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ABSTRACT

Bone marrow mesenchymal stromal/stem cell (MSC) encapsulation within a biomatrix could im-
prove cellular delivery and extend survival and residence time over conventional intravenous ad-
ministration. Although MSCs modulate monocyte/macrophage (Mø) immunophenotypic proper-
ties, little is known about how such interactions are influenced when MSCs are entrapped within a
biomaterial. Furthermore, the impact of the cell-encapsulating matrix onMSCmultipotency and on
Møs, which infiltrate biomaterials, remains poorly understood. Here we elucidate this three-way
interaction. The Mø immunophenotype and MSC differentiation were examined with regard to
established and experimental collagen-based biomaterials for MSC entrapment. Tumor necrosis
factor-� secretion was acutely inhibited at 4 days. MSCs cocultured with Møs demonstrated atten-
uated chondrocyte differentiation, whereas osteoblast differentiation was enhanced. Adipocyte
differentiation was considerably enhanced for MSCs entrapped within the gelatin/polyethylene
glycol-based matrix. A better understanding of the effect of cell encapsulation on differentiation
potency and immunomodulation of MSCs is essential for MSC-based, biomaterial-enabled
therapies. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:740–749

INTRODUCTION
In addition to mesenchymal stromal/stem cells’
(MSCs’) intrinsic regenerative, angiogenic, and
tissue-repair properties, MSCs’ immunomodula-
tory effect on innate and adaptive immune cells
has been subject to extensive investigation [1].
Although studies have successfully coaxed MSCs
down specific cell lineages in vitro, the lack of
spatial and differentiation control remains a ma-
jor confounding factor when they are adminis-
tered in vivo [2, 3]. Recently, there is growing
interest in combining MSCs with biomaterials to
enhance their therapeutic potential. Biomateri-
als that encapsulateMSCs create a unique extra-
cellular microenvironment that influences focal
adhesion formation required to prolong MSC
survival and function [4]. Biomatrices with tai-
lored mechanical properties, incorporated exog-
enous growth factors, or specific functional
groups conjugated to synthetic polyethylene gly-
col (PEG) polymer chains have been successfully
used to guide MSC fate down specific differenti-
ation pathways [5, 6]. However, assessment of
MSC multidifferentiation potential has primarily
been limited to MSCs cultured on two-dimen-
sional substrates or has been applied after MSCs
have grown out of or been chemically removed
from the supporting biomatrix [7–9]. Moreover,
little is known regarding monocyte/macrophage

(Mø) influence on MSC fate when encapsulated
within a three-dimensional biomatrix, which is
an important interaction that must be consid-
ered when delivering MSCs to the inflammatory
milieu of injured or diseased tissues.

Determining the Mø immunophenotype in
response to the encapsulated allogeneic MSCs is
critical, as it determines whether infiltrating
macrophages will promote wound resolution or
remain in a proinflammatory state. Møs respond
to changes in adsorbed protein on the biomate-
rial surface, which influences adhesion, apopto-
sis, or foreign body giant cell formation, as well
as secretion of extracellular matrix (ECM) pro-
teins, growth factors, pro- and anti-inflamma-
tory cytokines, matrix metalloproteinases/tissue
inhibitor of metalloproteinases, and reactive ox-
ygen species [10]. Depending on the overall phe-
notypic character, macrophages are generally
defined as being classically activated (M1) or al-
ternatively activated (M2). M1 macrophages se-
crete high amounts of proinflammatory cyto-
kines and efficiently destroy microorganisms,
whereas M2 macrophages secrete high levels of
interleukin-10 (IL-10) (an anti-inflammatory cy-
tokine), demonstrate high phagocytic activity,
promote angiogenesis and tissue remodeling/re-
pair, and modulate the immune system [11]. Dy-
namic Mø phenotypic switching from a resting
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M2state toaproinflammatoryM1state is implicated inacute injury
and chronic disease [12–15]. The host foreign body reaction must
also be considered, as it could adversely affect the overall biocom-
patibility of the biomatrix and prevent healing [16, 17]. Here we
address this three-way interaction by elucidating the Mø immuno-
phenotypeanddeterminingMSCdifferentiationpotentialwhenen-
capsulated within three-dimensional collagen-based biomaterials.

