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A B S T R A C T

Human mesenchymal stromal cells (hMSCs) are multipotent cells that have been proposed for cell therapies due to
their immunosuppressive capacity that can be enhanced in the presence of interferon-gamma (IFN-γ). In this
study, multilayers of heparin (HEP) and collagen (COL) (HEP/COL) were used as a bioactive surface to enhance
the immunomodulatory activity of hMSCs using soluble IFN-γ. Multilayers were formed, via layer-by-layer as-
sembly, varying the final layer between COL and HEP and supplemented with IFN-γ in the culture medium. We
evaluated the viability, adhesion, real-time growth, differentiation, and immunomodulatory activity of hMSCs on
(HEP/COL) multilayers. HMSCs viability, adhesion, and growth were superior when cultured on (HEP/COL)
multilayers compared to tissue culture plastic. We also confirmed that hMSCs osteogenic and adipogenic differ-
entiation remained unaffected when cultured in (HEP/COL) multilayers in the presence of IFN-γ. We measured
the immunomodulatory activity of hMSCs by measuring the level of indoleamine 2,3-dioxygenase (IDO)
expression. IDO expression was higher on (HEP/COL) multilayers treated with IFN-γ. Lastly, we evaluated the
suppression of peripheral blood mononuclear cell (PBMC) proliferation when co-cultured with hMSCs on (HEP/
COL) multilayers with IFN-γ. hMSCs cultured in (HEP/COL) multilayers in the presence of soluble IFN-γ have a
greater capacity to suppress PBMC proliferation. Altogether, (HEP/COL) multilayers with IFN-γ in culture medium
provides a potent means of enhancing and sustaining immunomodulatory activity to control hMSCs
immunomodulation.
1. Introduction

Human mesenchymal stromal cells (hMSCs) are of particular interest
for cellular therapy programs [1]. During tissue damage, hMSCs have the
ability to secrete paracrine and anti-inflammatory factors to repair tissue
[3,4]. In addition, hMSCs contribute not only to the repair of damaged
tissues but also possess remarkable immunomodulatory activity by pro-
ducing anti-inflammatory and immunosuppressive factors [5–10].
Therefore, hMSCs have become apparent as a promising implement for
new medical applications and therapies for the treatment of diverse
diseases and disorders, such as graft-versus-host disease, inflammatory
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diseases, and autoimmune disorders [11,12]. Immunosuppression by
hMSCs appears as a multifactorial process that relies on cell-cell contact
working in collaboration with the secretion of paracrine factors and
extracellular vesicles (EVs) [13,14]. However, some studies showed that
the immunosuppressive properties of hMSCs are more affected by para-
crine mediators rather than cell-cell contact [15,16]. Paracrine mediators
(e.g., cytokines, chemokines, and growth factors) modulate the hMSCs
microenvironment and influence the activity of resident cells [17]. These
specific immune factors, including, interferon-gamma (IFN- γ), tumor
necrosis factor-alpha (TNF-ɑ), and interleukin 1 beta (IL-1β), initiate the
hMSCs immunosuppression program by inducing the synthesis of protein
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factors, in particular indolamine-2,3-dioxygenase (IDO) and inducible
nitric oxide synthase [18–20]. It has been shown that the immunosup-
pressive properties of hMSCs relies on the existence of IFN-γ in the
microenvironment [21]. IFN-γ is a potent pro-inflammatory cytokine
produced by CD4þ lymphocytes, natural killer cells, and macrophages. It
plays essential and complex roles in innate and adaptive immune re-
sponses against viral infections, bacteria, protozoa, and graft-versus-host
disease (GVHD) [22,23]. However, our group and others have shown that
IFN-γ has a significant anti-proliferative effect on hMSCs [12,24].

To overcome these limitations, polymeric biomaterials are engi-
neered to enhance the survival, manufacturing efficiency, and delivery of
hMSCs [25,26]. However, the function of polymeric biomaterials is
correlated to the donor-donor variability of hMSCs [27,28]. In our pre-
vious work done by D. Castilla-Casadiego et al., bone-marrow-derived
hMSCs were used to evaluate cell adhesion, proliferation, and cytokine
expression on polyelectrolyte multilayers composed of heparin and
collagen (HEP/COL) terminating in COL (12 layers HEP/COL) or HEP (13
layers HEP/COL) with IFN-γ supplementation in the culture medium
[12]. We demonstrated that the use of (HEP/COL) multilayers is likely to
improve the anti-proliferative effect of IFN-γ [12]. In addition, in the
work of Cifuentes et al. we evaluated the impact of HEP/COL multilayers
on the growth, morphology, and secretome of bone marrow and adipose
derived hMSCs [29]. The results of study by Cifuentes et al. suggested
that HEP terminated layers are likely to increase hMSC potency under
reduced serum conditions. While our previous work suggests that the
immunosuppressive properties of hMSCs cultured on HEP/COL multi-
layers are enhanced in the presence of soluble IFN-γ, we have not directly
confirmed this. Thus, this manuscript directly evaluates the immuno-
suppressive properties of hMSCs cultured on HEP/COL multilayers both
by measuring IDO function and suppression of peripheral blood mono-
nuclear cell (PBMC) proliferation using hMSCs from different donors.

The layer-by-layer (LbL) deposition of polyelectrolytes provides
compositional uniqueness of natural or synthetic polymers, such as
stimulating a specific signal to cells and enhancing cellular behavior
[30]. LbL involves the alternative absorption of polycations and poly-
anions to produce films with specific and controlled physical�chemical
characteristics by adapting the experimental parameters, such as pH,
ionic strength, and polyelectrolyte concentration [31–33]. Type I
collagen is a major fibrous protein in the extracellular matrix (ECM) of
connective tissues which interact with cells and other ECM molecules to
generate and maintain tissue form and function [34,35]. Furthermore,
heparin is a highly sulfated glycosaminoglycan that contains negatively
charged carboxylate or sulfate groups present in the ECM and surface of
cells [36,37]. Heparin has the ability to bind ECM proteins, such as
collagen and thus plays an important role in organizing the structure and
composition of the ECM.

Here, we continued our previous work to evaluate the immunomod-
ulatory of two different donors of hMSCs-derived from bone marrow on
polymeric multilayers composed of collagen (COL) and heparin (HEP)
that are either terminated in COL (12 layers of HEP/COL) or HEP (13
layers of HEP/COL). The reason that we evaluated 12 and 13 layers of
HEP/COL is related to our previous work where we showed that there is
no differences on cell function as a function of number of layers after 12
layers [29]. We also have previously demonstrated that 12 layers is the
minimum number of layers to provide complete surface coverage [38].
These heparin/collagen arrangements will be noted as COL-ending and
HEP-ending, respectively. The experiments were conducted for cases
with and without IFN-γ as a supplement in the culture medium. The
ability of polymeric multilayers, supplemented IFN- γ to induce sustained
immunomodulatory activity, was evaluated by measuring IDO expres-
sion and PBMC proliferation suppression. In this study, hMSCs growth,
viability, differentiation, immunophenotype, and suppression of PBMC
proliferation were evaluated as a function of polymeric multilayer
composition in the presence or absence of soluble IFN-γ. This study
demonstrates that the LbL coating did not negatively influence the
viability, adhesion, and differentiation of hMSCs. Moreover, this study
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shows that hMSCs cultured on (HEP/COL) multilayers supplemented
with IFN-γ have a greater capacity to suppress PBMC proliferation.
Altogether, this study shows that (HEP/COL) multilayers can modulate a
hMSCs response to soluble factors, which may lead to manufacturing and
hMSCs-based therapies.

