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Naturally derived biomaterials have emerged as modulators of cell function and tissue substitutes. Here, we
developed crosslinked glutaraldehyde (GTA) scaffolds for the expansion and differentiation of mesenchymal
stem cells (MSCs). The mechanical and architectural properties of the scaffolds were altered by varying the
concentration of gelatin and GTA. Higher GTA concentrations were associated with an increase in more
confined pores and osteogenic differentiation. In addition, myogenic potential varied with crosslinking degree,
although bulk mechanical properties were unaltered. Correlation analysis revealed that ALP activity of dif-
ferentiated MSCs on higher gelatin concentration scaffolds was dependent on traditional effectors, including
environment elasticity and spread area. In contrast, the differentiation capacity of cells cultured on lower gelatin
concentration scaffolds did not correlate with these factors, instead it was dependent on the hydrated pore
structure. These results suggest that scaffold composition can determine what factors direct differentiation and
may have critical implications for biomaterial design.

Introduction

The ability to transplant organs and tissues has
saved many lives and revolutionized the field of medi-

cine; however, limitations in available donor organs and
tissues, high costs associated with transport surgeries, and
poor compliance with lifetime regimens of immunosup-
pressive drugs reduce the number of patients who can
benefit from this therapy. Tissue engineering provides an
alternative source to obtain tissues and organs that can be
used to replace or regenerate tissues damaged by disease,
congenital abnormalities, or traumatic injury. Naturally de-
rived polymers, including collagen and gelatin, have been
proposed as potential tissue substitutes because they are
nonimmunogenic, biocompatible, and biodegradable. Gela-
tin, which is denatured collagen, is a relatively inexpensive,
FDA-approved biomaterial that has been utilized in a variety
of applications1–3; however, its applicability in the clinic is
limited by its poor mechanical strength. Glutaraldehyde
(GTA) has been used as a crosslinker to enhance the me-
chanical properties of collagen-based scaffolds4 because of
its low cost and ease of availability. In addition, GTA has
been used clinically in prosthetic implants. Although GTA
can be toxic to cells, it can be neutralized by glycine.5

The addition of cells to a regenerative biomaterial can
further enhance the healing process. Mesenchymal stem
cells (MSCs) are multipotent adult bone marrow-derived
stem cells that can differentiate into various connective tis-
sues, including bone, fat, and cartilage.6 MSCs have shown
promise for tissue regeneration applications because they are
easily accessible, are immunosuppressive,7 and do not un-
dergo tumorigenesis in vivo8 and have been used for a variety
of applications clinically, including liver disease,9 subcuta-
neous wounds,10 and osteogenesis imperfecta.11 The im-
plementation of MSCs in the clinic has been limited by low
implanted cell survival rates12 and an incomplete under-
standing of how MSC differentiation is affected by the mi-
croenvironment.13 Biomaterials can affect cell proliferation,
differentiation, extracellular matrix secretion and remodeling,
and formation of functional tissues; thus, they have shown
promise for directing cell function14 and MSC differentia-
tion.15–17 Numerous studies have highlighted the effects of
physical and chemical cues from the tissue microenvironment
on MSC differentiation,17–20 though the role of the three-
dimensional architecture has not been fully elucidated. We
hypothesized that it was not just the bulk mechanical prop-
erties of tissue-engineered scaffolds but the microscopic ar-
chitecture of these environments that direct MSC fate.
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In these studies, we fabricated gelatin-GTA scaffolds and
altered the mechanical properties (bulk elastic moduli of
*10–40 kPa) and architectural properties (pore size and fi-
ber structure) by varying the concentration of gelatin and
GTA. Osteogenic differentiation was induced on scaffolds
with relatively low amounts of GTA (0.1–1.0% w/v). In
addition, myogenic potential varied on scaffolds with sim-
ilar bulk mechanical properties. We found that mechanical
properties of the scaffold and the extent of cell spreading
directly correlated with osteogenic differentiation on 10%
(w/v) gelatin scaffolds, whereas on 5% gelatin scaffolds, the
hydrated microscale pore structure played a stronger role in
directing differentiation. These results suggest that in addi-
tion to matrix stiffness, cells also sense architectural prop-
erties of their local environment and integrate these cues
when undergoing lineage commitment. By elucidating the
interplay of these two factors, this work seeks to improve
matrix-directed MSC differentiation.

