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Abstract  

The supplementation of stem cell culture medium with fetal bovine serum (FBS) for maintenance 

and propagation of cell lines in vitro is associated with immunogenicity and disease transmission 

by prions, bacteria, and viruses. Therefore, establishing xenogenic-free cell culture media for the 

benefit of rational testing conditions for stem cells in terms of eliminating the disadvantages is 

essential. In parallel, a number of investigations have been carried out on nanoparticle (NP) aided 

stem cell-based therapies. To use NP-integrated stem cell therapy in clinical applications, NP 

behavior in xenogenic-free stem cell cultures needs to be understood in detail. Mesoporous silica 

nanoparticles (MSN) are profusely used in biomedical applications and have also shown great 

potential in stem cell therapies. One of the strategies to make them compatible with stem cell 

therapy is to alter their surface functionalization. In line with this notion, the main interest of the 

present investigation was to study the impact of human serum albumin (HSA) association with 

differently surface-modified MSN, and rationalize the MSN utilization in xenogenic-free stem cell 

culture by employing C2C12 myogenic progenitor cells as a model system. Our results revealed 

that HSA coating on differently surface-modified MSN is a promising strategy to improve the 

colloidal stability of MSN, stem cell viability, and has no adverse effect on the differentiation of 

stem cells.  

KEYWORDS: mesoporous silica nanoparticles, copolymer coatings, human serum albumin 

binding, cellular uptake, stem cell therapy. 
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1. Introduction 

Preclinical studies of stem cell-based tissue engineering have shown enormous potential in 

regeneration and restoring the function of tissues; however, the same degree of positive results has 

not been reached in human trials [1,2]. The number of cell survival after transplantation, genetic 

modification of stem cells, and the extensive use of supplements containing xenogenic components 

are the main reason for failure[3–5]. Fetal bovine serum (FBS) is the standard growth supplement 

used in cell culture for the maintenance and propagation of various cell lines in vitro. Over 80% 

of investigational new drug applications for stem cell products have been carried out with FBS as 

a growth supplement since it can provide the cocktail of growth factors required for in vitro cell 

growth [6]. However, this brings continuously increasing demand, which will soon exceed actual 

availability. In addition to the increasing demand for FBS,  lot-to-lot variations [7,8], possible 

microbial contaminations [9], and other types of xenogenic compound contaminations [10,11] that 

can affect the cell behavior are usually among the listed disadvantages associated with the use of 

FBS. Together with these already mentioned factors, the ethical concerns associated with the use 

of FBS has changed dramatically over the last few years [12,13]. Recently, researchers identified 

and chemically defined humanized supplements, which may aid in vitro cell culture relatively safe 

for transplantation [4,14]. Human-derived medium supplements such as human serum-autologous 

and allogeneic human serum albumin, thrombin-activated platelet releasates, collagen-activated 

platelet releasates, human platelet lysates, umbilical cord blood serum, and autologous plasma-

derived from bone marrow have been used as the replacements of  FBS in the past years[4]. In 

recent years, researchers have investigated the use of human serum and human cord blood serum 

as an alternative of FBS in cell cultures, and no adverse effects on proliferation and differentiation 

of stem cells in vitro were observed [15–17]. In addition to the use of human-derived supplements 



4 
 

in stem cell proliferation, the benefits of human serum albumin (HSA, the most abundant protein 

(35-50 g/L) in plasma) were also exhibited in tissue engineering and regenerative medicine-based 

therapy [24–29]. The main roles of albumin in the blood are the following: (i) maintaining the 

oncotic pressure and pH, (ii) binding and transporting of physiologically important ligands, and 

(iii) antioxidant functions [30]. Recently, HSA has been found as an auspicious material for 

different nanomedicine designs, for example as an excellent lyoprotectant for solid forms of 

nanomedicines, and aiding in redispersing dried nanoparticles in injectable solutions [31,32].  In 

addition, the advances in functional nanosystems demand the integration of a variety of functions 

as part of scaffolds, targeted drug delivery systems, and monitoring for stem cell-based therapies 

[27,28]. These unprecedented requirements are completely different from those of current 

albumin-based clinical drugs. Thus, scientists have been motivated to design new nanosystems 

with albumin for the last decade for cancer stem cell-targeted therapies and stem cell-based tissue 

engineering [29–32].  

NP with different physical and chemical properties have been vastly explored for assisting stem 

cell therapies [33,34]. Mesoporous silica nanoparticles (MSN) have to date been used in stem cell 

therapies both for controlled drug delivery and stem cell tracking [35–37]. In these studies, MSN 

were either used for real-time tracking of stem cells or providing necessary cues for stem cell 

maintenance, in which MSN cellular uptake is a prerequisite [38]. 