2. Materials and methods

2.1. (HEP/COL) multilayers fabrication

(HEP/COL) multilayers were constructed as described in our previous
works [12,29,39,40]. Heparin sodium (HEP) purchased from Celsus
Laboratories, Inc. (Cat. #PH3005) and lyophilized type I collagen
sponges (COL) derived from bovine tendon (generously donated by
Integra Lifesciences Holdings Corporation, Aneasco, PR) were used to
construct thin polymeric multilayers by the LbL technique on sterile
tissue culture-treated plates from Corning Costar (Cat. #07-200- 740).
Poly(ethylenimine) (PEI) (50% solution in Water, Mw � 750,000) from
Sigma-Aldrich (Cat. #P3143) was used to produce a strong anchoring
layer prior to (HEP/COL) multilayers fabrication. All polymer solutions
were prepared at a concentration of 1.0 mg/mL in sodium acetate buffer
(0.1 M sodium acetate anhydrous, 0.1 M acetic acid, at pH 5 for HEP and
PEI, and pH 4 for COL). Sodium acetate buffer at pH 5 was used as
washing solution. Ultrapure water at 18 MΩ cm used to prepare poly-
meric and wash solutions was obtained from a Millipore-Sigma™
Direct-Q™ 3 (Cat. #ZRQSVP3US). Briefly, the process consisted of
creating an anchoring layer by depositing PEI solution for 15 min to each
well of a sterile tissue culture-treated plate and following with a washing
step of 3 min. After this initial step, HEP and COL were added for 5 min
alternating with an intermediate wash of 3 min. This process was fol-
lowed until building a total of 12 polymeric layers of (HEP/COL) (layers
ending with COL) and 13 polymeric layers of (HEP/COL) (layers ending
with HEP). After preparing the multilayers, a final wash was done using
Dulbecco's phosphate-buffered saline (DPBS)1X without Ca2þ and Mg2þ.
Substrates were sterilized using ultraviolet (UV) for 10 min to eliminate
any contaminations before cell culture.
2.2. Experimental design

In this work, the effects of the type of surface and the presence or
absence of IFN-γ recombinant human protein (ThermoFisher, Cat.
#PHC4031) in the culture medium were studied on the cellular response
of hMSCs. Three surfaces were assessed; they consisted of a control
surface of tissue culture plastic labeled as TCP, a bioactive surface of 12
polymeric layers of (HEP/COL) (layers ending with COL), and 13 layers
of (HEP/COL) (layers ending with HEP). IFN-γ supplemented in cell
medium, which was added in the cells medium immediately after cell
seeding, was evaluated at a concentration of 50 ng/mL, and conditions
with and without IFN-γ were designated as þ IFN-γ and �IFN-γ,
respectively. A 50 ng/mL concentration for soluble IFN-γ was selected
based on our previous study [25,26]. Time points and the initial number
of cells were selected according to the nature of the specific method used
[40].
2.3. Physical characterizations of (HEP/COL) multilayers

Atomic Force Microscope (AFM) images were taken using an Agilent
Asylum MFP-3D AFM in contact mode, using a PPP-CONTR-10 (Nano-
AndMore, Resonance frequency 6–12 kHz, Force Constant 0.02–0.77 N/
m) probe. 80 � 80 μm images were first taken of the dry substrate. The
probe was then raised, and phosphate-buffered saline (PBS) was carefully
added using a micropipette until both the probe and the substrate were
completely submerged. The sample was then hydrated for 5min to obtain
“wet” images.
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2.4. In-situ deposition of (HEP/COL) multilayers

The multilayer growth and IFN-γ interaction with the (HEP/COL)
were followed by quartz crystal microbalance (QCM-D) with dissipation
measurements. QCM-D measurements were performed on a quartz
crystal microbalance with dissipation from Biolin Scientific, Sweden. The
multilayer build-up process was described in our previous work [40].
Briefly, the quartz crystal was immersed in 5:1:1 (volume parts) at 75 �C
of water, 25% ammonia, and 30% hydrogen peroxide. The clean quartz
crystal was placed in the QCM-D chamber. Then the PEI solution was
injected at a flow rate of 100 mL/min continuously for 15 min. After PEI,
a wash with sodium acetate buffer at pH 5 was performed for 3 min at the
same flow rate. Then HEP solution was injected at the same rate for 5
min, followed by the same sodium acetate buffer wash at pH 5 for 5 min.
After that, the COL solution was injected for 5 min at the same rate,
followed by the same sodium acetate buffer wash at pH 5 for 5 min. HEP
and COL were then alternately injected into the chamber (followed by
the same sodium acetate buffer wash in between each injection). After 12
or 13 multilayers were constructed, IFN-γ in PBS at pH 7.4 was injected
into the chamber for 1 h. The frequency shift (-ΔF) and dissipation (ΔD)
vs. time curves were recorded.

2.5. Chemical composition of HEP/COL multilayers

The elemental and chemical composition of the multilayers was
confirmed by X-ray Photoelectron Spectroscopy (XPS) (Versaprobe XPS
from Physical electronics). XPS experiments were performed at a
photoelectron takeoff angle of 458 on dry glass substrate, and binding
energy scales were referenced to the C1s peak (284.7eV).

2.6. Cell culture

Human bone marrow-derived mesenchymal stem cells purchased
from RoosterBio (Cat. #MSC-003), were used between passages 4–6.
Donor#1 is a healthy 25-year-old male (Lot. 00174), and donor#2 is a
healthy 22-year-old male (Lot. 00178). The product specification sheet
provided by the vendor shows that these cells were positive for CD90 and
CD166 hMSCs identity markers (as tested by flow cytometry), negative
for CD45 and CD34 (as tested by flow cytometry) and could differentiate
into fat and bone cells. hMSCs were grown in alpha-minimum essential
media MEM Alpha (1 � ) from Gibco (supplemented with L-glutamine,
ribonucleosides, and deoxyribonucleosides) (Cat. #12561-056) con-
taining 20% fetal bovine serum from Gibco (Cat. #12662029), 1.2%
penicillin-streptomycin from Corning (Cat. #30002CI), and 1.2% L-
glutamine from Corning (Cat. #25005CI).

