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Highlights 

 Suitable biocompatibility of both BMSN and AMSN in 2D and 3D hMSCs culture systems 

 CMSN caused higher cell proliferation in the 2D culture system 

 CMSN showed cytotoxic effects in the 3D alginate-based culture system 
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 PMSN resulted in disrupted morphology and very low viability in the 2D cell culture 

 

Abstract 

Great advantages bestowed by mesoporous silica nanoparticles (MSNs) including high 

surface area, tailorable pore diameter and surface chemistry, and large pore volume render them 

as efficient tools in biomedical applications. Herein, MSNs with different surface chemistries 

were synthesized and investigated in terms of biocompatibility and their impact on the 

morphology of bone marrow-derived mesenchymal stem cells both in 2D and 3D culture systems. 

Bare MSNs (BMSNs) were synthesized by template removing method using 

tetraethylorthosilicate (TEOS) as a precursor. The as-prepared BMSNs were then used to prepare 

amine-functionalized (AMSNs), carboxyl-functionalized (CMSNs) and polymeric amine-

functionalized (PMSNs) samples, consecutively. These nanoparticles were characterized by 

scanning electron microscopy, zeta potential measurement, dynamic light scattering, BET 

(Brunauer, Emmett, Teller) analysis, and FTIR technique. In a 3D culture system, stem cells were 

encapsulated in alginate hydrogel in which MSNs of different functionalities were incorporated. 

The results showed good biocompatibility for both BMSNs and AMSNs in 2D and 3D culture 

systems. For these samples, the viability of about 80 % was acquired after 2 weeks of 3D culture. 

When compared to the control, CMSNs caused higher cell proliferation in the 2D culture; while 

they showed cytotoxic effects in the 3D culture system. Interestingly, polymeric amine-

functionalized silica nanoparticles (PMSNs) resulted in disrupted morphology and very low 

viability in the 2D cell culture and even less viability in 3D environment in comparison to BMSNs 

and AMSNs. This significant decrease in cell viability was attributed to the striking uptake values 

of highly positively charged PMSNs by cells that were measured using inductively coupled plasma 

ACCEPTED M
ANUSCRIP

T



 

3 
 

optical emission spectroscopy instrument (ICP-OES).  These results uncover different interactions 

between cell and nanoparticles with various surface chemistries. Building on these results, new 

windows are opened for employing biocompatible nanoparticles such as BMSNs and AMSNs, 

even at high concentrations, as potential cargos for carrying required growth and/or 

differentiation factors for tissue engineering applications. 

Key words: Mesoporous silica nanoparticles, human mesenchymal stem cell, poly-L-

arginine, alginate, cytotoxicity, tissue engineering 

Highlights: 

 Suitable biocompatibility of both BMSNs and AMSNs in 2D and 3D hMSCs culture systems 

 CMSNs caused higher cell proliferation in the 2D culture system 

 CMSNs showed cytotoxic effects in the 3D alginate-based culture system 

 PMSNs resulted in disrupted morphology and very low viability in the 2D cell culture 

1. Introduction 

In the past few decades, nanomaterials have been cemented as promising tools in tissue 

engineering, drug delivery, and cancer therapy [1–4]. For example, nanomaterials such as 

graphene, carbon nanotubes, hydroxyapatite particles and nanodiamonds have shown great 

potential in bestowing superior electrical and mechanical properties to scaffolds required for 

engineering specific types of tissues [3,5–8]. Indeed, improved electrical conductivity, magnetic 

properties, and antimicrobial activity are some of the advantages of noble metallic and metal 

oxide nanostructures such as gold, silver, iron oxide, and titanium nanoparticles; which in turn 

makes them suitable for biomedical applications [9–11]. Since the discovery of bioactive 

inorganic materials in animal body, natural and synthetic inorganic nanoparticles have gained a 

great attention in tissue engineering. A wide range of these nanomaterials including 
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nanohydroxyapatite (nHA), silicate, bioactive glasses, and calcium phosphate nanoparticles, have 

been studied for musculoskeletal tissue engineering applications [12–15]. 

