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Highlights
» Mesoporous silica nanoparticles were used to resefbpolysaccharide-based hydrogels
* Nanoparticles surface chemistry and concentratioghlyr affect stem cells fate and
homogeneity in hydrogel-based 3D scaffolds
e Encapsulated human adipose-derived stem cells amaitbheir stemness when cultured in

alginate/gelatin hydrogel beads incorporated wittin@-functionalized silica nanoparticles
Abstract

Polymeric hydrogel-based 3D scaffolds are well-knostructures, being used for cultivation and
differentiation of stem cells. However, scalablsteyns that provide a native-like microenvironment
with suitable biological and physical properties safill needed. Incorporation of nanomaterials tht®
polymeric systems is expected to influence the ighy/properties of the structure but also the stem
cells fate.Here, alginate/gelatin hydrogel beads incorporat@tt mesoporous silica nanoparticles
(MSNs) (average diameter 80.9 + 10 nm) and varswsace chemistries were prepared. Human
adipose-derived mesenchymal stem cells (hASCs) warbsequently encapsulated into the
alginate/gelatin/silica hydrogels. Incorporationaofiine- and carboxyl-functionalized MSNs (A-MSNs
and C-MSNs) significantly enhances the stabilitytlod hydrogel beads. In addition, the expression
levels of Nanog and OCT4 imply that the incorporation of A-MSNs into thegmlate/gelatin beads
significantly improves the proliferation and theershess of encapsulated hASCs. Importantly, our
findings show that the presence of A-MSNs sliglsilyppressem vivo inflammation. In contrast, the
results of marker gene expression analyses indittedie cultivation of hASCs in alginate beads
incorporated with C-MSNs (10% wi/w) leads to a hegeneously differentiated population of the cells,
i.e., osteocytes, chondrocytes, and adipocytes, whichotsappropriate for both cell culture and

differentiation applications.
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1. Introduction

Recently, great attention has been paid to cellafhe and personalized medicine; their clinical
applications can hopefully cure various types skdses in the near future [1-3]. Mesenchymal stem
cells (MSCs) have a high potential for medical agplons due to their differentiation capabilitieso
various types of cells [1,2]. However, these celise a fairly limited cell population and grow slgw
they can also propagatéa uncontrolled differentiation [3]. Even though teds an urgent need to
expand MSCsn vitro, the use of continuous passages to reach a higtberuof cells over a long
duration reduces the activity and ability of stestiscto proliferate and differentiate. This phenoime
happens due to phenotypic and genotypic changete vgtem cells are being adapted to their
surrounding environment [4]. Therefore, a multifiocal synthetic niche similar to the native
microenvironment in the human body is needed fer ¢hltivation of homogeneous populations of
undifferentiated stem cells. In other words, thaation in which stem cells can sustain their stessn
capacity or postpone their differentiation procedimra controlled manner is missing [5,6].

The ultimate aim of tissue engineering and cellgpg is to mimic the native-like niches in the
body; first,to preserve pluripotency properties and genetioilgiaof stem cells and second to direct
cells fate toward the intended destination [7—¥0].appropriate scaffold should have the following
traits: (a) provide an adequate level of cell adireand migration, (b) provide an appropriate strce
for cells, (c) be capable of storing and deliverbigmolecules that are essential for cell growtld an
differentiation, (d) offer enough mechanical st#fs and transfer of mechanical signals, and (e) be
eligible for diffusion and mass transferring [11,12here have been many attempts to develop new

scaffolds for cell culturing, propagation and/cifelientiation in recent years but no satisfyingusioh
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yet [13,14]. The challenges that lie ahead of tlisue are weaknesses in biocompatibility,
bioactivity/biofunctionality, biodegradability, petrability, mechanical cues, as well as scalabibty

the system to determine proper cellular fate [1,1,G5

Several approaches have been applied to addresss ¢hallenges including functionalization of the
scaffolds with bioactive molecules [17,18], comlioa of various types of biomaterials [19,20],
incorporation of chemical ions and molecules [21 &% nanomaterials [23—-27], or a combination of
these [28,29]. 3D multifunctional scaffolds are remsingly favored because they can mimic the
structure of the natural ECM and provide a condifar the spatial organization of cells and enhagci
the cell-cell interactions [7,8,13,30-32]. Howevtre scalability of most of these systems is under
serious question. The scalability is an importaarameter with respect to the high sensitivity einst
cells to their microenvironment components and dbahand physical properties of the scaffold in
culture systems in different scales [33]. Theral$® a neglected matter in the evaluation of deexlo
3D scaffolds: A homogenous population of the calidd or differentiated cells is necessary for chhi
applications [34]. In most reports, the homogeneitgultivated and/or differentiated cells is igadr
and only the cell growth, proliferation, and/orfdientiation of the cells into one desired lineage

examined [35-37].

Alginate-based hydrogels have extensively been feetthe development of scaffolds for stem cell
culture applications because they are injectablia Wigh biocompatibility and can form different
shapes [38-41]. Alginate hydrogel beads with sizeshe range of few micrometers to several
millimeters are suitable structures to develop stesy for 3D culture of stem cells in different sl
[42,43]; however, alginate also has some limitatiorhe cell adhesion and growth are not sufficient
alginate structures, and it also lacks enough mecalastrength [38,39]. We have previously reported
that the incorporation of silica nanoparticles itite electrospun polymeric scaffolds can enhanee th

cell attachment and mechanical stability of polyimescaffolds [44,45]. What's more, studies have
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shown that the mechanical stiffness of nanoengatkeollagen-based hydrogels can be significantly

enhanced through the addition of modified magneditoparticles [46].