2.7. HMSC viability on (HEP/COL) multilayers

For hMSCs viability, the PrestoBlue™ cell viability assay from Invi-
trogen (Cat. #A13261) was used. hMSCs (10000 cells/cm2) were seeded
on each surface prepared on a 96 well-plate, and cell viability was
measured after 3 days of culture as described in our previous works [29,
40]. Briefly, the cell culture medium was removed after 3 days, and 100
μL per well containing 90% fresh cell medium and 10% PrestoBlue re-
agent were added. The plate was incubated for 3 h, and the fluorescence
intensity measurement was determined using a BioTek Multi-Mode
Microplate Reader (Model Synergy™ 2) with excitation/emission of
560/590 nm.

2.8. Real-time monitoring of hMSCs behavior on (HEP/COL) multilayers

A Real-Time Cell Analyzer (RTCA) xCELLigence instrument from
ACEA Biosciences Inc. (Cat. #380601000) was used to measure real-time
cell behavior. (HEP/COL) multilayers were constructed on the wells of an
ACEA™ E-Plate L8 (Cat. #300600840, cell growth area of 0.64 cm2 per
well), which are composed of tissue culture plastic, but they also contain
3

sensors to measure impedance, and hMSCs at a concentration of 20000
cells/cm2 were seeded on each condition evaluated; uncoated sensors,
multilayers ending in HEP, and ending in COL with and without IFN-γ
supplemented in the culture medium. xCELLigence instrument was
configured as described in our previous works [40,41]. Briefly, the
xCELLigence RTCA S16 was placed inside the incubator to allow the S16
device to warm up for at least 2 h before use. This step is to avoid any
condensation on the station after starting the measurement stage. The
RTCA was set up to monitor perform readings every 10 min for a period
of 48 h of cell culture.

2.9. Immunomodulatory factor expression of hMSCs on (HEP/COL)
multilayers

hMSCs (5000 cells/cm2) with and without IFN-γ treatment were
seeded on each surface prepared on a 24 well-plate. IDO activity was
measured after 6 days of culture (changing the cells medium every 2
days) as described in our previous work [41]. Briefly, cell supernatant
100 μL was mixed with 100 μL standard assay mixture consists of (po-
tassium phosphate buffer (50 mM, pH 6.5), ascorbic acid (40 mM,
neutralized with NaOH), catalase (200 μg/mL), methylene blue (20 μM),
and L-tryptophan (400 μM)). The mixture was kept at 37 �C in a hu-
midified incubator with 5% CO2 for 30 min (in a dark environment to
protect solutions from light) to allow IDO to convert L-tryptophan to
N-formyl-kynurenine. After that, the reaction was stopped by adding 100
μL trichloroacetic acid 30% (wt/vol) and incubated for 30 min at 58 �C.
After hydrolysis of N-formyl-kynurenine to kynurenine, 100 μL of mixed
cell supernatant/standard transfer into a well of a 96-well microplate,
followed by adding 100 μL per well of 2% (w/v) p-dimethylamino-
benzaldehyde in acetic acid on each well. Absorbance was read at 490 nm
at the endpoint using a BioTek Synergy 2 spectrophotometer (Synergy LX
Multi-Mode Reader from BioTek® Model SLXFA). Absorbance readings
were converted to concentration of kynurenine using an equation ob-
tained from a calibration curve (plot the absorbance vs. concentration of
standard solutions). Amounts of kynurenine were normalized by number
of cells per well.

2.10. Peripheral blood mononuclear cells co-culture

For the hMSCs immunosuppressive capacity, human primary pe-
ripheral blood mononuclear cells (PBMC), were purchased from ATCC
(ATCC® PCS:800:011™ Part number: 302213). Briefly, 62500 hMSCs
cells/cm2 with and without IFN-γ treatment were seeded on each surface
prepared on a 24 well-plate for 3 days. PBMCs were labeled using a Cell
Trace Yellow Cell Proliferation Kit (Invitrogen) at a final dye concen-
tration of 5 mM. Before being added to each well for co-culture, the
PBMCs were incubated for 15 min with human T activator CD3/CD28
Dynabeads (Invitrogen) and recombinant human IL-2 (30 U/mL). After
this time, the PBMCs and Dynabeads were added to each well to achieve
a 1:4 ratio of hMSCs to PBMCs. Based on the study done by Cuerquis et al.
the reduction in the percentages of T cells was less significant at a
MSC:PBMC ratio of 1:9 compared with 1:3 [13]. In another study, the
results showed that a higher ratio of MSC:PBMCwasmore efficient than a
lower ratio [43]. In addition, other studies used the ratio 1:4 for
MSC:PBMC for the co-culture experiment [44,45]. In this study, we used
the ratio 1:4 to have a better comparison of results with others studies.
hMSCs:PBMCs co-cultures were maintained in alpha-minimum essential
medium (MEM-alpha) (1 ) from Gibco, supplemented with L-glutamine,
ribonucleosides, and deoxyribonucleosides containing 20% fetal bovine
serum from Gibco, 1.2% penicillin-streptomycin from Corning, and 1.2%
L-glutamine from Corning for 3 days. After 3 days, the medium from the
wells (containing the suspended PBMCs/Dynabeads) was collected into a
1.5 mL tube and protected from light. The tubes were placed in DynaMag
magnets from Thermofisher (Cat. #12301D) to remove the Dynabeads.
Then, PBMCs were resuspended in MEM-alpha followed by analysis on a
BD FACSCanto II flow cytometer to investigate PBMCs proliferation in
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the presence and absence of hMSCs and/or IFN-γ cultured on the mul-
tilayers and TCP. The data were normalized by using forward scatter
(FSC) and side scatter (SSC) parameters to exclude cell debris and
aggregates.
2.11. HMSC differentiation stains

hMSCs (5000 cells/cm2) were seeded on each surface prepared on 24
well-plates and grown for 6 days in expansion medium (MEM Alpha (1)
from Gibco (supplemented with L-glutamine, ribonucleosides, and
deoxyribonucleosides) containing 20% fetal bovine serum from Gibco,
1.2% penicillin-streptomycin from Corning, and 1.2% L-glutamine from
Corning) at 37 �C in a humidified atmosphere of 5% CO2. After the cells
reached at least 50% confluency, they were exposed to osteogenic dif-
ferentiation medium (DMEM low glucose, 10% fetal bovine serum from
Gibco, 1% penicillin, 1% L-Glutamine, 50 μM ascorbic acid (Sigma, Cas
Number: 50-81-7) (50 mg/10 mL), 10 mM β-glycerophosphate (e.g.,
Sigma, CAS Number: 154804-51-0, G9422), 100 nM dexamethasone
(e.g., Sigma, CAS Number 50-02-2)), and the mediumwas replaced every
2–3 days. To maintain the consistency of all experimental design, we
seeded the cells with the regular expansion medium for six days. After
that we added the differentiation medium for 7–10 days. After culture for
one week, cells were fixed with 10% formaldehyde. Alizarin Red S
(Sigma, CAS Number 130-22-3) staining solution was prepared by dis-
solving 2 g of Alizarin Red S in 90mL distilled water and adjusting the pH
to 4.1–4.3 with ammonium hydroxide. Alizarin Red S solution was
added, then rinsed with PBS. The sample was analyzed immediately
under the microscope to detect calcium deposits. For adipogenic differ-
entiation, an induction medium composed of complete DMEM high
glucose supplemented with 10% fetal bovine serum from Gibco, 1%
penicillin, 1% L-glutamine, 1 μM dexamethasone (e.g., Sigma, CAS
Number 50-02-2), 0.01 mg/mL insulin (Sigma-Aldrich, Catalog No.
I2643), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) (e.g., Sigma, CAS
Number: 28822-58-4, I5879), and 100 μM indomethacin (Sigma, CAS
Number: 53-86-1) was used. The medium was replaced every 2–3 days.
After culture for a week, cells were fixed with 10% formaldehyde, stained
with 0.5% (w/v) Oil Red O (Sigma-Aldrich, Catalog Number: O0625) in
isopropanol and incubated at room temperature for 10–30 min in the
dark, then washed twice with PBS. The sample was observed under a
light microscope to determine the number of hMSCs-derived adipocytes.
2.12. Alkaline phosphatase (ALP) assay