Among the many different types of inorganic nanomaterials, mesoporous silica 

nanoparticles (MSNs) hold the greatest promise in biomedical applications. Fig. 1 presents the 

number of articles published per year with a title containing “mesoporous silica nanoparticle” 

and the number of citing articles. The steady increase in these numbers indicates a growing 

interest to MSNs and their applications in different areas. This is certainly due to the  attractive 

properties they present, such as high surface area and pore volume, which ensure sufficient 

loading and effective release of therapeutic agents [16–19]. Notably, their straightforward 

synthesis procedure, tunable pore sizes and facile surface functionalization as well as their great 

biocompatibility have made MSNs excellent candidates in many areas of biomedical applications 

[16,18,20]. As an example, various types of theranostic agents for cancer diagnosis and therapy 

were developed based on MSNs in recent years [21–24]. MSNs have also been employed to 

reinforce the mechanical properties of  biomaterial scaffolds [25], and to provide biological cues 

required for directing stem cells toward desired lineages [26–28].  

 

Fig. 1: Number of articles published with a title containing “mesoporous silica nanoparticle” shown in red bars. Number 
of publications citing the respected articles per year, shown in blue bars. The data were extracted from Web of Science, Clarivate 
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Analytics (July 2018). 

One of the most important characteristics of biomaterials for tissue engineering is the 

way they interact with cultured cells. Among the many yet unrecognized interactions, the most 

basic one is the extent to which a nonnative matter can be applied without cytotoxic effect, 

namely the material biocompatibility [29] . These interactions between nanomaterials and cells 

can affect cells morphology, proliferation and fate. It has been shown that the different 

morphologies in the effect of different culture systems regulate hMSCs fate to either adipocyte 

or osteoblast cells [30]. On the other hand, the cells morphology can affect the nanoparticles 

uptake rate and consequently the degree of their cytotoxicity [31]. Farvadi et al. indicated that 

the cell uptake and cytotoxicity of gold nanorods with an average size of  33.5 ± 5.5 nm are 

strongly dependent on the morphology of the normal fibroblast and the cancerous epithelial 

(MCF-7) cells [31]. 

Our hypothesis is that decorating MSNs with different functional groups occur a great 

impact on biocompatibility of colloidal nanoparticles. In this research, we study and compare the 

biocompatibility of MSNs with different surface functionalities (amine, carboxyl and polyamine) 

in both 2D and 3D culture systems. Herein, mesoporous silica nanoparticles were synthesized by 

template removing method. Then, as illustrated in Fig. 1a, they were modified to affix different 

functional groups on their surface. The as-prepared MSNs were introduced to 2D and 3D cell 

culture systems in different concentrations and their effects on the cell morphology and viability 

in the culture systems were studied. A simple schematic of 2D and 3D cell cultures developed in 

this work are demonstrated in Fig. 1b. 
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Fig. 2: a) Schematic illustration of mesoporous silica nanoparticles, the precusures used for functionalization and their 

final functinalities, dicriminated in different colors. b) Schematic illustration of MSNs biocompatibility tests in 2D and 3D culture 
systems. In 2D culture system, hMSCs were cultured in media containing MSNs with different functionalities. To evaluate the the 
cytotoxicity effects in the 3D culture system, stem cells were encapsulated in an alginate hydrogel incorporated with MSNs of 
differnet functinalities.  

2. Materials and methods 

2.1. Materials 

Alginate (Al, pharmaceutical grade, FMC Biopolymer, UK), tetraethylorthosilicate (TEOS, 

Aldrich-86578), hexadecyltrimethylammonium bromide (CTAB, Merck-814119, Germany), 3-

aminopropyl triethoxysilane (APTES, Sigma-Aldrich-A3648), N,N-dimethylformamide (DMF, 
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Sigma-Aldrich-33120), poly(L-arginine hydrochloride) (MW = 19000, Alamanda polymers, USA), 

succinic anhydride (Sigma-Aldrich-239690), acetic acid glacial (Sigma-Aldrich-537020), N-

Hydroxysuccinimide (NHS, Sigma-Aldrich-130672), N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich-03450), ethanol absolute (VWR chemicals), 

hydrochloric acid (HCL, 37 %, Sigma-Aldrich-320331), nitric acid (Merck, Germany), sodium 

hydroxide (NaOH, Sigma-Aldrich-S0899), and Dulbecco's phosphate-buffered saline (DPBS, 

Thermo Fisher Scientific)  were purchased from the above-noted companies and used as 

provided. Water was deionized using water purification system (Milli-Q Academic, Millipore, 

USA). 