Materials and Methods

Materials

Gelatin was purchased from Sigma Aldrich. Iscove’s
Modified Dulbecco’s Medium (IMDM), L-glutamine, and
penicillin-streptomycin were purchased from Corning. Pre-
mium select fetal bovine serum (FBS) was purchased from
Atlanta Biologicals (Lot L12163). Fluorosphere-carboxyl-
ate-modified 200-nm red particles were purchased from
Invitrogen. All other materials were purchased from VWR.

Preparation of scaffolds

Gelatin (G) was dissolved in distilled water for 15 min at
70�C under magnetic stirring to make 5 and 10 wt% solu-
tions. A 5% GTA solution was then added to mixtures to
form 0.1, 0.5, and 1.0 wt% solutions. The mixture was vor-
texed and then cast. The scaffolds were refrigerated at 4�C
before use. Scaffolds were lyophilized for scanning electron
microscopy (SEM) imaging and water-absorption studies.

Mechanical testing

Gelatin scaffolds were prepared in a petri dish. After 24 h,
scaffolds were cut into three sections and rehydrated in phos-
phate-buffered saline (PBS). The Young’s modulus was mea-
sured by compression testing using a Bose Endura TEC ELF
3200 Uniaxial Testing System. The Young’s modulus was
calculated from the slope of the stress-versus-strain curve in
the linear region at < 10% strain using the following equation:

E¼ FL0

A0DL

F is force exerted, A0 is initial area of the scaffold, DL is
change in length, and L0 is initial length.

SEM imaging

Lyophilized scaffolds were coated with gold for 30 s us-
ing gold sputter coater. Scaffolds were imaged using a Hi-
tachi S800 field emission gun scanning electron microscope.
The pore area was calculated by manually tracing the pores
in ImageJ software (NIH). To calculate surface area, gelatin

fibers were segmented in a custom-written MATLAB al-
gorithm after convolution with a LaPlacian of Gaussian
(LoG) mask.

Multiple-particle tracking microrheology

Twenty-second videos of the thermal displacements of
200-nm carboxylated particles embedded in the scaffold
were captured using a Photometrics QuantEM CCD camera
at 30 frames per second and a Nikon epifluorescent micro-
scope with a TIRF 100 · lens (Nikon) at 37�C. The coor-
dinates of the particles were determined and analyzed using
a custom-written MATLAB algorithm. Briefly, a bandpass
filter was applied to the images and the centroid of the
particle was determined with subpixel accuracy as described
previously.21 Particle trajectories were determined using a
Hungarian linker algorithm. The mean square displacements
(MSDs) were calculated using a previously described cus-
tom MATLAB algorithm22,23 and the following equation:
< MSD(t) > = < [x(t + t) - x(t)]2 + [y(t + t) - y(t)]2 > . MSD
can be described by a power law: < MSD(t) > = 4Dta,
where D is the diffusion coefficient and a is the anomalous
diffusion coefficient. The anomalous diffusion coefficient
can be used to describe the motion of the particle, with a = 0
characteristic of a Hookean solid, a = 1 characteristic of a
Newtonian fluid, and 0 < a < 1 characteristic of a viscoelastic
fluid. The slope of the logarithmic MSD curve (a) was
calculated by using finite difference between t = 1 s and
t = 10 s. Any slope greater than one (indicative of convective
transport) or less than zero was automatically excluded from
analysis to eliminate the effects of motion artifact from
sample drift.