To confirm osteogenic differentiation and to determine the level of
activity of the differentiated hMSCs, two assays were performed: alkaline
phosphatase (ALP) activity and total protein content (micro-BCA assay).
Alkaline phosphatase activity was assessed using the Alkaline Phospha-
tase Colorimetric Assay Kit (Abcam ab83369). According to standard
protocols, after the cell's exposure to osteogenic differentiation medium
for periods of 3 days, cells were washed twice with PBS. Then, 50 μL of
the cell lysate with assay buffer was added to a 96 well-plate and 50 μL p-
nitrophenyl phosphate (pNPP). The samples were incubated at 25 �C for
60 min and protected from light. In the last step, 20 μL stop solution was
added to the wells, then; the plate was read at 405 nm in a microplate
reader (Synergy LX Multi-Mode Reader from BioTek® (Model SLXFA).
Alkaline phosphatase (ALP) activity was normalized by total protein
content (micro-BCA assay). The total protein content was determined
according to the protocol of the manufacture 150 μL of sample was
placed in a 96 well-plate with 150 μL of working reagent made from a
micro-BCA protein assay kit (Thermo Scientific). The well plate was
covered with foil and incubated at 37 �C for 2 h. Absorbance was read at
562 nm using a BioTek Multi-Mode Microplate Reader (Model Synergy™
2).
4

2.13. Flow cytometry analysis

Osteogenic and adipogenic cell markers of differentiated hMSCs were
analyzed using flow cytometry. hMSCs (25000 cells/cm2), with and
without IFN-γ treatment, were seeded on each surface prepared on a 12
well-plate and expanded using growth medium at 37 �C in a humidified
atmosphere 5% CO2 for 6 days. After the cells reached at least 50%
confluency, they were exposed to osteogenic and adipogenic differenti-
ation medium, and the medium was replaced every 2–3 days. Undiffer-
entiated cells grown in expansion media (MEM Alpha) were maintain as
control. After 3 days, the cells were detached by trypsinization and
washed twice with PBS (centrifuged at 300 g for 10 min). Aliquots were
prepared containing 1 � 105 cells in PBS with 2% FBS for staining con-
jugated primary antibody were incubated against CD105 (PE Mouse anti-
Human CD105, BD Biosciences), CD10 (PE Mouse anti-Human CD10, BD
Biosciences), and CD92 (Alexa Fluor® 647 Mouse Anti-Human CD92, BD
Biosciences). The samples were covered with aluminum foil during the
process and incubated at 4 �C for 30 min in the dark. For each type of
antibody used, an additional sample with a non-specific isotype control
antibody was added. Isotype matched control antibodies PE labeled
Mouse IgG1 (BD Pharmingen), and Alexa Fluor® 647 Mouse IgG1 κ
Isotype Control (BD Pharmingen) were used for assessment of back-
ground fluorescence. The Flow Cytometry analysis was performed using
a BD FACS Canto II flow cytometer, using FlowJo software (Tree Star,
Oregon, USA) for analysis. At least 10,000 gated events per acquisition
were acquired. The median relative fluorescence unit was used for sta-
tistical analyses.
2.14. Statistical analysis

The results were presented as mean � standard deviation. Compari-
sons among multiple groups were performed by one-way analysis of
variance (ANOVA) using Minitab 17 for Windows. A p-value < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. Surface characterization

The in-situ assembly deposition of (HEP/COL) multilayers was
monitored by QCM-D. QCM-D detects the adsorbed mass of poly-
electrolytes (-ΔF) and measures the viscoelastic properties of the surface
(ΔD) [46]. QCM-D was used here to investigate physical structures
within the multilayer of heparin and collagen. Fig. 1 shows the frequency
shift (-ΔF) and dissipation (ΔD) for the third, fifth, and seventh overtones
for COL-ending and HEP-ending multilayers. The alternating 3 min of
rinsing and 5 min of adsorption steps can be observed. The first 15 min
correspond to a PEI step, followed by a 3 min rinsing step in Fig. 1, each
physical polyelectrolyte adsorption step is followed by 3 min of rinsing.
The increase in -ΔF and ΔD of every (HEP/COL) sequential deposition
shows that the polyelectrolytes gradually deposit onto the quartz crystal.
This increase can be considered a linear increase of thickness for the
multilayers. It is demonstrated that by increasing -ΔF the mass added to
the layers increases, whereas the growth of ΔD is due to the enhanced
viscoelastic structure of the deposited film [47]. Therefore, adding rough
layers on quartz crystal has a shorter -ΔF, whereas a dense layer has a
largeΔD value. When collagen is deposited, -ΔF andΔD have a sharp rise
with great dispersion between different overtones in both COL and
HEP-ending multilayers [48]. This indicates that the collagen is a loose
and swollen layer [48]. In contrast, the heparin deposited shows a slight
increase in -ΔF and a decrease in ΔD. These indicated that a rough layer
was obtained after the heparin deposition [48]. Our previous study
showed that HEP-ending multilayers have higher thickness and



Fig. 1. QCM-D data showing the normalized frequency shift & dissipation shift as a function of time for the 3rd, 5th, and 7th overtones during the construction of the
COL ending and HEP ending multilayers with IFN-γ, with alternating 3-min rinse and 5 min adsorption intervals. (A&B): shows the normalized frequency shift. (C&D):
shows the normalized dissipation shift.
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roughness than the COL-ending multilayers at both 25 �C and 37 �C [12].
In addition, the frequency shifts do not overlap for the different overtones
not only in the rinse steps but also during the adsorption steps. Conse-
quently, this indicates that the Sauerbrey relation is not valid for deter-
mining the film mass during rinse and adsorption steps, which indicates
the film is more viscoelastic. Besides, the ratio of the change during rinse
and the adsorption steps in the dissipation factor to the change in fre-
quency (ΔD/(-ΔF/n)) remain higher than 4 � 10�7 Hz–1; therefore, the
film can be considered soft [49]. After adsorption of the IFN- γ, the fre-
quency shifts no longer overlap. This indicates that adsorbed films are
viscoelastic and that the mass does not follow the Sauerbrey relationship,
so a more complex model might be used to determine the adsorbed mass
from the frequency shift and dissipation data [50]. Fig. 1 (A) shows
significant frequency shifts following the adsorption of the IFN- γ on the
COL-ending multilayers surface for the 3 overtones, indicating that the
IFN- γ is strongly adsorbed.

