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Highlights 1 

• Mesoporous silica nanoparticles were used to reinforced polysaccharide-based hydrogels 2 

• Nanoparticles surface chemistry and concentration highly affect stem cells fate and 3 

homogeneity in hydrogel-based 3D scaffolds 4 

• Encapsulated human adipose-derived stem cells maintain their stemness when cultured in 5 

alginate/gelatin hydrogel beads incorporated with amine-functionalized silica nanoparticles 6 

Abstract  7 

Polymeric hydrogel-based 3D scaffolds are well-known structures, being used for cultivation and 8 

differentiation of stem cells. However, scalable systems that provide a native-like microenvironment 9 

with suitable biological and physical properties are still needed. Incorporation of nanomaterials into the 10 

polymeric systems is expected to influence the physical properties of the structure but also the stem 11 

cells fate. Here, alginate/gelatin hydrogel beads incorporated with mesoporous silica nanoparticles 12 

(MSNs) (average diameter 80.9 ± 10 nm) and various surface chemistries were prepared. Human 13 

adipose-derived mesenchymal stem cells (hASCs) were subsequently encapsulated into the 14 

alginate/gelatin/silica hydrogels. Incorporation of amine- and carboxyl-functionalized MSNs (A-MSNs 15 

and C-MSNs) significantly enhances the stability of the hydrogel beads. In addition, the expression 16 

levels of Nanog and OCT4 imply that the incorporation of A-MSNs into the alginate/gelatin beads 17 

significantly improves the proliferation and the stemness of encapsulated hASCs. Importantly, our 18 

findings show that the presence of A-MSNs slightly suppresses in vivo inflammation. In contrast, the 19 

results of marker gene expression analyses indicate that cultivation of hASCs in alginate beads 20 

incorporated with C-MSNs (10% w/w) leads to a heterogeneously differentiated population of the cells, 21 

i.e., osteocytes, chondrocytes, and adipocytes, which is not appropriate for both cell culture and 22 

differentiation applications.  23 
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Scaffold. 2 

1. Introduction 3 

Recently, great attention has been paid to cell therapy and personalized medicine; their clinical 4 

applications can hopefully cure various types of diseases in the near future [1–3]. Mesenchymal stem 5 

cells (MSCs) have a high potential for medical applications due to their differentiation capabilities into 6 

various types of cells [1,2]. However, these cells have a fairly limited cell population and grow slowly; 7 

they can also propagate via uncontrolled differentiation [3]. Even though there is an urgent need to 8 

expand MSCs in vitro, the use of continuous passages to reach a high number of cells over a long 9 

duration reduces the activity and ability of stem cells to proliferate and differentiate. This phenomenon 10 

happens due to phenotypic and genotypic changes while stem cells are being adapted to their 11 

surrounding environment [4]. Therefore, a multifunctional synthetic niche similar to the native 12 

microenvironment in the human body is needed for the cultivation of homogeneous populations of 13 

undifferentiated stem cells. In other words, the situation in which stem cells can sustain their stemness 14 

capacity or postpone their differentiation procedure in a controlled manner is missing [5,6].  15 

The ultimate aim of tissue engineering and cell therapy is to mimic the native-like niches in the 16 

body; first, to preserve pluripotency properties and genetic stability of stem cells and second to direct 17 

cells fate toward the intended destination [7–10]. An appropriate scaffold should have the following 18 

traits: (a) provide an adequate level of cell adhesion and migration, (b) provide an appropriate structure 19 

for cells, (c) be capable of storing and delivering biomolecules that are essential for cell growth and 20 

differentiation, (d) offer enough mechanical stiffness and transfer of mechanical signals, and (e) be 21 

eligible for diffusion and mass transferring [11,12]. There have been many attempts to develop new 22 

scaffolds for cell culturing, propagation and/or differentiation in recent years but no satisfying solution 23 
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yet [13,14]. The challenges that lie ahead of this issue are weaknesses in biocompatibility, 1 

bioactivity/biofunctionality, biodegradability, penetrability, mechanical cues, as well as scalability of 2 

the system to determine proper cellular fate [11,15,16].  3 

Several approaches have been applied to address these challenges including functionalization of the 4 

scaffolds with bioactive molecules [17,18], combination of various types of biomaterials [19,20], 5 

incorporation of chemical ions and molecules [21,22] and nanomaterials [23–27], or a combination of 6 

these [28,29]. 3D multifunctional scaffolds are increasingly favored because they can mimic the 7 

structure of the natural ECM and provide a condition for the spatial organization of cells and enhancing 8 

the cell-cell interactions [7,8,13,30–32]. However, the scalability of most of these systems is under 9 

serious question. The scalability is an important parameter with respect to the high sensitivity of stem 10 

cells to their microenvironment components and chemical and physical properties of the scaffold in 11 

culture systems in different scales [33]. There is also a neglected matter in the evaluation of developed 12 

3D scaffolds: A homogenous population of the cultivated or differentiated cells is necessary for clinical 13 

applications [34]. In most reports, the homogeneity of cultivated and/or differentiated cells is ignored, 14 

and only the cell growth, proliferation, and/or differentiation of the cells into one desired lineage are 15 

examined [35–37].  16 

Alginate-based hydrogels have extensively been used for the development of scaffolds for stem cell 17 

culture applications because they are injectable with high biocompatibility and can form different 18 

shapes [38–41]. Alginate hydrogel beads with sizes in the range of few micrometers to several 19 

millimeters are suitable structures to develop a system for 3D culture of stem cells in different scales 20 