The main interest of the present investigation is to combine recent considerations on employing 

xenogenic-free media supplement in stem cell culture, and understand the impact of HSA 

association with MSN to improve cellular uptake and evaluate the possible impact on proliferation 

and differentiation functions of muscle stem cells. For this reason, MSN were surface modified 

with polyethyleneimine (PEI), and copolymers of PEI and polyethylene glycol (PEG) in different 
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ratios (PEI/PEGLow and PEI/PEGHigh), and their interaction mechanisms with HSA were 

systematically investigated by different techniques. The results are discussed in terms of binding 

sites of HSA molecules to MSN with respect of surface modifications.  Furthermore, to provide 

fundamental insight into the MSN-stem cell interface, we followed the suggestions of the 

minimum information reporting in bio-nano experimental literature (MIRIBEL) to meet the 

standards to improve reproducibility for quantitative comparisons of bio-nano materials [39]. For 

this purpose, morphology, size, zeta potential, size dispersity, and compositions of MSN analogs 

were investigated. Our results revealed the impact of HSA on the dispersibility of surface-modified 

MSN in physiological buffer. Furthermore, detailed structural studies revealed that HSA has the 

least conformational changes when it is bound to highly positively charged PEI modified MSN 

(MSN-PEI), and the highest cellular uptake was also observed for MSN-PEI in both human serum-

supplemented and serum-free conditions. Our data clearly show that the i) surface chemistry, ii) 

nanoparticle redispersibility, iii) nature of the HSA molecule on MSN, and iv) MSN concentration 

are key factors for viability, cellular uptake, and differentiation of muscle stem cells.  

2. Experimental Section 

2.1. Materials 

All the reagents used in MSN synthesis and copolymer synthesis were purchased from Sigma-

Aldrich. HSA and 8-anilinonaphthalene-1-sulfonic acid (ANS) and p-nitrophenyl acetate were 

also purchased from Sigma as salt-free, dry powders, and were used without further purification. 

All other reagents were of analytical grade, double-distilled Milli-Q water was used throughout 

our study. 

2.2. Preparation of mesoporous silica nanoparticles 
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Pristine MCM-41 type MSN were synthesized in a basic aqueous solution with the addition of 

absolute ethanol (20 v/v-%) as co-solvent.[40] In the presence of structure-directing agent 

cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), and aminopropyl 

ethoxy silane (APTES) as the silica sources were all mixed to the basic aqueous solution. The 

reaction was conducted in a conical flask with stirring at 33ºC for overnight. The molar 

composition in the synthesis solution was 1TEOS: 0.01APTES:1.23 x 10-2 CTAB: 0.31 NaOH: 

71.8 EtOH: 1063.8 H2O. After the overnight reaction, the structure-directing agent was removed 

by the solvent extraction process using an ethanolic NH4NO3 solution (20 g/L). The fluorophore 

labeling of the MSN was carried out as described in our previous study [40]. Briefly, fluorescein 

isothiocyanate (FITC)-modified APTES was added to the reaction solution before adding TEOS 

to provide incorporation of FITC within the silica framework. The modification of APTES was 

carried out by pre-reacting FITC with APTES in 2 ml absolute ethanol with a molar ratio of 1:3 

and stirring for 2h under the inert atmosphere. The molar ratio between APTES and tetraethyl 

orthosilicate (TEOS) was kept at 1:100.  

2.3. Synthesis of polyethylene glycol-grafted-polyethyleneimine copolymers 

Polyethylene glycol-grafted-polyethyleneimine copolymers (PEI/PEG) were synthesized 

according to our previously described protocol [41]. Two different PEG grafting ratios were used 

for the preparation of PEI/PEG copolymers to investigate the effect of  PEG on HSA binding to 

MSN analogs and cellular uptake. The first grafting ratio was 1:6 and abbreviated as 

‘‘PEI/PEGLow’’, and the second one was 1:50 and abbreviated as ‘‘PEI/PEGHigh’’. Those organic 

constituents have been used for the surface modification of pristine MSN. 
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2.4. Surface modification of MSN 

The surface coating of pristine MSN was achieved by the physical adsorption of PEI and 

copolymers (PEI/PEGLow and PEI/PEGHigh). The MSN suspensions in ethanol and 50 w/w% 

copolymers and PEI respect to MSN weight were mixed, and the concentration of MSN was kept 

as 2 mg/ml during the co-/ polymers coating process. The obtained MSN and co-/ polymers 

mixture were left for overnight stirring at room temperature. After surface functionalization of 

MSN with PEI and copolymers, the excess amount was removed with centrifugation and washing. 

The prepared samples were abbreviated as MSN, MSN-PEI, MSN-PEI/PEGLow, and MSN-

PEI/PEGHigh according to employed surface modifications. The ready samples were vacuum dried 

at room temperature overnight and kept in a vacuum box as a powder form for further use. Another 

set of samples was redispersed in ethanol and kept as suspension stock for further use of comparing 

their redispersibility from dried powder and wet storage. The samples were abbreviated as 

[MSN]pow, [MSN]sus, [MSN-PEI]pow, [MSN-PEI]sus, [MSN-PEI/PEGLow]pow, [MSN-

PEI/PEGLow]sus, [MSN-PEI/PEGHigh]pow, and [MSN-PEI/PEGHigh]sus, for the powder and 

suspension storage condition of MSN, MSN-PEI, MSN-PEI/PEGLow, and MSN-PEI/PEGHigh 

samples, respectively. 