In contrast, Fig. 1 (B) shows the decrease of the frequency shifts
following the adsorption of the IFN-γ on the HEP-ending multilayers
surface, resulting in negligible adsorption of the IFN-γ. Following
adsorption of the IFN- γ, a quick decrease of the frequency shifts are
found for both COL-ending and HEP-ending multilayers, which is due to
5

the buffer effect, and the trend levels [51]. These results indicate that the
(HEP/COL) multilayers present good stability in presence of the IFN-γ.

The topography of dried and wet (HEP/COL) multilayers was inves-
tigated by AFM for COL-ending and HEP-ending multilayers. Analyzing
the topographic images in Fig. 2 (A) shows HEP-ending multilayers has
larger clusters on the surface, which demonstrate considerable accumu-
lation associated with surface deposition [50]. Also, the deposition of
HEP-ending multilayers on dry condition leads to a rougher surface than
the COL-ending multilayers. Regarding the wet condition, Fig. 2 (B)
shows that the surface has a greater number of smaller clusters on
COL-ending than in HEP-ending, demonstrating that the HEP success-
fully attached to the surface and deposition of HEP may increase
roughness of surfaces. These results confirm the conclusions drawn from
the QCM-D results in which a rough layer was obtained after HEP
deposition in wet conditions. Also, Fig. 2 (A&B) show that the multilayers
on dry condition are rougher. However, the multilayers have a smooth
surfaces in wet condition which may improve cell adhesion as suggested
by Salloum et al. who investigated the combined effects of increasing
surface charge and hydrophobicity on vascular smooth muscle cell
adhesion [52].

The XPS broad spectra and high-resolution spectra of COL-ending and



Fig. 2. (A&B) Surface morphology as measured by AFM of: uncoated glass, COL-ending, and HEP-ending multilayers on dry and wet conditions. Chemical properties
of (HEP/COL) multilayers as measured by XPS broad spectra and high-resolution XPS. (C): XPS survey scan spectrum of COL-ending, and HEP-ending multilayers. (D):
the corresponding specific spectrum of elemental COL-ending, and HEP-ending multilayers.
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HEP-ending multilayers are shown in Fig. 2 (C&D). In our previous study,
we demonstrated that the thickness of COL-ending multilayers was
approximately 129 nm [12]. The XPS could only detect about 10 nm
depth of nanometer surface; also, only the outmost layer can be examined
from XPS. The XPS spectrum of COL-ending and HEP-ending multilayers
contained five peaks corresponding to C1s (283.4 eV), N1s (398.4 eV),
O1s (529.8 eV), Na KL1, Na2P, Na2S, and S2P (168.3 eV). Na and S were
mainly the characteristic elements of heparin polysaccharide structure
possessing -COO-, –SO4

�2 and –OH, while collagen contains a large
number of various amino acids with –NH2 and –COOH [53]. The pres-
ence of more sulfur was detected on the HEP-ending multilayers and
revealed the presence of heparin [54]. According to the study of Dan Li
et al. [55], collagen has the characteristic sulfur element, but with low
content, further demonstrated the successful assembly process.
High-resolution spectra of S2p suggested that the surface presented more
of S element on HEP-ending multilayers, indicating heparin's presence in
the last layer. The increase of sulfur peak due to increasing the number of
layers shows a successful deposition of heparin. This finding complies
with a previous study by Almodovar et al. [56]. Moreover, oxygen and
nitrogen intensity content decrease in HEP-ending multilayers compared
to 12 multilayers, indicating that most surfaces of COL-ending multi-
layers were coated by collagen. In addition, COL-ending multilayers have
a higher C1s peak compared to HEP-ending multilayers, including C-C
(283.4 eV), C-O, and C–N (286.4 eV) groups. Consequently, a higher
carbon, oxygen, and nitrogen content confirm the accumulation of
collagen, while heparin deposition shows higher sulfur peaks.
Fig. 3. Fluorescence microscopy images of hMSCs nuclei and actin labeled with Hoe
donor#2 (A0). (B): PrestoBlue Viability assay for hMSCs cultured on TCP, COL-endin
donor#2 (B0). Real-time monitoring of hMSCs grown on COL-ending, and HEP-end
cultures were done on multilayers with and without IFN-γ and uncoated sensor was
samples. The p-values < 0.05 are represented by *, p-values < 0.01 by **, p-values
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3.2. HMSC viability on (HEP/COL) multilayers

Fluorescence microscopy analysis of cells attached to the different
surfaces after 72 h (Fig. 3 (A&A’)) reveals that donor#1 and donor#2
hMSCs were well spread, showed a complete confluence and adopted a
polygonal morphology on different surfaces. These results indicate that
the conditions with (HEP/COL) multilayers with and without IFN-γ do
not directly influence cellular phenotype via the organization of
cytoskeleton.

The PrestoBlue reagent was used for measuring cell viability after 3
days of culturing cells. A cell density of 15000 cells/cm2 was used in 96-
well plates (working volume of 200 μL). hMSCs were seeded on TCP,
COL-ending and HEP-ending multilayers with and without (50 ng/mL)
IFN-γ supplemented in the cell culture medium. We selected a concen-
tration of 50 ng/mL for soluble IFN-γ based on our previous study done
by D. Castilla-Casadiego et al. [12] and H. Wobma et al. [57]. In the
absence of the IFN-γ in culture medium, TCP surfaces were selected as the
positive control, and its fluorescence intensity was normalized to 100%.
All other conditions were assessed in relation to the positive control.
Fig. 3 (B) shows significant differences in the cell viability of donor#1 on
COL-ending and HEP-ending multilayers without the IFN-γ compared to
the control substrate (p < 0.05 and p < 0.001, respectively) after 72 h of
incubation. However, donor#2 shows that cell viability is not signifi-
cantly different for substrates containing (HEP/COL) multilayers
compared to the control substrate (Fig. 3 (B0)). Also, Fig. 3 (B) indicates
that cell viability for donor#1 compared with the TCP surface has an
increasing trend. In this regard, there is an approximately 24% increase
chst and Actin Red, respectively, after 3 days of culture for donor#1 (A) and for
g, and HEP-ending multilayers with and without IFN-γ for donor#1 (B) and for
ing multilayers during 48 h of culture donor#1 (C) and for donor#2 (C0). Cell
used as control. Data are presented as the mean � standard deviation of n ¼ 4
< 0.001 by *** and p-values < 0.0001 by ****.



