
Heparin/Collagen Coatings Improve Human Mesenchymal Stromal
Cell Response to Interferon Gamma
David A. Castilla-Casadiego,†,§ Jose ́ R. García,‡ Andreś J. García,‡ and Jorge Almodovar*,†,§
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ABSTRACT: Mesenchymal stromal cells (MSC) are a promising
source for cell-based therapies as they secrete a myriad of reparative
factors in response to inflammatory stimuli. In this study, multilayers of
heparin and collagen (HEP/COL) were used as a bioactive surface
coating to enhance human MSC (hMSC) response to soluble
interferon-gamma (IFN-γ). Multilayers were formed, via layer-by-layer
assembly, varying the final layer between COL and HEP and
supplemented with IFN-γ in the culture medium. hMSC adhesion,
proliferation, and cytokine expression were assessed. Infrared variable
angle spectroscopic ellipsometry confirmed film chemistry, thickness,
and roughness. COL-ending films of 12 layers of HEP/COL had an
average thickness of 129 ± 5.8 nm, and 13 layers (HEP-ending) were
178 ± 28.3 nm thick. Changes in temperature between 25−37 °C did
not have significant effects on film chemistry, thickness, or roughness.
An EdU incorporation assay revealed that IFN-γ had an antiproliferative effect in all conditions evaluated except when hMSCs
were cultured on HEP-ending films supplemented with IFN-γ. Moreover, hMSCs cultured on HEP-ending films supplemented
with IFN-γ had a higher cytokine expression as compared with cells cultured on tissue culture polystyrene, COL-ending films
with and without IFN-γ, and HEP-ending films without IFN-γ as measured by Luminex assay. Finally, immunostaining revealed
strong integrin binding and FAK phosphorylation for each condition. This study shows that HEP/COL films can modulate
hMSC response to soluble factors, which may be exploited in cell manufacturing practices.
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1. INTRODUCTION

The layer-by-layer (LbL) method is a useful strategy to
functionalize surfaces of inert materials which are commonly
used in the biomedical field.1,2 Using this technique, it is
possible to develop bioactive films or coatings composed of
natural or synthetic polymers that provide specific signals to
cells, enhancing cellular behavior and potentiating their
activities compared to the surface without coating.3,4 LbL
involves sequence-specific electrostatic interactions between
polyelectrolytes to produce films with specific and controlled
physical−chemical characteristics.5,6 Our group6,7 and
others8−11 have shown that LbL film thickness, porosity,
wettability, stiffness, and other parameters depend on polymer
selection and processing parameters such as solution pH,
polymer concentration, and rinsing solution. Moreover, the
LbL process can be scaled up and automated, making it an
attractive technology from a manufacturing standpoint.12−14

LbL films are stable when exposed to culture media with or
without cells due to the strong electrostatic interactions,
although this stability is dependent on polyelectrolyte
selection.15 Through these properties, it is possible to engineer

an active coating capable of providing multiple stimuli for cell
culture. LbL films can serve as a platform to present complex
surfaces through the functionalization of chemical agents or
biochemical signals such as peptides16 or growth factors,17 to
induce more effective signals by replicating the extracellular
environment, enhancing cellular behavior.
The extracellular matrix (ECM) of tissues is composed of a

variety of biomacromolecules that includes proteins, glyco-
proteins, proteoglycans, and polysaccharides.18 ECM compo-
nents have been used to develop surfaces or scaffolds that
mimic the cellular microenvironment and promote cellular
activities for bone cells,19 cardiac cells,20 myoblasts,10 and stem
cells,21 as potential alternatives for tissue repair or to address
degenerative diseases. One of the most relevant proteins to
develop scaffolds or surfaces is collagen, which is one of the
main components of the ECM of connective tissues.22

Collagen also provides strength and structure to the ECM by
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directly interacting with cells and other ECM molecules.23

This protein has demonstrated significant cellular improve-
ments in its different presentations such as nanofibers,24

sponges,25,26 and LbL films.27,28 Likewise, heparin is an
essential polysaccharide with multiple contributions at the
cellular level. Heparin is a highly sulfated glycosaminoglycan
present in the ECM and surface of cells.29 This polysaccharide
regulates cell proliferation, cellular adhesion, matrix assembly,
migration, immune responses, lipid metabolism, angiogenesis,
and wound healing.29−31 Proteoglycans of heparan sulfate are
also recognized as ubiquitous protein ligands.30 Therefore,
their functionality is strongly based on the capacity to
recognize diverse proteins which offer a variety of functional
properties, from immobilization or protection against
proteolytic degradation to different modulations of biological
activity.30 Heparin is composed of strong anionic domains
enriched with glucosamine N-sulfate and iduronic acid,
typically three to eight disaccharides long.30 Collagen and
heparin have been used to prepare polymeric multilayers. Their
use has been centered on helping promote the blood-
compatibility of titanium implants,2,27,32,33 vascularization
studies,34 and intravascular endothelialization with the
functionalization of antibodies over the multilayers.35,36

