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T
he recent convergence of bioma-
terials and nanotechnology has en-
abled the development of intelligent

nanobiomaterials, such as nanoparticle-en-
capsulating hydrogels for applications in
tissue engineering and regenerative medi-
cine.1�3 These nanobiomaterials provide
unique properties to address challenges in
biology, medicine, and materials science,4�6

e.g., modifiable mechanical and interfacial
properties of a nanoscaffold tomimic native
extracellular matrix (ECM).7 Due to their
innate magnetic characteristics and bio-
compatibility, magnetic nanoparticles (MNPs)
have been widely used in biomedical ap-
plications, such as cell patterning, three-
dimensional (3D) cell culture, targeted drug/
gene delivery, clinical imaging, and biosen-
sors for in vivo biomarker detection.8�17

Further, MNPs have been integrated with
hydrogels via microfluidics,18�20 for exam-
ple, to form multiplexed bioassays21,22 and
to generate scaffolds for on-demand drug
and cell delivery.23 Recently, MNPs (speci-
fically iron oxide nanoparticles) have been
encapsulated in microscale hydrogels to
fabricate novel nanobiomaterials (M-gels).
These materials can be fabricated as
microscale building blocks and manipu-
lated under controlled magnetic fields to
create tissue constructs using bottom-
up tissue engineering approaches.24,25 The
magnetic approach using these M-gels has
potential to broadly impact multiple fields
including bioengineering, tissue engineer-
ing, and pharmaceutical applications.
The U.S. Food and Drug Administration

(FDA) has approved the use of MNPs in
several applications such as imaging agents,26

and tolerability of mammalian cells to MNPs

has been demonstrated under used con-
ditions.27,28 It is notable that FDA-approved
nanoparticles are smaller in size than theMNPs
previously discussed. They are equally respon-
sive to magnetic fields, and they are relatively
easier to remove from the body.29 MNPs can
be introduced to a microenvironment along
with ECM and/or cells. In these applications,
MNPs shouldnot remainwithin the assembled
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ABSTRACT The future of tissue engineering requires devel-

opment of intelligent biomaterials using nanoparticles. Magnetic

nanoparticles (MNPs) have several applications in biology and

medicine; one example is Food and Drug Administration (FDA)-

approved contrast agents in magnetic resonance imaging.

Recently, MNPs have been encapsulated within cell-encapsulat-

ing hydrogels to create novel nanobiomaterials (i.e., M-gels),

which can be manipulated and assembled in magnetic fields. The M-gels can be used as building

blocks for bottom-up tissue engineering to create 3D tissue constructs. For tissue engineering

applications of M-gels, it is essential to study the release of encapsulated MNPs from the hydrogel

polymer network and the effect of MNPs on hydrogel properties, includingmechanical characteristics,

porosity, swelling behavior, and cellular response (e.g., viability, growth). Therefore, we evaluated the

release of MNPs from photocrosslinkable gelatin methacrylate hydrogels as the polymer network

undergoes biodegradation using inductively coupled plasma atomic emission spectroscopy. MNP

release correlated linearly with hydrogel biodegradation rate with correlation factors (Pearson

product moment correlation coefficient) of 0.96( 0.03 and 0.99( 0.01 for MNP concentrations of

1% and 5%, respectively. We also evaluated the effect of MNPs on hydrogel mechanical properties,

porosity, and swelling behavior, as well as cell viability and growth in MNP-encapsulating hydrogels.

Fibroblasts encapsulated with MNPs in hydrogels remained viable (>80% at t = 144 h) and formed

microtissue constructs in culture (t = 144 h). These results indicated that MNP-encapsulating

hydrogels showpromise as intelligent nanobiomaterials, with great potential to impact broad areas of

bioengineering, including tissue engineering, regenerativemedicine, and pharmaceutical applications.