M. Haseli et al. Materials Today Bio 13 (2022) 100194
in cell viability on COL-ending and about a 26% increase in cell viability
on HEP-ending in absence of the IFN-γ in culture media. Similarly,
donor#2 shows the same result (Fig. 3 (B0)). Therefore, it shows that the
use of (HEP/COL) multilayers can increase hMSCs viability. These results
indicate that there is a synergistic action of (HEP/COL) multilayers which
leads to an increase in cell viability. These results are in line with the
results shown in the next section using the real-time cell monitoring
system. We observed an increased in cell adhesion and proliferation in
the conditions where cells were cultured on (HEP/COL) multilayers
(Fig. 3 (C & C’).

In addition, regarding donor#1, despite following the increasing
trend of cell viability compared to control substrate (TCP), the cell
viability on HEP-ending multilayers with the IFN-γ is less than that of the
HEP-ending multilayers without the IFN-γ. However, donor#2 shows
that the surfaces with IFN-γ have a higher cell viability than the surfaces
without IFN-γ. In particular, HEP-ending multilayers show the highest
cell viability (Fig. 3 (B’)). Based on our previous study done by D.
Castilla-Casadiego et al. [12], hMSCs showed an increase in their pro-
liferation and protein expression when they were grown in multilayers of
(HEP/COL) supplemented with IFN-γ. Moreover, Jingchun Du et al. [58]
studied the effects of the IFN-γ on the antitumor activity of human am-
niotic fluid-derived mesenchymal stem cells and revealed that IFN-γ can
enhance cell viability. The reason for the superior performance of hep-
arin can be attributed to the fact that heparin has a large binding capacity
for several proteins such as tumor necrosis factor-alpha (TNF-α), IFN-γ,
and basic fibroblast growth factor (FGF-2), which can modulate cell
adhesion and proliferation [59–61]. In fact, in our previous work by D.
Castilla-Casadiego we observed an upregulation of FGF-2 expression
when hMSCs were cultured on HEP-ending coatings [12]. Thus, (HEP/-
COL) multilayers even with and without the IFN-γ, have the ability to
improve cell viability.
3.3. Real-time monitoring of cell behavior and proliferation

In this study, we cultured hMSCs at 25000 cells/cm2 on COL-ending
and HEP-ending multilayers to evaluate the real-time behavior of the
cells during the first 48 h of culture. The action of IFN-γ in the cell me-
dium was also evaluated. As a control surface, hMSCs cultured on un-
coated biosensors was evaluated. The Real-Time Cell Analyzer (RTCA)
xCELLigence biosensor system was used, which allows cell proliferation
and growth measurement. RTCA xCELLigence constantly measures the
impedance difference caused by cells attached to microsensors present in
Fig. 4. Schematic of layer deposition on Cell A
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culture plates (E-plates). The schematic of the xCELLigence instrument is
shown in Fig. 4. Impedance measurements are translated into a param-
eter known as the Cell Index (CI). CI is defined as the difference between
the background electric resistance (measured using only cell medium)
Z0, and the resistance measured at time t in the point i, Zi. The CI value is
taken at a frequency of 15Ω. CI values are given by equation 1 [62].

Therefore, the higher the CI, the greater the number of cells adhered
to the bottom of the well [39]. Fig. 3 (C) shows the CI values as a function
of the first 48 h of culture for the 6 experimental conditions for donor#1.
The results show a minor but continuous proliferation until 30 h, fol-
lowed by a period of stability where the decrease in the curves is very
low. It is possible to identify a phase of CI increase that is attributed to the
initial stage of cell adhesion. Donor#1 shows a slow cell adhesion stage
in the evaluated period, reaching a maximum peak of around 30 h
donor#2 shows a negative slope due to cell detachment that occurs after
initial adhesion. This behavior is normal for most adherent cells. For
donor#2, the cell adhesion stage reached a maximum at 12 h (Fig. 3
(C’)). The addition of IFN-γ (at 50 ng/mL) led to a higher CI value for all
conditions, with a significant increase on (HEP/COL) multilayers
compared to the uncoated sensor. The presence of IFN-γ may increase
hMSCs adhesion, which is further amplified in the presence of (HEP/-
COL) multilayers [63]. This finding once again confirms that the multi-
layers improve the response of hMSCs to IFN-γ. In addition, the cultures
on (HEP/COL) multilayers (without IFN- γ) also showed better results
compared to the controls on uncoated surfaces.
3.4. IDO function

Indoleamine 2,3-dioxygenase (IDO) is a cytosolic heme protein that is
vital for cell growth [64]. It can be determined by measuring the amino
acid kynurenine in the culture supernatant after 6 days [65]. A cell
density of 5000 cells/cm2 was used in 24-well plates (working volume
600 μL). The ability of IFN-γ to induce IDO function in hMSCs was
compared on TCP, COL-ending, and HEP-ending multilayers after 6 days
post-stimulation with or without the IFN-γ supplemented in the cell
culture medium. The level of IDO is determined by the amount of
kynurenine measured (pg/cell), since IDO is known to be a catalyzer to
convert L-tryptophan to kynurenine [64]. Results for IDO activity are
summarized in Fig. 5 (A), which shows that for donor#1, all surfaces
with IFN-γ (including TCP, COL, and HEP) have two times higher levels
of the IDO compared to surfaces without IFN-γ (60 pg/cell). Regarding
the surfaces with IFN-γ, donor#2 shows significant differences for
nalyzer (RTCA) xCELLigence instrument.



Fig. 5. (A): Cells immunomodulatory potential by IDO activity for hMSCs from two different donors as cultured on TCP, COL-ending, and HEP-ending multilayers with
and without IFN-γ. (B): direct-contact co-culture investigations of hMSCs and stimulated PBMCs. (C): The proliferation of PBMCs co-cultured with hMSCs from
donor#1. (D): The division index of PBMCs co-cultured with hMSCs from donor#1 (E): peak fit analysis of PBMCs proliferation for donor#1. (C0): The proliferation of
PBMCs co-cultured with hMSCs from donor#2. (D0): The division index of PBMCs co-cultured with hMSCs from donor#2 (E0): peak fit analysis of PBMCs proliferation
for donor#2. The gray bars reflected the proliferation of only PBMCs cultured in cell medium. Data are presented as the mean � standard deviation of n ¼ 4 samples.
The p-values < 0.05 are represented by *, p-values < 0.01 by **, p-values < 0.001 by *** and p-values < 0.0001 by ****.
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COL-ending and HEP-ending multilayers compared to the TCP (p-value<
0.05); in particular, the HEP-ending multilayers with IFN-γ have a higher
level of the IDO expression. However, donor#1 shows the same level of
the IDO expression for all surfaces containing the IFN-γ. These findings
may indicate that IDO expression is related to donor behavior and
different donors have different responses [66–68]. In addition, results for
both donors show that using the (HEP/COL) multilayers does not
9

decrease the level of IDO activity in reference to the same amount of the
IDO expression for the TCP and (HEP/COL) multilayers without IFN-γ.
These in vitro studies indicate that the level of IDO depends on not only
the different donor's response but also the presence of IFN-γ and the
presence of the multilayers. These results are in line with the study done
by Cifuentes et al. [29] that showed the IFN-γ is a key regulator of IDO
activity. Moreover, pre-treatment of hMSCs with IFN-γ is frequently used
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to enhance the cells' immunomodulatory and differentiation activity by
activating the expression of IDO [24,69]. However, we have demon-
strated that the expression of IDO by hMSCs was higher when cultured on
HEP-ending multilayers supplemented with IFN-γ for donor#2. These
comply with our previous study, which indicated that HEP-ending mul-
tilayers supplemented with IFN-γ can promote the production of cells
with pro-inflammatory and immunoregulatory capacities [12]. There-
fore, using (HEP/COL) multilayers supplemented with IFN-γ in a culture
medium can improve the cell's immunomodulatory activity which may
vary donor-to-donor.