[42,43]; however, alginate also has some limitations. The cell adhesion and growth are not sufficient in 21 

alginate structures, and it also lacks enough mechanical strength [38,39]. We have previously reported 22 

that the incorporation of silica nanoparticles into the electrospun polymeric scaffolds can enhance the 23 

cell attachment and mechanical stability of polymeric scaffolds [44,45]. What’s more, studies have 24 
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shown that the mechanical stiffness of nanoengineered collagen-based hydrogels can be significantly 1 

enhanced through the addition of modified magnetic nanoparticles [46].  2 

To solve these challenges, we report here a multifunctional scaffold based on alginate/gelatin 3 

hydrogel beads incorporated with MSNs. We used alginate beads in combination with gelatin as a 4 

bioactive polymer; gelatin is a natural protein derived from collagen hydrolysis and as a major 5 

component of various connective tissues, it supposed to provide binding sites in hydrogel for the cells 6 

to attach to the structure [47,48]. Moreover, by applying MSNs of various surface chemistries, i.e., 7 

unfunctionalized (B-MSNs), aminated (A-MSNs), and carboxylated (C-MSNs) in different 8 

concentrations one can tune the properties of the cellular microenvironment in the scaffold and enhance 9 

the mechanical properties of the hydrogel structure. The other approach for using nanoparticles in 3D 10 

systems is to be used as carrier for different drugs [49], growth factors or differentiation inducers [50]. 11 

In this work, in the first step, the nanocomposite beads were prepared, and their physical properties 12 

were studied. Then, human adipose-derived mesenchymal stem cells (hASCs) were cultured; and their 13 

viability, proliferation, stemness, and differentiation were subsequently studied. Next, in vivo 14 

experiments were performed to determine the biocompatibility of the as-prepared scaffolds at the 15 

implant site. Finally, we elucidated the regulatory effect of nanoparticle concentration and surface 16 

charge on hASCs fate. 17 

2. Materials and methods 18 

2.1 Synthesis, functionalization, and labeling of mesoporous silica nanoparticles 19 

MSNs were synthesized based on a reported approach via template removing method [51]. In brief, 20 

cetyl trimethylammonium bromide (CTAB) (Sigma-Aldrich, UK) (100 mg) was dissolved in a mixture 21 

of deionized (DI) water (48.650 mL) and sodium hydroxide (NaOH) (Sigma-Aldrich, UK) (350 µl, 2 22 

M) with constant stirring (pH of solution ~ 11.7) (solution A). After obtaining a clear solution at 80 °C, 23 
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tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, UK) (1 mL) was added drop-wise to solution A (1 1 

ml.min-1), and the mixture was stirred for 2 h. In order to remove CTAB, B-MSNs were refluxed in a 2 

solution of hydrochloric acid and ethanol with a ratio of 1:10 (v/v). After 12 h, the mixture was 3 

centrifuged, and the obtained B-MSNs were washed three times with absolute ethanol (Sigma-Aldrich, 4 

UK) and DI water, respectively.  5 

In order to track nanoparticles within hydrogels, fluorescein isothiocyanate (FITC)-labeled MSNs 6 

also were fabricated based on the previously mentioned method with some modifications introduced by 7 

Rashidi et al.[52] Briefly, 3-(2-aminoethyl amino) propyltrimethoxysilane (EDS) (Sigma-Aldrich, UK) 8 

(50 µl) was stirred with FITC (Sigma-Aldrich, UK) (0.5 mg) in absolute ethanol (300 µl) in the dark 9 

for 2 h (solution B). Then, TEOS (1 ml) was added to solution B and stirred for 5 min (solution C). 10 

Next, solution C was added to solution A at 80°C and mixed for 2 h. The subsequent procedure was the 11 

same as MSNs synthesis. 12 

To modify the surface of MSNs and FITC-labeled MSNs through the grafting procedure, EDS and 13 

succinic anhydride (SA) (Sigma-Aldrich, UK) were used to obtain amine- and carboxyl- functionalized 14 

MSNs and FITC-labeled MSNs (A-MSNs/F-A-MSNs and C-MSNs/F-C-MSNs), respectively [53]. 15 

Here, B-MSNs/F-B-MSNs (50 mg) was dispersed in absolute ethanol (4.6 ml) followed by addition of 16 

DI water (200 µl) for hydrolysis and glacial acetic acid (Sigma-Aldrich, UK) (100 µl) as the catalyst. 17 

Then, EDS (100 µl) was added, and the solution was stirred for 1 h at 1000 rpm. Then, A-MSNs/F-A-18 

MSNs was washed three times with ethanol and DI water. The as-prepared A-MSNs/F-A-MSNs was 19 

used to achieve C-MSNs/F-C-MSNs. A-MSNs/F-A-MSNs (100 mg) was washed, and this was well 20 

dispersed in N,N-dimethylformamide (DMF) (20 mL) (Sigma-Aldrich, UK). Also, SA (200 mg) was 21 

dissolved in another batch of DMF (20 mL), and the solution was stirred under a nitrogen atmosphere 22 

at 1000 rpm. After 20 minutes, a solution of well-dispersed A-MSNs/F-A-MSNs was added to the 23 
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solution of SA in DMF dropwise, and the resulting solution was stirred at room temperature for 24 h. 1 

The C-MSNs/F-C-MSNs were washed three times with DMF, ethanol, and DI water, respectively.  2 

2.2 Characterization of MSNs and FITC-labeled MSNs 3 

A scanning electron microscope (SEM) (Tescan Vega-3 XMU, Czech Republic) was used to 4 

characterize the particle sizes and morphologies. The size distribution of particles (on three different 5 

images taken at three different locations) and the average diameter of MSNs was evaluated by ImageJ 6 

software, version 1.51n with SEM images. The surface functionalization of MSN samples was 7 

evaluated by zeta potential (ζ) measurements of ultrasonicated particles in deionized water using a 8 

Malvern Zetasizer Nano ZS (UK). FITC-labeled MSNs were analyzed by Axiophot Zeiss fluorescence 9 

microscope (Zeiss, Germany). To determine the specific surface area of the as-prepared MSNs, BET 10 