MATERIALS AND METHODS

MSC Isolation and Culture
Mesenchymal stem cells were isolated from leftover bone mar-
row harvest filters from healthy donors after obtaining written
consent approved by the University of Wisconsin Hospital and
Clinics Regulatory Committee. Bone marrow cells isolated from
the filter were washed in phosphate-buffered saline (PBS) (Cell-
gro Mediatech Inc., Manassas, VA, http://www.cellgro.com),
and mononuclear cells were separated using Ficoll-Paque Pre-
mium (� � 1.073; GE Healthcare, Little Chalfont, U.K., http://
www.gehealthcare.com) and a Leucosep tube (Greiner Bio-One,
Monroe, NC, http://www.gbo.com/en) according to the manu-
facturers’ protocols. Red blood cells were lysed after incubation
in Ammonium-Chloride-Potassium lysis buffer (Invitrogen, Eu-
gene, OR, http://www.invitrogen.com) lysis buffer (3 minutes),
and mononuclear cells were plated in T-75-cm2 tissue culture
flasks (TechnoPlastic Products, Trasadingen, Switzerland, http://
www.tpp.ch) (precoated with gelatin; Sigma-Aldrich, St. Louis,
MO, http://sigmaaldrich.com) and cultured in �-minimum es-
sential media supplemented with 10% fetal bovine serum (FBS)
(HyClone, Logan, UT, http://www.hyclone.com), nonessential
amino acids (1�) (Invitrogen), and 4 mM L-glutamine (Invitro-
gen). Adherent bone marrow-derived MSCs were cultured with
medium changes every 3–5 days until 90% confluence was at-
tained. TrypLE cell dissociation enzyme (Invitrogen) was used to
harvest (passage 0) MSCs, which were then replated into new
T-75-cm2 flasks with subsequent expansion, harvest (using
0.05% trypsin; Invitrogen), and cryopreservation. Isolated MSCs
(passage 4) were positive for MSC surface markers CD29-phyco-
erythrin (PE), CD44-PE, CD54-PE, CD73-PE, CD90-allophycocya-
nin (APC) (BD Biosciences, San Jose, CA, http://www.
bdbiosciences.com), and CD105-APC (eBiosciences Inc., San
Diego, CA, http://www.ebiosciences.com) andwere negative for
hematopoietic markers CD34-fluorescein isothiocyanate (FITC),
CD45-PE, and CD31-PE (BD Biosciences) using monoclonal anti-
bodies (with appropriate gating controls) and analyzed using a
FACSCalibur flow cytometer with CellQuest acquisition software
(BD Biosciences) and FlowJo software (Tree Star, Ashland, OR,
http://www.treestar.com) [18].MSCmultidifferentiation poten-
tial into adipocytes, chondrocytes, and osteoblastswas tested by
culturing in Adipo NHdiff medium (14 days), Chondro NHdiff (14
days), and Osteo NHdiff medium (10 days) in 48-well (BD Biosci-
ences) culture plates (Miltenyi Biotec, Auburn, CA, http://www.
miltenyibiotec.com) with successive medium changes every 3
days. Only MSCs (4–6 passages) that met the aforementioned
criteria were used for the subsequent coculture studies.

Gelatin/Polyethylene Glycol and Collagen-MSC
Encapsulation
The gelatin/polyethylene glycol biomatrix is a covalently cross-
linked network composed of PEG (Sigma-Aldrich) and type B gel-

atin (Sigma-Aldrich) originally developed by our laboratory for
wound healing applications and encapsulation of keratinocytes
and fibroblasts [19]. Gelatin/polyethylene glycol biomatrices
were constructed by adding Irgacure 2959 (0.5%) (BASF, Ludwig-
shafen, Germany) photoinitiator sterile-filtered in phosphate
buffered saline and mixed with Cys-PEG-gelatin to form a 20%
(wt/vol) solution. PEG diacrylate (PEGda)was also sterile-filtered
with Irgacure 2959 tomake a 20% (wt/vol) solution. A 3:1 ratio of
Cys-PEG-gelatin to PEGda and a bone marrow-derived MSC sus-
pensionwere thoroughlymixed to obtain a final concentration of
1 � 106 MSCs per cm3. The precursor solution was pipetted into
a glass-bottomed Petri dish (In Vitro Scientific, Sunnyvale, CA,
http://www.invitrosci.com) with a circular insert and then po-
lymerized by exposing to UV light (�max � 365 nm, 100 W/cm2)
for 2 minutes. MSC medium (Dulbecco’s modified Eagle’s me-
dium [DMEM] [Cellgro Mediatech], 10% FBS, 2 mM L-glutamine,
and 2 mM nonessential amino acids) was added to the tissue
culture Petri dish, and the hydrogels were swollen overnight.
Rat-tail collagen (5mg/ml; BD Biosciences) wasmixedwith phos-
phate buffered saline (10�), DMEM, and 1 N NaOH (Sigma-
Aldrich) to obtain a neutralized solution. The collagen solution
was allowed to nucleate on ice for 35 minutes before adding a
cell suspension to obtain a concentration of 1 � 106 MSCs per
cm3. The collagen solutions were pipetted into a tissue culture
well plate (48-well plate) and allowed to polymerize for 15 min-
utes (37°C) before MSC medium was added.

Mø Isolation
Venipuncture was performed using a 19-gauge butterfly needle
(Fisher Scientific, Fair Lawn, NJ, http://www.fischersci.com) on a
registered donor after obtaining written consent approved by
the University ofWisconsin Hospital and Clinics Regulatory Com-
mittee. Sixty milliliters of whole blood was drawn into a syringe
containing 3 ml of sodium citrate (Sigma-Aldrich), diluted in 15
ml of Dulbecco’s phosphate-buffered saline (Cellgro Media-
tech)/5 mM EDTA (Fisher Scientific) (DPBSE), and centrifuged at
400g for 20 minutes in Leucosep tubes containing Ficoll Paque
Premium. The resulting Mø/lymphocyte/platelet band was col-
lected in 15-ml volumes, diluted with 35 ml of DPBSE, and then
centrifuged at 150g for 10 minutes. The cell pellet was resus-
pended in DPBSE and centrifuged again at the previous time and
speed two more times. The cell pellet was then resuspended in
Iscove’s modified Dulbecco’s medium (IMDM) (Cellgro Media-
tech) (without phenol red) at approximately 1–2 � 106 Mø per
milliliter, and then 25 ml of 46% Percoll/IMDM solution (with
phenol red) was slowly underlayered using a spinal needle,
which formed a bilayer solution that was then centrifuged at
550g for 30 minutes. The Mø band was collected in 15-ml vol-
umes diluted with 35 ml of DPBSE, centrifuged at 400g for 10
minutes, and then resuspended for the coculture studies [20,
21]. TheMøs were assessed for purity using CD14-PE (AbD Sero-
tec, Raleigh, NC, http://www.abdserotec.com) and CD45-FITC
(BD Biosciences) monoclonal antibodies with appropriate mon-
oculture controls, resulting in�80%–90%monocyte purity, with
the primary contaminant being lymphocytes using flow cytom-
etry analysis.

