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Abstract

Three-dimensional (3D) gradients of biochemical and physical signals in macroscale, degradable
hydrogels have been engineered that can regulate photoencapsulated human mesenchymal stem
cell (hMSC) behavior. This simple, cytocompatible and versatile gradient system may be a
valuable tool for researchers in biomaterials science to control stem cell fate in 3D and guide
tissue regeneration.
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Cells continuously receive biochemical and biophysical stimuli from their
microenvironment. These environmental stimuli drive cellular behavior and function during
development and tissue regeneration.[!:2] Biochemical signals such as growth factors have
been shown to guide many developmental processes(3! and have also been used to control
cell behavior for regenerative medicine applications.l4l Cell interactions with the
extracellular matrix (ECM)[®] and physical signals28.71 such as matrix rigidity and
mechanical stimuli can also have strong effects on cellular phenotype and tissue formation.
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While biochemical and physical signals play an important role in controlling cell behavior,
the presentation of signals that control human development and regeneration are complex,
often existing in gradients.[8] Gradients of signals can also regulate cell function when
presented by engineered biomaterial systems.[:9-11] The ability to precisely control the
spatial location of biochemical and physical signals may better facilitate the capacity to
regulate cell fate and even to recapitulate gradients present during normal physiologic
processes to permit regional control of cell function for the design of cell based therapies for
use in regenerative medicine.

Tissue engineering is a promising field for the development of biologic replacement tissues
for failing or damaged native tissues.l[1213] One prominent approach in tissue engineering is
the seeding of cells into or onto a three-dimensional biomaterial such as a hydrogel that
partially recapitulates native cellular environments, can be injected or implanted into a
defect site in a patient and guides cell behavior until new tissue is formed to ultimately
restore lost functionality.[214] Hydrogels, which are 3D, crosslinked, insoluble hydrophilic
polymer networks formed via crosslinking of water soluble polymers, have found
widespread application in tissue engineering as their aqueous, structured environment can
partially mimic a cell’s natural ECM.[1516] They are attractive scaffolds for controlling cell
function, as a variety of technologies and chemistries have been developed for tailoring their
biochemical and physical properties.[7:11:17.18-20] However, the methods used to modulate
hydrogel properties typically result in isotropic presentation of the cell signals because they
are created from homogeneously mixed solutions. Since the complex processes of
development and healing are usually at least partially predicated on the spatially controlled
presentation of these cellular signals, the ability to incorporate signal gradients into hydrogel
scaffolds may open the door to answering important questions about the role of these
gradients on cell behavior and the development of morphologically complex tissues, as well
as facilitating the engineering of more biomimetically functional tissues. Recently, a variety
of strategies have been developed to engineer spatial gradients of biological signals in
biomaterials.[10.21.22-24] However, these systems often employ long and sophisticated
fabrication procedures that necessitate expertise and expensive equipment, cannot be used to
fabricate larger, clinically relevant macro-scale 3D gradient biomaterials, involve fabrication
procedures, high voltage electric fields or cytotoxic precursor solutions which induce cell
death during 3D encapsulation, and/or cannot form linear gradients. In this report, we
present an easy, versatile approach to form a variety of physical and biochemical 3D linear
gradients in macroscale hydrogels with encapsulated cells for regulating their behavior,
which be of great value in regenerative medicine and for basic biology research.

Recently, we reported on a photocrosslinked, biodegradable, alginate hydrogel system with
no inherent biological activity.[20] The photopolymerization process employed to crosslink
the macromers permits easy encapsulation of cells with high viability. We have shown the
capacity to control the mechanical properties and degradation rate of this material,[20-25] the
ability to incorporate cellular adhesivity independently of physical properties!19.26] and the
sustained delivery of heparin binding growth factors.[18] In the present study, we have
engineered a simple and rapid approach to create physical and biochemical signaling
gradients within these hydrogels using two programmable syringe pumps, as shown in
Figure 1A. Since it is difficult to visualize the physical or biochemical gradients in
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hydrogels quickly or directly, gradients are often characterized by radiolabeling or by
fluorescently tagging a component in the hydrogels.[27] Here, we utilize a simpler method
for visualizing and confirming linear gradient formation within centimeter scale
biodegradable, photocrosslinked alginate hydrogels using a microparticle-based system.[28]
By inversely varying the flow rates (Figure 1B), a linear gradient of microparticles was
formed, from being comprised predominantly of hydrogel with microparticles from syringe
1 at one end, to mostly hydrogel without microparticles from syringe 2 at the other end. This
permits identification of the composition of the gel being pumped out at any time, and
allows for verification that the gel formed contains a linear gradient along the entire length.
Optical microscopic images obtained with sequential, evenly spaced hydrogel segments
visually exhibit the formation of a microparticle gradient in a photocrosslinked alginate
hydrogel (Figure 1C). Quantification of the number of microparticles in each segment
demonstrated that a fairly linear gradient of microparticles in the hydrogels was produced
(Figure 1D).