Water-absorption test

Lyophilized scaffolds were weighed to obtain dry weight
(Wd). Cell culture growth media were added to the scaffold
to reach saturation. Samples were incubated at 37�C to
mimic culture conditions. The wet weight (Ww) of each
scaffold was obtained after 24, 48, 72, and 96 h. The water-
absorption ability of the scaffolds was calculated with the
following equation:

Media absorption(n-fold)¼ Ww�Wd

Wd

Degradation

PBS solution was added into polymerized scaffolds and
incubated at 37�C. The supernatant was collected at 24, 48,
and 72 h. Bicinchoninic acid assay was used to determine
the amount of gelatin released using a standard curve.

Cell culture

MSCs were isolated from 4-week-old Balb/C mice
( Jackson Laboratory) as described previously.22 Cells were
cultured in IMDM supplemented with 20% FBS, 2 mM L-
glutamine, and 100 U/mL penicillin-streptomycin. Flow
cytometry was performed to confirm that cells were Sca-1 + ,
CD29 + , CD105 + , CD11b - , and CD45 - , and osteogenic
and adipogenic assays on tissue culture plastic were per-
formed to confirm the MSC phenotype (data not shown). For
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all experiments, gelatin was autoclaved prior to scaffold
formation. Uncrosslinked GTA was neutralized by multiple
changes of 1% glycine, and 10mg/mL of human fibronectin
was added to promote cell adhesion.

Cell proliferation

MSCs were seeded on scaffolds at a density of 5000 cells
per scaffold (10,000 cells/cm2) in order to allow space for
proliferation and cultured for 3 days. The cells were then
removed by trypsinization, resuspended in Isoton II solution,
and counted using a Beckman Coulter Multisizer 3 Coulter
Counter. Proliferation index was calculated as the number of
cells for each condition divided by the overall average
number of cells for each experiment.

MSC differentiation

For osteogenesis experiments, MSCs were cultured on
scaffolds in either control media (IMDM, 20% FBS, 1%
penicillin-streptomycin, and 1% L-glutamine) or osteogenic
media (IMDM, 20% FBS, 1% penicillin-streptomycin, 1%
L-glutamine, 10 nM dexamethasone, 20 nM b-glycerolphosphate,
50 mM ascorbate-2-phosphate, and 50 ng/mL L-thyroxine
sodium pentahydrate) as described previously24 for 3 weeks.
Cells were then fixed with formalin and stained for ALP
expression using NBT/BCIP reagent. Images were taken
using a Nikon SMZ745T stereoscope. ALP activity was de-
termined from the absorbance at 595 nm of cells cultured
in osteogenic media normalized by absorbance of cells
cultured in control media. For myogenic differentiation,
MSCs were cultured on scaffolds in control media supple-
mented with 10 ng/mL human recombinant TGF-b1 (Bio-
legend) for 1 week.

Gene expression analysis

RNA was isolated from MSCs cultured on scaffolds in
osteogenic media for 3 weeks or myogenic media for 1 week
using Ribozol reagent (Amresco) and reverse transcribed to
cDNA using iScript cDNA synthesis kit (BioRad). Gene
expression analysis was not performed on cells cultured on
10% gelatin–0.1% GTA scaffolds due to low cell numbers.
Primers were designed using Primer3 software.25 Quantita-
tive real-time polymerase chain reaction was performed on

the target sequences listed in Table 1 using SsoAdvanced
SYBR Green Mastermix (BioRad) in a StepOne Plus
Thermocycler (Applied Biosystems) for 40 cycles. For os-
teogenesis experiments, data were reported after normali-
zation to endogenous GAPDH and expression of cells
cultured on 5% gelatin–0.1% GTA scaffold. Data for
myogenesis were normalized to GAPDH and Wilcoxon-
Mann-Whitney rank sum test was used for statistical analysis.

Statistical analysis

All experiments were performed in triplicate. Unless
otherwise noted, a Student’s t-test was used for statistical
analysis with p < 0.05 being statistically significant (*p < 0.05,
**p < 0.01, and ***p < 0.001) and data were reported as the
mean – standard error of the mean.