KEYWORDS: magnetic nanoparticles . nanoparticle release . hydrogel
degradation . nanotoxicity . intelligent nanobiomaterials
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constructs and should be released as the gels bio-
degrade,30,31 and cells secrete their own ECM. Although
MNPs are used clinically, further studies on the release of
magnetic nanoparticles from biomimetic composite ma-
terials and their effects on mechanical gel characteristics,
swellingbehavior, porosity, andcell viability andgrowthare
needed for successful applications in tissue engineering.32

In this paper, we report the release of MNPs encap-
sulated in methacrylated gelatin (GelMA) hydrogels as
the hydrogels undergo degradation in the presence

of 3T3 cells in vitro. We assessed the effects of encap-

sulated MNPs on cell viability and proliferation and

evaluated the mechanical properties, swelling behavior,
and porosity of MNP-encapsulating microgels.

RESULTS AND DISCUSSION

We fabricated M-gels of different sizes and per-
formed biodegradation assays (Figure 1). To evaluate
the effect of MNP encapsulation on mechanical prop-
erties of M-gels, mechanical testing (nonconfined
compression analysis) was performed on GelMA hy-
drogels (control) and MNP (1% and 5%)-encapsulating
GelMA hydrogels (Figure 2). Compression analysis was
performed until the hydrogels were structurally

Figure 1. Schematic ofmagnetic nanoparticle (MNP) encapsulation and release fromhydrogels. (a) Fabrication of cell encapsulating
hydrogels withMNPs. Prepolymer solution (250 μL) was pipetted onto a Petri dish surface, and then, exposed to 6.9mW/cm2UV for
40 s. Three hydrogel samples of sizes withmatched total volumes were fabricated. Sample 1 consisted of an array of 256 hydrogels,
each with dimensions of 500 μm � 500 μm � 300 μm. Sample 2 consisted of an array of 64 hydrogels, each with dimensions of
1 mm � 1 mm � 300 μm. Sample 3 consisted of an array of 16 hydrogels, each with dimensions of 2 mm� 2 mm � 300 μm. All
sampleswere cultured in 4mLof 3T3media, with orwithout the addition of 2U/mL collagenase type I. (b) Degradation of hydrogels
and release of encapsulated MNPs. As the hydrogels degraded, encapsulated MNPs were released into the media. Media was
collected at intervals of 6 h, and corresponding MNP concentration was tested using inductively coupled plasma atomic emission
spectroscopy (ICP-AES).
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deformed, and failure strengthwas recorded (Figure 2A).
Young's modulus (Figure 2B) was measured by deter-
mining the slope of the initial linear region of the
stress�strain curve (Figure 2A). There was no statisti-
cally significant difference between these samples
(p > 0.05). We further analyzed the ultimate stress
(Figure 2C) and failure strain (Figure 2D) of hydrogels.
These analyses showed comparable results in ulti-
mate and failure strain levels for control and MNP-
encapsulating hydrogels.
To quantify the degradation of hydrogel samples,

we measured the area change of hydrogels of three
different sizes as a function of culture time for MNP
concentrations of 1% (Figure 3A, S1A) and 5%
(Figures 3B, S1B), with constant cross-linking settings.
We observed that the smaller hydrogels (500 μm �
500 μm � 300 μm) degraded at a much higher rate
than the larger hydrogels of size 1 mm � 1 mm �
300 μm and 2 mm � 2 mm � 300 μm that had similar
degradation rates. For instance, for 1% MNP concen-
tration at t = 30 h, full degradation was observed for
500 μm hydrogels, while 1 and 2 mm hydrogels
experienced 71.8 ( 29.2% and 86.4 ( 17.8% degrada-
tion, respectively (Figure 3A). Further, we observed that

hydrogels fabricated using 5% MNP prepolymer solu-
tion degraded at a much faster rate than the 1% MNP
hydrogels. At t = 24 h, 5% MNP hydrogels were com-
pletely degraded (Figure 3B), while the comparable 1%
MNP gels remained partially degraded at this time
period (Figure 3A).
To further evaluate hydrogel degradation, we mea-