3.5. PBMC:hMSC Co-culture

The ability of hMSCs to regulate the proliferation of peripheral blood
mononuclear cells (PBMCs) was determined by direct-contact co-culture
investigations of hMSCs and stimulated PBMCs. The investigation was
conducted for TCP, COL-ending, and HEP-ending multilayers after 3 days
post-stimulation with or without IFN-γ supplemented in the cell culture
media. In addition, control conditions of PBMCs alone were evaluated on
TCP, COL-ending, and HEP-ending with and without IFN-γ. PBMCs with
Human T Activator CD3/CD28 Dynabeads (CDs) suspended in hMSCs
attached to the surfaces are shown in Supplementary Fig. S1. The pro-
liferation of PBMCs alone (PBMCs seeded in the surface without hMSCs)
was not negatively affected by multilayers with or without the IFN-γ
supplemented in the cell culture medium, shows in Fig. 5 (C&C0)). This
investigation indicates that the proliferation of PBMCs depends neither
on the IFN-γ nor the multilayers alone. Regarding the proliferation of
PBMCs co-cultured with hMSCs from donor#1, the proliferation of
PBMCs shows a slight reduction on TCP without IFN-γ compared to TCP
with IFN-γ, which is not statistically significant (Fig. 5 (C)). Also, hMSCs
from donor #1 do not suppress PBMCs proliferation and has the same
level of proliferation on TCPwithout IFN-γ, COL-ending, and HEP-ending
multilayers with and without IFN-γ. HMSCs from donor #2 treated with
IFN- γ are capable of reducing PBMCs proliferation, particularly when
cultured on COL-ending multilayers. Donor#2 shows a higher reduction
on PBMCs proliferation when hMSCs were cultured with IFN-γ on TCP
than without IFN-γ. In addition, donor#2 shows a higher reduction of
PBMCs when cultured on HEP-ending. Also, the division index (total
number of divisions/the number of cells at the start of culture) has the
same trend as the number of PBMCs. Interestingly, peak fit analysis of
PBMCs proliferation shows that hMSCs (both donor#1 & donor#2)
allowed more generations of PBMCs to proliferate Fig. 5 (E&E0). The
results for donor#2 indicate that the presence of IFN-γ in COL-ending
multilayers may increase hMSCs suppression capacity of PBMCs prolif-
eration compared to surfaces without IFN-γwhich also is related with the
donor's behavior. In addition, HEP-ending multilayers may have the
ability to suppress PBMCs proliferation for different donors without
preactivated with IFN-γ.

Since IDO expression increases in the presence of IFN-γ in culture
medium and the response is enhanced by the presence of the multilayers,
we confirm that IFN-γ enhances the immunosuppressive potency of
hMSCs cultured on HEP/COL coatings. Kwee et al. observed a similar
behavior by studying the response to soluble IFN-γ of hMSCs cultured on
collagen or fibrin biomaterials [70]. These findings for donor#2 are
consistent with the results of [70–72], which confirm the enhancement of
hMSCs immunosuppressive potency due to the presence of IFN-γ on
COL-ending multilayers. In addition, these results comply with our pre-
vious study done by D. Castilla-Casadiego et al. [12] on cytokine ex-
pressions on the same multilayers, which suggests that (HEP/COL)
multilayers are enhancing the activity of IFN-γ producing pre-activated
hMSCs with a higher immunosuppressive capability than those
cultured in TCP with soluble IFN-γ. Therefore, we identified that
(HEP/COL) multilayers can promote not only immunoregulatory capac-
ities but also the immunosuppression capacities. Kwee et al. suggests that
the enhancement in immunosuppressive properties of hMSCs cultured on
collagen biomaterials and exposed to soluble IFN-γ may be due to
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integrin engagement, however the response in strongly dependent on the
donors [66]. There is a need to have a better understanding on different
donor behavior on (HEP/COL) multilayers.

3.6. hMSC differentiation

After 6 days culture, the ability of hMSCs to differentiate into osteo-
genic and adipogenic lineages cells was induced by supplementing the
growthmedia with differentiation media to confirm the multipotentiality
of hMSCs after IFN- γ exposure and culture on (HEP/COL) multilayers.
After about one week of incubation, cell functions associated with oste-
oblast differentiation (ALP activity, calcium deposition) and adipogenic
differentiation were evaluated. To maintain the consistency of all
experimental design, we seeded the cells with the regular expansion
medium for six days. After that we added the differentiation medium for
7–10 days. Mineralization was also characterized from microscope im-
ages. Cell morphologies for long-term culture in normal, osteogenic, and
adipogenic medium were evaluated on TCP, COL-ending, and HEP-
ending multilayers with and without IFN-γ. Notably, in Fig. 6 (A&B),
treatment with IFN-γ had no inhibitory effect on both the osteogenic and
adipogenic differentiation of hMSCs. There are large areas visible with
red (Alizarin Red staining) and purple (Oil Red staining), indicating the
formation of the calcified regions and adipocyte-like cells, respectively.

No staining was observed on cells cultured in regular expansion
medium, as shown in Supplementary Fig S2& S3. Control cells keep their
polygonal morphology, which was followed by the loss of contact inhi-
bition to multilayer growth. Fig. 6 (A) shows that cells on TCP expressed
only weak staining. However, hMSCs cultured on COL-ending and HEP-
ending multilayers showed an increase in the size of calcium deposits
formed by the clustering of cells due to the strong staining with Alizarin
red, which indicates osteogenic differentiation of cells. The same results
were found for donor#2, as shown in Fig. 6 (A0). Increasing the size of red
color mineral nodules is a typical feature during osteogenic differentia-
tion of hMSCs [73]. ALP is an enzyme present in bone-related cells and is
considered key to mineralization [74]. Its activity is related to the level of
inorganic phosphate, a component of the bone mineral phase [75].
Therefore, ALP activity has been considered as an early indicator of
osteoblast differentiation. Results for ALP activity are summarized in
Fig. 6 (C&C’).