Human mesenchymal stem cells (hMSCs) were delivered by Lonza Inc. and preserved as 

freeze stock. Low glucose Dulbecco's modified Eagle's medium with GlutaMAX™ supplement 

(DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were purchased from Thermo 

Fisher Scientific company. Abcam-ab112118 cell cytotoxicity kit were purchased from Abcam 

company. Nunc-MicroWell 96-well optical-bottom plates were bought from Thermo Fisher 

Scientific company. LIVE/DEAD® viability assay kit was purchased from Life Technologies and 

used according to the manufacturer protocol. Silicon isolators (JTR24R-1) were procured from 

Grace Bio-Labs. 

2.2. MSNs synthesis 

Template removing method was used to synthesize mesoporous silica nanoparticles [32]. 

Briefly, 100 mg of CTAB as liquid crystal templating agent was dissolved in 48.65 ml of deionized 

water. The pH was fine-tuned between 10.5 to 11.5 using sodium hydroxide solution (2 M). TEOS 

(1 ml) was added dropwise as the silica precursor while the solution was stirred (1500 rpm) at 80 

°C. After 2 hours, the solution was centrifuged, and the MSNs were subsequently collected from 
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the sediment layer. In order to remove the remaining CTAB, the MSNs were washed two times 

for 8 hours in a 10 % (v/v) solution of hydrochloric acid in almost pure ethanol, followed by final 

washing with absolute ethanol and deionized water. They were then kept at 4   ֯ C for further 

down-stream usages.  

2.3. Surface functionalization of MSNs 

3-(2-aminoethyl amino)propyltrimethoxysilane, succinic anhydride, and poly-L-arginine 

were used to functionalize MSNs surface with amine, carboxylic and polymeric amine groups, 

respectively. In order to prepare amine-functionalized MSNs, ethanol-washed MSNs (150 mg) 

were dispersed in 13.8 ml of absolute ethanol using sonication, then 0.6 ml of deionized water 

and 0.3 ml acetic acid was added. APTES (0.3 ml) was introduced to the solution at room 

temperature while being stirred at 1000 rpm. Once the reaction was completed, the as-prepared 

AMSNs were washed twice with ethanol and deionized water and stored in fridge for further use. 

To prepare carboxyl-functionalized MSNs, succinic anhydride (200 mg) was added to a 

synthesis vessel containing DMF (20 ml) stirring at 1000 rpm under nitrogen purge. After 20 min, 

a suspension of well-dispersed AMSNs in DMF (20 ml, 0.5 % w/v) was added in a drop-wise 

manner during 10 min to the first solution while being stirred at 1000 rpm. After additional 20 

minutes of nitrogen purging, the vessel was sealed with parafilm and left at room temperature 

for 24 hours. The CMSNs were washed 2 times with DMF, ethanol, and deionized water 

sequentially and stored in deionized water in fridge for further use. 

Deionized water-washed CMSNs were used in order to prepare poly-L-arginine-coated 

MSNs (PMSNs). For that, CMSNs (50 mg) were dispersed in 10 ml of PBS solution (10 mM) 

containing 2 mg NHS and 10 mg EDC. Then, 1.5 ml aliquots of CMSNs suspension were shaken 

for 7 min. The nanoparticles were separated from each aliquot by centrifugation (3 min, 5000 
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rpm) and then, were dispersed in 1.5 ml of a previously prepared PBS solution (10 mM) containing 

poly-L-Arginine (0.2 % w/v) and were shaken for 1 hour. Finally, the prepared PMSNs were 

washed with PBS solution (10 mM) and deionized water 3 times (3 min, 5000 rpm) and stored in 

fridge for further use. 