MSC-Mø Coculture
MSCs encapsulated in gelatin/polyethylene glycol-based matri-
ces (1 � 106 MSCs per cm3) were transferred to 12-well plate
Transwell polyester permeable supports (Corning Inc., Corning,
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NY, http://www.corning.com/lifesciences) and then supple-
mented with the normal MSC (Dulbecco’s modified Eagle’s me-
dium, 10% FBS, 2 mM L-glutamine, 2 mM nonessential amino
acids) or the aforementioned differentiation media (same cul-
ture conditions for collagen). In the coculture and the Mø-mon-
oculture conditions,Møswere seeded on either gelatin/polyeth-
ylene glycol or collagen hydrogels at 1 � 106 Møs per well.
Samples from three different whole blood donors and three dif-
ferent primary MSC donors were consistently paired in order to
appropriately account for donor-to-donor variability present in
quantified protein concentrations of tumor necrosis factor-� (TNF-
�), IL-6, IL-10, and IL-12. Supernatant samples were also collected
after1and4daysandcentrifugedat10,000g for10minutes, and50
�l of protein samplewas subsequently analyzedbyBio-Plex protein
detection (Bio-Rad, Hercules, CA, http://www.bio-rad.com) of
TNF-�, IL-6, IL-10, and IL-12 following the manufacturer’s instruc-
tions for all culture conditions. Using the same culture wells, addi-
tional medium changes were performed until the differentiation
end points weremet for subsequent detection.

Differentiation and Detection of Encapsulated MSCs
EncapsulatedMSCs cultured in osteogenic media were detected
at 10 days, whereasMSCs cultured in standardMSC, adipogenic,
and chondrogenic media (Miltenyi Biotec) were detected at 14
days. All components came from Sigma-Aldrich unless stated
otherwise. All encapsulatedMSCswere fixed in 10%neutral buff-
ered formalin overnight. Adipogenic differentiated MSC hydro-
gels were washed in PBS, dehydrated in 20% sucrose/PBS solu-
tion overnight, and then dehydrated further in a 1:1 ratio of 20%
sucrose/PBS and O.C.T. (Optimal Cutting Temperature) for 3 ad-
ditional days. The adipocyte-differentiated MSC hydrogels were
frozen in liquid nitrogen and cryosectioned (10 �m) prior to
staining. All other MSC biomatrices were paraffin-embedded af-
ter formalin fixation and sectioned (10 �m). For adipogenic de-
tection, sections were refixed in 10% neutral buffered formalin
with 1% calcium chloride, rehydrated in double-distilled H2O
(ddH2O), and then placed in propylene glycol (50%, 100%), each
for 2 minutes. The sections were then stained in a 1% Oil Red
O/propylene glycol solution for 40 minutes (40°C) and then sub-
jected to more propylene glycol washes (100%, 80%, 20%), each
for 2 minutes with agitation. The sections were rinsed twice in
ddH2O, counterstained with Mayer’s hematoxylin solution for 1
minute, washed for 5 minutes in running tap water, and cover-
slipped in aqueous based permanent mounting medium (Sigma-
Aldrich). For chondrogenic differentiation, sections were depar-
affinized by placing them in successive xylene and ethanol
washes (100%, 90%, and 70%, each 10 minutes long) before
washing them in ddH2O. The sections were then counterstained
with 0.02% Fast Green FCF for 3 minutes and then 1% acetic acid
for 30 seconds and 1% Safranin O for 5 minutes. Subsequently,
the sections were quickly washed in ddH2O and dehydratedwith
ethanol and xylene washes (10 dips each) before the sections
were mounted. Chondrocyte differentiation was also detected
by immunostaining for aggrecan, a proteoglycan highly ex-
pressed in cartilage tissue. The sections were deparaffinized in
three xylene washes, each for 5 minutes, and hydrated through
graded ethanol (EtOH) treatment to ddH2O. The sections were
then permeabilized in PBS with 0.1% Triton X-100 (Sigma-Al-
drich) for 45 minutes and then blocked with 10% donkey serum
for 30 minutes. Mouse anti-human aggrecan primary antibody
(Millipore, Billerica, MA, http://www.millipore.com) was incu-

bated overnight in PBS (1:200) containing 1% donkey serum and
0.1% Triton X-100 at 4°C. The sections were subsequently
washed three times in PBS for 5 minutes with agitation and then
reacted with donkey anti-mouse Alexa Fluor 555 (Invitrogen) in
PBS (1:400) for 30minutes. The sectionswere similarlywashed in
PBS,washed in ddH2O for 5minuteswith agitation, andmounted
with Prolong Gold Antifade Reagent (Invitrogen) containing 4�,6-
diamidino-2-phenylindole (DAPI) [22]. Images were taken with a
Nikon fluorescent microscope (Nikon, Melville, NY, http://www.
nikon.com) at �100 magnification. For osteogenic detection,
sections were deparaffinized in the samemanner as the Safranin
O staining and washed in ddH2O. The sections were then stained
in 2% alizarin red S solution for 5 minutes, washed in ddH2O,
counterstained inMayer’s hematoxylin for 1minute, and quickly
rinsed in tap water. Subsequently, sections were dehydrated in
acetone, acetone-xylene (1:1), and xylene (20 dips each) before
being coverslipped in CYTO-Seal xylene-based mounting me-
dium (Andwin Scientific, Schaumburg, IL, http://www.andwinsci.
com). Osteogenic differentiationwas also detected using the von
Kossa method for staining minerals. The sections were again
deparaffinized and hydrated to ddH2O. The slides were then
placed in 5% silver nitrate solution for 1 hour, rinsed four times
with ddH2O, and placed in photographic black and white devel-
oper solution (Kodak, Rochester, NY, http://www.kodak.com)
for 2 minutes. The sections were quickly rinsed in two ddH2O
washes, placed in 5% sodium thiosulfate for 5 minutes, and
washed in running tap water for 2 minutes. The sections were
then counterstained in nuclear fast solution for 5 minutes and
again washed in running tap water. The sections were then
washed twice in 90% EtOH, 100% EtOH, and xylene each for 2min-
utesandsimilarlycoverslipped inCYTO-Sealxylene-basedmounting
medium(AndwinScientific). Three imagesof thestainedslideswere
taken at�100magnification with a Leica DM LBmicroscope (Leica
Microsystems, Wetzlar, Germany, http://www.leica.com) for each
culture condition.