2.5. Characterization of pristine and surface coated MSN 

The morphology of pristine MSN was investigated by scanning electron microscopy (SEM, Zeiss, 

DSM962, Oberkochen, Germany) imaging. The composition of MSN was investigated with 

thermogravimetric analysis. Thermogravimetric analysis (Netzsch TG 209) was used to determine 

the amount of adsorbed PEI and copolymers (PEI/PEGLow and PEI/PEGHigh) at temperature 

intervals of 170°C to 770°C.  
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Further, the success of PEG grafting in molecular gradient level was established with t-plot 

analysis obtained from nitrogen sorption measurements (ASAP 2020 Micromeritics Instrument 

Corp, Norcross, GA, USA)  by extracting the surface excess values of polymer (PEI) and 

copolymers (PEI/PEGLow and PEI/PEGHigh)  and the external surface area value of MSN. In this 

way, the gradient level of PEG as the constituent of the surface modification, as well as its effect 

on HSA interaction, could be deduced. 

After the surface coatings of MSN, they were stored as dried powder and suspension form with 

the specific intention of investigating the redispersibility of MSN before and after different surface 

coatings that could affect the HSA association of MSN and their cellular internalization of MSN 

analogs. The redispersibility investigations of the prepared MSN were carried out in HEPES buffer 

(25 mM, pH 7.2) by a dynamic light scattering (DLS) measurement (Malvern ZetaSizer NanoZS) 

after ultrasonic treatments. The ζ-potential measurements (Malvern ZetaSizer NanoZS, Malvern 

Instruments Ltd. Worcestershire, UK) were carried out to predict the colloidal stability and impact 

of successful modification during the treatments.  The polydispersity index (PDI) and 

hydrodynamic size values were collected. The hydrodynamic size distribution of MSN was 

investigated after 4h incubation in phenol-free Dulbecco’s Modified Eagle Medium (DMEM) 

(Gibco) in order to predict their dispersity during the incubation in xenogenic-free cell media for 

cellular uptake. Later on, MSN was treated with HSA as a nutritious component of xenogenic-free 

cell media to obtain serum albumin coated  MSN, which was previously claimed as a strategy to 

improve the colloidal stability [42–44] and biological functioning of nanoparticles in the literature 

findings [45,46]. For HSA adsorption, differently surface-modified MSNs were treated with 5% 

(w/v) HSA, the concentration of HSA found in human serum, for 4h [47]. After the treatment, the 



9 
 

samples were centrifuged at 8000 rpm for 8min. The pellets from the centrifugation were 

thoroughly washed twice to remove any non-specifically bound protein. Finally, the samples were 

resuspended in HEPES buffer to investigate the changes in MSN dispersity, size, and net surface 

charge after HSA adsorption. Later on, the same set of samples were taken for in vitro studies in 

xenogenic-free conditions, the cellular viability, cellular uptake and muscle progenitor cell 

differentiation. The obtained results were used to shed light on the ability of HSA as the component 

of xenogenic-free cell media on improving the colloidal stability and biological activity of 

differently surface-modified MSN.  

2.6. Investigation of HSA interaction mechanisms with MSN  

Isothermal titration calorimetry measurement was performed using ITC calorimeter (Microcal Inc. 

MA). Before the experiment, HSA was dialyzed in the phosphate buffer overnight. MSN 

suspensions were prepared from dried powder and suspension stock separately for the 

investigations, in order to evaluate the performances of HSA adsorption on differently stored MSN 

(i.e., dried powder and suspension form). Storing conditions of MSN might have led to the changes 

in the wettability of MSN due to the type of surface modifications and further HSA interactions 

during adsorption. All our experiments involve 18 injections of HSA with a concentration of 10 

mg/ml stock solution, and 12 µL of the sample was injected at fixed time intervals (15 mins) into 

the cell (volume 1.4359 ml, containing 1 mg/mL MSN). For proper mixing, the titration cell was 

stirred continuously. The heat released by MSN suspension dilution in the buffer was subtracted 

from the main titration experiment [48]. All the ITC experiments were carried out at room 

temperature. 
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2.7. Protein secondary structure analysis by circular dichroism 

 Far-UV CD spectra were used to evaluate the secondary structural change of HSA, induced by 

the interaction with MSN analogs. The CD spectra were generated by a JASCO-800 

spectropolarimeter equipped with a temperature-controlled cell holder. A concentration of 10 μM 

of HSA was used for all the experiments. The far-UV region was scanned between 200 and 250 

nm with an average of five scans and a bandwidth of 1 nm. The final spectra were generated by 

subtracting the buffer contribution from the original protein spectra. The CD results were 

expressed in terms of mean residual ellipticity (MRE) in deg.cm2.dmol-1 according to the following 

equation [49]. 

                                                                  [θ] = [θ]obs/10ncpl                                                         (1) 

Where cp is the molar concentration of the protein, n is the number of amino acid residues present 

in the protein, and l is the path length (0.1 cm) of the cuvette. The deconvolution of the far-UV 

CD spectra was performed using CDNN software (http://bioinformatik.biochemtech.uni-

halle.de/cd-spec/cdnn) to determine the different secondary structure (percentage composition) 

present in the protein. Melting temperature (Tm) of HSA in the absence and presence of different 

MSN analogs were measured using a temperature-mediated CD in the temperature range of 20-

90°C with a scan rate of 25°C h-1, and the data was collected at every 5°C interval. 