To solve these challenges, we report here a muttifonal scaffold based on alginate/gelatin
hydrogel beads incorporated with MSNs. We usednatgi beads in combination with gelatin as a
bioactive polymer; gelatin is a natural proteinided from collagen hydrolysis and as a major
component of various connective tissues, it suppeserovide binding sites in hydrogel for the sell
to attach to the structure [47,48]. Moreover, bplgipg MSNs of various surface chemistries,,
unfunctionalized (B-MSNs), aminated (A-MSNs), andrboxylated (C-MSNs) in different
concentrations one can tune the properties ofeéhelar microenvironment in the scaffold and enleanc
the mechanical properties of the hydrogel structiiree other approach for using nanopatrticles in 3D

systems is to be used as carrier for different €lfdg], growth factors or differentiation inducgsg].

In this work, in the first step, the nanocomposigads were prepared, and their physical properties
were studied. Then, human adipose-derived meserathstem cells (hASCs) were cultured; and their
viability, proliferation, stemness, and differetiba were subsequently studied. Nexty vivo
experiments were performed to determine the bioetitifity of the as-prepared scaffolds at the
implant site. Finally, we elucidated the regulat@fyect of nanoparticle concentration and surface

charge on hASCs fate.

2. Materials and methods

2.1 Synthesis, functionalization, and labeling of mesopor ous silica nanoparticles

MSNs were synthesized based on a reported appratbmplate removing method [51]. In brief,
cetyl trimethylammonium bromide (CTAB) (Sigma-Aldhi, UK) (100 mg) was dissolved in a mixture
of deionized (DI) water (48.650 mL) and sodium lydde (NaOH) (Sigma-Aldrich, UK) (350 pl, 2

m) With constant stirring (pH of solution ~ 11.7pligtion A). After obtaining a clear solution at 80,

5
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tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, UK) mL) was added drop-wise to solution A (1
ml.min™), and the mixture was stirred for 2 h. In orderéamove CTAB, B-MSNs were refluxed in a
solution of hydrochloric acid and ethanol with digaof 1:10 (v/v). After 12 h, the mixture was
centrifuged, and the obtained B-MSNs were washezbttimes with absolute ethanol (Sigma-Aldrich,

UK) and DI water, respectively.

In order to track nanoparticles within hydrogelsiofescein isothiocyanate (FITC)-labeled MSNs
also were fabricated based on the previously meationethod with some modifications introduced by
Rashidiet al.[52] Briefly, 3-(2-aminoethyl amino) propyltrimetkgsilane (EDS) (Sigma-Aldrich, UK)
(50 ul) was stirred with FITC (Sigma-Aldrich, UK).6 mg) in absolute ethanol (300 pl) in the dark
for 2 h (solution B). Then, TEOS (1 ml) was addedsblution B and stirred for 5 min (solution C).
Next, solution C was added to solution A at 80°@ anxed for 2 h. The subsequent procedure was the

same as MSNs synthesis.

To modify the surface of MSNs and FITC-labeled MSNugh the grafting procedure, EDS and
succinic anhydride (SA) (Sigma-Aldrich, UK) wereedsto obtain amine- and carboxyl- functionalized
MSNs and FITC-labeled MSNs (A-MSNs/F-A-MSNs and GINk/F-C-MSNSs), respectively [53].
Here, B-MSNs/F-B-MSNs (50 mg) was dispersed in klteethanol (4.6 ml) followed by addition of
DI water (200 ul) for hydrolysis and glacial acedicid (Sigma-Aldrich, UK) (100 pl) as the catalyst.
Then, EDS (100 pl) was added, and the solutionstieed for 1 h at 1000 rpm. Then, A-MSNs/F-A-
MSNs was washed three times with ethanol and Démwdathe as-prepared A-MSNs/F-A-MSNs was
used to achieve C-MSNs/F-C-MSNs. A-MSNs/F-A-MSN6QImg) was washed, and this was well
dispersed in N,N-dimethylformamide (DMF) (20 mL)id®a-Aldrich, UK). Also, SA (200 mg) was
dissolved in another batch of DMF (20 mL), and $bkition was stirred under a nitrogen atmosphere

at 1000 rpm. After 20 minutes, a solution of weHgkrsed A-MSNs/F-A-MSNs was added to the



10

11

12

13

14

15

16

17

18

19

20

21

22

solution of SA in DMF dropwise, and the resultirajusion was stirred at room temperature for 24 h.

