaHCO3 (100.8 mg), NHS (27.6 mg), and DCC (49.5 mg, in place of
EDC) solution prepared prior in 30 mL DMSO. The entire mixture was
purged with N2 and magnetically stirred for next 24 h. About 5 mg of
hydrophobic magnetite precipitated into ethanol was added into the
ligand solution and the mixture was sonicated for next 24 h to achieve
phase-separated nanoparticles which was redispersed in water to achieve
aqueous suspension. The PEG diacid was first made to react with
carbodiimide groups containing DCC (dicyclohexylcarbodiimide) in
slightly basic mediumwhich replaces H+ from one of the carboxylic acids
and forms the intermediate containing isourea group which can easily be
replaced by NHS (N-hydroxysuccinimide) to activate esterification of
the PEG molecules. The activated ester groups have the affinity to bind
with amine, and hence, after addition of nitro-dopamine, the solution
was stirred for about 24 h to get the nitro-dopamine-PEG ligand
solution. The prepared oleic acid coated Fe3O4 nanocrystals were then
added into this prepared solution and the mixture was sonicated for
another 24 h to get the aqueous stable MNPs.
Synthesis of Methacrylated GelMA. Gelatin has abundance of

free amine groups in the form of lysine which provide easy acrylation
sites. Gelatin methacylate (GelMA) with 80%methacrylated degree was
prepared by acrylation of pendent amine groups initiated by 2-
methacrylic anhydride (MA) in PBS at elevated temperature, according
to previously published protocols.18 In a typical experiment, 10 g of
gelatin (extracted from porcine skin, sigma) was dissolved in 100 mL of
PBS at 60 °C for an hour under vigorous stirring using magnetic bar.
Eight milliliters of MA was added dropwise thereafter, and the solution
was allowed to stir for another 3 h. The reaction was finally terminated
by adding excess of preheated PBS into the solution. The prepared
sample was collected and dialyzed against ultrapure water (18.2 MΩ·
cm) at 40 °C in a cellulose dialysis bag (Mol. wt. cutoff ∼12 kDa) for a
week before freeze-drying and lyophilizing to get the GelMA in white
solid foam form. The GelMA prepared this way was roughly 80%
acrylated.
Preparation of UV Cross-Linked Gel Discs. Photo-cross-linked

5% (w/v) GelMA and GelMA incorporated with MNPs (GelMA +
MNPs) with varied MNPs concentrations from 0.1 to 5 μg/mL Fe of
different sizes (4, 8, and 12 nm) were prepared using 0.5% irgacure 2959
(Sigma) as photoinitiator (PI). Typically, 100 μL of GelMA (5 mg)
solution with PI (0.5 mg) in aqueous medium was used to expose UV
light (30 mW/cm2) for 60 s to get a disc-shaped gel of the dimensions 7
mm (diameter) × 2 mm (thickness) and maintained in 1 mL of DPBS
overnight before using them for further experiments and measurements.
All the measurements were carried out using five replicates unless
otherwise stated.
Physical and Chemical Characterizations. The zeta potential

and electrophoretic mobility of the GelMA and GelMA/MNPs
prepolymer solutions were measured at 25 °C using a Zetasizer
(Malvern Instrument, U.K.) equipped with a He−Ne laser. Trans-
mission electron microscopy (TEM) was performed using JEOL-JEM
2010 (Japan) at an accelerating voltage of 200 kV on carbon grid. The
surface morphology of the nanocomposite hydrogels was evaluated
using scanning electron microscopy (SEM, FEI Quanta 600 FE-SEM,
USA, fitted withOxford EDS system) at an accelerating voltage of 20 kV.
In brief, to prepare sample for SEM, the nanocomposite hydrogels were
frozen using liquid nitrogen and then lyophilized for 3 days to obtain
dried sample. The dried nanocomposite samples were sputter coated

with Au/Pd up to a thickness of 8 nm before being mounted onto the
specimen stage for imaging. The pore diameters were analyzed using
ImageJ software (National Institutes of Health, USA).

The mechanical properties of the Gel and nanocomposite hydrogels
were determined using a mechanical tester (Xpert 7600, ADMET,
USA). Hydrogels (n = 6) were incubated in PBS for 24 h before testing.
A uniaxial compression test was performed on the cylindrical samples (6
mm × 2 mm) at a strain rate of 1 mm/min. The compressive modulus
was calculated from the slope in the toe region corresponding to 0.10−
0.20 strain in engineering stress−strain curve (force divided by original
cross-section area). The viscoelastic behavior of the hydrogels was
evaluated using MCR Rheometer (Anton Paar, USA) equipped with 50
mm flat geometry and a gap of 50 μm.