sured the dry weight of hydrogels at different time
points during gel degradation using collagenase type I
(Figure 3C). The degradation based on mass change
was observed to be comparable to the degradation
based on area change (Figure 3A, B). We observed that
cell-encapsulating hydrogels degraded at a much
higher rate than cell-free hydrogels (Figure 3C). For
instance, two groups of hydrogels encapsulating cells
(with or without MNPs) completely degraded at t =
72 h, while ∼70% of the control hydrogels remained
non-degraded at that time point. The presence of cells
resulted in more than a 2-fold increase in hydrogel
degradation rate (∼48 h) as compared to cell-free
hydrogels based on the time point (Figure 3C). Many
naturally forming gels, such as collagen, hyaluronic
acid, chondroitin sulfate, fibrin, and gelatin, have spe-
cific amino acid sequences that are recognizable by

Figure 2. Mechanical properties of control and MNP-encapsulating (1% and 5%) hydrogels. (a) Representative stress�strain
curves were plotted from nonconfined compression tests for control and MNP (1% and 5%)-encapsulating hydrogels. (b)
Young's modulus was measured by calculating the slope in the initial linear region (5�20%) of the compression analysis. (c)
Ultimate stress and (d) failure strain were calculated using data from nonconfined compression tests. Mechanical properties
were statistically comparable for control andMNP-encapsulating (1% and 5%) hydrogels. Statistical analyseswere performed
by using analysis of variance (ANOVA) with Tukey's posthoc test formultiple comparisons (n = 5, p < 0.05). Data are presented
as average ( standard error of the mean.
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cells. These specific sequences can be degraded by the
cell-secreted enzymes at neutral pH.33,34 It has been
reported that the presence of cells accelerates degra-
dation of alginate hydrogels.35 The hydrogel degrada-
tion process has been shown to be promoted by cell
growth, therefore, this process significantly depends on
the presence of encapsulated cells. Additionally, the
MNP-encapsulating hydrogels degraded to 70% of their
original weight at t = 72 h, while the control hydrogel
experienced 30%degradation in the same time period.
The introduction of MNPs within the hydrogel matrix
(∼48 h) increased the hydrogel degradation by 1.5
times as compared to control (∼96 h) based on the
time point. These results indicated that the presence of
both cells and MNPs increased the hydrogel degradation
rate, as confirmedby the statistical analysis (Figure 3C). The
observed degradation results may be attributed to altered
structural properties ofmicrogels due to the encapsulation
of nanoparticles within the GelMA polymer matrix.
To evaluate the effect of encapsulated MNPs on

hydrogel microstructure, we performed scanning elec-
tron microscope (SEM) imaging of the cross sectional
area of control samples without MNPs and hydrogels

with 1% and 5% MNPs (Figure 4A). We observed that
there was a difference in hydrogel microstructure
between MNP-encapsulating hydrogels and controls,
where MNPs were located in hydrogel pores (Figure 4A).
In the literature, dependence of a volume fraction of
inorganic nanoparticles (NPs) (e.g., Au and ZnO) on the
mechanical properties of polyelectrolyte microcapsules
was reported.36,37 The rapid degradation of 5% MNP gels
compared to 1%MNP gels and controls can be attributed
to the higher MNP concentration.
To quantitatively evaluate the porosity of hydrogels,

we analyzed SEM images by using NIH ImageJ software
(Figure 4B). We observed a statistically significant
difference in porosity between controls and 5% MNP-
containing samples. There was no statistical difference
between the 1%and5%MNPgel samples (Figure 4B).We
also evaluated the swelling characteristics of hydrogels.
The swelling of gels depends on both the pore size
of the polymer network and the polymer�solvent
interactions.38 Swelling analysis on controls and MNP
(1%and5%)-encapsulatinghydrogels indicated that there
was a statistically significant decrease in swelling ratio of
hydrogels with increasingMNP concentration (Figure 4C).