Results

Characterization of gelatin-GTA scaffolds

The Young’s moduli of 5% (w/v) gelatin (G) scaffolds
were relatively constant (*15 kPa) across GTA concen-
trations (Fig. 1A). The bulk mechanical properties of 10%
G–0.1% (w/v) GTA scaffolds were similar to 5% scaffolds.
Higher concentrations of GTA were associated with ap-
proximately threefold increase in bulk stiffness for 10%
scaffolds (*50 kPa). To determine the stability of the
scaffolds, we measured protein release over time. Scaf-
folds with 0.1% GTA released more gelatin than those
containing 0.5% and 1% GTA ( p < 0.05); however, low
amounts of protein were released from all scaffolds, sug-
gesting that they remain intact (Fig. 1B). All scaffolds
swelled *7- to 15-fold within 1 day and then remained
relatively constant over a 7-day period (Fig. 1C). Swelling
in 5% gels was relatively independent of GTA concen-
tration, while in 10% gels, swelling was significantly re-
duced in 0.5% and 1% GTA concentrations compared
with 0.1% GTA ( p < 0.01). Together these data suggest
that the scaffolds are relatively stable for tissue engineer-
ing applications.

Scaffold composition alters pore architecture

To analyze the architecture of the scaffolds, we imaged
the scaffolds using SEM and quantified pore size. Average

Table 1. Primers Used for Quantitative Real-Time Polymerase Chain Reaction

Gene Primer sequence Accession number

GAPDH Forward: 5¢-AGGTCGGTGTGAACGGATTTG NM 008084
Reverse: 5¢-TGTAGACCATGTAGTTGAGGTCA

ALP Forward: 5¢-TCAGGATGAGACTCCCAGGA NM 007431
Reverse: 5¢-GTGTGTGTGTGTGTCCTGTC

Osteocalcin Forward: 5¢-CAGTATGGCTTGAAGACCGC NM 007541
Reverse: 5¢-AGAGAGAGAGGACAGGGAGG

Osteopontin Forward: 5¢-GAGAGCGAGGATTCTGTGGA NM 001204201
Reverse: 5¢-CGACTGTAGGGACGATTGGA

Myogenin Forward: 5¢-ACCTTCCTGTCCACCTTCAG NM 031189
Reverse: 5¢-CACCGACACAGACTTCCTCT

MyoD Forward: 5¢-TGGTTCTTCACGCCCAAAAG NM 010866
Reverse: 5¢-ACTTCTGCTCTTCCCTTCCC
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FIG. 1. Characterization of gelatin-glutaraldehyde scaffolds. The effect of scaffold composition on the mechanical properties
(A) and degradation (B) and swelling (C) characteristics was determined. * and ** denote p < 0.05 and p < 0.01, respectively.

FIG. 2. Effect of scaffold
composition on pore architec-
ture. Pore sizes were quantified
from scanning electron micros-
copy images (A). Pore size was
relatively constant across glu-
taraldehyde concentrations for
5% gelatin scaffolds and de-
creased for 10% gelatin scaf-
folds (B). Surface area available
for cell attachment was approx-
imately constant across scaffold
compositions (C). Color images
available online at www
.liebertpub.com/tea
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pore size was similar for 5% G–0.1% GTA and 5% G–0.5%
GTA scaffolds (30–40 mm2). The 10% G–0.1% GTA scaf-
fold had the largest average pore size (100 mm2). In addition,
10% G scaffolds had larger fibers than 5% G scaffolds. The
highest GTA concentration was associated with a smaller
pore size. For 1% GTA concentrations, average pore size
was independent of gelatin concentration; however, the
variation was higher in 10% scaffolds, suggesting a more
heterogeneous distribution of pore sizes (Fig. 2A, B). Al-
though the pore size distribution varied with scaffold com-
position, the surface area available for cell attachment was
relatively constant (Fig. 2C).