(Brunauer, Emmett, Teller) analysis was applied using a surface area analyzer (Micromeritics TriStar II 11 

3020, USA). 12 

2.3 Human adipose-derived mesenchymal stem cell (hASCs) isolation and validation 13 

Collagenase I solution (Sigma-Aldrich, UK) (0.075% (w/v)) in phosphate buffered saline (PBS) 14 

containing penicillin-streptomycin (Sigma-Aldrich, UK) (1% w/v) was prepared. Adipose tissue was 15 

obtained from human subcutaneous fat harvested by liposuction (from five healthy, female donors with 16 

the written permission) and mixed with warm PBS-collagenase I solution at a ratio of 1:1 (v/v). They 17 

were then placed in a 37 °C water bath for 1 h. After deactivation of the enzyme by fetal bovine serum 18 

(FBS), a well-mixed solution was centrifuged at 300×g for 10 min. The supernatant was then aspirated, 19 

and media containing FBS (10%) was added to the cell pellet and resuspended. The hASCs were 20 

seeded into T175-cm2 flasks. All cells were cultured at 37 °C in a humidified atmosphere (90%) with 21 

5% CO2.  22 
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Before using the cells for experimental tests, hASCs at passage 3-4 were validated by 1 

immunophenotyping and differentiation procedures. They were first analyzed by BD FACS Calibur 2 

flow cytometer (BD biosciences, San Jose, USA). Specific antibodies of mouse anti-human 3 

mesenchymal stem cells including CD90-FITC, CD105-PE, CD73-PE (Exbio, Czech Republic), and 4 

CD44-FITC (Immunostep, Spain); hematopoietic stem cell markers included CD45-FITC (BD 5 

Biosciences, San Jose, USA) and CD34-PE (Exbio, Czech Republic). The multipotency capability of 6 

these cells was then validated by their differentiation induction into osteocytes and adipocytes. To 7 

confirm differentiation, real-time PCR and alizarin red (Sigma-Aldrich, UK) and oil red (Sigma-8 

Aldrich, UK) staining methods were used for osteogenic and adipogenic differentiation, respectively. 9 

The multipotency of the hASCs was validated by differentiation to osteogenic and adipogenic 10 

lineages. For osteogenic differentiation, cells were seeded at 15000 cells.cm-2 by adding osteogenic 11 

medium containing FBS (10%), β-glycerophosphate (Sigma-Aldrich, UK), dexamethasone (Sigma-12 

Aldrich, UK), and L-ascorbic acid-2-phosphate (Sigma-Aldrich, UK). The medium was changed every 13 

3–4 days. After 21 days, the cells were washed with PBS and then fixed for 10 min with glutaraldehyde 14 

(Sigma-Aldrich, USA) (2.5%) and rinsed with PBS. Mineralization was observed by staining and 10 15 

min of incubation with alizarin red. For adipogenic differentiation, cells were seeded at 15,000 16 

cells.cm-2 with adipogenic medium containing FBS (10%), insulin, 1-methyl-3 isobutylxanthine 17 

(Sigma-Aldrich, UK), dexamethasone (Sigma-Aldrich, UK), and indomethacin (Sigma-Aldrich, UK). 18 

The medium was changed every 3–4 days. After 21 days, the cells were washed with PBS and then 19 

fixed for 10 min with glutaraldehyde (2.5%) and washed again with PBS. To observe lipid droplets, the 20 

cells were incubated for another 10 min with oil red and washed with PBS. Finally, all samples were 21 

visualized using bright-field microscopy (Axiophot Zeiss, Germany). 22 

2.4 Preparation and characteristics of alginate/gelatin beads 23 



9 

 

The solution of a high mannuronic acid (M) content sodium alginate (mannuronic/guluronic acid 1 

(M/G) ratio of 1.56) (100 µl, 1% w/v) with and without a fixed concentration of gelatin (0.2% w/v) was 2 

dissolved in culture media (DMEM-F12). At the same time, the sample was mixed with 5×104 human 3 

adipose-derived stem cells (hASCs).ml-1. Various concentrations of functionalized MSNs (0, 2, 5, and 4 

10%) were loaded into a 31-gauge insulin syringe type and extruded through a needle in a dropwise 5 

manner in the CaCl2 solution (0.1 M) while being stirred. The calcium alginate beads are formed due to 6 

the crosslinking phenomenon. For the decomposition of alginate/gelatin/MSN beads, sodium citrate 7 

solution (0.1 M) in PBS was used along with shaking at 120 rpm for 10 min.  8 

To validate the successful internalization of the gelatin in gelatin/alginate beads, FTIR spectra of the 9 

freeze-dried samples were recorded using Fourier transform infrared (ATR-FTIR) spectroscopy 10 

(PerkinElmer Spectrum 100 FTIR spectrometer, USA). To evaluate the physical properties of the 11 

hydrogel beads, the stability of the alginate/gelatin beads with and without nanoparticles was evaluated 12 

by shaking at 80 rpm in terms of the percentage of intact beads remaining on days 1, 3, 7, 14 and 21. 13 

Moreover, the swelling profile of the hydrogels in water were determined after 12, 24, 36, 48 and 72h.  14 