A dual pump gradient generating system has been reported previously24] in which two types
of poly(lactide-co-glycolide) (PLGA) microparticles are infused into a mold at varying rates,
thus generating a continuous spatial gradient. However, this fabrication process requires the
use of ethanol to physically attach adjacent microspheres and form a solid scaffold, thus
preventing the inclusion of cells within the microparticle suspensions. To improve the
cytocompatibility of the microsphere fusing process, sub-critical CO sintering has been
used in the presence of cells.[2%] The system described in our report utilizes a non-cytotoxic
photocrosslinking mechanism that allows cells to be safely suspended in the alginate
solutions and also encapsulated throughout the entirety of macro-scale hydrogel constructs
with independently tunable physical and biochemical properties.

Spatial and temporal control over the presentation of bioactive factors within a 3D scaffold
are critical design criteria for providing complex signals to regulate the fate of encapsulated
cells during tissue forming processes such as angiogenesis, neurogenesis, wound healing,
chondrogenesis and osteogenesis. To partially mimic the tissue complexity found in vivo,
there has been a great deal of interest in spatial patterning of bioactive signaling molecules
within 3D scaffolds.[22:28:30.31] One potentially important application of spatial and temporal
gradients of bioactive growth factors is in osteochondral tissue engineering to regenerate the
bone and cartilage interface.[32] In this study, gradients of multiple growth factors were
generated to examine their capacity to control the differentiation of hMSCs down the
osteogenic and chondrogenic lineages. An affinity-based growth factor gradient system
based on photocrosslinked heparin-alginate (HP-ALG) hydrogels was utilized to allow for
prolonged retention and presentation of heparin binding growth factors to incorporated
hMSCs.[18] The same gradient making system presented in Figure 1 was used to prepare
HP-ALG hydrogels with incorporated gradients of heparin binding growth factors BMP-2, a
potent osteogenic growth factor,[33] and TGF-f1, a chondrogenic growth factor,[34 in
opposite directions. When the concentration of growth factors in segments of gradient HP-
ALG hydrogels was quantified, linear gradient distributions of BMP-2 and TGF-$1 in
opposite directions were observed (Figure 2A). In response to the incorporated growth
factors, hMSCs underwent osteogenic and chondrogenic differentiation during a 2-week
culture period and the levels of alkaline phosphatase (ALP) activity and glycosaminoglycan
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(GAG) production were quantified along the gradient HP-ALG hydrogels as measures of
osteogenic and chondrogenic differentiation, respectively. As the BMP-2 concentration
increased, ALP expression significantly increased along the BMP-2 gradient (Figure 2B). In
contrast, GAG production of encapsulated hMSCs significantly increased as the TGF-p1
concentration increased (Figure 2C). While the changes in these hMSC differentiation
markers were not linear, they did follow the expected trend with highest ALP activity and
GAG production in the regions of hydrogels with highest BMP-2 and TGF-f1 content,
respectively.