Increasing GTA concentration leads
to more confined pores

We utilized multiple-particle tracking microrheology
(MPTM) to probe the pore structure of hydrated scaffolds in
cell-culture-relevant conditions. The embedded particles
underwent thermal Brownian motion that was evaluated by
tracking the x-y coordinates of the particles. Unlike SEM
that has a characteristic length scale of several microns,
MPTM has a characteristic length scale of *100 nm. The
extent of motion can be determined by calculating the MSD.
MSD is time dependent for viscous fluids and time inde-
pendent for elastic solids. MSD plots revealed that all
scaffolds behaved as elastic solids at short-time scales and

viscous fluids at long-time scales (Fig. 3A). Particle MSDs
in scaffolds containing 0.1% GTA compared with higher
amounts of GTA had decreased magnitude and increased
heterogeneity in particle MSDs at t = 1s (Fig. 3B). This
suggests that a distribution of particle motions exists, with a
portion of particles that displayed increased motion,
whereas others did not, indicating that these particles were
likely confined by the microstructure of the hydrated scaf-
fold. In addition, particles in scaffolds with higher con-
centrations of GTA displayed a decreased average slope
(anomalous diffusion coefficient, a) at long-time scales than
those with 0.1% GTA. Because a can be used to describe
the relative viscoelastic character of the fluid surrounding
particle, with a = 0 characteristic of a Hookean elastic solid,
a = 1 characteristic of a Newtonian viscous fluid, and 0 <
a < 1 characteristic of a viscoelastic fluid, we further ana-
lyzed individual particles to determine whether the parti-
cles are more confined (a < 0.5) or less confined (a > 0.5) by
the pore structure. All scaffolds had a characteristic relax-
ation time at approximately t = 1 s; therefore, we analyzed a
from t = 1 s to t = 10 s. The percentage of less-confined
particles was similar for 0.1% and 0.5% GTA concentra-
tions independent of gelatin concentration. Crosslinking
with 1% GTA was associated with a significant decrease
in particles that were less confined, suggesting that there is
a higher percentage of smaller pores in this condition
(Fig. 3C).

FIG. 3. Variation in mean square displacement (MSD) and confinement of particles with changes in scaffold composition.
Average particle MSDs (A), dot plot of individual particle MSDs at t = 1 s (B), and the percentage of less-confined particles
with a > 0.5 between t = 1 s and t = 10 s (C) were determined under cell culture conditions.
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Scaffold composition affects proliferation
and differentiation potential

To determine the effect of scaffold composition on cel-
lular function, we performed spreading, proliferation, and
differentiation assays. After 24 h on the scaffolds, images of
the cells were taken (Fig. 4A). Although cell spreading in-
creased with GTA concentration, the amount of gelatin did
not significantly affect cell spreading (Fig. 4B). At day 3 on
the 5% G, there were significantly more MSCs on the 0.5%
GTA and 1% GTA scaffolds than on the 0.1% GTA scaffold
(Fig. 4C). A similar trend was found by measuring MTT
absorbance, with similar viability for cells on 5% G scaf-
folds (Fig. 4D). Viability was significantly decreased on the
10% G–0.1% GTA scaffold. In addition, cells cultured on
5% G–1% GTA scaffolds were significantly more viable
than cells on 10% G–1% GTA scaffolds.

We next sought to determine how the mechanical and
architectural properties of the scaffolds affected differenti-
ation potential. Because MSCs have increased differentia-
tion potential along the myogenic and osteogenic lineages
on two-dimensional (2D) substrates with elasticities similar
to the scaffolds we developed,19 we performed both osteo-
genic and myogenic induction on gelatin scaffolds. Cells
were differentiated along the osteogenic lineage on scaffolds
for 3 weeks and stained for ALP activity (Fig. 5A). Osteo-
genic differentiation was inhibited on the 10% G–0.1%
GTA scaffold. Although 5% G scaffolds displayed similar
mechanical properties, osteogenic potential varied with
GTA concentration (Fig. 5B). Gross imaging of the scaf-
folds after 3 weeks of differentiation revealed enhanced
mineralization in the 5% G (Supplementary Fig. S1; Sup-
plementary Data are available online at www.liebertpub
.com/tea), in agreement with ALP activity results. Gene