Figure 3. Evaluation of degradationprofile of hydrogels cultured in 2U/mL collagenase type I. (a) Degradation profile of 1%MNP-
encapsulating hydrogels over timewasmeasured using NIH ImageJ. (b) Degradation profile of 5%MNP-encapsulating hydrogels
over time was measured using NIH ImageJ. (c) Degradation profile for 4 sets of 8 mm� 8mm� 2 mm hydrogels was evaluated.
Dry weight of the hydrogels was measured at 24 h intervals, and weight loss was determined as a function of time. *Significantly
different according to ANOVA test with p < 0.05 (n = 3�10). Data are presented as average( standard deviation.
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The swelling ratio was significantly reduced (p < 0.05)
when 1%or 5%MNP-encapsulating hydrogels were used.
There was no significant difference (p > 0.05) in swelling
characteristics between 1% and 5% MNP-encapsulating
hydrogels (Figure 4C).
To investigate the effect of gel size on MNP release

and its correlation with hydrogel degradation, we
measured the MNP release by using inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) (Figure 5) for three different hydrogel sample
arrays corresponding to those used in the gel area
change test (Figures 5, S2). We observed that the larger
hydrogels (1 mm� 1 mm� 300 μm, 2 mm� 2 mm�
300 μm) encapsulated more MNPs than the smaller
hydrogels (500 μm � 500 μm) and, hence, released
more MNPs overall (Figure 5). On the other hand, there
may be limitations on the maximum amplitude and
duration of the local magnetic fields that can be used
for 3D assembly. High levels of magnetically induced

forcemay shear the gels and compromise themicrogel
integrity. Since low-intensity, short-duration magnetic
fields from permanent magnets yield satisfactory
assembly of these MNP-encapsulating microgels using
permanent magnets2, potential problems due to heat-
ing caused by alternating magnetic fields do not
constitute a challenge. Since aggregation of MNPs
is known to occur in prepolymer solutions,39,40 there
exists a possibility that the MNP distribution is not
the same in each M-gel. MNPs may aggregate in pre-
polymer solutions, resulting in nonuniform MNP dis-
tributions in M-gels, which may affect the MNP release
characteristics. Further, some M-gels could also have a
lower affinity to themagnetic field. Hence, tominimize
the occurrence of nonuniform MNP aggregation,
we performed prefiltering and sonication during
the M-gel fabrication process. The biodegradation of
hydrogels will allow the release of the MNPs, which
would then potentially lead to cleansing of the MNPs

Figure 4. Scanning electron microscopy (SEM) images of cross-sections of control hydrogels and MNP (1% and 5%)-
encapsulating hydrogels. (a) Three sets of 6 mm � 6 mm � 10 mm hydrogels were fabricated using photolithographic
techniques. (b) The porosity analysis of control hydrogels andMNP (1% and 5%)-encapsulating hydrogels was performed by
the NIH ImageJ software based on the SEM images. There was a statistically significant difference observed between the
control and 5% MNP-encapsulating hydrogels. However, there was no statistically significant difference observed between
the control and 1%MNP-encapsulating hydrogels. There was also no statistically significant difference observed between 1%
and 5% MNP-containing hydrogels. Brackets connecting individual groups indicate statistically significant difference
(analysis of variance (ANOVA) with Tukey's posthoc test for multiple comparisons, n = 10�15, p < 0.05). Data are presented
as average ( standard error of the mean (SEM). (c) Swelling behavior is presented for control hydrogels and MNP-
encapsulating (1% and 5%) hydrogels. Therewas a statistically significant difference between controls andMNP (1%and 5%)-
encapsulating hydrogels. However, there was no significant difference between 1% and 5% MNP-encapsulating hydrogels.
Brackets connecting individual groups indicate statistically significant difference (ANOVA with Tukey's posthoc test for
multiple comparisons, n = 16, p < 0.05). Data are presented as average ( SEM.
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from the tissue constructs in vivo. The fabrication of
biodegradable hydrogels, which can be used as drug
delivery systems or nanoparticle delivery systems, is one
of the widely growing and promising areas in biomedi-
cine (e.g., tissue engineering) and material science.
We calculated the efficiency to encapsulate MNPs in