The swelling behavior (or hydration degree) of the nanocomposites
were also studied and calculated according to the formula mentioned
below. The samples were soaked in 1× PBS (pH 7.4) and the wet weight
(Mo) was measured; then the samples were lyophilized for 24 h to
measure the dry weight (Mt).

=
−

×
M M

M
Hydration degree 100o t

t (1)

For enzymatic degradation of the samples, gel discs were placed in 1
mL freshly prepared 2.5 units/mL collagenase type II (procured from
Worthington Biochemicals, USA) solution in PBS at 37 °C. Weight loss
was monitored until the gels were completely decomposed (Figure S6).

The formation of dual cross-linked network between gelatin and
MNPs coated with nitro-dopamine-PEG diacid was analyzed using X-
ray photoelectron spectroscopy (XPS) (Omicron XPS/UPS system
with Argus detector). The changes in binding energies (B.E.) for
nitrogen (N 1s), carbon (C 1s) and oxygen (O 1s) and for gelatin,
GelMA, Gel (cross-linked gelatin), MNPs, GelMA/MNPs and Gel/
MNPs were recorded and all the raw data were processed and
deconvoluted by CasaXPS multiple peak fit software version 2.3.15. The
references for XPS interpretations are listed in Table S1. Furthermore,
the semicrystalline property of Gelatin was utilized to confirm the cross-
linking of Gel/MNPs nanocomposites. X-ray diffraction pattern
(Bruker, USA) of both gelatin and nanocomposite recorded showed
the forward angle shift in the characteristic peak positions as shown in
Figure S5.

In Vitro Cell Studies. Human Mesenchymal Stem Cells (hMSCs)
were obtained from Texas A&M Health Science Center College of
Medicine Institute for Regenerative Medicine at Scott &White. Murine-
derived preosteoblasts (NIH MC3T3 E1−4, ATCC, USA) and hMSCs
were cultured in normal growth media (AlphaMEM, Life Technologies,
USA), supplemented with 10% FBS (Life Technologies, USA) and 1%
penicillin/streptomycin (100 U/100 μg/mL; Life Technologies, USA)
at 37 °Cwith 5% CO2. The nanocomposite hydrogels of 6 mm diameter
and 400 μm thickness were prepared in a 96-well plates. Then, hMSCs
were trypisinized and seeded onto the hydrogels at a density of 10 000
cells/hydrogel in normal growthmedia. After 24 and 48 h of cell seeding,
the normal media were removed and the hydrogels were washed with
PBS. The prepared Live/Dead assay reagent from Calcein AM and
Ethidium Homodimer (Santa Cruz Biotechnology, Inc., USA) were
added to the nanocomposites and incubated for 30 min at 37 °C. The
samples were washed with PBS thrice, and imaged using the
epifluorescence microscope (TE2000-S, Nikon, USA). Cell cycle
analysis was performed using the BD Accuri C6 Flow Cytometer and
propidium iodine (PI) stain following manufacture’s protocol. Prior to
seeding, hMSCs were starved for 24 h and then seeded on
nanocomposite hydrogels. Cells seeded on each composition were
trypsinized at two separate time points (24 and 72 h) and fixed in cold
70% ethanol. Cell pellets were formed and washed in PBS, followed by
incubation in a PI staining solution at 37 °C for 30 min. Cells were
stored at 4 °C until analysis. For 3D encapsulation, trypsinized MC3T3s
were pelleted and subsequently resuspended within the nanocomposite
prepolymer solution, which was maintained at 37 °C, and gels were
formed on glass coverslips under previously described UV conditions.
Coverslips with gels were stored in a 24-well plate with enough media to
completely cover the gels for the required time points. Both live/dead
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and actin cytoskeletal staining was performed according to manu-
facture’s protocol.
Statistical Analysis. The experimental data were presented as mean

and standard deviations (n = 5 or 6). GraphPad Prism 5 was used to
perform statistical analysis using nonparametric tests and one-way
analysis of variance (ANOVA). Tukey’s posthoc analysis was used for
pairwise comparisons and the statistical significance was defined as *p <
0.05, **p < 0.01, ***p < 0.005.
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