The C-MSNs/F-C-MSNs were washed three times withHDBthanol, and DI water, respectively.
2.2 Characterization of MSNsand FITC-labeled M SNs

A scanning electron microscope (SEM) (Tescan VegeéhBJ, Czech Republic) was used to
characterize the particle sizes and morphologiée. Size distribution of particles (on three diffare
images taken at three different locations) andatlerage diameter of MSNs was evaluated by ImageJ
software, version 1.51n with SEM images. The serféignctionalization of MSN samples was
evaluated by zeta potentidal) (measurements of ultrasonicated particles in degohwater using a
Malvern Zetasizer Nano ZS (UK). FITC-labeled MSNsr&vanalyzed by Axiophot Zeiss fluorescence
microscope (Zeiss, Germany). To determine the Spesuirface area of the as-prepared MSNs, BET
(Brunauer, Emmett, Teller) analysis was applietigisi surface area analyzer (Micromeritics TriSkar |

3020, USA).
2.3 Human adipose-derived mesenchymal stem cell (hASCs) isolation and validation

Collagenase | solution (Sigma-Aldrich, UK) (0.075%/v)) in phosphate buffered saline (PBS)
containing penicillin-streptomycin (Sigma-AldricK) (1% wi/v) was prepared. Adipose tissue was
obtained from human subcutaneous fat harvestegbbguction (from five healthy, female donors with
the written permission) and mixed with warm PBSagptnase | solution at a ratio of 1:1 (v/v). They
were then placed in a 37 °C water bath for 1 heAfleactivation of the enzyme by fetal bovine serum
(FBS), a well-mixed solution was centrifuged at 8§@or 10 min. The supernatant was then aspirated,
and media containing FBS (10%) was added to thepedlet and resuspended. The hASCs were
seeded into T175-chflasks. All cells were cultured at 37 °C in a hdified atmosphere (90%) with

5% CQ.
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Before using the cells for experimental tests, hAS& passage 3-4 were validated by
immunophenotyping and differentiation procedurelseyl were first analyzed by BD FACS Calibur
flow cytometer (BD biosciences, San Jose, USA). cBipge antibodies of mouse anti-human
mesenchymal stem cells including CD90-FITC, CD1&-EBD73-PE (ExbioCzech Republic), and
CD44-FITC (Immunostep, Spain); hematopoietic steeill enarkers included CD45-FITC (BD
Biosciences, San Jose, USA) and CD34-PE (Exbaech Republic). The multipotency capability of
these cells was then validated by their differe¢minainduction into osteocytes and adipocytes. To
confirm differentiation, real-time PCR and alizaned (Sigma-Aldrich, UK) and oil red (Sigma-

Aldrich, UK) staining methods were used for ostevgand adipogenic differentiation, respectively.

The multipotency of the hASCs was validated by af#htiation to osteogenic and adipogenic
lineages. For osteogenic differentiation, cells eveeeded at 15000 cells:éiy adding osteogenic
medium containing FBS (10%}-glycerophosphate (Sigma-Aldrich, UK), dexamethas¢8igma-
Aldrich, UK), and L-ascorbic acid-2-phosphate (SegAldrich, UK). The medium was changed every
3—4 days. After 21 days, the cells were washed REBB and then fixed for 10 mimth glutaraldehyde
(Sigma-Aldrich, USA) (2.5%) and rinsed with PBS.ndralization was observed by staining and 10
min of incubation with alizarin red. For adipogerddferentiation, cells were seeded at 15,000
cells.cn? with adipogenic medium containing FBS (10%), imsull-methyl-3 isobutylxanthine
(Sigma-Aldrich, UK), dexamethasone (Sigma-Aldri€l), and indomethacin (Sigma-Aldrich, UK).
The medium was changed every 3—4 days. After 2%5,dhg cells were washed with PBS and then
fixed for 10 min with glutaraldehyde (2.5%) and Wwed again with PBS. To observe lipid droplets, the
cells were incubated for another rbih with oil red and washed with PBS. Finally, séimples were

visualized using bright-field microscopy (Axioph&giss, Germany).

2.4 Preparation and characteristics of alginate/gelatin beads
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The solution of a high mannuronic acid (M) conteatlium alginate (mannuronic/guluronic acid
(M/G) ratio of 1.56) (100 ul, 1% w/v) with and wdht a fixed concentration of gelatin (0.2% wi/v) was
dissolved in culture media (DMEM-F12). At the satime, the sample was mixed with 5¢Ifuman
adipose-derived stem cells (hASCs)'mVarious concentrations of functionalized MSNsZ05, and
10%) were loaded into a 31-gauge insulin syringeetgnd extruded through a needle in a dropwise
manner in the Caglbolution (0.1y) while being stirred. The calcium alginate beadsfarmed due to
the crosslinking phenomenon. For the decompositibalginate/gelatin/MSN beads, sodium citrate

solution (0.1y) in PBS was used along with shaking at 120 rpni.@min.

To validate the successful internalization of tleéagn in gelatin/alginate beads, FTIR spectrahef t
freeze-dried samples were recorded using Fourgmstorm infrared (ATR-FTIR) spectroscopy
(PerkinElmer Spectrum 100 FTIR spectrometer, USK). evaluate the physical properties of the
hydrogel beads, the stability of the alginate/gelaeads with and without nanoparticles was evalliat
by shaking at 80 rpm in terms of the percentagmtatt beads remaining on days 1, 3, 7, 14 and 21.

Moreover, the swelling profile of the hydrogelsaater were determined after 12, 24, 36, 48 and 72h.