The dispersion of MSNs within alginate and alginate/gelatin beads was performed using different 15 

concentrations of F-B-MSNs, F-A-MSNs, and F-C-MSNs at various concentrations. 16 

2.5 Cell proliferation and In vitro biocompatibility studies of hydrogel beads 17 

To measure the total number of cells, the isolated cells from decomposed hydrogels on days 1, 3, 7, 18 

and 14 were counted by a hemocytometer using bright-field microscopy. The cell numbers at day 0 19 

were counted to evaluate encapsulation efficiency (Fig. S1). In vitro biocompatibility of the as-20 

prepared MSNs with and without hydrogel beads was evaluated by optical density (OD) measurements 21 

of formazan crystals at 580 nm. The tests include 2D and 3D (3-(4,5-dimethylthiazol-2-yl-2,5-diphenyl 22 

tetrazolium bromide) (MTT) (Sigma-Aldrich, UK) assay and fluorescein diacetate/propidium 23 

iodide (FDA/PI) (Sigma-Aldrich, UK) staining within the hydrogels. For 2D experiments, hASCs were 24 
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suspended in DMEM-F12 and then seeded in 96-well plates (10000 cells per well). For 3D 1 

experiments, hASCs encapsulated within alginate beads at the days 1, 3, 7 and 14 were removed from 2 

their culture media and placed in new 24-well plates. The MTT solution was mixed with DMEM-F12 3 

to a final concentration of 0.5 mg.mL-1. This solution (200 µL) was then added to each well plate in 4 

both 2D and 3D conditions and incubated for 4 h at 37°C. During this time, the cells took up the MTT, 5 

and it reduced to insoluble blue formazan crystals. Then, dimethyl sulfoxide (DMSO) (500 µL) 6 

(Sigma-Aldrich, UK) was added to each well and incubated at room temperature and shaken for 10 7 

min; each sample (100 µL) was placed in a new 96 well plate, and the OD was measured at 580 nm. A 8 

fluorescence-based live/dead assay was performed with FDA/PI staining. FDA (with the final 9 

concentration of 8 µg.ml-1) and PI (with the final concentration of 100 µg.ml-1) were mixed with FBS-10 

free media (5 ml). After removing the cell culture media, the staining solution was added to the well 11 

plates containing alginate beads encapsulated hASCs. The staining solution was removed after 5 min of 12 

incubation at room temperature, and the hydrogel beads were washed twice with PBS. Analysis with 13 

fluorescent microscopy (Axiophot Zeiss, Germany) used to calculate the percentages of green nuclei 14 

(live cells) and red nuclei (dead cells). The total number of cells were obtained from the sum of all 15 

nuclei counted within the gel, and the percentages of cell viability were calculated as follows: 16 

Viability	(%) = 	
Live	�����

�����	�����
	× 100								 (1) 17 

2.6 In vivo subcutaneous implantation of hydrogel beads 18 

In this experiment, 12 albino Wistar rats (aged ~12 weeks) were kept under standard laboratory 19 

conditions at 20 ± 2 °C on a 12:12 h light/dark cycle with access to water and food. All animal 20 

procedures were done based on the guideline of the American Veterinary Medical Association 21 

(AVMA). Before the test, animals were anesthetized by ketamine/xylazine (100/12.5 mg.kg-1). The fur 22 

on the dorsal area was then shaved. Sterile hydrogels were implanted subcutaneously (placed between 23 
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skin and fascia). Finally, animals were closed and received topical tetracycline and followed-up for 3 1 

weeks post-implantation.  2 

The rats were sacrificed four weeks after implantation, and the desired tissues (liver, spleen and 3 

implanted site) were isolated to analyze any pathological changes via hematoxylin and eosin (H&E) 4 

and immunohistochemistry tests. The samples were paraffin-embedded following fixing in 10% 5 

formaldehyde. The samples underwent H&E staining; the prepared tissue samples were evaluated by 6 

light microscope. Any immune reactions were evaluated using immunohistochemistry to detect the 7 

expression of CD3 and CD68 proteins. Finally, the intensity of fluorescence was evaluated using 8 

ImageJ software.  9 

2.7 Real-time PCR analysis to evaluate stemness capacity and differentiation of hASCs 10 

Real-time PCR for the marker genes Nanog and OCT4 were performed to evaluate the stemness 11 

capacity of cultivated hASCs before and after the encapsulation. The desired differentiation gene 12 

markers for osteogenic (RUNX2 and OC), adipogenic (AP2 and FABP4), and chondrogenic (ACAN and 13 

COLX) differentiations were utilized (Table S2). For RNA isolation of hASCs cultivated in 2D culture 14 

plates, 106 cells were pelleted, dissolved in 1 mL TRIzol Reagent (Invitrogen, Life Technology, USA), 15 

and stored at −70°C until use. In 3D experiments, to obtain single cells, the alginate/gelatin/silica beads 16 

were decomposed via a sodium citrate solution. Those cells were then treated like 2D cultured cells. 17 

RNA was isolated following the TRIzol protocol. The total RNA was quantified using NanoDrop ND-18 

1000 Spectrophotometer (Nanodrop Technologies). In cDNA synthesis, RNA (1000 ng) was utilized as 19 

a template using a cDNA synthesis kit (Thermo Scientific, USA). The target genes (primers are listed 20 

in Table S2) were normalized to the reference housekeeping GAPDH gene according to the 2–∆∆Ct 21 

method [54].  22 

2.8 Statistical Analysis  23 
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All continuous variables are represented as the mean ± standard deviation (SD) (n = 3 or 4). Tukey’s 1 

statistical analysis was performed using one-way analysis of variance (ANOVA). All statistical 2 

analyses were performed with GraphPad Prism 6 Software. The statistical significance was displayed 3 

as *p <0.05, ** p<0.01, *** p<0.001. 4 

3. Results and Discussion 5 

3.1 Characterization of MSNs and FITC-labelled MSNs  6 

Unfunctionalized and functionalized MSNs and FITC-labeled MSNs were synthesized and 7 

characterized. A schematic representation of the synthesis and functionalization methods can be seen in 8 

Fig. 1a. The spherical morphology and the average diameter of the as-prepared MSNs (80.9 ± 10 nm) 9 

and FITC-labeled MSNs (107.94 ± 15.1 nm) were examined using SEM (Fig. 1b-e). The surface 10 

functionalization of MSNs samples was successfully studied via zeta potential measurements of the as-11 

prepared nanoparticles: -16, +35 and -25 mV for unfunctionalized MSNs, A-MSNs, and C-MSNs, 12 

respectively (Fig. 1f). In addition, zeta potential analysis of variously functionalized FITC-labeled 13 