hydrogels during gel fabrication for both 1% and 5%
MNP hydrogels. An average efficiency of 20% was
calculated for 5% MNP hydrogels. This result indicated
that 5% MNP hydrogels encapsulated approximately
three times more MNPs than the 1% MNP hydrogels,
although results show that therewas an average of five
times more MNPs in the 5%MNP prepolymer solution.
To assess the correlation between MNP release and
hydrogel degradation, we statistically compared the
surface area change of hydrogels (Figure 3A, B) with
ICP-AES results (Figures 5, S2). The Pearson product
moment correlation coefficients were 0.961( 0.03 and
0.990 ( 0.01 for 1% and 5% MNP concentrations,
respectively (Figure S2). These results indicated that
there was a strong linear correlation between MNP-
encapsulating hydrogel degradation and release rates
of encapsulated MNPs.
To ensure favorable biocompatibility, to minimize

toxicity due to nanoparticles, and to ensure general
applicability of the results, FDA-approved nanoparti-
cles can be used. Approved MNPs used in MRI
imaging, including superparamagnetic iron oxides
(SPIO, ferumoxides) and ultrasmall SPIO (USPIO,
ferumoxtran), can be potentially used for tissue en-
gineering applications. To assess the effect of MNPs in
cell-encapsulating hydrogels, we tested the short-term
cell viability with collagenase type I at t= 6, 12, and 24 h
(Figures 6A, S3A) and long-term cell viability without
collagenase type I at t = 24, 48, 72, 96, 120, and 144 h
(Figures 6B, S3B). In both short- and long-term cell

viability experiments, we cultured 3T3 cells in the
absence of hydrogels as a control. We observed that
cell viability in both 1% and 5% MNP hydrogels was
comparable to theMNP-free control in both short-term
and long-term viability tests. We observed significant
cell growth (fold changes for number of cells compared
to 24 h of culture) in 1% and 5% MNP hydrogels. The
fold changes in 1% and 5% MNP hydrogels were less
than that observed in control hydrogels (Figure 6C).We
also monitored cell proliferation in long-term cultures.
To test the long-term cell viability and growth of 3T3
cells in MNP-encapsulated hydrogels, we fabricated
cell encapsulating hydrogels (500 μm� 500 μm� 300
μm in size) and cultured them. These cell-encapsulat-
ing hydrogels were imaged at time points t= 1, 72, 108,
and 144 h and showed both cell proliferation and cell
growth (Figure 6D, S3B). The cells proliferated in the
MNP-encapsulating hydrogels and formedmicrotissue
constructs after 144 h of culture. We noticed that
the long-term cell culture displayed a similar degrada-
tion pattern to the enzyme-mediated degradation
(Figure 3A, B).
Due to the widespread applications of nanoparticles

in polymers,41 several studies have been performed on
nanoparticle release from a polymer matrix (e.g., air-
borne release of nanoparticles42�45). Verberg et al.
mathematically modeled the release of nanoparticles
from microcapsules moving within a microchannel.46

Their results indicated that the capsule elasticity and
adhesion to themicrofluidic channel walls significantly
influenced nanoparticle release, which may be due to
the change in surface energy of the capsule. Recently,
release of nanoparticles from a biocompatible polymer
matrix (e.g., hydrogels) has been studied. It has been
shown that the release of nanoparticles depends on
several parameters includingmechanical properties47,48