The dispersion of MSNs within alginate and algifgétatin beads was performed using different

concentrations of F-B-MSNs, F-A-MSNs, and F-C-MSitisarious concentrations.
2.5 Cdll praliferation and In vitro biocompatibility studies of hydrogel beads

To measure the total number of cells, the isolatdl$ from decomposed hydrogels on days 1, 3, 7,
and 14 were counted by a hemocytometer using bfigjt microscopy. The cell numbers at day 0
were counted to evaluate encapsulation efficierfég. (S1). In vitro biocompatibility of the as-
prepared MSNs with and without hydrogel beads watuated by optical density (OD) measurements
of formazan crystals at 580 nm. The tests includead 3D (3-(4,5-dimethylthiazol-2-yl-2,5-diphenyl
tetrazolium bromide) (MTT) (Sigma-Aldrich, UK) agssaand fluorescein diacetate/propidium

iodide (FDA/PI) (Sigma-Aldrich, UK) staining withithe hydrogels. For 2D experiments, hASCs were
9
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suspended in DMEM-F12 and then seeded in 96-weltepl (10000 cells per well). For 3D
experiments, hASCs encapsulated within alginateldbeathe days 1, 3, 7 and 14 were removed from
their culture media and placed in new 24-well @afehe MTT solution was mixed with DMEM-F12
to a final concentration of 0.5 mg.MLThis solution (200 pL) was then added to eacH plate in
both 2D and 3D conditions and incubated for 4 B7aC. During this time, the cells took up the MTT,
and it reduced to insoluble blue formazan crystalsen, dimethyl sulfoxide (DMSO) (500 uL)
(Sigma-Aldrich, UK) was added to each well and betied at room temperature and shaken for 10
min; each sample (100 uL) was placed in a new 96pAae, and the OD was measured at 580 Am.
fluorescence-based live/dead assay was performéd RDA/PI staining. FDA (with the final
concentration of 8 pg.mM) and PI (with the final concentration of 100 pgimnivere mixed with FBS-
free media (5 ml). After removing the cell cultureedia, the staining solution was added to the well
plates containing alginate beads encapsulated hAB@sstaining solution was removed after 5 min of
incubation at room temperature, and the hydrogatibevere washed twice with PBS. Analysis with
fluorescent microscopy (Axiophot Zeiss, Germanygduso calculate the percentages of green nuclei
(live cells) and red nuclei (dead cells). The totamber of cells were obtained from the sum of all
nuclei counted within the gel, and the percentaje=ll viability were calculated as follows:

Live cells

Viability (%) =

x100 (1)

Total cells

2.6 In vivo subcutaneous implantation of hydrogel beads

In this experiment, 12 albino Wistar rats (aged wigtks) were kept under standard laboratory
conditions at 20 £ 2 °C on a 12:12 h light/dark leywith access to water and food. All animal
procedures were done based on the guideline ofAterican Veterinary Medical Association
(AVMA). Before the test, animals were anesthetibgdetamine/xylazine (100/12.5 mg:Rg The fur

on the dorsal area was then shaved. Sterile hyldregere implanted subcutaneously (placed between

10
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skin and fascia). Finally, animals were closed sewtived topical tetracycline and followed-up for 3

weeks post-implantation.

The rats were sacrificed four weeks after implantatand the desired tissues (liver, spleen and
implanted site) were isolated to analyze any patjioal changesia hematoxylin and eosin (H&E)
and immunohistochemistry tests. The samples weraffpaembedded following fixing in 10%
formaldehyde. The samples underwent H&E stainihg; grepared tissue samples were evaluated by
light microscope. Any immune reactions were evadatising immunohistochemistry to detect the
expression of CD3 and CDG68 proteins. Finally, theensity of fluorescence was evaluated using

ImageJ software.

2.7 Real-time PCR analysis to evaluate stemness capacity and differentiation of hASCs

Real-time PCR for the marker gendanog and OCT4 were performed to evaluate the stemness
capacity of cultivated hASCs before and after theapsulation. The desired differentiation gene
markers for osteogeni®UNX2 andOC), adipogenic AP2 andFABP4), and chondrogeni®ACAN and
COLX) differentiations were utilized (Table S2). For RNiolation of hASCs cultivated in 2D culture
plates, 10 cells were pelleted, dissolved inriL TRIzol Reagent (Invitrogen, Life Technology, USA
and stored at70°C until use. In 3D experiments, to obtain sncglls, the alginate/gelatin/silica beads
were decomposeda a sodium citrate solution. Those cells were theatéd like 2D cultured cells.
RNA was isolated following the TRIzol protocol. Tteal RNA was quantified using NanoDrop ND-
1000 Spectrophotometer (Nanodrop Technologie)DMNA synthesis, RNA (1000 ng) was utilized as
a template using a cDNA synthesis kit (Thermo SdienUSA). The target genes (primers are listed
in Table S2) were normalized to the reference HaesgingGAPDH gene according to the 2

method [54].

2.8 Statistical Analysis

11



10

11

12

13

14

15

All continuous variables are represented as thenntetandard deviation (SD) (n = 3 or 4). Tukey’s
statistical analysis was performed using one-waglysis of variance (ANOVA). All statistical
analyses were performed with GraphPad Prism 6 @o&wrlhe statistical significance was displayed

as 1 <0.05, **p<0.01, *** p<0.001.