Interferon gamma (IFN-γ) is a cytokine produced by CD4+

lymphocytes and natural killer cells involved in innate and
adaptive immunity against viral infections, bacteria, and
protozoa.37 Its importance in the immune system lies in its
capacity to inhibit viral replication38−41 and its immunomo-
dulators.42,43 The active form of this cytokine is a homodimer
that consists of two polypeptides of 143 amino acids.44 IFN-γ
binds to heparin,45 but it does not interact with isolated N-
sulfate domains.30 The dimeric cytokine attaches to an
oligosaccharide complex that encompasses an N-acetylated
domain rich in glucosamine and two sequences highly sulfated,
each one which connects to a monomer of IFN-γ.29 IFN-γ has
been used for the treatment and prevention of graft versus host
disease,46 promotes the immunosuppressive capacity of adult
human mesenchymal stromal cells (hMSCs),47−49 and
promotes the migration of hMSCs in vitro.50 It also regulates
the proliferation and differentiation of MSCs via activation of
indoleamine 2,3 dioxygenase.51

Stem cell manufacturing has emerged as a promising area to
generate high-quality cells for many cell-based therapies.52−54

Studies have demonstrated the clinical potential that stem cells
offer to promote advances of new medical applications and
therapies for the treatment of diverse diseases and disorders,
including Alzheimer’s disease,55 Parkinson’s disease,56 lesions
in vertebral disks,57 diabetes,58 muscular dystrophy,59 cancer,60

myelodysplastic syndromes,61 autoimmune disorders,62 and
other inflammatory diseases.63 However, challenges associated
with large-scale manufacturing severely limit these therapies.
Therefore, there is a need for alternatives to promote the
production of stem cells with high therapeutic value, and at the
same time, achieve control in reproducibility and cell quality.52

Increasing the capacity to obtain stem cells with high
therapeutic value would eliminate the limiting barrier of a
shortage of these cells for the development of treatments that
help in the improvement of health and welfare of patients
worldwide.
In search of approaches to exert control/improve production

of hMSCs, we evaluated hMSCs responses on polymeric
multilayers composed of collagen (COL) and heparin (HEP)
that are either terminated in COL (12 layers HEP/COL) or

HEP (13 layers HEP/COL) with and without IFN-γ as a
supplement in the culture medium. hMSC proliferation,
adhesion, and immunomodulatory cytokine expression were
evaluated as a function of polymeric multilayer composition in
the presence or absence of soluble IFN-γ. Our results show
that heparin terminated multilayers negate the antiproliferative
effect of IFN-γ while enhancing cytokine expression.

2. MATERIALS AND METHODS
2.1. LbL Film Construction. Heparin sodium (HEP) purchased

from Celsius Laboratories, Inc. (cat. no. PH3005) and lyophilized
type I collagen sponges (COL) derived from bovine tendon
(generously donated by Integra Lifesciences Holdings Corporation,
Añasco, PR) were used to prepare polymeric multilayers on sterile
tissue culture-treated plates from Corning Costar (cat. no. 07-200-
740). The solution used to dissolve the polymers consisted of acetate
buffer (0.1 M sodium acetate anhydrous, 0.1 M acetic acid, pH 5),
which was also used as the washing solution. All polymeric solutions
were prepared at a concentration of 1.0 mg/mL. Ultrapure water at 18
MΩ·cm was used to prepare polymeric and wash solutions. In this
work, we evaluated layers of HEP/COL ending in COL and HEP
constructed using the layer-by-layer technique. The sequence for
forming the multilayers consisted in adding poly(ethylenimine) (PEI)
(50% solution in Water, Mw ≈ 750 000) from Sigma-Aldrich (cat. no.
P3143), for 15 min to each well on a 24-well plate. Then HEP and
COL were deposited sequentially for 5 min per layer with a 3 min
wash in between. The volume of each polymeric solution was 0.6 mL
per well. Layers ending in COL were composed of a total of 6 (HEP/
COL) bilayers or 12 layers. Layers ending in HEP were composed of
6.5 (HEP/COL) bilayers or 13 layers. After multilayer preparation, a
final wash was performed using DPBS 1× without Ca2+ and Mg2+.
Substrates were sterilized using UV for 15 min.

2.2. Experimental Design. We studied the effects of two factors
on cellular response of hMSCs: type of surface and the presence or
absence of IFN-γ in the culture medium. The surfaces evaluated were
the following: (i) a control surface of tissue culture plastic (TCP), (ii)
12 layers of HEP/COL (layers ending with COL), and (iii) 13 layers
of HEP/COL (layers ending with HEP). Conditions with medium
supplemented with and without IFN-γ recombinant human protein
(ThermoFisher, cat. no. PHC4031) at a concentration of 50 ng/mL
were designated as +IFN-γ and −IFN-γ, respectively. A bovine IFN-γ
ELISA kit (Invitrogen, cat. no. KBC1231) was used to measure
endogenous levels of IFN-γ in the fetal bovine serum used to grow
hMSCs (Figure S1).