MSNs (i.e., F-B-MSNs, F-A-MSNs, and F-C-MSNs) also imply the successful functionalization of 14 

nanoparticles (Fig. 1f). 15 
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 1 

Fig. 1. Schematic illustration of MSNs functionalization methods (a). SEM and TEM images of B-MSNs (b) and 2 

SEM image of F-B-MSNs (c). Size distribution of B-MSNs (d) and F-B-MSNs (e). Zeta potential values of 3 

different MSNs and FITC-labeled MSNs (f). [2-column image-preference for color: online only] 4 

 5 

3.2 Study of the distribution of FITC-labeled MSNs incorporated into the alginate beads 6 

When adding nanomaterials into hydrogels, a key challenge is avoiding their non-homogenous 7 

dispersion within the hydrogel matrix [55]. The heterogeneous dispersion of nanoparticles within the 8 

hydrogel matrix might lead to large variations in the cells' responses and fates. Thus, a study of the 9 

dispersion homogeneity of MSNs within alginate and alginate/gelatin beads was performed using the 10 

FITC-labeled nanoparticles in various concentrations. The results indicated a rather homogeneous 11 

dispersion of nanoparticles within the hydrogel beads for all types of nanoparticles in various 12 

concentrations (Fig. 2). Different color intensities of samples can imply different values of 13 
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nanoparticles incorporated into the hydrogel beads (compared to control without nanoparticles, see Fig. 1 

S2).  2 

 3 

Fig. 2. Fluorescent microscopy images of alginate beads incorporated with FITC-labeled MSNs illustrating 4 

nanoparticles dispersion in the hydrogel matrix. Alginate beads (Alg) containing different concentrations (2-10% 5 

w/w) of F-B-MSNs without (a-c) and with gelatin (Gel) (d-f); F-A-MSNs without (g-i) and with gelatin (j-l), and 6 

F-C-MSNs without (m-o) and with gelatin (p-r). Red arrows indicate MSN aggregations, scale bars, 200 µm. 7 

[single-column image-preference for color: online only] 8 

3.3  Physical properties of MSNs-incorporated hydrogel beads 9 
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In preliminary tests, alginate beads were prepared in the presence of various amounts of gelatin 1 

values (the mass ratio of gelatin to alginate was from 1:10 to 1:1). The addition of gelatin to the 2 

alginate hydrogels at mass ratios over 1:5 prevents gel formation (data not shown). Therefore, the 3 

gelatin to alginate mass ratio of 1:5 was chosen for the preparation of all samples containing gelatin. 4 

 The size of the as-prepared beads measured with light microscopy was 1-1.5 mm (Table S1). 5 

Spherical alginate beads in this size range have considerably higher biocompatibility properties and can 6 

better suppress fibrosis in comparison to smaller sizes [56].  The results also indicate that the addition 7 

of gelatin decreases the size of the synthesized alginate beads; the incorporation of B- and A-MSNs 8 

does not significantly change the size of beads. Interestingly, the addition of C-MSNs into alginate 9 

beads considerably increases their size possibly due to their superior hydration properties by carboxylic 10 

groups in the structure of these nanoparticles (Table S1). More, the swelling profile (Fig. S3) of the 11 

samples shows that beads contained A-MSNs presented higher swelling property compared to those 12 

that have C-MSNs and B-MSNs. This means that, probably, A-MSNs induces Ca2+ release from the 13 

structure. The presence of positively charges nanoparticles enhanced the swelling property. On the 14 

other side, the presence of negatively charged nanoparticles could keep Ca2+ ions in the structure for a 15 

longer time. 16 

Bead stability was studied by counting the number of intact beads after being shaken at 80 rpm for 17 

1-14 days. The results showed that the addition of gelatin causes a significant decrease in the stability 18 

of the as-prepared hydrogel beads. Bead structure was monitored by light microscopy and indicated 19 

that gelatin partly exits the bead structure during the incubation as suggested by the appearance of 20 

cavities in alginate/gelatin beads over a few days of incubation (Fig. S4). This can explain the low 21 

stability of alginate/gelatin beads in comparison to the alginate beads. Surprisingly, these cavities were 22 

not observed for the MSNs-incorporated alginate/gelatin beads (Fig. S4). Interestingly, the stability was 23 

significantly enhanced for beads incorporated with MSNs regardless of the type of MSN surface 24 
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chemistry (Fig. 3 and Fig. S5). This observation indicates that nanoparticles within the hydrogel matrix 1 

structure can significantly increase its mechanical stability. Furthermore, the addition of functionalized 2 

silica nanoparticles, i.e., A-MSNs and C-MSNs, into alginate beads can improve their mechanical 3 

stability. Indeed, lower nanoparticle concentrations were sufficient versus those that incorporated with 4 

unfunctionalized MSNs, i.e., B-MSNs (Fig. 3 and Fig. S5). These observations indicate that 5 

interactions between functional groups of polymers and those on the surface of nanoparticles can play a 6 

significant role in the physical stability of beads. Thus, lower concentrations of functionalized MSNs 7 

are sufficient to increase the physical stability. The results also demonstrate that hASCs-encapsulated 8 

alginate/gelatin beads have lower stability than bare beads (Fig. 3 and Fig. S6). This observation can be 9 

attributed to the cell growth and propagation; which in turn can disrupt the hydrogel matrix. 10 
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 1 