3. Results and Discussion

3.1 Characterization of MSNsand FITC-labelled M SNs

Unfunctionalized and functionalized MSNs and FIbdled MSNs were synthesized and
characterized. A schematic representation of théhegis and functionalization methods can be seen i
Fig. 1a. The spherical morphology and the averaameter of the as-prepared MSNs (80.9 + 10 nm)
and FITC-labeled MSNs (107.94 + 15.1 nm) were exachiusing SEM (Fig. 1b-e). The surface
functionalization of MSNs samples was successhitllgliedvia zeta potential measurements of the as-
prepared nanoparticles: -16, +35 and -25 mV founctionalized MSNs, A-MSNs, and C-MSNs,
respectively (Fig. 1f). In addition, zeta potentaialysis of variously functionalized FITC-labeled
MSNs (.e.,, F-B-MSNs, F-A-MSNs, and F-C-MSNs) also imply theceessful functionalization of

nanopatrticles (Fig. 1f).

12
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3.2 Study of the distribution of FITC-labeled M SNsincor porated into the alginate beads

When adding nanomaterials into hydrogels, a keylaige is avoiding their non-homogenous
dispersion within the hydrogel matrix [55]. The éretgeneous dispersion of nanoparticles within the
hydrogel matrix might lead to large variations Ine tcells' responses and fates. Thus, a study of the
dispersion homogeneity of MSNs within alginate ahginate/gelatin beads was performed using the
FITC-labeled nanoparticles in various concentrationhe results indicated a rather homogeneous
dispersion of nanoparticles within the hydrogel dsedor all types of nanoparticles in various

concentrations (Fig. 2). Different color intensitiof samples can imply different values of
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1 nanopatrticles incorporated into the hydrogel béadspared to control without nanoparticles, see Fig

2 S2).

N\
&
=
@
('S
+
g

2|6
o @
e | %
3¢
£\ 3
12}
2
2|z
o | %
a <
2| %
o | =
1
o]
1=z
k| g
s | 3
T
® |3
5|3
ol =
o
v
o 4
- Vi
N =
o | v
-
o| =
Pty
=
wn
Y
L5
3
(U]
t
z
2% 5% 10 %
N
Nanoparticle concentration *
3

4  Fig. 2. Fluorescent microscopy images of alginate beadsrjorated with FITC-labeled MSNs illustrating
5 nanopatrticles dispersion in the hydrogel matrixgiddte beads (Alg) containing different concentrasi (2-10%
6  w/w) of F-B-MSNs without (a-c) and with gelatin ((5éd-f); F-A-MSNs without (g-i) and with gelati-(), and
7  F-C-MSNs without (m-0) and with gelatin (p-r). Radows indicate MSN aggregations, scale bars, 260 u

8 [single-column image-preference for color: onlimdyd

9 3.3 Physical propertiesof M SNs-incorporated hydrogel beads
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In preliminary tests, alginate beads were prepamethe presence of various amounts of gelatin
values (the mass ratio of gelatin to alginate wasnf1:10 to 1:1). The addition of gelatin to the
alginate hydrogels at mass ratios over 1:5 prevgatsformation (data not shown). Therefore, the
gelatin to alginate mass ratio of 1:5 was chosehi® preparation of all samples containing gelatin

The size of the as-prepared beads measured wgith microscopy was 1-1.5 mm (Table S1).
Spherical alginate beads in this size range hamsiderably higher biocompatibility properties araohc
better suppress fibrosis in comparison to smaliss[56]. The results also indicate that the thoidi
of gelatin decreases the size of the synthesizgidadé beads; the incorporation of B- and A-MSNs
does not significantly change the size of bead®réstingly, the addition of C-MSNs into alginate
beads considerably increases their size possil@ytaltheir superior hydration properties by carbiaxy
groups in the structure of these nanoparticles |ET&1). More, the swelling profile (Fig. S3) of the
samples shows that beads contained A-MSNs preséigbdr swelling property compared to those
that have C-MSNs and B-MSNs. This means that, fmgb#&-MSNs induces Ca release from the
structure. The presence of positively charges namicfes enhanced the swelling property. On the
other side, the presence of negatively chargedpaatioles could keep G&ions in the structure for a

longer time.

Bead stability was studied by counting the numldeniact beads after being shaken at 80 rpm for
1-14 days. The results showed that the additiogetdtin causes a significant decrease in the giabil
of the as-prepared hydrogel beads. Bead structaszmonitored by light microscopy and indicated
that gelatin partly exits the bead structure duting incubation as suggested by the appearance of
cavities in alginate/gelatin beads over a few dafysicubation (Fig. S4). This can explain the low
stability of alginate/gelatin beads in comparisoriite alginate beads. Surprisingly, these cawtiese
not observed for the MSNs-incorporated alginatetiiebeads (Fig. S4). Interestingly, the stabilys