2.3. Chemical Composition of Multilayers. Infrared variable
angle spectroscopic ellipsometry (IR-VASE - Mark II, J.A. Woollam
Co. IR-VASE, Lincoln, Nebraska) was used to study the chemistry of
the polymeric multilayers constructed over a silicon substrate as
described in our previous work on dry films.6 The chemical
composition analysis for all samples was performed in a wavenumber
range from 800−1800 cm−1. The measurements were taken using a
DTGS detector, an angle of incidence of 70°, a spectral resolution of
16 cm−1, 200 scans per cycle, 2 cycles, bandwidth of 0.01 μm,
minimum intensity ratio of 2, sample type as isotropic, zone average
polarizer, and single position RCE analyzer.

2.4. Physical Characteristics of Multilayers. The thickness and
roughness of the multilayers formed over the silicon substrate were
determined using the IRVASE instrument. The WVASE32 software
within the IRVASE was used to analyze both properties, as shown in
our recent work.6 To determine whether exposure of the polymeric
multilayers of HEP/COL to a temperature range between 25 and 37
°C exerts significant effects in the physical−chemical properties of the
multilayers, a heating stage controlled by an INSTEC−mk2000
coupled to the IRVASE was used to establish controlled heat ramps.

2.5. Cell Culture. hMSCs, from the NIH resource center at Texas
A&M Institute for Regenerative Medicine, were used between
passages 4−6. hMSCs from a healthy 22-year-old male were used.
The product specification sheet provided by the vendor shows that
these cells were positive for CD90, CD105, and CD73a hMSCs
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identity markers (as tested by flow cytometry), negative for CD11b,
CD45, and CD34 (as tested by flow cytometry), and could
differentiate into fat and bone cells. Cells from a second donor and
different provider (RoosterBio) were used in a validation experiment
(Figure S2). hMSCs were grown in alpha-minimum essential media
MEM Alpha (1×) from Gibco (supplemented with L-glutamine,
ribonucleosides, and deoxyribonucleosides) (cat. no. 12561-056)
containing 20% fetal bovine serum from Gibco (cat. no. 12662029),
1.2% penicillin-streptomycin from Corning (cat. no. 30002CI), and
1.2% L-glutamine from Corning (cat. no. 25005CI).
2.6. Immunofluorescence Staining. Layers of HEP/COL were

prepared onto micro coverglass from Electron Microscopy Sciences
(cat. no. 72223-01). 6-well plates containing the micro coverglass with
and without multilayers were used to culture hMSCs seeded at 10 000
cells/cm2.
Immunofluoresence staining for focal adhesions was performed for

the detection of the following: phosphorylated FAK (p-FAK) Y397
(Abcam ab81298, source: rabbit, 1:150 dilution) using 488 goat
antirabbit secondary antibody (Thermo-Fisher Scientific A11035,
1:200 dilution); beta-1 integrin (DSHB A11B2, source: rat, 1:100
dilution) using 488 goat antirat secondary antibody (R&D systems
A11006, 1:100 dilution) and beta-3 integrin (R&D systems AF2266,
source: goat, 1:100 dilution) using 488 rabbit antigoat secondary
antibody (Life Technologies A11078, 1:100 dilution). AlexaFluor555
Phalloidin (Invitrogen A34055, 1:100 dilution) and DAPI (Invitrogen
A34055, 1:1000 dilution) were used in the staining.
For p-FAK staining, samples were washed three times with

Dulbecco’s phosphate-buffered solution (DPBS), followed by a wash
with CSK buffer (10 mM PIPES buffer, 50 mM NaCl, 150 mM
sucrose, 3 mM MgCl2, 1 mM PMSF, 1 μg/mL leupeptin, 1 μg/mL
aprotinin, 1 μg/mL pepstatin), then the plates were placed on ice to
inhibit protease activity for 1 min. Cell permeabilization and
cytoskeleton stabilization consisted of adding ice-cold CSK buffer

with 0.5% Triton X-100 (CSK+) for 1 min with two repetitions. CSK
+ buffer was aspirated and 4% paraformaldehyde was added and
incubated for 30 min at room temperature (RT). Samples were then
washed three times with DPBS, and blocked in 33% goat serum for 2
h at 4 °C. The blocking solution was aspirated, and the primary
antibody was diluted in 33% goat serum and incubated overnight at 4
°C in humidified dishes. The next day, the primary antibody was
recovered and washed three times with DPBS. Samples were
counterstained using the secondary antibody, phalloidin, and DAPI,
all diluted in 33% goat serum and incubated at RT for 1 h. Lastly,
samples were washed three times in DPBS.

For beta-1 and beta-3 integrin staining, the medium was aspirated,
and the cells were washed with DPBS and fixed in 4%
paraformaldehyde for 15 min at RT. Samples were washed with
DPBS and 2 mL of 0.1% Triton X100 was added per coverslip for 10
min at RT. After rinsing in DPBS, samples were blocked in 5% bovine
serum albumin (BSA) + 3% goat serum for 1 h at RT. The blocking
solution was aspirated, and the primary antibody was diluted in
washing buffer (DPBS + 0.5% BSA, 50 mL) and was added and
incubated overnight at 4 °C in humidified dishes. The next day, we
recovered the primary antibody, and it was washed three times with
wash buffer. Secondary antibody, phalloidin, and DAPI were added
and incubated at RT for 2 h. Samples were washed three times with
wash buffer and then twice with DPBS.