2.4. MSNs characterization 

To determine the mean diameter of the prepared MSNs, samples were coated with gold 

(10 nm) and imaged using SEM (FEI-Quanta 200 ESEM FEG) operating at 10 kV. The presented 

mean diameter was estimated using Fiji, an image processing package for biological-image 

analysis, for more than 500 nanoparticles [33]. 

As CTAB is a biologically toxic material, it should be completely removed after the washing 

step explained in the previous section. In this regard, the samples were freeze-dried and CTAB 

removal was evaluated with Fourier transform infrared (ATR-FTIR) spectroscopy (PerkinElmer 

Spectrum 100 FTIR spectrometer, USA). The transmittance spectrum of the respective samples 

was recorded between 4000 to 600 cm-1. 

To validate the successful surface modification of MSNs, FTIR spectra of the prepared 

samples were recorded using Bruker tensor 27 FTIR spectrometer. To prepare the samples, all 

four types of MSNS were thoroughly dried on a hotplate at 120 ˚C for 2 h. One mg of each sample 

was used for preparing KBr pellets. 

Zeta potential of MSNs functionalized with different chemical groups was measured at 25 

C using Malvern Zetasizer device (Nano Series ZS, Malvern Instruments, UK). The hydrodynamic 

size of MSNs was measured by dynamic light scattering (DLS) using Nano S device (Malvern, UK). 

To this end, the samples were dispersed in deionized water (0.1 mg/l) and sonicated for 15 min 

before running the test. BET (Brunauer, Emmett, Teller) analysis was employed using a surface 
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area analyzer (Micromeritics TriStar II 3020, USA) to determine the specific surface area of the 

synthesized MSNs. To confirm the mesoporous structure of MSNs, BJH (Barrett-Joyner-Halenda) 

method revealing MSNs' pore volume and size distribution was employed.   

2.5. Cell culture 

hMSCS were expanded in tissue culture flasks in DMEM supplemented with 10 % FBS and 

1 % penicillin/streptomycin and were incubated in a humidified environment with 5 % CO2 at 37 

°C until further use. Cells were used at passage 3-5 for all cell toxicity and viability tests. 

2.6. Cell encapsulation 

The prepolymer solution containing MSNs of different concentrations was mixed with 

hMSCs to obtain the final concentration of 106 cells/ml of hydrogel. Then, the prepolymer 

solution was deposited using an automated system (Eppendorf Xplorer, H31141F, Eppendorf, 

Germany) into silicon isolators (2 mm diameter × 1 mm depth) which previously sterilized and 

mounted on glass slides. To crosslink the polymeric chains of alginate with the final concentration 

of 1 % w/v and make the cell-laden hydrogels, each microwell was covered by 10-20 µL of a CaCl2 

solution (2 % w/v). After 5 minutes, to remove the excess salt, the as-prepared hydrogels were 

washed twice using DPBS and covered with enough complete medium. The samples were 

incubated in     humidified environment with 5% CO2 at 37 °C during which the medium was 

changed every 3-5 days. 

2.7. Viability studies 

To monitor the cytocompatibility of MSNs, the respected tests were performed in 2D and 

3D cell culture systems. The cytotoxicity assays in 2D cell cultures were conducted using Abcam 

cytotoxicity kit as suggested in the manufacturer protocol. Briefly, cells were seeded at the 

concentration of 5 × 104 cells/ml in 96-well plates and were incubated for one day. Then, the 
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media were replaced with 100 µl of fresh media containing the respected amount of MSNs. After 

2 days of incubation, 20 µl of the assay solution was added to each well and the samples were 

incubated for one more day. The media (100 µl) were transferred to new well plates and the 

absorbance was recorded at 570 nm and 605 nm. The cell viability was then calculated according 

to the following equation: 

Cell viability (%) = (RSample - Ro)/(RControl - Ro) × 100 (1) 

here, RSample is the absorbance ratio (OD570/OD605) of samples cultured with MSNs. RControl is the 

absorbance ratio (OD570/OD605) for the samples cultured in normal media. Ro is the average of 

the absorbance ratio of the control samples containing no cells. 