Statistical Analysis
Each biomatrix (collagen or gelatin/polyethylene glycol) and cul-
ture condition was tested with three different primary MSC and
Mø blood donors for independent replicates (n � 3) that were
consistently paired for the coculture conditions. One-way analy-
sis of variance and a two-tailed Student’s t test was used to com-
pare differences in TNF-�, IL-6, IL-10, and IL-12 expression
amongMømonoculture,Mø/MSC coculture, andMSCmonocul-
ture conditions for the two separate time points. A p value �.05
was considered statistically significant.

RESULTS

MSC Biomatrix Downregulates Mø Proinflammatory
Function
To elucidate the dynamic changes in Mø immunophenotype in
response to the biomatrix-MSCs, supernatant samples were col-
lected after 1 and 4 days from each differentiationmedium (con-
trol, adipocyte, chondrocyte, or osteoblast), biomaterial (colla-
gen or gelatin/polyethylene glycol), and culture condition (MSC
monoculture, Mø monoculture, or MSC-Mø coculture). A multi-
plexed microsphere-based immunoassay was executed for hu-
man cytokine detection (human cytokine group I; Bio-Rad) of
TNF-�, IL-6, IL-10, and IL-12 [23]. After 4 days of culture, the
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MSC-Mø coculture cytokine expression profile was generally IL-
6high, IL-10high, TNF-�low, and IL-12low (Figs. 1, 2; supplemental
online Figs. 2, 4) for both materials and for all medium types
similar to the MSC-educated macrophage immunophenotype
described in previous MSC-Mø coculture studies [24]. At day 1,
high TNF-� expression (2,000 to 700 pg/ml) was observed forMø
monoculture andMø-MSC coculture conditions (p � .05) on the
gelatin/polyethylene glycol biomaterial (except for adipocyte
differentiation media conditions) (Fig. 3); however, by day 4,
TNF-� expression (�75 pg/ml) was significantly attenuated for
all conditions (Fig. 1). This trend was consistent with previous
observations in our laboratory using a semi-interpenetrating
network composed of physically entangled polyethylene glycol
and gelatin macromolecules [25]. For the Mømonoculture gela-
tin/polyethylene glycol condition, temporal variations in the
type, composition, and concentration of adsorbed protein can
contribute to changes in macrophage phenotypic behavior caus-
ing lowered TNF-� expression observed at 4 days [26, 27]. MSCs
entrapped within gelatin/polyethylene glycol respond to poten-
tially lethal TNF-� levels via a nuclear factor �� (NF-�B) mecha-
nism that causes several anti-inflammatory factors to be se-
creted (TNF-� stimulated gene-6 protein, interleukin-1 receptor
antagonist, prostaglandin E2, and stanniocalcin-1) that down-
regulate TNF-� expression and direct adherent macrophages to-
ward an M2 alternatively activated state [28–30]. Indeed, IL-10
concentrationswere positively correlatedwith high TNF-� secre-
tion for Mø-gelatin/polyethylene glycol monoculture and MSC/
Mø-gelatin/polyethylene glycol coculture conditions at day 1
(supplemental online Fig. 1), but by day 4 IL-10 slightly decreased

(supplemental online Fig. 2), whereas TNF-� expression was sig-
nificantly attenuated (Fig. 1). Systemic release of TNF-� has been
shown to engage macrophages to produce IL-10 among other
mitigating factors as a negative feedback mechanism to turn off
the NF-�B pathway and inhibit continued proinflammatory cyto-
kine secretion, which may account for the delayed reduction in
TNF-� expression [31]. IL-6 expression was variable at 1 day (Fig.
4) and 4days (Fig. 2), but overall it remainedhigh over the timeof
culture for almost all conditions and may have also contributed
to the time-dependent decrease in TNF-� expression (Fig. 1)
caused by the downregulation of the NF-�B pathway in mono-
cyte/macrophages [32, 33].

IL-12 expression was consistently low (6–10 pg/ml) at both 1
day (supplemental online Fig. 3) and 4 days (supplemental online
Fig. 4) for all culture conditions. The minimal IL-12 expression in
both Mø monoculture and MSC-Mø coculture indicates the lack
of immunogenicity of thebiomatrix or theMSCbiomatrix, as high
IL-12 expression is a marker for monocyte maturation into den-
dritic cells upon antigen stimulation. The high IL-6 concentration
observed for all culture conditions (Figs. 2, 4) most likely contrib-
uted to low IL-12 expression (supplemental online Figs. 3, 4) be-
cause of the inhibitory effect that IL-6 has on dendritic cell mat-
uration, which biases monocyte differentiation toward a
macrophage phenotype [34].