2.7. hMSCs Proliferation Response to HEP/COL Multilayers.
For the proliferation assay, a Click-iT Plus EdU Alexa Fluor 488
Imaging Kit from Invitrogen (cat. no. C10337) was used. hMSCs
(1400 cells/cm2) were seeded on each surface, and the EdU kit was
used after 3 days of culture. The medium was removed, and 10 mM
EdU solution was added to the samples. After 18 h, the samples were
washed with DPBS without Ca2+ and Mg2+, followed by fixation with
3.7% formaldehyde for 15 min at room temperature. After
permeabilization using 0.5% Triton X-100, the samples were

Figure 1. Physical−chemical properties of the multilayers of HEP/COL as measured by IRVASE at 25 and 37 °C. (A) IRVASE Spectrum of 12
layers HEP/COL. (B) IRVASE Spectrum of 13 layers HEP/COL. (C) Thickness vs number of layers (12 and 13 layers). (D) Roughness vs
number of layers (12 and 13 layers). Data are presented as the mean ± standard deviation of n = 4 samples. p < 0.05 are represented by *.
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incubated at room temperature for 20 min and washed with 3% BSA
twice, the Click-iT reaction cocktail was added, followed by 30 min of
incubation and a washing step. For nucleus staining, Hoechst 33342
solution was added for 30 min, followed by extensive washing with
DPBS. The samples were visualized using an inverted fluorescence
microscope (Eclipse Ti, Nikon, U.S.A.) using a 495/519 nm
excitation/emission filters for the Alexa Fluor 488. Images were
analyzed using ImageJ software to determine the percentage of EdU-
positive nuclei as a measure of proliferation.
2.8. Cytokine Secretion. Cell culture supernatants from hMSCs

seeded on TCP and HEP/COL multilayers (10 000 cells/cm2) with
and without IFN-γ were collected after 3 days and stored at −80 °C.
Human Premixed Multi-Analyte Kit (Magnetic Luminex Assay) from
R&D Systems (cat. no. LXSAHM-05) was used to analyze multiple
human biomarkers, including interleukin 10 (IL-10), vascular
endothelial growth factor (VEGF-A), fibroblast growth factor (FGF-
2), colony stimulating factor 1 (M-CSF), and interleukin 6 (IL-6). All
reagents were prepared according to the manufacturer’s protocol
provided. The assay was performed in a flat-bottomed 96-well
microplate. 50 μL of the magnetic microparticle cocktail were added
to each well of the microplate. Then 50 μL of standard or sample (cell
culture supernatant prepared to 2-fold dilution) were added per well.
The microplate was incubated for 2 h at room temperature (RT) on a
horizontal orbital microplate shaker set at 800 ± 50 rpm. The plate
was placed on a magnet that immobilized the magnetic microparticles
and allowed for a buffered wash to be performed. Then 50 μL of the
Biotin Antibody Cocktail was added to each well followed by
incubation for 1 h at RT on the orbital shaker set at 800 ± 50 rpm.
Subsequently, 50 μL of diluted Streptavidin-PE was added to each
well after washing, followed by 30 min of incubation at RT on the
shaker set at 800 ± 50 rpm. Finally, the microparticles were
resuspended by adding of 100 μL of drive fluid to each well. Before
reading the plate, it was incubated for 2 min on the shaker, set at 800
± 50 rpm. Each standard was added in duplicate, and the samples
were quintupled. All solutions were protected from light during
handling and storage.
The plate was read on a MAGPIX Luminex instrument (Austin,

Texas) and analyzed using Millipore Luminex software version 2.0.
The analysis software was set to acquire data using 50 μL of sample
per well, to collect a total of 1000 beads with an average of 50 events/
bead. The raw data was collected as median fluorescence intensity
(MFI). The lower limit of quantification was determined using the
lowest standard that was at least 3 times above background. The
concentrations of each cytokine were calculated using the MFI and
from the standard curve obtained.
2.9. Statistical Analysis. The results are presented as a mean ±

standard error of the mean (SEM). Comparisons among multiple
groups for physical−chemical properties studies and cytokine
expression for hMSCs on HEP/COL multilayers were performed
by two-way analysis of variance (ANOVA). For hMSCs proliferation
response to HEP/COL multilayers, a nonparametric test was
performed. Graph Pad Prism 7.0 software for Windows was used
for statistical analysis. A p-value < 0.05 was considered statistically
significant.