Fluorescent staining and imaging were applied to determine how MSNs concentration 

and surface chemistry affect hMSCs morphology and viability. hMSCs were seeded in a 48-well 

plate (2 × 104 per well) by dispensing 250 µl media and incubated for one day. The old media 

were changed with the media containing the respected nanoparticles. After 48 h of incubation, 

media were removed and 70 µl of previously prepared LIVE/DEAD® viability assay solution was 

added to each well. Using this assay, live and dead cells are stained with calcein-AM (green) and 

ethidium homodimer-1 (red), respectively. Then, a confocal microscope (CLSM, Zeiss LSM 700, 

Germany) was employed to image the stained cells. 

To investigate the biocompatibility of the hydrogel nanocomposite in 3D culture system, 

the encapsulated cells were stained after being cultured for 1, 3, 7, and 14 days using LIVE/DEAD® 

viability assay kit and the suggested protocol by the manufacturer. The live and dead cells were 

imaged using a confocal laser-scanning microscope and the images were analyzed by CellProfiler 

software. To this end, the red and green channels were first separated using the built-in modules 

in the software, and the cells in each color channel (green for live cells and red for dead cells) 
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were identified and counted. Finally, the following equation was used to evaluate the cell 

viability: 

Viability (%) =  
Number of live cells 

Total cell number
 × 100         (5) 

2.8. Cellular uptake of MSNs 

To measure cellular uptake of MSNs, hMSCs were seeded at 2 × 105 cells/flask in T25 

flasks. After one day, the cells were treated with MSNs of different surface chemistries (100 

µg/ml) for two days. As the control sample, the same number of cells were cultured in a flask 

with no treatment. To remove any free MSNs, media was removed and the cells were washed 

with PBS twice; after which the cells were harvested by trypsinization and centrifugation. The 

precipitated cells were resuspended in PBS for cell counting. Then, the pellet was dissolved in 

500 µl of concentrated nitric acid (100 % v/v). Afterward, the final volume of each sample reached 

to 4 ml using DI water and was incubated at 50 oC for 30 min. The samples were stored in the 

fridge until their introduction to inductively coupled plasma optical emission spectroscopy 

instrument (ICP-OES, Arcos, Spectro, Germany) for detection of Si internalization by cells. 

2.9. Statistical analysis 

To perform statistical analysis of the acquired data GraphPad Prism 7.01 software was 

employed (San Diego, USA). All numerical results were reported as mean ± standard deviation 

and Gaussian distribution was evaluated using Shapiro–Wilk normality test. Using Brown–

Forsythe and Bartlett’s tests, homogeneity of variances was evaluated, and for data groups in 

compliance with the prerequisites of one-way ANOVA, the significance of difference was 

examined through one-way ANOVA and Tukey’s post hoc test. Otherwise, the Kruskal–Wallis 

nonparametric test followed by Dunn’s multiple comparison test was performed. The statistical 
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significance levels were presented as *(p<0.05), **(p<0.01), ***(p<0.001), and ****(p<0.0001). 

3. Results and discussion 

3.1. MSNs characterization 

Images taken by scanning electron microscopy (SEM) indicated that the synthesized MSNs 

featured spherical shape with uniform diameter (Fig. 3a). To measure the mean diameter of 

MSNs and investigate their monodispersity, Fiji analysis program was employed (Fig. 3b). The 

acquired results showed a mean diameter of 88 ± 13 nm with a PDI value of 0.15 implying that 

the synthesized MSNs are monodisperse and have a size range that enables a high cellular uptake 

[34]. From the FTIR results (Fig. 3c), we noticed that the two intense peaks at 2854 cm−1 and 2924 

cm−1 which represent the symmetric and asymmetric stretching vibrations of the methylene 

chains of CTAB vanish completely through ethanol-HCl treatment [35]. This implies that the 

synthesized MSNs are free of cytotoxic precursors.  