Adherent Møs and Biomatrix Regulate MSC
Multipotency
Collagen or gelatin/polyethylene glycol encapsulatedMSCswere
exposed to established adipocyte (Adipo NHdiff) or chondrocyte

Figure 1. Gelatin/polyethylene glycol and gelatin/polyethylene glycol-MSC conditions attenuated tumor necrosis factor-� (TNF-�) expres-
sion at day 4. Bars indicate the expression of TNF-� (pg/ml) after 4 days for MSCs encapsulated in collagen or gelatin/polyethylene glycol
cultured alone or in the presence of biomaterial-adherent Møs (also under Mø monoculture conditions). Differentiation media were from
Miltenyi Biotec. §, Significantly greater than MSC monoculture gelatin/polyethylene glycol; †, significantly greater than Mø-MSC coculture
gelatin/polyethylene glycol. Statistical comparisons were made only among the same medium conditions (i.e., Control, Adipo, Chondro,
Osteo). Values represent mean � SD of three wells from three separate donors, which were paired for the MSC-Mø coculture conditions.
§, †, p� .05was considered statistically significant using the two-tailed Student’s t test. Control: StandardMSCmedium (Dulbecco’smodified
Eagle’s medium, 10% fetal bovine serum, 2mM L-glutamine, 2mMnonessential amino acids). Abbreviations: Adipo, Adipo NH differentiation
medium; Chondro, Chondro NH differentiation medium; Mø, monocyte/macrophage; MSC, mesenchymal stromal/stem cell; Osteo, Osteo
NH differentiation medium.
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(Chondro NHdiff) differentiation media for 14 days and osteo-
blast (Osteo NHdiff) differentiation media for 10 days (Miltenyi
Biotec). MSC biomatrices were sectioned and detected for adi-
pocyte differentiation using Oil Red O staining (lipid vacuoles),
chondrocyte differentiation using Safranin O (glycosaminogly-
cans) and aggrecan immunostaining, and osteoblast differentia-
tion using alizarin red S and von Kossa staining (calcium depos-
its). For chondrocyte detection, collagen and gelatin/polyethylene
glycol encapsulated cocultured MSCs stained less strongly for
Safranin O and demonstrated more extensive FCF green coun-
terstaining (cytoplasmic stain), indicating partial inhibition of
chondrocyte differentiation mediated by the presence of adher-
ent Møs (Fig. 5A). Inhibition of chondrogenesis in the coculture
was more readily apparent for the gelatin/polyethylene glycol
condition, whereas for collagen coculture Safranin O expression
displayed a more intermediate differentiation phenotype (pur-
ple cytoplasm). This observation is attributed to inherent differ-
ences between the gelatin/polyethylene glycol and collagen bio-
matrices, with three-dimensional collagen hydrogels being
better able to support MSC chondrogenesis because of colla-
gen’s similarity to the ECM of native cartilage with elevated ag-
grecan and glycosaminoglycan expression when cultured with
medium supplemented with transforming growth factor �
(TGF-�) [35]. Similarly, aggrecan expression was more attenu-
ated for the coculture conditions; however, greater differences
in expression were observed for the gelatin/polyethylene glycol

conditions (Fig. 5B). Greater fluorescent DAPI/aggrecan colocal-
ization was observed for the gelatin/polyethylene glycol condi-
tions, whereas for the collagen conditions aggrecan was less re-
stricted to the pericellular space of the encapsulated MSCs,
indicating active degradation and remodeling processes allowing
aggrecan to diffuse within the collagen biomatrix [36].

For osteoblast differentiation, collagen and gelatin/polyeth-
ylene glycol encapsulated coculturedMSCs demonstratedhigher
alizarin red S and von Kossa staining with less hematoxylin and
Nuclear Fast Red counterstaining, respectively (Fig. 6A, 6B). The
differences in calcium mineralization were less striking, however,
for themonoculture and coculture gelatin/polyethylene glycol con-
ditions. The enhancedmineralization observed ismost likely due to
the presence of cell-adhesion sites, the degradability of adjacent
gelatin chains, and the overall porosity and stiffness of the gelatin/
polyethylene glycol biomatrix, which suppresses MSC proliferation
and promotes cell aggregation, further enhancingMSC differentia-
tion down the osteoblast phenotype [19, 37–40].

In contrast to chondrocyte and osteoblast differentiation,

adipocyte differentiation of MSCs did not appear to be signifi-
cantly influenced by the presence of adherent macrophages in
coculture (Fig. 7). The gelatin/polyethylene glycol biomatrix,
however,more strongly droveMSC differentiation down the adi-
pocyte phenotype, as demonstrated by elevated Oil Red O stain-
ing, whereas collagen encapsulatedMSCs displayed smaller lipid

Figure 2. Interleukin-6 (IL-6) expression varied greatly among culture conditions at day 4. Bars indicate the expression of IL-6 (pg/ml) after 4
days for MSCs encapsulated in collagen or gelatin/polyethylene glycol cultured alone or in the presence of biomaterial-adherent Møs (also
underMømonoculture conditions). Differentiationmediawere fromMiltenyi Biotec. Openbars (Control): StandardMSCmedium (Dulbecco’s
modified Eagle’s medium, 10% fetal bovine serum, 2 mM L-glutamine, 2 mM nonessential amino acids). §, Significantly greater than Mø
monoculture collagen; †, significantly greater than Mø monoculture gelatin/polyethylene glycol; ‡, significantly greater than MSC monocul-
ture gelatin/polyethylene glycol. Light gray bars (Adipo): §, Significantly greater than Mø monoculture collagen; †, significantly greater than
MSC monoculture gelatin/polyethylene glycol. Dark gray bars (Chondro): §, Significantly greater than Mø monoculture collagen; †, signifi-
cantly greater than MSC monoculture collagen; ‡, significantly greater than Mø monoculture gelatin/polyethylene glycol; �, significantly
greater than MSC monoculture gelatin/polyethylene glycol. Black bars (Osteo): §, Significantly greater than Mø monoculture collagen;
†, significantly greater thanMSCmonoculture collagen; ‡, significantly greater thanMSCmonoculture gelatin/polyethylene glycol. Statistical
comparisons were made only among the same medium conditions (i.e., Control, Adipo, Chondro, Osteo). Values represent mean � SD of
threewells from three separate donors, whichwere paired for theMSC-Mø coculture conditions. §, †, ‡, �, p� .05was considered statistically
significant using the two-tailed Student’s t test. Abbreviations: Adipo, AdipoNHdifferentiationmedium; Chondro, ChondroNHdifferentiation
medium; Mø, monocyte/macrophage; MSC, mesenchymal stromal/stem cell; Osteo, Osteo NH differentiation medium.
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vacuoles and stained more strongly with hematoxylin (cytoplas-
mic stain). The gelatin/polyethylene glycol biomatrix was partic-
ularly adipogenic as bothmaterial components have individually
been shown to upregulate peroxisome proliferator-activated re-
ceptor � expression and promote adipogenesis when supple-
mented with basic fibroblast growth factor. The polyethylene
glycol chains also maintained the overall hydrogel structure and
caused MSCs to adopt a rounded morphology that promoted
adipocyte differentiation via downregulation of the RhoA-
Rho-associated protein kinase signaling pathway [41]. IL-10
and IL-12 expression is described in supplemental online Fig-
ures 1–4.