3. RESULTS AND DISCUSSION

3.1. Chemical and Physical Characteristics of the
Bioactive Multilayered Surface. Heparin/Collagen (HEP/
COL) multilayers were deposited on silicon substrates
composed of 12 and 13 HEP/COL layers. IRVASE was used
to confirm film composition/chemistry and determine the
thickness and roughness of the films. Figure 1 shows the
physical−chemical properties of HEP/COL films evaluated at
25 and 37 °C. The IRVASE spectra for 12 layers HEP/COL
(layers ending in COL) and 13 layers HEP/COL (layers
ending in HEP) are shown in Figure 1A,B, respectively.
Analyses of spectra revealed the presence of the characteristic
bands of both polymers, as was described in our recently

published work.6 Peaks for collagen and heparin correspond to
the amide I (1700−1600 cm−1) and amide II (1600−1500
cm−1) regions, characteristic of both proteins and poly-
saccharides.6 In both spectra, it is also possible to identify
other peaks for HEP such as CH2 scissoring at 1442 cm−1,
SO3

− at 1211 cm−1, C−N stretching at 1072 and 1026 cm−1,
and the C−O−S stretching vibration at approximately 987
cm−1, as has been described in the literature.6

When comparing the spectra presented in Figure 1A,B, we
notice a significant difference between the amide I (1700−600
cm−1) and amide II (1600−1500 cm−1). In the spectrum
shown in Figure 1B, multilayers terminated in HEP present an
increase in the intensity of the corresponding peak of amide II
between 1600−1500 cm−1, surpassing the intensity of amide I
in 1700−1600 cm−1, in contrast to the spectrum presented in
Figure 1A for multilayers terminated in COL.
This difference is related to the fact that the amide II band

represents a significant contribution to the heparin spectrum in
comparison to amide I. The opposite is true for collagen. The
IRVASE and FTIR spectra of collagen and heparin dissolved in
acetate buffer reported in our previous work also showed the
same results.6 Therefore, IRVASE confirmed the characteristic
peaks of COL and HEP, which could be observed in the
spectra obtained at 25 °C (temperature of fabrication of
multilayers) and 37 °C (temperature of cell culture) when
using a heating stage. We note that changes in temperature
between 25−37 °C do not induce a drastic effect on the
chemical composition of multilayers of 12 and 13 layers of
HEP/COL consistent with our recent work.6 In our previous
work, HEP/COL films were constructed using an automated
robotic dipping machine.6 In this work, the multilayers were
assembled manually by immersion of the substrate. Although
the films were constructed manually, similar results were
obtained thus confirming the LBL construction of HEP/COL
films.
IRVASE analyses indicated an average thickness of 129 ±

5.8 nm for 12 layers and 178 ± 28.3 nm for 13 layers at 25 °C
(Figure 1C). Heating the multilayers to a controlled
temperature of 37 °C, replicating the temperature of cell
culture, yielded a reduction in thickness of 5.4% for 12 layers;
obtaining a thickness of 122 ± 4.8 nm. For 13 layers, there was
an approximate reduction of 12% over the measurement at 25
°C for a thickness of 157 ± 17.1 nm. In our previous work,6 we
observed the same trend in thickness reduction with increasing
temperature. We attributed this thickness reduction to the
heterogeneous charge distribution along the polymeric chain
yielding a heterogeneous surface that is more susceptible to
temperature changes. This thickness reduction from temper-
ature could also be due to water evaporation from the films. Of
note, thickness measurements were performed on dry films.
These films, constructed manually, yielded a larger thickness

than those in our previous work constructed using the
automated dipping robot. In our earlier work, 12 layers of
HEP/COL films built automatically yielded an average
thickness of ∼90 nm.6 Results for surface roughness are
presented in Figure 1D, obtaining an average of 168 ± 7.8 nm
for 12 layers and 230 ± 32.2 nm for 13 layers. These films,
constructed manually, yielded a higher roughness value than
those in our previous work built using the automated dipping
robot.6 The differences obtained in thickness and roughness
are attributed to the robotic dipping machine because it has a
more controlled system of immersion in comparison to a
manual immersion which was performed in this work. This is
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because the robotic system maintains a velocity of immersion
and extraction constant, which is difficult to control manually.
Velocity that can exert an influence over the detachment of the
molecules slightly adhered to the substrate, which therefore
alters the physical properties of the modified surface.64 We
were able to confirm that the changes in temperature between
25−37 °C do not induce a drastic effect on the chemical-
physical properties of the polymeric multilayers of HEP/COL,
but significant differences (p < 0.05) were observed between
multilayers ending in COL and HEP for both physical
characterizations of the multilayers (thickness and roughness),
as can be observed in Figure 1C,D.
3.2. hMSCs Proliferation Response to HEP/COL