significantly enhanced for beads incorporated WBNs regardless of the type of MSN surface
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chemistry (Fig. 3 and Fig. S5). This observatiati¢gates that nanoparticles within the hydrogel ratr
structure can significantly increase its mechanstability. Furthermore, the addition of functiozab
silica nanoparticlesi.e., A-MSNs and C-MSNSs, into alginate beads can imertiveir mechanical
stability. Indeed, lower nanoparticle concentragiovere sufficient versus those that incorporatettt wi
unfunctionalized MSNSs,i.e, B-MSNs (Fig. 3 and Fig. S5). These observationdicate that
interactions between functional groups of polynaerd those on the surface of nanoparticles canglay
significant role in the physical stability of bead$us, lower concentrations of functionalized MSNs
are sufficient to increase the physical stabilitiie results also demonstrate that hASCs-encapdulate
alginate/gelatin beads have lower stability thare leeads (Fig. 3 and Fig. S6). This observationbean

attributed to the cell growth and propagation; Whit turn can disrupt the hydrogel matrix.
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to Alg as the control for the statistical analyis<0.05, **p<0.01, ***p<0.001). [single-column image-

preference for color: online only]
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In general, these results indicated that B-MSN-a@oimg beads (10% w/w), A-MSN-containing
beads (2% and 5 % w/w), and C-MSN-containing bg@ds, 5% and 10% w/w) all had desired
stabilities. Next, samples containing 2% w/w of A8Ms and C-MSNs and 10% w/w of B-MSNs and

C-MSNs were chosen for further investigation.

3.4 Study of hASCsproliferation

Before encapsulation, some preliminary tests weralacted to validate the stemness capacity of
the isolated hASCs as mesenchymal stem cells. Xpeegsion of the cluster of differentiation (CD)
markers and differentiation potentials of hASCdwo different lineages (osteocytes and adipocytes)

implied the successful isolation of mesenchymahstells isolated from fat tissue (Fig. S7).

Nanomaterials can cause some adverse effects lagr@eth. Direct counting of the number of total
cells revealed that incorporation of A-MSNs int@inhte beads does not lead to any significant
decrease in the number of viable cells after 14 d&jyg. 4). Interestingly, there was a considerable
increase in the number of viable cells when A-MSMse incorporated into the alginate/gelatin beads.
The addition of gelatin can enhance cellular atteefits to the scaffold and weaken the attractive
interactions between gelatin and alginate molecates thus lead to leakage of gelatin. This, in,turn
can lead to the formation of cavities within thedbeads as stated above (Fig. S4). To overcorae thi
challenge, the gelatin can be covalently crosselihto the scaffolds [57]; however, cross-linking ca
lead to cytotoxicity effects and further difficids [58]. The results suggest that stabilized geklting
with A-MSNs can strikingly support cell proliferati (Fig. 4). Furthermore, the presence of A-MSNs
in the gelatin-free samples shows a better impadetl propagation versus alginate beads incorpdrat
with negatively charged MSN&g., B- and C-MSNs. This can be attributed to thepsutive effect of
positively-charged groups of the A-MSNs on enhagdire cell attachment and growth in scaffolds as
shown previously in the literature [59].
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3.5 Evaluation of the biocompatibility of nanoengineered hydrogel beads

The MTT assay data revealed that applying differeomcentrations of unfunctionalized and
functionalized MSNs does not cause any signifiedfeacts on the viability of the cells even at high
concentrations tested in a 2D culture conditiory.(58). Next, the viability of hASCs encapsulated i
nanoengineered hydrogel beads containing variousiats of MSNs (0-10% w/w) was also studied.
The results presented in Fig. 5a,b show no sigmfieffect when A-MSNs are added to the hydrogel
beads; the addition of negatively charged MSNs, B- and C-MSNs, shows remarkable adverse
effects on proliferation. The cytotoxicity effeait negatively charged nanoparticles and surfaces ha

been shown in previously published researches (39,6
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In another study, the cell viability was investggitusing FDA/PI staining method in 14 days (Figd5c
and Fig. S9). The results confirm the MTT data ahdw the low cytotoxicity effects of A-MSNs on

the cultured cells encapsulated in hydrogel beads.
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Fig. 5. Cytotoxicity effects of different types and contrations of MSNs for 3D cultured hASCs in alginate
beads without (a and c) and with (b and d) geletialuated by MTT assay (a and b) (n=4, data cordpaiih
day 1 as a control for the statistical analysis) éwe/dead assay by FDA/PI staining (¢ and d) (neta
compared to Alg as a control for the statisticahlgsis, ***p<0.001). [2-column image-preference for color:

online only]

To investigate the potential of the as-preparedcsires for clinical applications, th& vivo
biocompatibility of the cell-free hydrogels was died via subcutaneous implantation. The initial
observation of adverse effects was performed oh aatnal over the first 30 minutes during the fést
hours and then up to 21 days. No death or advéisetsewere detected in animals during dosing and
observation. Next, the host tissue-specific respdnsimplantation of hydrogels was followed for 3

weeks. Fig. 6a shows the process of subcutaneopisritation of the hydrogel beads into the host

20



1 tissue. There were no side effects after three svémkthe embedded hydrogel beads in the tissuk, an

2 thetissues adjacent to the hydrogel beads lookadal (Fig. 6b).
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2  Fig. 6. Pathological studies of tissues implanted with megineered hydrogel beads. The process