Figure 5. Release profile of MNPs during hydrogel degradation measured by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES). At 6 h intervals, 3T3 media surrounding the hydrogels was collected and iron (Fe) concentration was
measured using ICP-AES. Hydrogels were fabricated using two different MNP concentrations (1% and 5%). In 1% MNP
hydrogels, concentration of released MNPs was significantly different between 2 mm hydrogels and 500 μmhydrogels at t =
30 h. In 5%MNPhydrogels, concentration of releasedMNPswas significantly different between all three gel sizes at t= 24 and
30 h. *Significantly different according to ANOVA test with p < 0.05. Data are presented as average ( standard deviation.
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and hydrogel degradation. Release of polystyrene nano-
beads immobilized in PEG-acrylate hydrogels was pro-
portional to the enzyme concentration (i.e., proteinase)
secreted by cells encapsulated in hydrogels.49 Although
these studies elucidated some features of nanoparticle
release fromapolymermatrix, no studyhas yet evaluated
the release ofMNPs fromhydrogels. This study evaluated
the MNP release from hydrogels, and the results indi-
cated the potential of MNP-based nanobiomaterials in
biomedical applications.

CONCLUSIONS

In this study, we presented the progression of MNP-
encapsulating hydrogel degradation and correspond-
ing MNP release from cell-encapsulating hydrogels.
The results indicated that the rate of hydrogel degra-
dation increased in the presence of MNPs and cells

encapsulated in hydrogels. There was a linear correla-
tion between MNP release and degradation rates,
suggesting effective release of MNPs during biodegra-
dation. The cells encapsulated in hydrogels remained
viable in the presence ofMNPs and formedmicrotissue
constructs in culture. Mechanical properties of MNP-
encapsulating and control hydrogels were analyzed,
and no significant differences were observed between
the control and 1% and 5% MNP encapsulating hydro-
gel variants. When manipulated with magnetic fields,
these hydrogels afford a high degree of spatial
control, providing exciting opportunities in the crea-
tion of complex, cell-encapsulating 3D scaffolds. MNP-
encapsulating hydrogels constitute a new type of
hybrid nanobiomaterial that has potential to impact
broad fields including tissue engineering, regenerative
medicine, and drug delivery.

MATERIALS AND METHODS

Materials. In this study, photoinitiator 2-hydroxy-1-[4-(hydroxy-
ethoxy)phenyl]-2-methyl-L-propanone (Irgacure 2959) was pur-
chased from Ciba Geigy (Dover, NJ, USA). The live/dead viability/

cytotoxicity kit for mammalian cells was purchased from Invitro-
genCorporation (Invitrogen, Carlsbad, CA,USA). Collagenase type I
was purchased from Worthington Biochemical Corporation
(Lakewood, NJ, USA). The Omnicure S2000 UV/Visible Spot Curing
System from EXPO Photonic Inc. (Mississauga, Ontario, Canada)

Figure 6. Cell growth in MNP-encapsulating hydrogels. (a) Short-term viability of NIH 3T3 fibroblasts cultured in 1% and 5%MNP
hydrogels (1mm� 1mm� 300μm) as a functionof time (t=6, 12, 24 h) as compared toMNP-free controls. 3T3 cells in the absence
of hydrogel were cultured as controls. (b) Long-term viability of 3T3 cells in 1% and 5%MNPhydrogels as a function of time (t= 24,
48, 72, 96, 120, 144 h) was compared to MNP-free controls. 3T3 cells in the absence of hydrogels were cultured as controls. (c)
Relative fold increase ingrowthof3T3cells inhydrogelswith1%and5%MNPhydrogels asa functionof timeas compared to24hof
culture. The presence of MNPs, regardless of concentration, affected cell growth. *Significantly different according to ANOVA test
withp<0.05 (n=6). (d) Long-termcultureof 3T3 cellswithMNPs in500μmhydrogels.Weobservedcell proliferationand formation
of microtissue constructs in the presence of MNPs. Data are presented as average( standard deviation.
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was used to polymerize the hydrogels. The MNPs were purchased
as dry iron(II,III) oxide nanopowder (<50 nm; order #637106,
Sigma-Aldrich) and dissolved in Dulbecco's phosphate-buffered
saline (DPBS) for further use.