Multilayers. An EdU assay was used to measure the
proliferation response of hMSCs seeded onto the multilayers
of HEP/COL as well as a reference surface−tissue culture
polystyrene (TCP). In addition, the effects of IFN-γ in the cell
culture media were also evaluated. To test whether the FBS
used in the culture media had endogenous IFN-γ, we used an
IFN-γ bovine ELISA kit. We observed that the FBS used has
undetectable amounts of IFN-γ (Figure S1).
hMSCs were seeded for each experimental condition. The

percentage of EdU-positive cells was determined after 18 h of
incubation with the EdU solution. Figure 2 summarizes EdU
incorporation for hMSCs cultured on COL-ending films, HEP-
ending films, and TCP, with (50 ng/mL) or without IFN-γ
supplemented in the cell culture media. We selected a
concentration 50 ng/mL for soluble IFN-γ based on previous
literature65 and preliminary experiments. For hMSCs cultured
on TCP without IFN-γ, approximately 30% of the cells were
EdU-positive. Addition of IFN-γ suppressed proliferation for
hMSCs on TCP. This antiproliferative effect for IFN-γ has
been reported for multiple cell types, including MSCs.51,66−69

For films composed of 12 and 13 layers of HEP/COL
without IFN-γ, hMSCs displayed equivalent proliferation levels
as the TCP reference. Also, significant differences were not
observed between multilayers with and without IFN-γ
supplement, as can be appreciated in Figure 2A,B.
Our results on the percent of EdU-positive cells for hMSCs

seeded over the surfaces supplemented with IFN-γ reported an
approximate value of 33%, 23%, and 22% for HEP-terminated
films, COL-terminated films, and TCP, respectively (see
Figure 2B). HEP-ending layers supplemented with IFN-γ
significantly enhanced the proliferation of hMSCs as compared
with cells grown on the control TCP surface with IFN-γ
supplemented in the culture medium (p < 0.05). Similar

proliferation levels are observed in HEP-ending films with
IFN-γ as compared to TCP without IFN-γ. Therefore, HEP-
ending layers might be a suitable surface to preactivate hMSCs
in vitro using IFN-γ without affecting their proliferation. IFN-γ
activated hMSCs have been shown to exhibit antiviral,
antitumor, or immunomodulary properties, which enhance
their therapeutic function.69,70 To test the robustness of our
technology, we performed a second experiment using hMSCs
from a different donor and vendor. hMSCs from a 25-year-old
male were obtained from RoosterBio. EdU experiments were
performed as described above using the same conditions. We
observed that hMSCs from RoosterBio had a high proliferation
rate (∼70% EdU-positive cells) in conditions without IFN-γ
(Figure S2 in Supporting Information). In TCPS, the
proliferation rate is greatly reduced to 20% when hMSCs are
exposed to 50 ng/mL of IFN-γ. However, hMSCs cultured on
COL/HEP films experience a much lower reduction in
proliferation, reaching levels of approximately 40%. This
confirms that indeed HEP/COL films negate the strong
antiproliferative effect of IFN-γ.
Prior studies have reported that heparin is capable of binding

with high affinity to a variety of growth factors and cytokines
including IFN-γ.71−73 In this work, we did not evaluate the
capacity of HEP/COL films to act as a sink for IFN-γ.
However, previous literature has shown that LbL films of
biopolymers do serve as a sink for different growth factors. We
have shown that chitosan/heparin LbL films act as a depot for
fibroblast growth factors, while poly L-lysine/hyaluronic acid
LbL films act as a depot for bone morphogenetic proteins (2 or
7) and stromal derived factor.74−76 Heparin-binding growth
factors strongly bind to heparin-containing films. Nonsulfated
glycosaminoglycan also acts as a depot. Given the natural
affinity of IFN-γ to heparin, we hypothesize that indeed HEP/
COL films would act as a sink for IFN-γ. Other heparin-
binding proteins in the culture media would also be deposited
on the films. Our hypothesis regarding the reduced
antiproliferative effect of IFN-γ when hMSCs are cultured on
HEP ending films is due to the natural affinity that IFN-γ binds
to both heparan sulfate molecules on the cell membrane and to
extracellular heparin.73 It is also known that IFN-γ binds with
high affinity to heparan sulfate and heparin molecules through
its carboxyl-terminal domain.77 Maciag and collaborators
reported that heparin helps counteract the antiproliferative
effect of IFN-γ on endothelial cells. They demonstrated that
IFN-γ inhibited alpha-endothelial cell growth factor and
induced endothelial cell proliferation with a simultaneous

Figure 2. hMSC proliferation response measured by the EdU assay on TCP, 12 layers of HEP/COL (layers ending in COL), and 13 layers of
HEP/COL (layers ending in HEP) using medium supplemented with and without IFN-γ. (A) Representative EdU assay images for each condition:
the blue color represents the nucleus (DAPI) and the green the EdU label. (B) hMSCs proliferation response. Data are presented as the mean ±
standard deviation of n = 4 samples. The p < 0.05 are represented by *.
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change in endothelial cell morphology. However, the addition
to the 5 μg/mL of heparin was able to overcome the
antiproliferative effects of IFN-γ partially in the growth of
human umbilical vein endothelial cells.78 This effect is
mediated by the inhibition that occurs when cytokines are
linked to heparin molecules on the cellular surface. This is due

to the direct competition between linking IFN-γ by soluble
heparin and heparin in the cellular surface, failing transduction
of the normal receptor signal.45,79