DISCUSSION

ECM-mimic biomaterials that incorporate MSCs are attractive
platforms for tissue engineering as they provide a supportive
three-dimensional microenvironment that could fill critical tis-
sue defects, contain cell adhesive sequences that support MSC
viability and function, and promote cell infiltration for ECM de-
position and remodeling. Inclusion of localized growth factor
concentrations and matrix metalloproteinase (MMP) cleavable
peptide sequences within the biomaterial can also stimulate an-
giogenesis or MSC differentiation within the construct and pro-
mote tissue regeneration [42, 43]. Type I collagen is an ECM
component commonly used for MSC encapsulation because of
its low toxicity, weak immunogenicity, and favorable tissue
remodeling properties. Purely ECM-based materials such as col-
lagen are limited in their applicability as a stable MSC-encapsu-
latingmatrix for tissue regeneration because of their high batch-

to-batch variability, poor mechanical properties, and significant
degradation in vivo that often results in contraction or complete
clearance of the cell-encapsulating construct [44, 45]. To over-
come these challenges, a biomatrix containing gelatin (type B)
and polyethylene glycol was developed. This strategy improved
the overall mechanical stability and delayed gelatin degradation
within the construct while presenting both MMP cleavable and
cell adhesive peptide sequences such as arginine-glycine-aspar-
tic acid, required for remodeling and focal adhesion formation of
encapsulated cells, respectively [19]. Development of ECM-
mimic biomaterials that properly couple themechanical and bio-
chemical characteristics of nativeMSC niches could better main-
tainMSC stemness and function long-term. This approachwould
allowMSCs to exert their immunomodulatory effects on infiltrat-
ing immune cells, promote tissue regeneration, and minimize
fibrosis [46]. The behavior of infiltrating Møs typically present in
the inflammatory microenvironment where MSCs would be de-
liveredmust not beoverlooked, as this cell type can contribute to
chronic inflammation and to foreign body reactions that lead to
biomaterial failure and can influence MSC multipotency and
function in vivo. Collagen and gelatin/polyethylene glycol-based
matrices were selected to elucidate the Mø immunophenotype
and encapsulated MSC multidifferentiation because of their fa-
vorable characteristics, mentioned above, for maintaining MSC
viability and function.

The specific macrophage immunophenotype induced via in-
teraction with the collagen or gelatin/polyethylene glycol bio-
matrix or the biomatrix-MSC combination was characterized as
IL-6high, IL-10high, TNF-�low, and IL-12low (Figs. 1, 2; supplemental

Figure 3. Gelatin/polyethylene glycol enhanced tumor necrosis factor-� (TNF-�) expression at day 1. Bars indicate the expression of TNF-�
(pg/ml) after 1 day forMSCs encapsulated in collagen or gelatin/polyethylene glycol cultured alone or in the presence of biomaterial adherent
Møs (also under Mømonoculture conditions). Differentiation media were fromMiltenyi Biotec. Open bars (Control): Standard MSC medium
(Dulbecco’s modified Eagle’s medium, 10% fetal bovine serum, 2 mM L-glutamine, 2 mM nonessential amino acids). §, Significantly greater
than Mø monoculture collagen; †, significantly greater than MSC monoculture collagen; ‡, significantly greater than MSC-Mø coculture
collagen; �, significantly greater thanMSCmonoculture gelatin/polyethylene glycol. Statistical comparisonsweremade only among the same
medium conditions (i.e., Control, Adipo, Chondro, Osteo). Values representmean� SDof threewells from three separate donors, whichwere
paired for the MSC-Mø coculture conditions. §, †, ‡, �, p � .05 was considered statistically significant using the two-tailed Student’s t test.
Abbreviations: Adipo, Adipo NH differentiation medium; Chondro, Chondro NH differentiation medium; Mø, monocyte/macrophage; MSC,
mesenchymal stromal/stem cell; Osteo, Osteo NH differentiation medium.
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online Figs. 2, 4). This macrophage immunophenotype is favor-
able for wound resolution, as IL-6 is critical for the progression of
normal wound healing processes, whereas IL-10, among other
factors, downregulates inflammation associated with excessive
TNF-� and IL-12 expression [24, 47]. Similarly, encapsulation of
MSCs within a biomatrix that maintains MSC survival and func-
tion long-term is expected to reprogram infiltrating macro-
phages toward an anti-inflammatory phenotype that promotes
overall wound healing processes in vivo [48, 49]. The initial burst
of TNF-� expression (Fig. 3) followed by a significant attenuation
(Fig. 1) observed for gelatin/polyethylene glycol-adherent mac-

rophages could be considered prohealing because TNF-� also
stimulates macrophage growth factor production, which con-
tributes to wound resolution. If TNF-� concentrations remain
high long-term, re-epithelialization is inhibited and further ECM
degradation prevents cell migration and collagen deposition,
which is typically observed in chronic nonhealing wounds [50,
51]. When compared with local concentrations of TNF-� in
chronic wound fluid of nonhealing diabetic ulcers (4,734 pg/ml),
the in vitro concentrations of TNF-� observed in this study were
significantly lower for all conditions, whereas the marked de-
crease in TNF-� expression by 4 days suggested that Møs are