Fig. 3. Evaluation of physical stability of hACSs-encapsulated hydrogel beads incorporated with various 2 

amounts B-MSNs (a), A-MSNs (b), and C-MSNs (c) in the absence and presence of gelatin (n=4, data compared 3 

to Alg as the control for the statistical analysis; *p <0.05, **p<0.01, ***p<0.001). [single-column image-4 

preference for color: online only] 5 
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In general, these results indicated that B-MSN-containing beads (10% w/w), A-MSN-containing 1 

beads (2% and 5 % w/w), and C-MSN-containing beads (2%, 5% and 10% w/w) all had desired 2 

stabilities. Next, samples containing 2% w/w of A-MSNs and C-MSNs and 10% w/w of B-MSNs and 3 

C-MSNs were chosen for further investigation. 4 

3.4  Study of hASCs proliferation   5 

Before encapsulation, some preliminary tests were conducted to validate the stemness capacity of 6 

the isolated hASCs as mesenchymal stem cells. The expression of the cluster of differentiation (CD) 7 

markers and differentiation potentials of hASCs to two different lineages (osteocytes and adipocytes) 8 

implied the successful isolation of mesenchymal stem cells isolated from fat tissue (Fig. S7). 9 

Nanomaterials can cause some adverse effects on cell growth. Direct counting of the number of total 10 

cells revealed that incorporation of A-MSNs into alginate beads does not lead to any significant 11 

decrease in the number of viable cells after 14 days (Fig. 4). Interestingly, there was a considerable 12 

increase in the number of viable cells when A-MSNs were incorporated into the alginate/gelatin beads. 13 

The addition of gelatin can enhance cellular attachments to the scaffold and weaken the attractive 14 

interactions between gelatin and alginate molecules and thus lead to leakage of gelatin. This, in turn, 15 

can lead to the formation of cavities within the bare beads as stated above (Fig. S4). To overcome this 16 

challenge, the gelatin can be covalently cross-linked to the scaffolds [57]; however, cross-linking can 17 

lead to cytotoxicity effects and further difficulties [58]. The results suggest that stabilized gelatin along 18 

with A-MSNs can strikingly support cell proliferation (Fig. 4). Furthermore, the presence of A-MSNs 19 

in the gelatin-free samples shows a better impact on cell propagation versus alginate beads incorporated 20 

with negatively charged MSNs, i.e., B- and C-MSNs. This can be attributed to the supportive effect of 21 

positively-charged groups of the A-MSNs on enhancing the cell attachment and growth in scaffolds as 22 

shown previously in the literature [59].  23 
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 1 

 2 

Fig. 4. The growth of the hASCs encapsulated within different types of beads measured by direct counting of the 3 

number of cells at days 0, 1, 3, 7 and 14. Cell proliferation in nanoengineered alginate beads without (a) and with 4 

(b) gelatin (n=3, data compared to tissue culture plate (TCP) as the control for the statistical analysis; 5 

*** p<0.001). [single-column image-preference for color: online only] 6 

3.5 Evaluation of the biocompatibility of nanoengineered hydrogel beads 7 

The MTT assay data revealed that applying different concentrations of unfunctionalized and 8 

functionalized MSNs does not cause any significant effects on the viability of the cells even at high 9 

concentrations tested in a 2D culture condition (Fig. S8). Next, the viability of hASCs encapsulated in 10 

nanoengineered hydrogel beads containing various amounts of MSNs (0-10% w/w) was also studied. 11 

The results presented in Fig. 5a,b show no significant effect when A-MSNs are added to the hydrogel 12 

beads; the addition of negatively charged MSNs, i.e., B- and C-MSNs, shows remarkable adverse 13 

effects on proliferation. The cytotoxicity effects of negatively charged nanoparticles and surfaces have 14 

been shown in previously published researches [59,60].  15 
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In another study, the cell viability was investigated using FDA/PI staining method in 14 days (Fig. 5c,d 1 

and Fig. S9). The results confirm the MTT data and show the low cytotoxicity effects of A-MSNs on 2 

the cultured cells encapsulated in hydrogel beads. 3 

 4 

Fig. 5. Cytotoxicity effects of different types and concentrations of MSNs for 3D cultured hASCs in alginate 5 

beads without (a and c) and with (b and d) gelatin evaluated by MTT assay (a and b) (n=4, data compared with 6 

day 1 as a control for the statistical analysis) and live/dead assay by FDA/PI staining (c and d) (n=4, data 7 

compared to Alg as a control for the statistical analysis, ***p<0.001). [2-column image-preference for color: 8 

online only] 9 

To investigate the potential of the as-prepared structures for clinical applications, the in vivo 10 

biocompatibility of the cell-free hydrogels was studied via subcutaneous implantation. The initial 11 

observation of adverse effects was performed on each animal over the first 30 minutes during the first 4 12 

hours and then up to 21 days. No death or adverse effects were detected in animals during dosing and 13 

observation. Next, the host tissue-specific response to implantation of hydrogels was followed for 3 14 

weeks. Fig. 6a shows the process of subcutaneous implantation of the hydrogel beads into the host 15 
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tissue. There were no side effects after three weeks for the embedded hydrogel beads in the tissue, and 1 

the tissues adjacent to the hydrogel beads looked normal (Fig. 6b).  2 
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 1 

Fig. 6. Pathological studies of tissues implanted with nanoengineered hydrogel beads. The process of 2 

subcutaneous hydrogel bead implantation (scale bar, 1 mm) (a). Embedded hydrogels into rat omentum/fat tissue 3 
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after 21 days (scale bar, 1 mm) (b). H&E stained histological sections of liver and spleen at day 21; PV: portal 1 

vein, CV: central vein, AC: apoptotic cell, HC: hepatocyte, S: sinusoid, KC: Kupffer cell, MZ: marginal zone, 2 

WP: white pulp, M: macrophage, RP: red pulp (c). H&E stained histological sections of implanted regions at day 3 

21 showed no signs of inflammation in the adjacent tissues; V: vein, L: lymphocyte, H: hydrogel (d). 4 