Regarding donor#1, multilayers showed enhanced intracellular
levels of ALP upon stimulation with IFN-γ as compared to TCP. Also, the
TCP, COL-ending, and HEP-ending multilayer surfaces with IFN-γ have
higher ALP activity than the surfaces without IFN-γ. In addition, Fig. 6
(C) shows that HEP-ending multilayers have a slightly better cell osteo-
genic differentiation than COL-ending multilayers, particularly with IFN-
γ in culture medium. Similarly, donor#2 shows the same result Fig. 6
(C’). Sabino et al. [76] suggested that this can be attributed to the fact
that heparin has the ability to prompt osteogenic differentiation of
hMSCs. These in vitro studies indicate that IFN-γ can improve the
intercellular level of ALP activity. Also, a study done by C. Lamoury et al.
indicated that IFN-γ influences the osteocytic differentiation of both
mouse and human MSCs [24]. These findings show that the differentia-
tion of hMSCs treatment with IFN-γ need more studies.

When cells were incubated in the basal adipogenic differentiation
medium for seven days, the hMSCs changed from long spindle-shaped to
flattened round, or polygonal cells Fig. 6 (B&B’). The undifferentiated
hMSCs controls (cultured in hMSCs growth medium) displayed no
staining Fig. S2. However, cells show good differentiation on TCP, COL-
ending and HEP-ending multilayers not only without IFN-γ but also with
IFN-γ. These can indicate that IFN-γ does not suppress cells
differentiation.

3.7. Immunophenotype assay

For the differentiation of hMSCs, three differentially expressed CD
markers were selected for confirmation by flow cytometry. Expression of



Fig. 6. hMSCs differentiation. (A): Osteogenic differentiated hMSCs from donor#1 were stained using Alizarin Red. (B): Adipogenic differentiated hMSCs from
donor#1 were stained using Oil Red. (C): Alkaline phosphatase (ALP) assays were performed after induced osteogenesis on TCP, COL-ending, and HEP-ending
multilayers for hMSCs from donor#1. (A0): Osteogenic differentiated hMSCs from donor#2 were stained using Alizarin Red. (B0): Adipogenic differented hMSCs
from donor#2 were stained using Oil Red. (C0): Alkaline phosphatase (ALP) assays were performed after of induced osteogenesis on TCP, COL-ending, and HEP-ending
multilayers for hMSCs from donor#2. Data are presented as the mean � standard deviation of n ¼ 4 samples. The p-values < 0.05 are represented by *, p-values < 0.01
by **, p-values < 0.001 by *** and p-values < 0.0001 by ****.
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CD10, CD92, and CD105 in hMSCs from two individual donors on TCP,
COL-ending, and HEP-ending with and without IFN-γ was analyzed. The
study done by C. Gran�eli et al. suggested that CD10 and CD 92 are surface
markers of the osteogenic and adipogenic differentiation [77]. In addi-
tion, the expression of the hMSCs-associated CD marker, CD105, was
analyzed to evaluate changes in the hMSCs phenotype of the cells during
the differentiation process. The expression of CD10 and CD92 were
chosen to evaluate the osteogenic and adipogenic differentiation. The
median fluorescence intensity MFI ratios (differ-
entiated/undifferentiated) hMSCs for donor#1 and donor#2 are pre-
sented in Fig. 7&8.

Regarding donor#1 osteogenic and adipogenic differentiation, the
MFI of differentiated cells for CD10 is higher than that of the undiffer-
entiated cells for all surfaces (containing TCP, COL-ending, and HEP-
ending multilayers surface with and without IFN-γ) Fig. 7. However,
the MFI of differentiated cells for CD92 is slightly less than that of the
undifferentiated cells (except for TCP with IFN-γ and HEP-ending mul-
tilayers without IFN-γ) Fig. 7. Moreover, the expression of hMSCs marker
CD105 was higher in the undifferentiated cells at all surfaces, which
means that cells do not differentiate. Regarding donor#2, the same trend
for CD10 and CD105 is observed, although the MFI of differentiated cells
for CD92 was significantly increased compared with undifferentiated
cells. Histograms of CD105, CD10, and CD92 are shown in Fig. 8. CD10 is
a cell surface that has been described as a surface marker present on
hMSCs isolated from both bone marrow and adipose tissue [78–80]. As a
result, an increase in the expression of CD10 shows that more cells
differentiate between the osteogenic and adipogenic cells. Also, CD92 is
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increased in adipogenic hMSCs. Consequently, CD10 and CD92 displayed
a higher expression in both osteogenically and adipogenically differen-
tiated hMSCs on all surfaces (TCP, COL-ending, and HEP-ending multi-
layers surface with and without IFN-γ) compared with an
undifferentiated control. These results can indicate that both (HEP/COL)
multilayers and IFN-γ do not affect the differentiation and phenotype of
the cells.

4. Conclusions

This study demonstrates that polyelectrolyte layers made of heparin
and collagen were successfully built up using the layer-by-layer assembly
method. QCM-D results demonstrate that the (HEP/COL) multilayers are
soft and viscoelastic, and that IFN-γ adsorption depends on the compo-
sition of the final layer. Also, (HEP/COL) multilayers present good sta-
bility in presence of the IFN-γ. We observed that (HEP/COL) multilayers
did not negatively influence the viability, adhesion, proliferation, and
differentiation of hMSCs in the presence of soluble IFN-γ. Also, multi-
layers may lead to improve the anti-proliferation effect of IFN-γ on
hMSCs. When CD3/CD28-activated peripheral blood mononuclear cells
are co-cultured with hMSCs cultured on (HEP/COL) multilayers, a
reduction in PBMC proliferation is observed compared to culture on TCP.
In compliance with the present study, other studies demonstrated that
the immunosuppression capacity of hMSCs on biomaterials between
different donors are corelated to the IDO activity [70]. Our study shows
that HEP-ending multilayers was the surface that offered a greater
stimulation on the IDO expression, and PBMCs suppression. Though



Fig. 7. Flow cytometry of hMSCs from donor#1, Top (Osteogenic) (A): MFI ratios between osteogenically differentiated and undifferentiated hMSCs. (B): Histograms
of CD105, CD10 and CD92. Bottom (Adipogenic) (A): MFI ratios between adipogenically differentiated and undifferentiated hMSCs. (B): Histograms of CD 105, CD10,
and CD92.
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Fig. 8. Flow cytometry of hMSCs from donor#2. Top (Osteogenic_Backspace) (A): MFI ratios between osteogenically differentiated and undifferentiated hMSCs. (B):
Histograms of CD105, CD10 and CD92. Bottom (Adipogenic) (A): MFI ratios between adipogenically differentiated and undifferentiated hMSCs. (B): Histograms of
CD105, CD10, and CD92.
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different responses were observed for the two donors evaluated. This
study shows that (HEP/COL) multilayers can modulate hMSCs response
to soluble factors, improving the immunosuppressive potential of hMSCs
which may lead to more efficient cell manufacturing without additional
expenses in the manufacturing process and produce a better-quality cell
product. (HEP/COL) multilayers can be applied to any surface including
bioreactors or microcarriers which can be used to culture hMSCs meant
for cell-based therapies aimed at treating several immune diseases.
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