Figure 4. Interleukin-6 (IL-6) expression varied greatly among culture conditions at day 1. Bars indicate the expression of IL-6 (pg/ml) after 1
day for MSCs encapsulated in collagen or gelatin/polyethylene glycol cultured alone or in the presence of biomaterial-adherent Møs (also
underMømonoculture conditions). Differentiationmediawere fromMiltenyi Biotec. Openbars (Control): StandardMSCmedium (Dulbecco’s
modified Eagle’s medium, 10% fetal bovine serum, 2 mM L-glutamine, 2 mM nonessential amino acids). §, Significantly greater than Mø
monoculture collagen; †, significantly greater than MSC monoculture gelatin/polyethylene glycol. Light gray bars (Adipo): §, Significantly
greater than Mø monoculture collagen; †, significantly greater than MSC monoculture gelatin/polyethylene glycol; ‡, significantly greater
than Mø monoculture gelatin/polyethylene glycol. Dark gray bars (Chondro): §, Significantly greater than Mø monoculture collagen;
†, significantly greater thanMSCmonoculture collagen; ‡, significantly greater thanMSCmonoculture gelatin/polyethylene glycol. Black bars
(Osteo): §, Significantly greater thanMømonoculture collagen; †, significantly greater thanMSCmonoculture collagen; ‡, significantly greater
than MSC monoculture gelatin/polyethylene glycol. Statistical comparisons were made only among the same medium conditions (i.e.,
Control, Adipo, Chondro, Osteo). Values represent mean� SD of three wells from three separate donors, which were paired for theMSC-Mø
coculture conditions. §, †, ‡, �,p� .05was considered statistically significant using the two-tailed Student’s t test. Abbreviations: Adipo, Adipo
NH differentiation medium; Chondro, Chondro NH differentiation medium; Mø, monocyte/macrophage; MSC, mesenchymal stromal/stem
cell; Osteo, Osteo NH differentiation medium.

Figure 5. Monocytes/macrophages (Møs)
attenuated MSC differentiation into
chondrocytes. Collagen or gelatin/poly-
ethylene glycol encapsulated MSCs were
cultured alone or in the presence of bio-
material-adherent Møs. (A): MSCs cul-
tured in chondrocyte differentiation me-
dium for 14 days were detected with
Safranin O and counterstained with FCF
Green. (B): Chondrocyte differentiation
was detected by aggrecan immunostain-
ing (Alexa Fluor 555) and counterstained
with 4�,6-diamidino-2-phenylindole. Rep-
resentative images were taken at a mag-
nification of �100.
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being actively reprogrammed toward a prohealing phenotype
[52]. Overall, the time-dependent decrease in TNF-� expression
for gelatin/polyethylene glycol adherent Møs in monoculture
and coculture conditions illustrates both material- andMSC-me-
diated influences on the Mø immunophenotype. The lack of
TNF-� expression for macrophage monoculture and MSC-mac-
rophage coculture conditions may be due to the presence of
additional factors included in the adipogenic medium. Dexa-
methasone, 3-isobutyl-1-methylxanthine, and indomethacin are
commonly used to promoteMSC differentiation into adipocytes;
however, the exact concentrations of these factors are not dis-
closed because of supplier proprietary limitations (Miltenyi Bio-
tec). For example, dexamethasone is a glucocorticoid with both
anti-inflammatory and immunosuppressant properties that may
have influenced macrophage behavior and inhibited TNF-� ex-
pression. Delineating the contribution of dexamethasone to-
ward macrophage phenotypic behavior is difficult, however, be-
cause of the presence of additional factors commonly included in
the adipogenic medium. Conversely, dexamethasone is often
used inMSC-chondrocyte and -osteoblast differentiation media,
which demonstrated elevated TNF-� expression at day 1 in con-
trast to MSC-adipocyte differentiation medium for macrophage
monoculture or MSC-macrophage coculture in the presence of
the gelatin/polyethylene glycol biomatrix [53].

The combined effect of the Mø immunophenotype and the
biomatrix onMSCmultipotency has not been thoroughly studied
and warranted further investigation, as both can influence MSC
fate when encapsulated and delivered to inflamed tissue dam-
aged by trauma or disease. Variable differentiation was ob-
served when encapsulated in collagen or the gelatin/polyethyl-
ene glycol biomatrix in coculture or monoculture. In addition to
the material-dependent effect contributed by the collagen or
gelatin/polyethylene glycol biomatrices, the expression of TNF-�
and IL-6 also influences MSC multidifferentiation potential. For

example, stimulation of the NF-�B pathway in MSCs by TNF-�
was previously shown to prevent chondrogenesis in a dose-de-
pendentmanner by downregulating the expression of the TGF-�
and SOX9 transcription factors, which effectively blocked aggre-
can, collagen, and glycosaminoglycan secretion [54]. Synovial
MSCs extracted from the joints of rheumatoid arthritis and os-
teoarthritis patients also displayed a decreased capacity to pro-
liferate and differentiate into chondrocytes that was negatively
correlated with the extent of inflammation as evaluated by the
visual analog score [55, 56].Mø secretion of TNF-�within injured
or diseased joints represents a major obstacle toward MSC bio-
matrix therapies for cartilage regeneration, as MSC differentia-
tion was attenuated for coculture conditions (Fig. 5A, 5B). The
less significant differences observed for cocultured versus mon-
ocultured MSCs within the collagen as opposed to gelatin/poly-
ethylene glycol illustrate the material-dependent influence on
MSC-chondrocyte differentiation and suggest that collagen bio-
matrices are more chondrogenic and are a more appropriate
biomaterial for MSC-directed cartilage repair and regeneration.