An important characteristic of nanoparticles is their surface charge; which can 

significantly influence their interactions and uptake by cells as well as their cytocompatibility [36–

38]. Because of the innate negative charge of the cells membrane, positively charged 

nanoparticles result in higher cellular uptake making them more efficient carriers for delivery of 

biomolecules [38]. Nevertheless, when compared to their low charged counterparts, the higher 

cytotoxicity of highly-charged polycationic constructs has previously been reported [37]. Fig. 4a 

shows the zeta (ζ) potential values of the MSNs with different surface chemistries. The ζ value of 

-18 mV for BMSNs is attributed to presence of hydroxyl groups on their surface. Suggesting 

successful surface functionalization of BMSNs, this value was changed to about +26, -20, +43 mV 

once modified with amine, carboxyl, and polyamine groups, respectively.  
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Fig. 3: a) SEM micrograph showing mesoporous silica nanoparticles. b)  Size distribution of synthesized silica 

nanoparticles. c) FT-IR spectra showing the elemination of methyle, methylen, and amine groups related to CTAB removal from 
the as-prepared MSNs by treating with ethanol-HCl solution. 

Furthermore, DLS analysis was employed to explore the effect of the surface chemistry 

on the dispersion/agglomeration of MSNs. Fig. 4b shows the MSNs diameter distribution on 

which regression of gaussian equation was applied. DLS measures the hydrodynamic diameter of 

MSNs, which is strongly dependent on the solvent and its layers associated with MSNs while in 

microscopy techniques, the actual size of MSNs is measured in its dry state [39]. The 

hydrodynamic diameters of BMSNs, AMSNs, and CMSNs were obtained 240 ± 27, 276 ± 31, and 

199 ± 22 nm, respectively (Fig. 4b). The significant difference in the hydrodynamic size of PMSNs' 

diameter (103 ± 10 nm) in comparison to other MSNs might be attributed to its high zeta 

potential value (+43 mV) which supports their good dispersion and improves the PMSNs colloidal 

stability. 

Fig. 4c depicts FTIR spectra for the as-prepared MSNs. Siloxanes as the main groups in 

silica nanoparticles were characterized by stretching frequencies of Si–O–Si linkage in the range 

of 1100-1000 cm-1 [40]. Silanol (Si-OH) groups existing on BMSNs surface involve the hydroxyl 

(OH) groups stretch at  3700-3200 cm-1 [40–42]. The weak band at 1410 cm-1 confirmed the Si-C 

bond in all the surface modified MSNs, as described previously [40], which is a result of its 

functionalization with APTES. As OH moieties on silica surface were decorated by amine groups, 
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the width of its respected broad band (3700-3200 cm-1) was reduced and replaced with amine 

(NH2) group stretching starting from 3300 cm-1 [40]. The observed weak signal at 2940 cm-1 

corresponding to stretching vibration modes of aliphatic C–H bonds was emerged after amine-

functionalization of BMSNs and intensified after consequential functionalization [42]. In response 

to MSNs modification with carboxylic acids, a very broad band related to OH groups starting from 

3200 cm-1 was shown up. The presence of carboxylic groups was also confirmed by a sharp band 

at 1720 cm-1 corresponding to the antisymmetric stretch of carbonyl groups in CMSNs [40]. 

Furthermore, the peak at 2979 cm-1 was related to OH groups in carboxylic acid dimers [40]. 

Ultimately, the successful decoration of MSNs by poly-L-arginine was validated by peaks at 1642 

cm-1 and 1555 cm-1 corresponding to amide I and amide II, respectively [40]. The weak stretching 

band of NH also was appeared in the region of 3325-3500 cm-1 [40].     
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Fig. 4: a) Zeta potential of silica nanopartciles in aqueous solution confirming the favored functinalization. b)  

Hydrodynamic diameter of different MSNs acquired from dynamic light scattering. c) FT-IR spectra of MSNs of different surface 
chemistries (BMSNs, AMSNs, CMSNs and PMSNs). 

In BET analysis, nitrogen isotherms of MSNs showed a great difference following various 

surface modifications. As results presented in table 1 show, the BET surface area and the total 

pore volume are dramatically decreased after consecutive modifications. For example, the BET 
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surface area decreased from 734 m2/g for BMSNs to 134 m2/g for PMSNs which confirms the 

successful binding of polymeric groups to both MSNs' internal and external surfaces. 