2.8. Esterase activity determination 

Esterase activity of HSA was monitored using a synthetic substrate p-nitrophenyl acetate. In the 

presence of HSA, p-nitrophenyl acetate forms p-nitrophenol, which is yellow colored and 

trackable using a spectrophotometer at 400 nm [50]. The esterase reaction was set with 50 μM p-

nitrophenyl acetate and 20 μM of HSA in 0.1 M phosphate buffer, at pH 7.4. The concentration of 

http://bioinformatik.biochemtech.uni-halle.de/cd-spec/cdnn
http://bioinformatik.biochemtech.uni-halle.de/cd-spec/cdnn
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MSN samples was adjusted to 100 µg/ml starting concentration. The experiments were performed 

at 37°C. A molar extinction coefficient 17700 M-1 cm-1 was used as the standard for p-nitrophenol. 

The unit of esterase activity was defined as the amount of enzyme needed to release 1 μM of p-

nitrophenol per minute at 37°C. 

2.9. Bioinformatics analysis of HSA 

The 3-D coordinate of  HSA was collected from protein data bank (PDB) 

(https://www.rcsb.org/pdb/home/home.do), using PDB ID of 2BXI, the structure was determined 

at 2.5 Å. PDB2PQR (http://kryptonite.nbcr.net/pdb2pqr/) was used to calculate protein surface 

charge distribution of different domains of HSA at physiological pH [51]. Continuum electrostatics 

method, along with the Amber force field, was used by software to calculate the surface charge of 

the protein. The accessible surface area was measured using the NACCESS program 

(http://www.bioinf.manchester.ac.uk/naccess). The surface residues were identified as those 

having relative surface accessibility ≥ 5%; from these, the acidic (total charge on residue ≤−0.001) 

and basic residues (total surface charge on residue≥0.001) were identified. Pymol 

(http://www.pymol.org) was used for structure visualization. 

2.10. In vitro studies 

2.10.1. Cell culture and maintenance 

C2C12 muscle progenitor cells were used as they can be induced to undergo steps in differentiation 

to form myotubes. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% FBS, 2 mM L-glutamine and 1% penicillin-streptomycin (v/v) and 

incubated at 37°C in a humidified atmosphere containing 5% CO2. Cells were sub-cultured when 

the cell confluency reached 70% to avoid myotube formation. For all experiments, 10% FBS was 

https://www.rcsb.org/pdb/home/home.do
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replaced with 10% human serum (HS), and cells were cultured one passage with HS-supplemented 

medium prior to the in vitro studies. Serum-free studies were conducted with DMEM 

supplemented only with L-glutamine and penicillin-streptomycin. Differentiation of C2C12 

myoblasts was induced by replacing 10% HS with 1% HS.  

2.10.2. Cell viability  

Resazurin cell proliferation assay was used (TCI Europe) to investigate the toxicity of HSA   

adsorbed surface-modified MSN in both human serum-supplemented and serum-free conditions. 

C2C12 cells were seeded with a density of 15000 cells/cm2 to 48-well plates and incubated 

overnight for attachment at 37ᵒC with 5% CO2.HSA adsorbed MSN, and their pristine counterparts 

were dispersed in serum-free cell media with a concentration of 5, 25, or 50 µg/ml and sonicated 

for 20 min. Serum-containing cell media was removed, cells were washed with PBS, and 

nanoparticle-containing media was administered. After 2 hours of incubation, resazurin ready-to-

use solution at a volume equal to 10% of the cell culture media volume was added in the MSN-

containing media and further incubated for 2h. Fluorescence intensity was measured with a plate 

reader (ThermoFisher Varioskan Flash) using 560 nm excitation and 590 nm emission 

wavelengths. 

For long term toxicity determination, cells were treated with HSA-adsorbed surface-modified 

MSN and their pristine counterparts for 24h and 48h in triplicates. Cells were seeded with the 

density of 9000 cells/cm2 onto 48-well plates, and the following day media was replaced with 

MSN-containing cell media supplemented with 10% HS. The percentage of cell proliferation was 

correlated with the control sample (untreated cells) as 100% viability.  
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2.10.3. Intracellular uptake of MSN by FACS 

Cellular uptake of pristine and surface modified MSN and their HSA-adsorbed counterparts were 

evaluated with flow cytometry in order to understand the impact of MSN-HSA association on 

cellular internalization. For flow cytometry analysis, cells were seeded in 12-well plate with a 

density of 15000 cells/cm2 and incubated overnight with HS-supplemented medium prior to the 

experiments. Stock solutions of FITC-labeled MSN (MSN, MSN-PEI, MSN-PEI/PEGLow, and 

MSN-PEI/PEGHigh, and their HSA-associated counterparts) were dispersed from dry powder and 

suspension stocks in HEPES (25 mM, pH 7.4) at a concentration of 1 mg/ml by ultrasonication. 