Fabrication of GelMA Hydrogels Encapsulating Cells and MNPs. The
details of GelMA synthesis and prepolymer solution preparation
can be found in the Supporting Information. Three groups of
hydrogel samples were fabricated. One sample group was
defined as a hydrogel array on a glass slide (20 mm � 20 mm)
(Figure 1A). Hydrogel samples were prepared with a constant
volume of prepolymer solution (192 μL). The surface area and
number of gels, i.e., 16, 64, 256 for gel sizes of 2 mm� 2 mm �
300 μm, 1 mm � 1 mm � 300 μm, and 500 μm � 500 μm �
300 μm, were varied in each sample group using different
dimensions of a photomask array (Figure 1A).

To fabricate themicroscale hydrogels, 250 μL of prepolymer
solutionwas pipetted onto a flat polystyrene surface (Petri dish).
The prepolymer solution was then covered by a 3-(trimeth-
oxysilyl)propyl methacrylate (TMSPMA)-coated glass slide, which
was separated from the Petri dish surface using two layers of
glass slides (150 μm in thickness) as spacers with a total height
of 300 μm. The photomask was then placed on the glass slide
(Figure 1A). The prepolymer solution was exposed to UV light
(360�480 nm) at 6.9 mW/cm2 for 40 s to cross-link both MNP-
encapsulating and MNP-free control hydrogels. The cover slide
was removed and washed with DPBS to remove any excess
prepolymer solution, resulting in a sample of gel array
(Figure 1A). The samples were then placed into a six-well plate
and cultured at 37 �C with 4 mL of 3T3 media (Figure 1B).

Mechanical Testing. To evaluate the effect of MNPs on the
mechanical properties of the hydrogel, nonconfined compres-
sion tests were performed by using ADMET eXpert 2600 dual
column testing machines (Norwood, MA, USA). To prepare the
samples for the mechanical test, GelMA solution including
photoinitiator was poured onto a flat surface (e.g., Petri dish)
and exposed to 6.9 mW/cm2 UV light (360�480 nm) for 40 s. To
test MNP related effects, prepolymer solutions containing 1%
and 5%ofMNPwere used and all samples were allowed to swell
in DPBS at room temperature for 24 h. Then, 12 mm of cylinder-
shaped discs for each hydrogel sample (n = 5) was generated
by using a biopsy punch. Hydrogel samples were compressed
at a rate of 0.2 mm/min until failure occurred. The Young's
modulus was determined as the slope of the initial linear region
of the compressive stress�strain curve in the first 5�20%
strain range.

Swelling Measurement. To analyze the swelling behavior of
gels, we used prepolymer solution containing 1% and 5%MNPs.
A 100 μL amount of prepolymer was pipetted between two
glass coverslips separated by a 1 mm spacer and exposed to
6.9mW/cm2UV light (360�480 nm) for 40 s. Then the cross-linked
hydrogels were immersed in DPBS to swell at 37 �C for 24 h.
Hydrogels were taken out of DPBS and blotted with a Kimwipe
to remove the residual liquid. The swollen weight was recorded
using a Mettler Toledo AB265 balance (Columbia, MD, USA).
Samples (n = 16) were then lyophilized and weighed oncemore
to determine the polymer dry weight. The mass swelling ratio
was then calculated as the ratio of swollen hydrogel mass to the
mass of dry polymer. All results were further analyzed by using
ANOVA with Tukey's posthoc test.