3.3. Cytokine Expression for hMSCs on HEP/COL
Multilayers. A Human Premixed Multi-Analyte Kit (Magnetic
Luminex Assay) assay was used for the simultaneous detection

Figure 3. Cytokine levels as assessed by Luminex assay. Comparative protein expression of hMSCs seeded on TCP, 12 layers of HEP/COL (layers
ending in COL), and 13 layers of HEP/COL (layers ending in HEP) using medium supplemented with and without IFN-γ. (A) IL-6. (B) VEGF-A.
(C) FGF-2. (D) M-CSF. (E) Heatmap representing the concentration values of biomarkers expression individual in each condition evaluated. Blue,
low expression: red, high expression. Data are presented as the mean ± standard deviation of n = 4 samples. The p-values < 0.05 are represented by
* and p-values < 0.001 by ***.
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and quantification of multiple human cytokines. We examined
IL-6 because of its capacity in regulating proinflammatory and
immunoregulatory responses that contribute to the defense of
the host against infections and tissue lesions.80 VEGF-A plays a
role in normal physiological functions such as bone formation,
hematopoiesis, wound healing, and development.81 FGF-2
controls cellular survival, proliferation, and differentiation.82

M-CSF plays an important role in proliferation, differentiation,
and survival of monocytes and macrophages.83 Furthermore,
IL-10 potentiates immunoregulation and inflammation.84

hMSCs were cultured on TCP and HEP/COL multilayers
with and without medium supplemented with IFN-γ (50 ng/
mL). Figure 3 shows results for cytokine expression. A heat
map is shown in Figure 3E. IL-10 levels were below the
detection levels for all experimental groups.
Our results show that the expression of IL-6 secreted by the

hMSCs increases due to the presence of IFN-γ for the three
different surfaces evaluated. IFN-γ is been known to increase
IL-6 secretion in multiple cell types including hMSCs.85−87 In
Figure 3A, we can observe a significant difference in p-values <
0.05 between the TCP surface with and without IFN-γ. We
observed an increase (p < 0.001) in the expression of IL-6 on
both types of multilayers when comparing conditions with and
without IFN-γ. Also, we noticed that the multilayers without
IFN-γ supplement had a similar IL-6 expression than the TCP
surface. Similar results were obtained for M-CSF expression
(Figure 3D), where an up-regulation was observed in
conditions with soluble IFN-γ. In Figure 3D, we see that the
expression of M-CSF was upregulated in conditions in which
the hMSCs were seeded on the multilayers supplemented with
IFN-γ in comparison to the TCP surface supplemented with
IFN-γ (p-values < 0.001). IFN-γ has been demonstrated to
increase the production and receptor internalization of M-
CSF.88 For VEGF-A (see Figure 3B), we noticed that the
addition of IFN-γ causes a decrease in VEGF-A expression for
cells cultured on TCP (p-values < 0.001). For cells cultured on
HEP/COL films, VEGF-A secretion increases. COL-ending
films had a statistically significant (p-values < 0.001) increase
in VEGF-A expression when stimulated by IFN- γ. HEP-
ending films showed no statistical difference in VEGF-A
secretion when stimulated with IFN- γ. These results suggest
the HEP/COL films are enhancing IFN-γ’s activity by
improving the secretion of IL-6, M-CSF, and VEGF-A.
HEP/COL films have the potential to be a suitable surface
for producing preactivated hMSCs with a higher immunosup-
pressive capability than those cultured in TCP with soluble
IFN-γ.
Interestingly, FGF-2 expression is unaffected by the presence

of IFN-γ, but its expression drastically increases on HEP-
terminated coatings with or without IFN-γ (see Figure 3C).
Previous literature suggests that heparin in solution activates
the FGF-2 signaling pathway in hMCSs (by phosphorylation of
the FGF-2 receptors) and regulates the cell cycle in a dose-
dependent manner.89 Also, we have previously demonstrated
that heparin-containing coatings can serve as reservoirs for
FGF-2 and that bound FGF-2 modulates MSCs proliferation.74

In vitro, FGFs are tightly bound to heparin proteoglycans,
which regulates diffusion through the ECM and serve as
cofactors that regulate specificity and affinity for the FGF-2
receptor signaling.90 These results suggest that HEP/COL
coatings ending in HEP are activating the FGF-2 receptors in
hMSCs and thus inducing FGF-2 secretion.