Table 1. Structural properties of the synthesized MSNs 

Nanoparticle type SBET
a  (m2/g) Vt

b (cm3/g) dBJH
c  (nm) ζ𝑑 (mV) dDLS

e  (nm) 

BMSNs 734 0.713 2.5 -18 240 ± 27 

AMSNs 579 0.585 2.3 +26 276 ± 31 

CMSNs 486 0.461 2.1 -20 199 ± 22 nm 

PMSNs 134 0.179 0.9 +43 103 ± 10 nm 

a Total surface area from BET analysis 
b Total pore volume calculated from nitrogen isotherm at P/P0 = 0.98 
c BJH adsorption average pore width 
d Zeta potential 
e Hydrodynamic diameter 

3.2. Cytotoxicity and cell morphology 

In order to determine the nanoparticle toxicity on 2D cultured hMSCs, a calorimetric kit 

was used to assay the viability by measuring the absorption ratio – a number that is directly 

proportional to the number of living cells. The presented results in Fig. 5a indicated that there 

are no cytotoxic effects observed in the MSNs concentration of 10 µg/ml. As the concentration 

increases to 50 µg/ml, the MSNs with the highest positive charge (PMSNs) showed significant 

cytotoxicity effects. In contrast, there was no cytotoxicity effect observed for BMSNs and CMSNs, 

even at the highest employed concentrations (1000 µg/ml). Meanwhile, no cytotoxicity occurred 

when applying AMSNs in concentrations up to 500 µg/ml. Therefore, AMSNs are suitable nano-

carriers considering their non-cytotoxic property at relatively high concentrations and also a 

positive surface charge which result in higher cellular uptake and more efficient delivery of 

biomolecules [37]. 

To investigate in more detail what impact MSNs with different surface chemistries have 
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on cell toxicity, hMSCs treated with different concentrations of MSNs were stained using calcein-

AM and ethidium homodimer-1 (Fig. 5b-f). Calcein-AM unravels the morphology of the living 

cells; while, ethidium homodimer-1 stains the nuclei of the dead cells. The fluorescent images 

showed almost no changes on the morphology of hMSCs treated even with the highest 

concentrations of BMSNs, AMSNs, and CMSNs (Fig. 5c-e) in comparison to control sample (Fig. 

5b). However, it was observed that PMSNs disrupt the plasma-membrane integrity and spindle-

shape morphology of the hMSCs (Fig. 5f). It is reported that surpassing a threshold of surface 

charge density may cause acute disruption of the membrane and therefore an intense 

cytotoxicity [43]. Poly-L-arginine may also, similar to polyethylene imine, cause enhanced cell 

uptake and subsequently destabilization of lysosomes within cells resulting in their content 

discharge in cytosol and ultimately cell apoptosis [44–47]. To further delve on these hypotheses, 

the effect of the different surface chemistries on MSNs uptake by hMSCs was assessed using ICP-

OES technique. The obtained results revealed that hMSCs uptake PMSNs significantly (29.6 

pg/cell) more than that of the BMSNs (1 pg/cell), AMSNs (2.3 pg/cell) and CMSNs (0.9 pg/cell); 

that most likely caused a 50% reduction in the cell viability by PMSNs at 100 µg/ml. Although 

PMSNs were observed to be highly cytotoxic at high concentrations, they showed great 

biocompatibility at 10 µg/ml. Therefore, this concentration might be applicable in controlled 

release delivery systems considering that the polymeric chains on the PMSNs surface may 

provide higher loading capacity than their counterparts. Moreover, L-arginine groups were 

reported to bestow many therapeutic benefits ranging from cancer immunotherapy [48] and 

anti-inflammation  [49] to homeostasis   [50,51].  
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Fig. 5: a) The viability (%) of the 2D cultured hMSCs after being in contact with different concentartions of MSNs for 48 
h, measured using Abcam-ab112118 cell cytotoxicity kit. b) Imaging of hMSCs cultured in 2D culture containing complete media 
with fluorescent microscopy (10X objective); green and red colors represents the live and dead cells stained with calcein-AM (left) 
and ethidium homodimer-1 (right), respectively. c-f) The fluorescent images of hMSCs after being in contact with different 
concentartions of MSNs for 48 h stained with calcein-AM (green) and ethidium homodimer-1 (red). 
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3.3. Cell viability in 3D environment 