There are few previous reports of scaffolds having a growth factor gradient presented within
a 3D scaffold for bone and cartilage tissue engineering. Wang et al. reported microsphere-
mediated growth factor gradients in polymer scaffolds. BMP-2 and insulin-like growth
factor-1 (IGF-1) were encapsulated in PLGA and silk microspheres, which were further
incorporated in hydrogels with human bone marrow derived mesenchymal stem cells
(hMSC) using a two chamber gradient maker, to induce hMSC differentiation.[28] This
system exhibited greater chondrogenic and osteogenic differentiation along the gradient of
increasing BMP-2 and decreasing IGF-1.[28] However, it did not achieve osteogenic and
chondrogenic differentiation in opposite directions. Suciati et al. engineered layered PLGA
microsphere-based scaffolds, using poly(ethylene glycol) as a plasticizer, to create stepped
regions of growth factors within 3D scaffolds.[3%] They demonstrated zonal release of
BMP-2 from these layered PLGA microsphere-based scaffolds. However, for this system it
is technically challenging to fabricate the growth factor-encapsulated PLGA microspheres
and scaffolds, and a sintering step is required for their preparation, preventing cell
encapsulation during fabrication. Opposing gradients of BMP-2 and TGF-B1 in PLGA
scaffolds have been engineered to try to regenerate osteochondral defects in an animal
model.[23] The gradient induced enhanced osteochondral differentiation of hMSCs
compared to blank scaffolds in the rabbit femoral medial condyle. Although these gradients
induced osteogenic and/or chondrogenic differentiation of hMSCs, these systems required
preprocessing to encapsulate growth factor in microparticles to achieve the growth factor
gradients, which may induce growth factor inactivation during encapsulation.[3¢] In contrast,
here we present inverse gradients of BMP-2 and TGF-f1 in an affinity-based drug delivery
system using photocrosslinked heparin-functionalized alginate hydrogels that allow for
controlled and prolonged presentation of bioactive growth factors to incorporated cells by
simple mixing into macromer solution prior to gelation. This approach permitted controlled
osteogenic and chondrogenic differentiation in opposing directions. Additionally, this
system could be applied to make gradients with tunable release profiles of other growth
factors that have affinities for heparin, such as fibroblast growth factor-2 and vascular
endothelial growth factor,[18] which when presented together in gradient combinations could
enhance regeneration for other tissue types.

Next, the dual-pump system was used to generate a gradient of peptides containing the cell
adhesion ligand, RGD, covalently coupled to the alginate hydrogel backbone. This system
could then be used to examine whether having such spatial control over cell-biomaterial
interactions could result in gradient changes in cell responses like cell number, alignment
and migration, which are known to be affected by these interactions.[910:37] The
establishment of the RGD peptide gradient was confirmed by ninhydrin assay on each
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segment of the gel (Figure 3A). When hMSCs were cultured in the adhesion ligand gradient
hydrogels, a higher cell number was seen in regions of higher RGD concentration compared
to regions of lower RGD concentration as demonstrated qualitatively by live/dead staining
(Figure 3B) and quantitatively by PicoGreen DNA assay (Figure 3C) after 2 weeks of
culture. Since photocrosslinkable peptides can easily be incorporated into this system,
various adhesion ligand types, concentrations and combinations could also potentially be
used to form gradients to investigate their influence on cell behaviors within 3D hydrogel
systems. While a number of other studies have investigated the effects of gradients of
adhesion ligands without the encapsulation of cells,[910] the present work involves 3D
cellular encapsulation. Importantly, here, 3D hydrogels are used to demonstrate an increase
in hMSC number up a 3D RGD gradient, whereas previous work had demonstrated similar
results in 2D.[38] Not only do hydrogels created by a dual-pump system allow for the
formation of 3D gradients of adhesion ligands, but the fabrication technique also permits the
encapsulation of cells within the hydrogels.

Lastly, stiffness gradients were established in the biodegradable, photocrosslinked alginate
hydrogels to evaluate the effect of linear spatial changes in this physical property on the
number of encapsulated hMSCs. Increasing the degree of alginate methacrylation increases
resultant hydrogel crosslinking density and has previously been shown to increase hydrogel
compressive modulus.[20] Using the dual-syringe pump system, hydrogels were made with a
spatial gradient of crosslinking density, and the compressive modulus increased linearly
over a 15-fold range from ~10 kPa to ~150 kPa with increasing alginate methacrylation
(Figure 4A). This gradient hydrogel was then used as a scaffold for 3D screening of cellular
growth response to changes in hydrogel stiffness. To examine cell viability during the
photocrosslinking process and culture, photoencapsulated hMSCs in the hydrogels were
evaluated using a live/dead assay after 2-week culture (Figure 4B). High cell viability was
observed throughout all segments. To evaluate hMSC changes in cell number in the gradient
hydrogels, the amount of DNA present was quantified in even-numbered segments after 2-
week culture. The DNA content of gradient hydrogel segments was significantly higher in
softer regions compared to the stiffer regions, with DNA decreasing in progressively stiffer
regions (Figure 4C).