In Vitro Enzymatic Degradation of Hydrogels. To characterize the
enzyme-mediated degradation of GelMA hydrogels (control),
we fabricated gels with a size of 8 mm� 8 mm� 2 mm (GelMA
5% (w/v) and a photoinitiator concentration of 1% (w/v)) using a
polydimethylsiloxane mold and cross-linked under UV condi-
tions of 6.9 mW/cm2 for 120 s. We measured the dry weight of
the hydrogels. To investigate the effect of cells and MNPs on
hydrogel degradation, four different hydrogel sample groups
were fabricated: (1) GelMA hydrogel, (2) GelMA hydrogel en-
capsulating both cells and MNPs, (3) GelMA encapsulating only
cells, (4) GelMA hydrogel encapsulating only MNPs. For the
degradation analysis, 1% MNP concentration (w/v) and 1� 106

cells/mL cell concentration were used. Fabricated hydrogels
were cultured with 4 mL of 3T3 media with 2 U/mL collagenase
type I (Figure 1B). At predefined timepoints (t=12, 24, 36, 48, 60,
72, 84, 96 h), hydrogels were removed and lyophilized. Themass

loss was determined as the ratio of the final dry weight to the
original dry weight. The dry weight was measured using an
analytical lab balance scale (Mettler Toledo, AB265-S/FACT). For
each degradation experiment, we used 3�10 samples and
reported mean and standard deviation.

Characterization of MNP Release Using ICP-AES. At intervals of 6 h
after fabrication, the hydrogel samples in each well were
imaged using an inverted microscope (Nikon T2000). Images
were processed for hydrogel area change using the public
domain NIH ImageJ program (http://rsb.info.nih.gov/nih-im-
age/). At t = 6, 12, 18, 24, and 30 h, cell media in each well
was collected and replaced by 4 mL of fresh 3T3 media contain-
ing 2 U/mL collagenase type I. To assess the MNP release,
collected media samples were tested through ICP-AES for iron
concentration. To prepare samples for ICP measurement,
collected media samples were first heated to 70 �C using a
standard benchtop hot plate (Corning, MA, USA) for 24 h to
completely evaporate the collectedmedium. Then, each sample
was added into 1mL of 37%HCl and vortexed to allow complete
dissolution of the MNPs into an ionic state. Samples were
reheated again to 70 �C for 12 h to evaporate HCl. Finally, each
sample was added into 3 mL of 2% nitric acid and filtered
using a 0.2 μL surfactant-free cellulose acetate membrane filter
(VWR Scientific) to remove any traces of organic matter and
impurities.

Cell Culture and Cell Encapsulation. NIH 3T3 fibroblasts were
used for cell viability and growth tests. The cells were cultured
in DMEM supplemented with 10% FBS (Gibco) and 1% penicil-
lin�streptomycin (Gibco) under standard cell culture condi-
tions, i.e., 37 �C, 95% humidity and 5%CO2.When confluent, 3T3
fibroblasts were trypsinized and suspended in the prepared
prepolymer solution at a cell concentration of 1� 106 cells/mL.

Short-Term and Long-Term Cell Viability Test. The short-term (with
collagenase type I) and long-term (without collagenase type I)
cell viability in MNP-encapsulating hydrogels (1 mm� 1 mm�
300 μm) was assessed for twoMNP concentrations (1% and 5%)
(w/v). For the short-term and long-term viability assays, 5� 106

and 1 � 106 cells/mL concentrations were used, respectively.
The samples were cultured in 4 mL of 3T3 media with 2 U/mL
collagenase type I (short-term) and without collagenase type I
(long-term). Hydrogels were incubated with live/dead staining
assay for 30 min. The live/dead dyes were prepared by diluting
2 μL of ethidium homodimer-1 and 0.5 μL of calcein (Molecullar
Probes, Carlsbad, CA, USA) in 1 mL of DPBS. The fluorescence
images were taken using a microscope (Nikon T2000). Images
were processed using theNIH ImageJ program. Cell viability was
characterized at t = 6, 12, and 24 h after hydrogel fabrication for
the short-term test and at t=24, 48, 72, 96, 120, and 144h for the
long-term test. Fluorescence images (Figure S3) were evaluated
and the total cell numbers (sum of dead and live cells) at these
time points were normalized to the total cell number at t = 24 h
(i.e., fold changes). A control with MNP-free hydrogels was used
for the cell viability study.
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