expression of osteopontin and osteocalcin was increased in
cells cultured on 5% G scaffolds with increasing GTA
concentrations (Fig. 5C). In addition, cells differentiated on
the 10% G–1% GTA scaffold had significantly less ALP
activity and lower expression of osteocalcin, and conse-
quently less differentiation, than the 5% G–1% GTA scaffold.
To evaluate whether gelatin scaffolds enhance differentia-
tion along other lineages, cells were differentiated in myo-
genic media. Myogenin and MyoD were upregulated in cells
cultured on 5% G–1% GTA scaffolds compared with 10%
G–1% GTA scaffolds (Fig. 5D). Similar to osteogenic dif-
ferentiation results, myogenic potential varied with GTA
concentration for 5% G scaffolds.

Discussion

In this study, we developed gelatin scaffolds with dif-
fering mechanical properties and pore sizes by altering the
concentrations of gelatin and GTA. Glycine was used in
these studies to neutralize GTA and circumvent GTA
toxicity issues. Typically hydrated gelatin scaffolds have
extremely low mechanical strength3 and high swelling and
degradability,26 limiting their use as biomaterials; how-
ever, gelatin scaffolds crosslinked with GTA displayed
enhanced mechanical properties and stability (Fig. 1).
Notably, increasing GTA from 0.1% to 0.5% resulted in a
twofold decrease in degradation (Fig. 1B). SEM images of
10% G–0.1% GTA scaffolds showed that the gelatin was
not completely crosslinked (Fig. 2), which may be why
this scaffold had a lower elasticity and higher swelling
(Fig. 1).

Although bulk mechanical properties were not depen-
dent on GTA concentration for 5% G scaffolds (Fig. 1A),
pore architecture changed with additional GTA (Fig. 2). At

FIG. 4. Changes in mesenchymal stem cell (MSC) spreading and proliferation on scaffolds. The spreading of MSCs
on the scaffold was quantified (B) based on phase-contrast images (A). Scaffold composition altered the prolifera-
tion and viability of MSCs cultured on the scaffolds for 3 days, as measured by cell count (C) and MTT absorbance (D).
* and ** denote p < 0.05 and p < 0.01, respectively.
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the two higher GTA concentrations, the average pore sizes
were similar for 5% G and 10% G gels; however, the
standard deviations of the pore size distributions were
different (Fig. 2). These data suggest that measuring bulk
or average properties alone may not accurately capture the
properties of the material. In addition, samples were ly-
ophilized for analysis that may not be representative of
culture conditions. To analyze the pore structure while the
scaffold is in cell culture conditions, we utilized MPTM.
While SEM can probe pore structure on the order of sev-
eral microns, MPTM probes a much smaller length scale,
*100 nm. All scaffolds behaved like elastic solids at short-
time scales and viscoelastic fluids at longer time scales
(Fig. 3A). In addition, particles encountered a heteroge-

neous microenvironment, consistent with MPTM results in
other polymers.27 The magnitude of the average MSD was
similar for all 10% G scaffolds, but 5% G show an in-
creasing magnitude with increasing GTA (Fig. 3A). This
may be a result of polymerization kinetics as increased
crosslinker concentration28 and polymer concentration29

have been associated with increased polymerization rates.
High amounts of polymer may lead to rapid polymeriza-
tion, causing the formation of a network of heterogeneous
fiber sizes. For lower amounts of polymer, more cross-
linker is available, leading to the formation of more uni-
form smaller fibers (Fig. 2A, 5% G–1% GTA). Larger
fibers were seen in the SEM images of scaffolds formulated
with low GTA concentrations (Fig. 2A, 10% G–0.1%