As the native cells in the body live in a 3D microenvironment and their phenotype and 

expression of transcription factors are completely different from that in 2D culture conditions 

[52,53], the viability of hMSCs encapsulated in alginate nanocomposite hydrogels containing 

different percentage of MSNs was studied. Fig. 6a-b depicts the live and dead cells after 2 weeks 

of culture in control (alginate) and nanocomposite hydrogels. Fig. 6c presents the results 

obtained on the hMSCs viability after 1, 3, 7, and 14 days cultures in different nanocomposite 

hydrogels using analysis of fluorescent images. These results indicate that the cell viability was 

almost over 70% for all the combinations after 7 days of culture. This high viability of hMSCs was 

maintained after 2 weeks for all the combinations except the hydrogels incorporated with more 

than 5% of CMSNs and PMSNs. This shows higher cytotoxic effect of CMSNs in 3D 

microenvironment when compared to 2D condition, which might be attributed to the different 

morphology of the cells in different culture systems, imposed by microenvironmental differences 

cells would sense in these two systems [31]. The spherical morphology of the hMSCs in 3D culture 

system (Fig. 6a-b) may imply unsuitable conditions in the microenvironments of the cultured cells 

in hydrogels incorporated with 5% of CMSNs and PMSNs, as described in the literature [54]. The 

more extensive impact of high concentrations of MSNs, in particular for CMSNs in 3D culture in 

comparison to that in 2D culture, can be due to this fact that the cells surface is exposed more to 

nanoparticles in 3D culture than in 2D culture. This can provide a higher chance for the interaction 

between cells and nanoparticles and consequently result in stronger impact on the cells in the 

3D culture system. In this regard, future studies investigating cellular uptake for MSNs with 

different surface chemistries in 3D cultures and exact mechanisms of different cytotoxicity 

responses in different culture systems are of high importance. Moreover, there are some studies 
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reporting the differentiation-directing potential of small functional groups existing in the cell 

microenvironment  [55–57]. In a study by Benoit et al. [57], for instance, a set of hydrophilic and 

hydrophobic functional groups inserted in a PEG-based matrix was used to induce differentiation 

of hMSCs toward osteogenesis, chondrogenesis, and adipogenesis. It has been shown that 

carboxylic groups mimicking the functional groups of glycosaminoglycans, the main part of native 

cartilage, upregulated expression of collagen II; whereas the hydrophobic moieties improved 

adipogenesis and amine groups showed no considerable changes [57]. Therefore, future studies 

assessing this potential of MSNs are highly suggested in order to further highlight the prospective 

application of the functionalized MSNs towards directing the stem cells differentiation. 
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Fig. 6: Live (green) and dead (red) cells visualized by confocal fluorescent microscopy after 2 weeks of culture in (a) 

nanocomposite hydrogels comprising different percentage of MSNs of various surface chemistries and (b) pure alginate hydrogel. 
c) The results of viability assay for hMSCs encapsulated in the alginate-based nanocomposite hydrogels after 1, 3, 7, and 14 days 
culture. 
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the presence of MSNs with various surface chemistries. BMSNs and AMSNs showed no significant 

toxicity in the different concentrations tested in this study on hMSCs encapsulated in alginate 

hydrogels. In contrary, CMSNs and PMSNs showed significant cytotoxic effects at concentrations 

higher than 5% in such 3D cultures. It was demonstrated that the cellular uptake of PMSNs was 

greatly higher in comparison to those of other MSNs as a result of considerably high positive 

charge of PMSNs. That caused a significant decrease in the viability of cells incubated with even 

low concentrations of PMSNs. 

Further studies are needed to investigate in detail the mechanisms governing the effect 

of nanoparticles on living cells, in particular in 3D cell culture systems. The high viability of the 

hMSCs cultured along with bare and amine-modified MSNs (BMSNs and AMSNS, respectively) in 

both 2D and 3D systems presents the potential of such nanoparticles as promising carriers of 

different types of biomolecules, such as growth and differentiation factors for a wide range of 

biomedical applications. 
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