MSN were dispersed in serum-free or human serum-supplemented cell media by sonication and 

vortexing for 15 min. Cells were treated with MSN at concentrations of 5 µg/ml, 25 µg/ml or 50 

µg/ml for 4h. For flow cytometry, cells were collected, washed with PBS, and incubated with 

Trypan Blue solution (200 µg/ml) for 7 min at RT to quench the fluorescence of all non-

internalized MSN. After treatment, cells were further washed twice with PBS. The mean 

fluorescence intensity of FITC was acquired with BD LSR II Flow cytometer (BD Biosciences) 

using the following settings: Ex. 488 nm, Em. 500-560 nm. Data analysis of cellular uptake was 

performed using flowing software (www.flowingsoftware.com) and analyzed with GraphPad 

Prism 8. All measurements were carried out in triplicates, 10000 cells were recorded per sample, 

and the mean fluorescence intensity (MFI) of cells was subtracted from the MSN-labeled cells as 

the background intensity. Data was presented as normalized to the highest MFI as 100% 

internalization. 

 

 

http://www.flowingsoftware.com/
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2.10.4. Western blotting 

The effect of MSN design on muscle satellite cell differentiation was followed by western blotting, 

and the most internalized MSN (i.e., MSN-PEI, MSN-PEI/PEGHigh) and their HSA-adsorbed 

counterparts were tested. Cells were seeded in 6-well plates with a density of 15000 cells/cm2 and 

incubated overnight. Following day, cells were washed with PBS and treated with MSN-PEI, 

MSN-PEI/PEGHigh, and their HSA-coated counterparts in serum deficient media for 4h before cell 

differentiation was induced by replacing growth medium with differentiation medium consisting 

of 1% HS, and myotube formation was followed for 7 days. The differentiation medium was 

replaced every second day. For western blotting, cells were washed with ice-cold PBS, lysed in 

3X Laemmli buffer, and proteins were denatured by incubating 10 min at 95ᵒC. Samples were 

separated by SDS-PAGE and transferred to a nitrocellulose membrane using a wet transfer system. 

Non-specific binding was blocked by incubating the membranes in 5 % (w/v) non-fat dry milk in 

PBS at room temperature for 30 min. Membranes were incubated with primary antibody overnight 

at 4°C, followed by incubation with horseradish peroxidase-coupled secondary antibody for 1h at 

room temperature. Proteins were detected using SuperSignal West Pico PLUS chemiluminescent 

substrate (Thermo Scientific) and imaged with iBright FL1000 imaging system (Invitrogen). 

Antibodies recognizing differentiation markers Myosin Heavy Chain (MHC) (rabbit H-300-, Santa 

Cruz), Troponin T-FS (rabbit H-222, Santa Cruz) and as a loading control Hsc70 (rat 1B5, Enzo 

Life Sciences) were used. 

3. Results and Discussion  

3.1. Characterization of pristine and surface modified MSN 
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The morphology of the synthesized MSN was investigated with a Scanning Electron Microscopy 

(SEM) imaging. Furthermore, the porosity and BET surface area of MSN were analyzed using N2 

sorption. Figure 1a shows an SEM micrograph of highly homogeneous, spherical MSN of size 

200-300 nm. The pore size of MSN was calculated using DFT (density functional theory) and 

found to be approximately 3.5 nm. The same MSN exhibited a BET surface area of 1022 m2/g 

based on the N2 sorption isotherm analysis shown in Figure 1b. Additionally, the TEM image (SI, 

Figure S1) revealed the porous structure of the synthesized MSN. 

 

Figure 1. Morphology and porosity characterization of MSN. a) SEM image and b) N2 adsorption-

desorption isotherm with the inset of the pore size distribution of pristine MSN. 

 

The success of polymer/copolymer coating on MSN was quantified by thermogravimetric analysis 

(TGA). Detailed analysis of thermogram plots revealed the mass fraction of the surface 

functionalization with respect to bare MSN being 20 w/w%, 22 w/w%, and 26 w/w% for MSN-

PEI, MSN-PEI/PEGLow, and MSN-PEI/PEGHigh, respectively (SI, Figure S2). The adsorbed 
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copolymer amounts on MSN surfaces was determined with the aid of the t-plot analysis of N2 

sorption measurements (SI, Figure S3) and TG analysis results. According to the t-plot analysis, 

the external surface area of MSN was estimated to be 124.2 m2/g. The adsorbed copolymers were 

estimated to be 80.5 nmol /m2, 57.5 nmol/m2, and 14.2 nmol/m2 for PEI, PEI/PEGLow, and 

PEI/PEGHigh, respectively. The amount of PEG present in the copolymer was estimated to be 115 

nmol/m2 for PEI /PEGLow and 426 nmol/m2 for PEI/PEGHigh by considering the ratio between PEG 

and PEI polymers in their copolymer compositions, based on the NMR analysis results published 

in our previous study [41]. 