Immunohistochemistry analysis for CD3 and CD68 inflammatory markers and their related expression rate in 5 

implanted sites at day 21 quantified using ImageJ; CD68 and CD3 (in green), nuclei (DAPI, in blue), H: 6 

hydrogel (e). (n=3 rats per treatment and H&E and immunohistochemistry sections, *p <0.05, **p<0.01, 7 

***p<0.001). [2-column image-preference for color: online only] 8 

In Fig. 6c, H&E staining results imply a normal architecture of liver (normal hepatocytes, Kupffer 9 

cells, and veins) seen in response to the hydrogel implantation as compared to the non-treated group. 10 

Although the architecture of the liver seems normal, the images for the hydrogel-injected groups (both 11 

Alg+2%A-MSNs and Alg+Gel+2%A-MSNs) indicate a slightly higher number of apoptotic cells in 12 

comparison to that of the non-treated group (Fig. 6c). This response was expected since the liver acts as 13 

a detoxification tissue and filters toxins. Therefore, cell apoptosis might occur more as a side effect of 14 

hydrogel injection and/or degradation. 15 

In spleen sections, both Alg+2%A-MSNs and Alg+Gel+2%A-MSNs samples showed a normal 16 

architecture with normal lymphoid follicles and well defined red and white pulps versus the non-treated 17 

group. However, some pathological changes such as red and white pulps had been widened but had not 18 

congestion or any other damage observed (Fig. 6c).  19 

The embedding of hydrogels into host tissue was further confirmed by H&E images including the 20 

formation of numerous blood vessels at the tissue-hydrogel interface site (implantation site). 21 

Furthermore, lymphocytes were obviously seen in the sections, and these are evidence for blood cell 22 

formation in implantation sites. These results represent implanted hydrogels as histocompatible 23 

biomaterial (Fig. 6d).  24 
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Moreover, to evaluate the possible inflammatory response to the implanted hydrogels, expression of 1 

CD3 (a T-lymphocyte marker), and CD68 (a protein expressed by macrophages and monocytes) were 2 

measured at implant sites. Overall, alginate implants significantly increase the expression of CD3 3 

versus the non-treated group (Fig. 6e) implying a significant inflammatory response to this implant. 4 

However, the expression of CD3 implies that the inflammatory responses to the alginate implants 5 

considerably decrease in the presence A-MSNs (2% w/w) in contrast to gelatin that does not show any 6 

significant effect on the response of the immune system (P<0.05) (Fig. 6e). 7 

The expression pattern for CD68 was very similar to that of the CD3. Alginate implants boost CD68 8 

expression, but alginate in combination with A-MSNs considerably (P<0.05) lowers the immune 9 

responses. These results showed that while hydrogel implants can trigger the immune response in the 10 

implant site (as a normal reaction to foreign substances in the body), these reactions can be minimized 11 

by incorporating biocompatible A-MSNs into the hydrogels.  12 

3.6 Study of stemness capacity of encapsulated hASCs 13 

Expression of pluripotency genes such as OCT4 and NANOG indicates the level of mesenchymal 14 

stem cell stemness [61]. The results from real-time PCR show that the stemness of hASCs are 15 

maintained when low concentrations (2% w/w) of A- and C-MSNs are used within 14 days of 16 

incubation. Moreover, adding gelatin to the structure enhanced the stemness capacity as indicated by 17 

higher values of expression of OCT4 and NANOG in comparison to beads without gelatin—especially 18 

for alginate beads incorporated with A-MSNs (2% w/w) (Fig. 7). OCT4 and NANOG are two genes that 19 

show the cell’s proliferation and undifferentiated state. These findings are consistent with data obtained 20 

in other studies that gelatin can support cell proliferation and keeping them in the undifferentiated state 21 

due to being a highly bioactive polymer and having anchor points on its surface [47,48]. 22 
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 1 

 2 

Fig. 7. Stemness capacity of cultivated encapsulated hASCs. Real-time analysis to investigate stemness gene 3 

expression (N: NANOG, O: OCT4) of hASCs encapsulated in different types of nanoengineered beads without 4 

(a) and with (b) gelatin (n=3, data compared to non-treated sample as a control for the statistical analysis, 5 

*** p<0.001). Gel electrophoresis images of real-time PCR products for samples without (c) and with (d) gelatin. 6 

All samples were normalized to the gene expression of 2D-cultivated hASCs. [2-column image-preference for 7 

color: online only] 8 

To further investigate the stemness capacity of cultivated hASCs, the expression of various types of 9 

differentiation gene markers (i.e., osteogenic, adipogenic and chondrogenic gene markers) was 10 

evaluated by real-time PCR (Fig. 8b,c). The lower values of expression of these genes indicate that the 11 

cultivated cells in alginate hydrogel beads have not been entirely differentiated and still have retained 12 

their stemness capacity. However, after 14 days of culture in 3D structures in the absence of any 13 

differentiation factor, the results revealed that different surface chemistries of MSNs have different 14 
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effects on the fate of cultivated hASCs. Cells encapsulated in A-MSNs-incorporated beads showed 1 

higher stemness capacity and lower differentiation properties indicating a more homogenous cell 2 

population in A-MSNs-incorporated hydrogel beads than beads incorporated with negatively-charged 3 

MSNs, i.e., B- and C-MSNs (Fig. 8b,c). Furthermore, the addition of gelatin leads to slightly lower 4 
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expression of differentiation markers versus those without gelatin.  1 

 2 

 Fig. 8. Study of differentiation capacity of cultivated encapsulated hASCs. A schematic view of the developed 3 

nanocomposite system in this work. An alginate bead containing gelatin and MSNs for hASCs culture (a). 4 