More pronounced osteoblast differentiation was observed for
cocultured MSCs (Fig. 6A, 6B) and could also be attributed to early
TNF-� expression (Fig. 3) fromadherentMøs. Previous studies indi-
cate that TNF-� stimulation of theNF-�Bpathway enhances activa-
tion of TAZ, RUNX2, and Osterix transcription factors involved in
osteoblast differentiation, which resulted in increased matrix min-
eralization; alkaline phosphatase activity; and osteocalcin, osteo-
pontin, and bonemorphogenetic protein-2 expression [57, 58]. IL-6
is a pleiotropic cytokine that can have both pro- or anti-inflamma-
tory activities depending on the tissue type, concentration, and ex-
posure time.WhenMSCtoll-like receptors (TLR-2, TLR-3)werestim-
ulated, the activated NF-�B pathway committed MSCs to an
immunosuppressive phenotype that secreted more IL-6 and im-
pededMSCdifferentiation intoosteoblasts, adipocytes,orchondro-
cytes [59, 60]. Overproduction of IL-6 is also strongly implicated in

Figure 6. Monocytes/macrophages (Møs)
enhanced MSC differentiation into os-
teoblasts. Collagen or gelatin/polyethyl-
ene glycol encapsulated MSCs were
cultured alone or in the presence of bio-
material-adherent Møs. (A):MSCs cultured
in osteoblast differentiationmedium for 10
days were detectedwith alizarin red S and
counterstained with Mayer’s hematoxy-
lin. (B): Osteoblast differentiation was
also detected by von Kossa staining and
counterstained with Nuclear Fast Red.
Representative images were taken at a
magnification of �100.

Figure 7. MSC differentiation into adipocytes was enhanced for the gelatin/polyethylene glycol biomatrix. Collagen or gelatin/polyethylene
glycol encapsulated MSCs were cultured alone or in the presence of biomaterial-adherent monocytes/macrophages. MSCs cultured in
adipocyte differentiation medium for 14 days were detected with Oil Red O and counterstained with Mayer’s hematoxylin. Representative
images were taken at a magnification of �100.
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chronic inflammatory diseases, such as rheumatoid arthritis, and
promotes osteoclast activation, thereby preventingMSC-mediated
cartilage regeneration and contributing to bone resorption respec-
tively [61–63]. In contrast to MSC-chondrocyte differentiation, the
presence of adherent Møs appeared to enhance MSC-osteoblast
differentiation, demonstrating an Mø-dependent effect on MSC
multipotency (Fig. 6A, 6B). The less strikingdifferencesobserved for
cocultured versusmonoculturedMSCswithin gelatin/polyethylene
glycol as comparedwith collagen biomatrices exhibits thematerial-
dependent influence on MSC-osteoblast differentiation. These re-
sults also suggest that the gelatin/polyethylene biomatrix may also
be a bettermaterial for filling a critical bone defect that encourages
MSC-mediated ossification and functional bone regeneration.

Very little TNF-� expression was observed for collagen or
gelatin/polyethylene glycol biomatrices for adipocyte differenti-
ation conditions in both monoculture and coculture (Figs. 1, 3),
and IL-6 expression (Figs. 2, 4) did not appear to correlate with
adipocyte differentiation (Fig. 7). The lack of significant differ-
ences in Oil Red O staining between monoculture and coculture
conditions suggests that the presence of adherent Møs did not
have amajor influence on adipocyte differentiation, in stark con-
trast to MSC-chondrocyte and -osteoblast differentiation. MSCs
encapsulatedwithin gelatin/polyethylene glycol biomatrices had
greatly enhanced adipocyte differentiation comparedwith colla-
gen, indicating the material-dependent influence on MSC differ-
entiation most likely mediated by maintenance of MSCs in a
rounded cell morphology that favored adipogenesis [41].

CONCLUSION

This investigation demonstrated encapsulated MSC multipo-
tency, to varying degrees, for two different biomatrices that
could potentially be extrapolated to other materials and alter-
nate MSC differentiation pathways. The presence of adherent
Møs that reacted to both to thematerial and encapsulatedMSCs
had an impact onMSCmultipotency as shown with chondrocyte
and osteoblast differentiationwithin thematerial and correlated
with early Mø proinflammatory cytokine expression of TNF-�.
The gelatin/polyethylene glycol biomatrix particularly enhanced

MSC differentiation into adipocytes, and MSC-adipocyte differ-
entiation appeared to be independent of the presence of adher-
ent Møs. Adherent Møs developed a prohealing immunopheno-
type characterized as TNF-�low, IL-6high, IL-10high, and IL-12low by
4 days (Figs. 1, 2; supplemental online Figs. 2, 4); however, the
gelatin/polyethylene glycol biomatrix induced high expression of
TNF-� at 1 day (Fig. 3), indicating a temporalmaterial-dependent
effect on the Mø immunophenotype. Overall, this study eluci-
dated important three-way interactions between Møs, MSCs,
and encapsulating biomatrices, whose combined influences dic-
tated the Mø immunophenotype and MSC multipotency, which
are critical for developing effective MSC-biomaterial strategies
for promoting tissue regeneration and healing.
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