The stiffness, crosslinking density, and degradation rate of hydrogels are all important in
dictating cell growth.[5] Cell proliferation is enhanced in a matrix microenvironment that
permits the diffusion of nutrients and waste.[15] These processes are mainly affected by the
permeability and porosity of the ECM.[13] The permeability and porosity of hydrogels can
be controlled by varying their crosslinking density;[3! as the crosslinking density increases,
the permeability and porosity of hydrogels decrease.[3%] Therefore, a high crosslinking
density in hydrogels reduces the supply of nutrients to the encapsulated cells, prevents the
removal of deleterious wastes, and consequently may affect cell growth. The degradation
rate of the hydrogels impacts changes in the crosslinking density, and therefore nutrient and
waste transport, over time as well. The softer regions of the gels were crosslinked to a lesser
extent and degrade more rapidly; both of these characteristics would improve transport and
could ultimately enhance cell growth. Early work on the stiffness of biomaterials
demonstrated that fibroblast migration on the surface of polyacrylamide gels is influenced
by gradients of matrix stiffness.[!1] The current system may allow for the study of 3D cell
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migration in a gradient of matrix stiffness. More recent work using polyacrylamide gels has
shown that the differentiation of hMSCs seeded on the surface of these gels can be
controlled by matrix stiffness in the range of 1-100kPa.l”] Investigating the role of substrate
mechanics in 3D, hydrogels of homogeneous stiffness in the range 2.5-110kPa have been
used to demonstrate the role of the matrix stiffness in controlling encapsulated stem cell
fate.[0] The present work allows for cell encapsulation in a cytocompatible 3D hydrogel
system with a gradient of stiffnesses in a similar range (10-150kPa), which will permit the
effects of such a gradient on cell differentiation to be investigated in future studies.

In summary, we have demonstrated a simple yet versatile method to form and quantify
physical and biochemical 3D linear gradients within centimeter scale, biodegradable,
photocrosslinked alginate hydrogels. Three-dimensional gradients of growth factor
concentration, adhesion ligand density and stiffness in alginate hydrogels have been formed
that can regulate encapsulated hMSC number and/or osteochondral differentiation. This
flexible, cell compatible gradient making approach, which is amenable to a variety of
hydrogel systems, may be a valuable tool for researchers in biomaterials science to control
stem cell fate in 3D and guide tissue regeneration.

Experimental

Fabrication and characterization of hydrogels with microparticle gradients

To fabricate continuous linear microparticle-based gradient hydrogels, 25% actual
methacrylated alginatel2%] solutions (2% w/v) in DMEM containing Irgacure 2959
photoinitiator (0.05% w/v) with or without microparticles (5x108 particles/ml) were loaded
separately into two syringes. The syringes were then installed in a custom gradient
fabrication apparatus comprised of 2 programmable syringe pumps (NE-1000X, New Era
Pump System Inc., Farmingdale, NY, (Figure 1A). The methacrylated alginate solutions
were pumped with inversely varying flow rates (Figure 1B) through a spiral mixer (TAH
Industries Inc., Kensington, MD) to a cylindrical quartz tube (2 mm internal diameter and
100 mm length, National Scientific, Rockwood, TN), and photocrosslinked with 365nm UV
light (Model EN-280L; Spectroline, Westbury, NY) at ~1 mW/cm? for 10 min to form the
gradient hydrogels. The photocrosslinked microparticle-based gradient hydrogels were cut
into 10 equal segments using a razor blade and individually placed in 5 N NaOH for 4 hrs to
digest them. After 4 hrs digestion, the number of microparticles in each digested solution
was counted using a hemocytometer to characterize the gradient (N=5).