SEM imaging of MSN-PEI-PEGLow and MSN-PEI-PEGHigh (SI, Figure S4), clearly demonstrate 

that the particle morphology has not been altered during surface modification. For further 

determination of hydrodynamic radius of particles, dispersity, and net surface charge in 

physiological pH media, DLS (dynamic light scattering) and ζ-potential measurements of MSN 

analogs were carried out before and after surface modification. The Z-average values and 

hydrodynamic radius values of MSN were determined for diluted suspension stock solutions and 

redispersed dried MSN powders in HEPES buffer solution at a concentration of 250 µg/ml. The 

analysis was carried out to establish the impact of different surface modifications on MSN 

dispersibility (i.e., samples were prepared both from suspension and dried powder storage for 

analysis). The results were further compared with the ANOVA statistical analysis, and no 

significant differences were observed. However, when the polydispersity index values are 

compared, as presented in Figure 2, the results revealed significant differences between the 

samples prepared from dried powder and suspension storage of pristine MSN and for MSN-

PEI/PEGHigh.  
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The observed hydrodynamic size and PDI value differences for different surface-modified silica 

particles are based on the dispersing ability of  PEI, PEI/PEGLow, and PEI/PEGHigh. In our previous 

study [41],  we have investigated the dispersing ability and physical adsorption mechanisms of PEI, 

PEI/PEGLow, and PEI/PEGHigh on non-porous silica nanoparticles.  The results from isothermal 

titration calorimetry and multiple light scattering analysis revealed that the dispersing ability of 

PEI and PEI-PEGLow for silica nanoparticles are superior to that of PEI-PEGHigh. We found that 

the final dispersibility of the silica nanoparticles modified by electrostatic adsorption of PEI-

PEGLow was significantly higher than those modified with PEI-PEGHigh, due to the PEG parts of 

the copolymers taking part in the interactions of the copolymers and nanoparticle surfaces with 

increased PEG grafting ratio. Therefore, PEI-PEGHigh does not necessarily provide any superior 

efficacy for the stability of the nanoparticles as compared to the lower PEG grafting ratio in PEI-

PEGLow, owing to a higher PEG grafting ratio. Flocculation of MSN-PEI/PEGHigh particles was 

observed, yielding an unusually large size compared to the other samples and, consequently, high 

PDI values. 

 The observation indicates that long-term storage of MSN analogs without drying (i.e., in 

suspension form) is more favorable for further uniform dispersity of MSN compared to powder 

storage, especially when the MSN surfaces are lacking any surface modifications to act as a 

redispersing agent. Moreover, the ζ-potential values of samples prepared from powder and 

suspension forms presented in Table S1a revealed the ζ-potential values of MSN spanning from 

net negative values to highly positive values, depending on the PEG grafting density on the MSN 

surface. The high abundance of primary, secondary, and tertiary amines of hyperbranched PEI 

contribute to the high net positive surface charge of the MSN-PEI, providing electrostatic 

stabilization to the colloidal system. As the presence of PEG grafting on MSN increased, the net 
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positive surface charge of the colloidal system decreased, to the point that the colloidal suspension 

of MSN-PEI/PEGHigh is mainly sterically stabilized. 

 

 

Figure 2. Z-average values of hydrodynamic size measurements and polydispersity index (PDI) 

values of MSN from dried powder and suspension stock redispersed in HEPES solution (250 µg/ml 

in 25 mM HEPES at pH 7.2) Two-way ANOVA was used for statistical analyses, followed by 

Sidak  post hoc test to identify the differing groups. For the inset, comparison of PDI values **p= 

0,0016, **** p<0,0001. The source of variations was storage states (either as suspension or 

powder) and surface modifications of MSN. Statistical analysis shows significant differences in 

PDI values for different storage methods of pristine MSN and MSN-PEI/PEGHigh (****p<0,0001). 

 

Incubation of MSN in HSA supplemented- DMEM for 4h yielded HSA coatings on MSN analogs, 

as confirmed with additional DLS measurements after separating the HSA-adsorbed MSN from 

DMEM media. The hydrodynamic diameter of MSN pre/post-HSA-treatment is presented in 

Figure 3. The results revealed that HSA has a positive impact on the dispersibility of MSN, as 

indicated by the lowered PDI and hydrodynamic sizes compared to the non-HSA-treated samples. 

A significant dispersant effect could be provided by incubating the MSN-PEI/PEGHigh in HSA-

supplemented DMEM (Figure 3). Significant differences were also observed for the PDI value. 
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HSA did not lead to any positive effect on the redispersibility of MSN-PEI powder samples; on 

the contrary, we observed aggregation of MSN-PEI. This should be related to the wettability of 

MSN-PEI surfaces when the dried powder MSN-PEI samples are dispersed in HSA-containing 

media [52].  The observation indicates that the HSA dispersant effect is diminished by the 

composition of surface modification on MSN. As presented in the figures, the presence of PEG 

grafting on MSN has a positive effect on the redispersibility of MSN in HSA-containing media. 

This could be related to fewer interactions of HSA with MSN-PEI/PEGHigh and MSN-PEI/PEGLow, 

which further resulted in high HSA concentration at the intercolloidal regions of the particles. 

Consequently, it leads the concentrations to exceed the flocculation concentration. The coating of 

MSN can explain this phenomenon with protruding layers of PEG being able to decrease the van 

der Waals attractions at short distances. This observation approves the phenomenon of flocculation 

depletion in the colloidal suspension of MSN due to the steric stabilization or existence of very 

thin HSA layer adsorption on PEG-modified samples, which could not cause the diminishing of 

the steric stabilization of the colloidal system. When the pristine MSN was incubated under the 

same conditions, the stabilization could be provided due to a better adsorption of HSA from the 

incubation media. 

 ζ-potential values of MSN, MSN-PEI, MSN-PEI/PEGHigh, and MSN-PEI/PEGLow were 

investigated before and after incubating in HSA-supplemented xenogenic-free cell culture media. 