FIG. 5. Differentiation capacity of MSCs cultured on scaffolds. Osteogenic differentiation capacity of MSCs was de-
termined by staining for ALP activity (A) and quantified by absorbance at 595 nm (B). Expression of genes associated with
osteogenic (C) and myogenic differentiation (D). na, gene expression analysis not performed due to low cell numbers; nd,
no detection of gene of interest. *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively. Color images available
online at www.liebertpub.com/tea
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GTA). These partially crosslinked scaffolds were also less
stable (Fig. 1B, C), so smaller fibers may have been de-
stroyed during lyophilization. For these low-GTA scaffolds,
particle-tracking results revealed a population of particles
with more restricted transport at small time scales (Fig. 3B).
This suggests that these smaller fibers present in the hy-
drated gels reside in fluid-filled pores where they restrict
particle transport. This restricted transport is not seen at
higher time scales when the gels have sufficient time to
relax. In this case, a larger percentage of particles in 1%
GTA scaffolds were more confined (Fig. 3C).

Though previous studies have shown that MSCs prolif-
erate more in stiffer environments,30 our results suggest that
stiffness alone is not predicative of MSC proliferation on
gelatin-GTA scaffolds (Fig. 4C, D). In addition, matrix
elasticity can direct MSC lineage toward cell types with
similar elasticity in vivo.19 MSC myogenic potential has
been enhanced on 2D substrates with elasticities around
10 kPa,19,31 similar to the elasticity of 5% G scaffolds. While
myogenin expression was relatively constant across GTA
concentrations for 5% G scaffolds, MyoD was significantly
upregulated on 5% G–1% GTA scaffolds (Fig. 5D), sug-
gesting that the bulk mechanical properties alone do not
direct MSC myogenic differentiation on gelatin scaffolds.

Numerous studies have also shown that MSCs have in-
creased propensity to differentiate into osteoblasts in stiffer
environments.19,32 MSCs differentiated on 5% G–1% GTA
scaffolds had enhanced expression of osteopontin and os-
teocalcin (Fig. 5C), which are late-stage osteogenesis mark-
ers, suggesting that this scaffold composition not only
enhanced differentiation, but also generated a more termi-
nally differentiated cell. Interestingly, on the scaffolds,

MSCs did not display enhanced differentiation on 10% G
scaffolds, which had higher elastic moduli. Young’s mod-
ulus correlated with ALP activity for 10% G scaffolds
(R2 = 0.99, Fig. 6A). Pore size and osteogenic differentiation
potential were weakly inversely correlated for both 5% G
(R2 = 0.70) and 10% G scaffolds (R2 = 0.77) (Fig. 6B). In-
creased MSC spread area has also been shown to promote
differentiation along the osteogenic lineage20; however,
there was only a correlation between spread area and ALP
activity for 10% G scaffolds (R2 = 0.98, Fig. 6C), suggesting
that enhanced cell spreading does not promote differentia-
tion on 5% G scaffolds. The differentiation potential for 5%
G scaffolds directly correlates with the percentage of un-
confined particles (R2 = 0.99, Fig. 6D), implying that the
effective pore size plays a more important role in directing
differentiation than the bulk mechanical properties of our
scaffolds and the ability of cells to spread on 5% G scaf-
folds. In addition, on the 10% G–0.1% GTA scaffold where
pores were not completely formed (Fig. 2), MSCs were
unable to differentiate into osteoblasts (Fig. 5B). Previous
work has demonstrated that pore size is critical for bone
reformation, which was attributed to enhanced MSC min-
eralization.33 Other researchers have postulated that pore
size and distribution and surface structure may play an
important role in osteogenic differentiation.33 Our studies
demonstrate that the composition of the scaffold can affect
whether architectural cues or mechanical cues dominate
MSC differentiation.

In conclusion, we developed gelatin-GTA scaffolds for
the expansion and differentiation of MSCs. The concentra-
tion of gelatin and GTA in the scaffold regulated the me-
chanical and architectural properties, which ultimately
determined the differentiation potential of MSCs cultured on
the scaffold. These findings may have important implica-
tions for scaffold design for tissue engineering applications.
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