Fabrication and characterization of growth factor gradient hydrogels

To fabricate growth factor gradient alginate hydrogels, BMP-2 and TGF-p1 were
incorporated into HP-ALG hydrogels. Methacrylated heparin[18] (0.18% w/v) and
methacrylated alginate (1.82% wi/v, 10 % actual methacrylation) were dissolved in DMEM
with 0.05% w/v photoinitiator. BMP-2 (10 pug/ml) and TGF-B1 (5 pg/ml) were dissolved in 2
separate HP-ALG macromer solutions. The macromer solutions were pumped through a
spiral mixer into a quartz tube, and photocrosslinked as described above. Photocrosslinked
growth factor gradient HP-ALG hydrogels were cut into 10 equal segments using a razor
blade. To extract the BMP-2 and TGF-B1, each segment was dissolved in 250 pl of 1 N
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NaOH under stirring at 4 °C until clear solution was obtained. The amount of BMP-2 and
TGF-B1 in the solution was quantified using enzyme-linked immunosorption assay (ELISA)
kits (Human BMP-2 and TGF-B1 Duoset; R&D Systems, Minneapolis, MN) (N=5).

Fabrication and characterization gradient hydrogels with covalently coupled RGD-
containing peptides

To fabricate alginate hydrogels containing a gradient of peptides containing the Arg-Gly-
Asp (RGD) sequence, acrylated Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) were incorporated
into photocrosslinked alginate hydrogels.[26] Methacrylated alginate (10 % actual
methacrylation) solutions (2% w/v) in DMEM containing photoinitiator (0.05% w/v) with or
without acrylated RGD (20 mg/g alginate) were loaded separately into two syringes. The
macromer solutions were then pumped through a spiral mixer into a cylindrical quartz tube
and photocrosslinked as described above. The photocrosslinked RGD gradient hydrogels
were cut into 10 equal segments using a razor blade. To characterize the RGD gradients, a
ninhydrin assay was used. After each segment was dissolved in 5 ml of 1 M sodium acetate
buffer (pH 5), the amount of free amino groups in the solution was determined according to
a previously reported method.[*®] Unmodified methacrylated alginate and glycine (Fisher)
were used as the control and the standard, respectively (N=5).

Fabrication and characterization of stiffness gradient hydrogels

To fabricate continuous stiffness gradient alginate hydrogels, two syringes loaded with
macromer solutions (2% w/v in DMEM with 0.05% w/v photoinitiator) of two different
degrees of methacrylation (25% and 10% actual) were positioned in the syringe pumps. The
macromer solutions were pumped through a spiral mixer into a cylindrical quartz tube, and
photocrosslinked as described above. Photocrosslinked stiffness gradient hydrogels were cut
into 10 equal segments using a razor blade. The elastic moduli of each hydrogel segment
were determined by performing uniaxial, unconfined constant strain rate compression tests
at room temperature using a constant crosshead speed of 5%/sec on a Rheometrics Solid
Analyzer (RSAII; Rheometrics, Piscataway, NJ) equipped with a 10 N load cell. Elastic
moduli were calculated from the slope of stress versus strain plots, limited to the linear first
5% of strain of plots (N=3).

hMSC isolation and preparation

A human bone marrow aspirate was harvested from the posterior iliac crest of a donor after
informed consent under a protocol approved by the University Hospitals of Cleveland
Institutional Review Board. The hMSCs were isolated from the bone marrow aspirate and
cultured in the Skeletal Research Center Mesenchymal Stem Cell Facility as previously
described.[41]

Encapsulation of h(MSC

hMSCs (passage number 2) were photoencapsulated in growth factor, RGD adhesion ligand
or stiffness gradient alginate hydrogels by suspending them in macromer solutions. To

fabricate growth factor gradient alginate/hMSCs hydrogel constructs, BMP-2 (5 pug/ml) and
TGF-B1 (500 ng/ml) were separately dissolved in HP-ALG macromer solutions [0.18% w/v
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methacrylated heparin and 1.82% w/v methacrylated alginate (10 % actual methacrylation)
in DMEM with 0.05% w/v photoinitiator and 5x106 cells/mL hMSCs] and the two solutions
were loaded into syringes on the two separate pumps. To fabricate RGD gradient alginate/
hMSCs constructs, methacrylated alginate (10 % actual methacrylation) solutions (2% w/v
in DMEM with 0.05% w/v photoinitiator and 5x106 cells/mL hMSCs) with or without
acrylated-RGD (20 mg/g alginate) were loaded separately into two syringes. To fabricate
stiffness gradient alginate/hMSCs hydrogel constructs, two syringes were loaded with RGD-
modified methacrylated alginate macromer solutions[t°l (2% w/v in DMEM with 0.05% wi/v
photoinitiator and 5x108 cells/mL hMSCs) at two different alginate methacrylation levels
(25% and 10%). The solutions were pumped through a spiral mixer into a quartz tube, and
photocrosslinked as described above. The resulting gradient alginate/hMSC hydrogel
constructs were removed from the quartz tube, placed in tissue culture flasks (T25, Corning,
Tewksbury, MA) with 10 mL of DMEM containing 10% FBS, and cultured in a humidified
incubator at 37°C with 5% CO», for 2 weeks. After culture, the gradient alginate/hMSCs
constructs were cut into 10 segments using a razor blade. The odd-numbered RGD and
stiffness gradient hydrogel segments were used for a live/dead assay, and the even-
numbered segments were used for a DNA assay. The odd-numbered growth factor gradient
hydrogel segments were used for a GAG assay, and the even-numbered segments for an
ALP activity assay. The DNA content in each segment of growth factor gradient alginate/
hMSCs constructs was also measured (N=3).