(Table S1.) The results revealed that PEI modification of MSN yields a high net positive surface 

charge (approx. +47 mV, and +26 mV for suspension and powder storage, respectively) in the 

HEPES buffer solution, as expected. However, HSA adsorption on MSN-PEI samples caused a 

decrease in the values to -12.5±0.2 and -7.2±04 mV for the ones resuspended from suspension and 

powder storage, respectively, as presented in Table S1b. Bare MSN, MSN-PEI/PEGHigh, MSN-
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PEI/PEGLow also yielded net negative surface charge values after HSA adsorption, regardless of 

the surface modification and initial ζ-potential values. Figure 3 and Table S1b present that HSA, 

as a dispersant agent, has a significant role in the uniform dispersity of MSN-PEI/PEGHigh, which 

are stabilized via a steric stabilization mechanism. 

 

Figure 3. Z-average values of MSN with and without incubation in HSA supplemented buffer 

solution media and resuspended in HEPES solution (250 µg/ml in 25 mM HEPES at pH 7.2). Two-

way ANOVA was used for statistical analyses, followed by Sidak  post hoc test to identify the 

differing groups. (**p= 0,0023, **** p<0,0001, *** p =0,0004), error bars represent standard 

deviation of at least three measurements. The inset is the comparison of PDI values, *p= 0,0387, 

* p=0,014, *** p <0,0001. The source of variations was storage states (whether suspension or 

powder) and non-/ HSA treatments. Statistical analysis shows significant differences in PDI values 

(****p<0,0001). 

Incubation of MSN-PEI/PEGHigh in HSA-supplemented cell media lowers the PDI of MSN-

PEI/PEGHigh suspensions. In our previous study, we discussed the importance of the correct 

conformation of PEG as decisive rather than the total grafting level of PEG on the particles, having 

a significant impact on the prevention of aggregation. [41]. The dominance of PEG structural 
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conformation can be diminished once the samples are treated with HSA, whereby the PEGylation 

patterns were employed to provide long-term bio-stability for colloidal MSN [53]. 

3.2. Adsorption of HSA on MSN and thermodynamic analysis of interactions 

The extent of interactions between protein (HSA) and MSN was determined by isothermal titration 

calorimetry (ITC) in order to investigate the details of interaction thermodynamics. Figure 4 

depicts the heat change of different surface-capped MSN particles on HSA titration, where a blank 

titration of HSA with buffer was also performed, and the buffer contribution was deducted from 

the main titration values. Identical titrations were carried out with powder and resuspended forms 

of different MSN particles. According to our results, all heat changes were endothermic in nature. 

MSN particles in powder forms show a gradual change in enthalpy values compared to the 

ethanolic redispersed forms of MSN, which shows an abrupt change in enthalpy and saturation is 

reached much more rapidly compared to powder samples. The strongest exothermic interactions 

were observed between HSA and MSN-PEI, whereas the weakest was observed between HSA and 

MSN-PEI/PEGLow. The greater enthalpy change is attributed to the strong electrostatic interactions 

between the primary and secondary amine groups on PEI (IEP 10.5) and HSA (IEP approx. 5.8) 

in HEPES media at pH 7.2.  In the case of the resuspended MSN from suspension stock, the reason 

for even greater enthalpy change could be due to inefficient protonation of available amine groups 

on MSN-PEI after ethanol storage. ITC results further revealed that the PEGylation of MSN 

surface possibly diminishes the storage condition hurdles for HSA interaction. The amount of HSA 

required to saturate MSN-PEI/PEGLow and MSN-PEI/PEGHigh surfaces might differ due to the 

varying thickness of preferential hydration shells. This might affect the steric 

exclusion/hydrophobic interaction between protein and particles [54]. In the literature, researchers 



22 
 

have revealed that the strength of HSA binding to therapeutics and drug carriers can alter the 

therapeutics delivery and carrier's action to reach the target site [55,56].   

 

Figure 4. Enthalpy of interactions between HSA and bare/surface-modified MSN. a) Bare/surface-

modified MSN were kept as powder. b) Bare/surface-modified MSN were kept as suspension 

stocks in ethanol as 2 mg/ml. 

3.3. Determination of protein secondary structure in the presence of MSN 

The change in the secondary structure of HSA upon adsorption onto MSN with different surface 

functionalizations was studied by circular dichroism (CD) spectroscopy. Structurally HSA is an α-

helical protein and produces strong negative signals at 208 and 222 nm, typical characteristics of 

α-helices. Any alteration in these bands will indicate α-helical structural rearrangement in the 

native form of the protein [57]. When HSA was incubated with bare MSN for 4h (without any 

surface functionalization), there were minor changes in the CD spectrum, indicating a slight 

secondary structural change on MSN adsorption (Figure 5). The same experiment was repeated 

with other surface-functionalized analogs of MSN, and the secondary structural change of HSA 

was the most prominent when MSN is surface-functionalized with the copolymer (PEI/PEGHigh); 

however, the secondary structural change is not so significant. We found the minimum change in 
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HSA structure when HSA was incubated with MSN-PEI compared to free HSA. These structural 

changes of HSA could have an influence on the interaction mechanism of the MSN and cell 

surfaces. 