3 subcutaneous hydrogel bead implantation (scalelbam) (a). Embedded hydrogels into rat omentuntifatie
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after 21 days (scale bar, 1 mm) (b). H&E stainesidhbgical sections of liver and spleen at dayR\; portal
vein, CV: central vein, AC: apoptotic cell, HC: lmpcyte, S: sinusoid, KC: Kupffer cell, MZ: mardirzne,
WP: white pulp, M: macrophage, RP: red pulp (c).EHstained histological sections of implanted regianday
21 showed no signs of inflammation in the adjactsgues; V: vein, L: lymphocyte, H: hydrogel (d).
Immunohistochemistry analysis for CD3 and CD68anfinatory markers and their related expressioninate
implanted sites at day 21 quantified using ImadgeDg8 and CD3 (in green), nuclei (DAPI, in blue), H:
hydrogel (e). (n=3 rats per treatment and H&E amdniunohistochemistry sectionsp <0.05, **p<0.01,

***n<(0.001). [2-column image-preference for color: onlineyjnl

In Fig. 6¢, H&E staining results imply a normal laitecture of liver (normal hepatocytes, Kupffer
cells, and veins) seen in response to the hydrog@hntation as compared to the non-treated group.
Although the architecture of the liver seems norrtied images for the hydrogel-injected groups (both
Alg+2%A-MSNs and Alg+Gel+2%A-MSNS) indicate a slighhigher number of apoptotic cells in
comparison to that of the non-treated group (Fa. Bhis response was expected since the liveraacts
a detoxification tissue and filters toxins. Therefocell apoptosis might occur more as a side efiec

hydrogel injection and/or degradation.

In spleen sections, both Alg+2%A-MSNs and Alg+Gé#2MSNs samples showed a normal
architecture with normal lymphoid follicles and Wweéfined red and white pulps versus the non-tckate
group. However, some pathological changes suchdaand white pulps had been widened but had not

congestion or any other damage observed (Fig. 6c).

The embedding of hydrogels into host tissue wathéurconfirmed by H&E images including the
formation of numerous blood vessels at the tissukrdgel interface site (implantation site).
Furthermore, lymphocytes were obviously seen instgtions, and these are evidence for blood cell
formation in implantation sites. These results espnt implanted hydrogels as histocompatible

biomaterial (Fig. 6d).
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Moreover, to evaluate the possible inflammatorpoese to the implanted hydrogels, expression of
CD3 (a T-lymphocyte marker), and CD68 (a proteipressed by macrophages and monocytes) were
measured at implant sites. Overall, alginate imglasignificantly increase the expression of CD3
versus the non-treated group (Fig. 6e) implyinggaiBcant inflammatory response to this implant.
However, the expression of CD3 implies that thdaminatory responses to the alginate implants
considerably decrease in the presence A-MSNs (2%) ww/contrast to gelatin that does not show any

significant effect on the response of the immurstesy P<0.05) (Fig. 6e).

The expression pattern for CD68 was very similahtd of the CD3. Alginate implants boost CD68
expression, but alginate in combination with A-MShbisnsiderably P<0.05) lowers the immune
responses. These results showed that while hydroggénts can trigger the immune response in the
implant site (as a normal reaction to foreign sambsgs in the body), these reactions can be mingmize

by incorporating biocompatible A-MSNs into the hydels.

3.6 Study of stemness capacity of encapsulated hASCs

Expression of pluripotency genes suchCisT4 and NANOG indicates the level of mesenchymal
stem cell stemness [61]. The results from real-tiR@R show that the stemness of hASCs are
maintained when low concentrations (2% w/w) of AxdaC-MSNs are used within 14 days of
incubation. Moreover, adding gelatin to the stroetanhanced the stemness capacity as indicated by
higher values of expression 6CT4 andNANOG in comparison to beads without gelatin—especially
for alginate beads incorporated with A-MSNs (2% Wig. 7).OCT4 andNANOG are two genes that
show the cell's proliferation and undifferentiatdte. These findings are consistent with datairdxda
in other studies that gelatin can support cellifex@dtion and keeping them in the undifferentiaséate

due to being a highly bioactive polymer and havanghor points on its surface [47,48].
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Fig. 7. Stemness capacity of cultivated encapsulated hAB€al-time analysis to investigate stemness gene
expression (NNANOG, O: OCT4) of hASCs encapsulated in different types of nagoeered beads without
(a) and with (b) gelatin (n=3, data compared to-tteated sample as a control for the statisticallyeis,

*** n<0.001). Gel electrophoresis images of real-time PCR petxifor samples without (¢) and with (d) gelatin.
All samples were normalized to the gene expressfd2D-cultivated hASCs[2-column image-preference for

color: online only]

To further investigate the stemness capacity divaied hASCs, the expression of various types of
differentiation gene markersi.€, osteogenic, adipogenic and chondrogenic gene ergrkwas
evaluated by real-time PCR (Fig. 8b,c). The lowaugs of expression of these genes indicate tleat th
cultivated cells in alginate hydrogel beads havebaen entirely differentiated and still have netal
their stemness capacity. However, after 14 daysuttiire in 3D structures in the absence of any

differentiation factor, the results revealed th#dtedent surface chemistries of MSNs have different

25



effects on the fate of cultivated hASCs. Cells @satated in A-MSNs-incorporated beads showed
higher stemness capacity and lower differentiatwaperties indicating a more homogenous cell
population in A-MSNs-incorporated hydrogel beadantibeads incorporated with negatively-charged