Assays of hMSCs encapsulated in gradient alginate hydrogels

The ALP activity of hMSCs photoencapsulated in even-numbered segments of growth factor
gradient alginate hydrogels was measured using SensoLyte p-nitrophenylphosphate (pbNPP)
ALP Assay kit (AnaSpec Inc., Fremont, CA) according to manufacturer’s instructions. The
even-numbered segments of growth factor gradient hydrogel/hMSCs constructs were
homogenized at 35000 rpm for 30 sec using a TH homogenizer (Omni International,
Marietta, GA) and lysed by sample freezing and thawing repeated three times, and the
lysates were cleared by centrifugation at 16200xg for 10 min using a microcentrifuge
(accuSpin Micro 17R, Fisher). 25 pl of supernatant was incubated with 150 ul of ALP
substrate containing pNPP at 37°C for 30 min. The reaction was stopped by adding 25 pl of
3 N NaOH to the substrate reaction solution. The absorbance of the samples was read at 405
nm on a plate reader. Hoechst 33258 dye (0.1 pg/mL in nuclease-free water; Acros
Organics, Morris Plains, NJ) was used for the DNA assay as previously described.[19] Calf
thymus DNA standards (Rockland Immunochemicals, Gilbertsville, PA) were prepared with
0-4 pg/mL DNA in nuclease-free water. After the centrifugation of papain-digested
samples, 100 pL of supernatant was mixed with 100 uL of the prepared dye solution.
Fluorescence intensity of the dye-conjugated DNA solution was measured in 96-well plates
on a plate reader (358nm excitation and 452nm emission; Safire, Tecan, Austria), and the
DNA content was calculated from a standard curve generated with the calf thymus DNA.
Each segment’s ALP activity measurement was normalized to the DNA content (N=3).

The GAG contents of hMSCs photoencapsulated in odd-numbered segments of growth
factor gradient alginate hydrogels was measured using the dimethylmethylene blue (Sigma)
assay in 96-well plates.[42] The odd-numbered segments of growth factor gradient hydrogel/

Adv Mater. Author manuscript; available in PMC 2014 November 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jeon et al.

Page 9

hMSCs constructs were washed with PBS, homogenized, and digested in 1 mL papain
buffer solution (25ug/mL papain [Sigma], 2mM cysteine [Sigma], 50mM sodium phosphate
[Fisher], and 2mM ethylenediaminetetraacetic acid [Fisher], pH 6.5, in nuclease-free water)
at 65°C overnight. After centrifuging at 16200xg for 10 min using a microcentrifuge, 50 pL
of supernatant was mixed with 250 pL of dye containing 16 mg/L dimethylmethylene blue
and 3.04 g/L glycine (pH 1.5) in each well. The absorbance was read at 595 nm using the
plate reader. Chondroitin-6-sulfate (Sigma) from shark cartilage was used to construct the
standard curve. The DNA content was measured as described above. Each segment’s GAG
content measurement was normalized to the DNA content (N=3).