Marker gene expression of osteogenic (O: RUNX and OC), adipogenic (A: FABP4 and AP2), and chondrogenic 5 
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(C: ACAN and COLX) differentiation were analyzed by real-time PCR for encapsulated cells within alginate 1 

beads (b) and alginate/gelatin beads (c). The real-time PCR analysis of marker gene expression of osteogenic 2 

and adipogenic differentiation markers after the differentiation induction of re-spread hASCs within alginate and 3 

alginate/gelatin hydrogels incorporated with A-MSNs (d) (n=3, data compared to alginate as a control for 4 

statistical analysis, ***p<0.001), scale bar, 200 µm. Induced osteogenic and adipogenic differentiation (e) were 5 

further confirmed by alizarin red and oil red, respectively. [2-column image-preference for color: online only] 6 

Fig. 8b,c shows that the hASCs cultivated in C-MSN-incorporated beads are considerably 7 

differentiated to osteogenic cells. The C-MSN-incorporated hydrogel beads seem to be a suitable 8 

scaffold for osteogenic differentiation of hMSCs in the absence of any differentiation factor. However, 9 

the results confirm cell differentiation into adipogenic and chondrogenic lineages (Fig. 8b,c) indicating 10 

a heterogeneous population of the cells.  11 

There have been many attempts to direct stem cell differentiation by adjusting cell 12 

microenvironment [62–64]. However, studies on the homogeneity of the differentiated cell population 13 

is rarely reported. Our findings reveal that high values of expression of a certain differentiation gene 14 

marker cannot be sufficient to confirm the performance of the scaffold in the differentiation of stem 15 

cells; it is critical to evaluate the homogeneity of the differentiated cell population as well.  16 

As a matter of fact, when stem cells are cultivated in a suitable condition for proliferation, they 17 

propagate and retain their stemness capacity. In contrast, the differentiation process is triggered when 18 

stem cells are cultivated in a medium that does not support cell proliferation. The different responses of 19 

the hASCs to the positively charged MSNs (A-MSNs) and negatively charged MSNs (B- and C-MSNs) 20 

can be seen in Fig. 4, 7, and 8a-c, which support this explanation. Over 14 days of culture, the hASCs 21 

with higher propagation rates show lower levels of differentiation and vice versa. These results agree 22 

with the literature in which the physico-chemical properties of the microenvironment affect cell 23 

proliferation and differentiation in opposite manners [65,66]. Applying a positively-functionalized 24 
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hydrogel increases the osteoblast attachment and proliferation [65] and negatively charged hydrogels 1 

induce chondrogenic differentiation [66].  2 

Surprisingly, osteogenic, adipogenic, and chondrogenic gene expressions are highest when 10% C-3 

MSNs are involved in the scaffold versus 2% MSNs of various surface chemistries (Fig. 8b,c). 4 

Therefore, the results reveal that both the surface chemistry and concentration of MSNs play key roles 5 

in directing stem cell fate and homogeneity. Previously, it has been shown that physical and chemical 6 

cues of different types of biomaterials and nanoparticles -specifically MSNs- influenced stem cells fate 7 

[67,68]. More, nanoparticles in nanoengineered scaffolds change the physico-chemical properties of the 8 

system, which can guide stem cells fate [69]. 9 

Next, the differentiation ability of hASCs cultivated in the as-prepared nanoengineered hydrogel 10 

beads with the highest values of the stemness capacity was studied using osteogenic and adipogenic 11 

differentiation media. The samples were A-MSN-incorporated alginate, A-MSN-incorporated 12 

alginate/gelatin, and alginate without MSNs and gelatin as the control. Fig. 8d,e presents the levels of 13 

osteogenic and adipogenic differentiation of isolated and re-spread cells cultivated in differentiation 14 

media after 21 days of culture. The real-time PCR results and differentiation staining with alizarin red 15 

and oil red confirm the high capability of hASCs and their appropriate differentiation levels. 16 

4. Conclusions 17 

Nanoengineered alginate/gelatin beads incorporated with mesoporous silica nanoparticles (MSNs) 18 

of various surface chemistries were prepared and tested for the human mesenchymal stem cells 19 

(hASCs) proliferation/differentiation. The results indicate in vitro and in vivo biocompatibility of the 20 

as-prepared nanoengineered cultivation systems. As expected, the presence of MSNs has a crucial role 21 

in the physical stability of the hydrogel beads and stem cell proliferation. Carboxyl-functionalized 22 

MSNs (C-MSNs) and amine-functionalized MSNs (A-MSNs) have superior physical stability effects 23 

on the hydrogel beads versus bare MSNs (B-MSNs). Surprisingly, the addition of A-MSNs into 24 
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alginate/gelatin beads enhances the proliferation performance and leads to considerably higher cell 1 

viability and stemness capacity in comparison to that of the alginate beads incorporated with other 2 

types of MSNs as well as alginate beads with no MSNs. In addition, a differentiation study of hASCs 3 

encapsulated in the as-prepared hydrogel beads revealed a remarkable influence of the MSNs surface 4 

chemistry and concentration on the fate of stem cells. In contrast to this situation, the addition of C-5 

MSNs into the hydrogel beads caused the encapsulated hASCs to differentiate into different lineages 6 

without any differentiation factors. Hence, having a homogeneous cell population should be a 7 

preference for current studies—especially for clinical applications. All in all, the results open up a new 8 

window to the field of design and fabrication of scalable multifunctional 3D systems to control stem 9 

cells fate. However, comprehensive studies are needed to approve the performance of such systems for 10 

clinical applications.   11 
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Highlights 

• Mesoporous silica nanoparticles were used to reinforced polysaccharide-based 

hydrogels 

• Nanoparticles surface chemistry and concentration highly affect stem cells fate and 

homogeneity in hydrogel-based 3D scaffolds 

• Encapsulated human adipose-derived stem cells maintain their stemness when 

cultured in alginate/gelatin hydrogel beads incorporated with amine-functionalized 

silica nanoparticles 
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