MSNSs, i.e,, B- and C-MSNs (Fig. 8b,c). Furthermore, the additof gelatin leads to slightly lower
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1 expression of differentiation markers versus thegkout gelatin.
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(C: ACAN and COLX) differentiation were analyzed by real-time PCR émcapsulated cells within alginate
beads (b) and alginate/gelatin beads (c). Thetimal-PCR analysis of marker gene expression ofogstac
and adipogenic differentiation markers after thféedentiation induction of re-spread hASCs withlgiaate and
alginate/gelatin hydrogels incorporated with A-MSKH (n=3, data compared to alginate as a contol f
statistical analysis, **P<0.001), scale bar, 200 um. Induced osteogenic and aeipoglifferentiation (e) were

further confirmed by alizarin red and oil red, resfively. [2-column image-preference for color:inalonly]

Fig. 8b,c shows that the hASCs -cultivated in C-M8bbrporated beads are considerably
differentiated to osteogenic cells. The C-MSN-ipmated hydrogel beads seem to be a suitable
scaffold for osteogenic differentiation of hMSCstire absence of any differentiation factor. However
the results confirm cell differentiation into adgemic and chondrogenic lineages (Fig. 8b,c) indigat

a heterogeneous population of the cells.

There have been many attempts to direct stem cdferehtiation by adjusting cell
microenvironment [62—64]. However, studies on tbenbgeneity of the differentiated cell population
is rarely reported. Our findings reveal that highlues of expression of a certain differentiationege
marker cannot be sufficient to confirm the perfonee of the scaffold in the differentiation of stem

cells; it is critical to evaluate the homogeneityree differentiated cell population as well.

As a matter of fact, when stem cells are cultivate@ suitable condition for proliferation, they
propagate and retain their stemness capacity. ntrast, the differentiation process is triggerecewh
stem cells are cultivated in a medium that doessapport cell proliferation. The different responsé
the hASCs to the positively charged MSNs (A-MSNs) aegatively charged MSNs (B- and C-MSNSs)
can be seen in Fig. 4, 7, and 8a-c, which suppatexplanation. Over 14 days of culture, the hASCs
with higher propagation rates show lower levelgliffierentiation andvice versa. These results agree
with the literature in which the physico-chemicabperties of the microenvironment affect cell
proliferation and differentiation in opposite marsg65,66]. Applying a positively-functionalized
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hydrogel increases the osteoblast attachment asidepation [65] and negatively charged hydrogels

induce chondrogenic differentiation [66].

Surprisingly, osteogenic, adipogenic, and chondnmggene expressions are highest when 10% C-
MSNs are involved in the scaffold versus 2% MSNsvafious surface chemistries (Fig. 8b,c).
Therefore, the results reveal that both the surtaesistry and concentration of MSNs play key roles
in directing stem cell fate and homogeneity. Prasiyp, it has been shown that physical and chemical
cues of different types of biomaterials and nantiglas -specifically MSNs- influenced stem cellgefa
[67,68]. More, nanoparticles in nanoengineeredfsltis change the physico-chemical properties of the

system, which can guide stem cells fate [69].

Next, the differentiation ability of hASCs cultivat in the as-prepared nanoengineered hydrogel
beads with the highest values of the stemness itgpaas studied using osteogenic and adipogenic
differentiation media. The samples were A-MSN-ipmyated alginate, A-MSN-incorporated
alginate/gelatin, and alginate without MSNs andatielas the control. Fig. 8d,e presents the lepkls
osteogenic and adipogenic differentiation of issdlaand re-spread cells cultivated in differentiatio
media after 21 days of culture. The real-time PEsults and differentiation staining with alizaredr

and oil red confirm the high capability of hASCslaheir appropriate differentiation levels.

4. Conclusions

Nanoengineered alginate/gelatin beads incorporatéd mesoporous silica nanoparticles (MSNSs)
of various surface chemistries were prepared astedefor the human mesenchymal stem cells
(hASCs) proliferation/differentiation. The resultglicatein vitro andin vivo biocompatibility of the
as-prepared nanoengineered cultivation systemexpected, the presence of MSNs has a crucial role
in the physical stability of the hydrogel beads atem cell proliferation. Carboxyl-functionalized
MSNs (C-MSNs) and amine-functionalized MSNs (A-M$Msave superior physical stability effects

on the hydrogel beads versus bare MSNs (B-MSNshprSingly, the addition of A-MSNs into
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alginate/gelatin beads enhances the proliferatirfiopnance and leads to considerably higher cell
viability and stemness capacity in comparison tat tf the alginate beads incorporated with other
types of MSNs as well as alginate beads with no BISN addition, a differentiation study of hASCs
encapsulated in the as-prepared hydrogel beadaleelva remarkable influence of the MSNs surface
chemistry and concentration on the fate of sterfs.cel contrast to this situation, the addition@f
MSNs into the hydrogel beads caused the encapdute®&Cs to differentiate into different lineages
without any differentiation factors. Hence, haviaghomogeneous cell population should be a
preference for current studies—especially for chhiapplications. All in all, the results open upeaw
window to the field of design and fabrication ofkble multifunctional 3D systems to control stem
cells fate. However, comprehensive studies areetetmlapprove the performance of such systems for

clinical applications.
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