HEP/COL polymeric multilayers are potential platforms for
enhancing the preactivation of hMSCs using soluble IFN-γ, as
shown by the enhancement in the secretion of key cytokines.
Analyzing Figure 3E, which corresponds to the heat map
representing the concentration values of biomarker expression
in each condition evaluated, we can visually observe that the
condition that promotes higher values of expression of these
proteins are multilayers ending in HEP with IFN-γ
supplemented in the culture medium. Multilayers ending in
HEP could be used as a bioactive surface to pretreat hMSCs.
This pretreatment could yield more robust and therapeutically
relevant hMSCs. That is because HEP-ending layers
supplemented with IFN-γ can promote the production of
cells with pro-inflammatory and immunoregulatory capacities.
To test the robustness of our technology, we performed a

second experiment using hMSCs from a different donor and
vendor. hMSCs from a 25-year-old male were obtained from
RoosterBio. Luminex experiments were performed as
described above using the same conditions. We observed
that hMSCs from RoosterBio had a similar response in
cytokine expression when exposed to IFN-γ (see Figure S3 in
Supporting Information). RoosterBio’s hMSCs treated with
IFN-γ showed an increase in expression of IL-6 and M-CSF for
all the tested conditions. For these cells, expression of IL-6 and
M-CSF was unaffected by the presence of the COL/HEP films.
Although there are some slight differences in cytokine
expression between the different donors, in general we can
state that IFN-γ enhances immunocytokine expression, and
COL/HEP films can boost the effect of IFN-γ on cells that
have a low expression of IL-6 and M-CSF. Expression of VEGF
was suppressed in the presence of IFN-γ; however, this
suppression was decreased by the COL/HEP films specially
when terminated in HEP (see Figure S3). Lastly, FGF-2
expression was unaffected by IFN-γ but was significantly
enhanced for cells cultured on COL/HEP films (see Figure
S3). FGF-2 expression is significantly enhanced by the
presence of the COL/HEP films in both donors, in particular
on HEP terminated surfaces. This confirms an enhancing effect
in hMSCs proliferation by FGF-2 expression.

3.4. Analysis of Cell Adhesive Proteins. Integrins are
the principal receptors for components of the extracellular
matrix, implicated in cellular adhesion and the regulation of
diverse biological processes.91,92 Because of the critical role of
integrins in modulating cell−material interactions, we examine
the assembly of focal adhesions containing beta-1 and beta-3
integrins for hMSCs cultured on TCP and HEP/COL
multilayers. Beta-1 and beta-3 integrins are the major
subfamilies of integrins involved in cell adhesion to the matrix.
In addition, we examined the localization of phosphorylated
FAK at tyrosine 397 (p-FAK), an essential kinase regulating
integrin signaling and various cell processes, including cell
migration, cell spreading, differentiation, survival, gene
expression, cytoskeleton protein phosphorylation, apoptosis,
and cell cycle progression.93 Figure 4 presents high
magnification images for p-FAK, beta-1, and beta-3 immunos-
taining as well as phalloidin-labeled actin fibers for hMSCs
cultured for 3 days on the different substrates in the presence
and absence of IFN-γ. Low power images are presented in
Figure S4. In the absence of IFN-γ, cells exhibited well-defined,
punctate focal adhesions that stained for p-FAK, beta-1, and
beta-3 integrin. In contrast, exposure to IFN-γ resulted in
differences in the staining intensity for p-FAK, beta-1, and
beta-3 integrin. The reduction in fluorescent intensity for these
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adhesive proteins was observed across all substrates. Despite
these significant differences for adhesive proteins, no gross
differences in actin cytoskeleton in response to IFN-γ were
evident.

4. CONCLUSIONS
A substrate composed of polymeric multilayers of HEP/COL
terminating in COL (12 layers HEP/COL) or HEP (13 layers
HEP/COL) with IFN-γ supplementation in the culture
medium was able to promote the improvement of cellular
behaviors of hMSCs, as measured by the ability to proliferate
and increase in expression of IL-6, VEGF-A, FGF-2, and M-
CSF. hMSCs cultured on HEP/COL multilayers supple-
mented with IFN-γ demonstrated an enhanced behavior
compared to standard TCP. Using these coatings (especially
HEP-ending films) allows the preactivation of hMSCs using

IFN-γ to enhance their immunomodulatory properties and
therapeutic potential while eliminating IFN-γ’s antiproliferative
effect. Our results suggest that this technology could be
implemented in hMSC manufacturing by creating surfaces that
allow their preactivation without limiting their growth. Future
studies will focus on elucidating the mechanisms by which
HEP-terminated films enhance IFN-γ activity. Moreover, we
will perform experiments to evaluate the translational potential
of this technology toward manufacturing by coating bio-
reactors and evaluating xeno-free media. The demand for
potent hMSCs has significantly increased because of an
increase in clinical trials in the United States and as a result
of cell therapies being approved in Europe, China, and India,94

which have created large quantities of potent hMSCs. hMSCs
therapies have been proposed for the treatment of multiple
diseases ranging from neurological disorders to cancer. Typical
dose sizes for these treatments are in the order of 10s to 100s
of millions of cells per patient.95 This high dose requirement
presents an opportunity to improve cell manufacturing
practices, to ultimately reduce patient costs and improve the
lives of more patients. Preactivation of hMSCs cultured on
HEP-terminated layer-by-layer surfaces may be a solution to
produce large quantities of potent hMSCs. The layer-by-layer
technology has strong translational potential due to its
simplicity, versatility, and scalability, making it attractive to
cell manufacturing. This work demonstrates how engineered
surfaces may be used complementary to biochemical stimuli to
obtain more robust and therapeutically relevant hMSCs.
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