The viability and morphology of photoencapsulated hMSCs in odd-numbered segments of
the RGD and stiffness gradient alginate hydrogels were investigated using a live/dead assay
comprised of fluorescein diacetate (FDA; Sigma) and ethidium bromide (EB; Sigma). FDA
stains the cytoplasm of viable cells green, whereas EB stains the nuclei of nonviable cells
orange-red. The staining solution was freshly prepared by mixing 1 mL of FDA solution
(1.5 mg/mL of FDA in dimethyl sulfoxide; Research Organics, Cleveland, OH) and 0.5 mL
of EB solution (1 mg/mL of EB in PBS) with 0.3mL of PBS (pH 8). The cut segments were
transferred into 24-well tissue culture plates with 1 ml DMEM containing 10% FBS, and
20uL of staining solution was added into each well and incubated for 3-5min at room
temperature. Stained hydrogel-cell constructs were imaged using a fluorescence microscope
(ECLIPSE TE 300; Nikon, Tokyo, Japan) equipped with a digital camera (Retiga-SRV;
Qimaging, Burnaby, BC, Canada) from three different fields in the center of cell/hydrogel
constructs (N=3). The even-numbered segments of the RGD and stiffness gradient alginate
hydrogel/hMSCs constructs were homogenized and lysed by repeated sample freezing and
thawing three times, and the lysates were cleared by centrifugation at 16200xg for 10 min
using a microcentrifuge. After centrifuging, 100 pl of supernatant was mixed with 100 pl of
1xTris-EDTA buffer (Invitrogen, Carlsbad, CA) containing fluorescent PicoGreen® reagent
(Invitrogen) and incubated at room temperature for 30 min. Fluorescence intensity of the
dye-conjugated DNA solution was measured in 96-well plates on a plate reader (480 nm
excitation and 520 nm emission), and the DNA content was calculated from a standard curve
generated with known amounts of calf thymus DNA (Invitrogen) (N=3).

Statistical analysis

All quantitative data is expressed as mean + standard deviation. Statistical analysis was
performed with one-way analysis of variance (ANOVA) with Tukey honestly significant
difference post hoc test using Origin software (OriginLab Co., Northampton, MA). A value
of p < 0.05 was considered statistically significant.
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Figure 1.
Fabrication of microparticle-based gradient alginate hydrogels. (A) Photograph of gradient

making system. (B) Flow rates of two syringes to pump a linear gradient for a 5-cm length x
2-mm diameter alginate hydrogel. After linear gradient pumping for 3 min, an additional 50
uL of alginate solution, which is the volume from the Y point to the beginning of quartz
tube, was further pumped into a spiral mixer for 1 min. (C) Photomicrographs of
microparticles in cross-sections of gradient alginate hydrogel segments. Segments 1-10
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represent sequential segments of the gel. (D) Quantification of microparticles in each
segment of gradient alginate hydrogels.
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Figure2.
Characterization of BMP-2 and TGF-B1 gradient alginate hydrogels and response of

photoencapsulated hMSCs in growth factor gradient hydrogels. (A) Quantification of
BMP-2 (closed circle) and TGF-B1 (closed square) content in each segment of the growth
factor gradient alginate hydrogels. (B) ALP activity of photoencapsulated hMSCs in even-
numbered segments and (C) GAG content of photoencapsulated hMSCs in odd-numbered
segments of the growth factor gradient alginate hydrogels. *p<0.05 compared with segment
9 for GAG/DNA and segment 10 for ALP/DNA, respectively.
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Figure 3.
Characterization of RGD gradient alginate hydrogels and response of photoencapsulated

hMSCs in RGD gradient hydrogels. (A) Quantification of RGD via ninhydrin assay in each
segment of the RGD gradient hydrogels. (B) Representative live (FDA, green) / dead (EB,
red) photomicrographs of photoencapsulated hMSCs in odd-numbered segments and (C)
quantification of DNA content in even-numbered segments of RGD gradient alginate
hydrogels with photoencapsulated hMSCs after 2 weeks culture in vitro. The scale bar
indicates 200 pm. *p<0.05 compared with segment 8 and 10.
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Characterization of stiffness gradient alginate hydrogels and response of photoencapsulated
hMSCs in stiffness gradient hydrogels. (A) Modulus of each segment of stiffness gradient
hydrogels. (B) Representative live/dead photomicrographs of photoencapsulated hMSCs in
odd-numbered segments and (C) quantification of DNA content in even-numbered segments
of stiffness gradient alginate hydrogels with photoencapsulated hMSCs after 2 weeks culture
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in vitro. The scale bar indicates 200 um. *p<0.05 compared with the other segments.
**p<0.05 compared with segments 8 and 10. ***p<0.05 compared with segment 10.
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