 

 

Figure 5. The secondary structural change of HSA in the presence of MSN and its different 

surface-functionalized analogs determined by far-UV circular dichroism spectra. 

 

The temperature-dependent CD was performed to determine the thermal stability of HSA after 

binding to different MSN analogs (SI, Figure S3). For HSA alone, with increasing temperature, a 

gradual decrease in ellipticity (CD signal) was observed, indicating a gradual loss in secondary 

structure because of temperature-induced protein unfolding. From the unfolding curve, the melting 

temperature (Tm) was determined as 64ºC for native HSA (SI, Figure  S5a), which changes to 

60ºC upon adsorption onto MSN-PEI/PEGHigh, (SI, Figure S5e) indicating partial protein 

unfolding. The partial unfolding of protein was also verified using ANS dye (Data not shown), 

which selectively binds hydrophobic patches of protein that are normally buried inside the 

structure. The minimum change in protein melting temperature (Tm) was observed for MSN-PEI 

(SI, Figure S3c). Upon adsorption of HSA to bare MSN and MSN-PEI/PEGLow, a change in 
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melting temperature (Tm) was found to be approximately 3ºC (SI, Figure S5b and S5d). Based 

on our experimental data, HSA structural unfolding upon MSN binding adopt the following trend: 

maximum with MSN-PEI/PEGHigh followed by MSN-PEI/PEGLow, bare MSN, and minimum with 

MSN-PEI. This result clearly suggests that the increasing PEG content in the copolymers causes 

partial unfolding of HSA. Earlier it was also shown that the concentrations of PEG binding lead to 

HSA structural unfolding [58]. Our results suggest that higher PEG grafting  on the MSN surface 

leads to the structural unfolding of HSA. 

 

3.4. Determination of HSA activity and its binding site 

The esterase activity of HSA as in MSN bound state and free was investigated (SI, Figure S6). 

Earlier studies indicate that subdomain IIIa of HSA is mainly responsible for esterase activity due 

to the presence of two tyrosine residues (Tyr410 and Tyr411) as these residues can act as a catalytic 

base. Both the residues were stabilized by electrostatic interaction from Arg 410 [59]. Strong 

stabilization interaction between arginine and tyrosine provides superior esterase activity of HSA 

compared to its nearest homolog BSA (shared 80% homology) [60]. According to our results, a 

significant decrement in esterase activity was observed once binding to MSN-PEI/PEGHigh 

occurred while binding of HSA to MSN-PEI caused minimum activity change. The trend of 

activity change by different surface coatings on MSN was as follows: MSN-PEI/PEGHigh > MSN-

PEI/PEGLow > MSN > MSN-PEI. Most likely, MSN-PEI/PEGHigh is binding HSA in close 

proximity to Tyr411. Based on esterase activity data, we can further speculate that MSN-PEI 

shares different binding sites compared to the other functionalized analogs of MSN, as PEI coated 

MSN does not inhibit any esterase activity.  
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3.5. Determination of binding site of HSA on MSN 

Structurally, HSA is composed of 3 homologous domains. Each domain (I-III), further divided 

into two subdomains (A and B) and consisting of 4 - 6 α-helices [61]. The subdomains are highly 

dynamic in nature and move relative to one another by means of flexible loop movement, which 

further facilitates the binding of multiple ligands. The net surface charge of HSA is negative at 

physiological pH.[59] Charge distribution of different domains of HSA is unequal, with domain I 

(-7.2) and domain II (-9.2) carrying negative charges, whereas domain III is neutral at 

physiological pH. The charge discrepancy over different domains originates from the dissimilar 

positioning of surface-exposed acidic and basic residues [62]. PEI is a highly cationic polymer at 

physiological conditions due to the possession of numerous amino groups in its structure, and it 

prefers to bind proteins involving electrostatic interaction. In HSA, normal electrostatic binding 

involves domains I and II as they are highly charged, so MSN-PEI binding most likely occurs 

engaging domains I and II of HSA (Figure 6a and b). Our experimental data, including ITC and 

esterase activity assay, strongly supports this hypothesis. This observation is quite interesting as 

by simply changing surface composition (from PEI to PEG grafted PEI) on MSN, one can 

modulate MSN interaction type and the binding site position of HSA. HSA adsorption on 

nanoparticles typically involves two specialized modes: either (i) side-on or (ii) end-on. For MSN-

PEI, probably the binding happens through side-on mode, as most of the negatively charged 

residues of HSA are localized on the side surface of domains I and II (Figure 6b). An earlier 

investigation by Rezwan et al. also showed that side-on binding is the preferred route of HSA 

binding on the positively charged nanoparticles [63]. Probably, other MSN analogs bind to HSA 

utilizing end-on mode as the end-on mode provides maximum surface overlap (Figure 6c).  
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Figure 6. The APBS software was used to generated the electrostatic potential map of HSA, 

images were captured from a) front and b) side. Cartoon representation of HSA c) depicting both 

Sudlow’s site I and tryptophan (shown in salmon red), possible binding site of all our designed 

MSN except MSN-PEI. Figures were generated using Pymol software 

(https://www.schrodinger.com/pymol).  

 

3.6. Cell viability 

C2C12 cells are myoblasts, e.g., myogenic progenitor cells (satellite cells) and they are exploited 

in material development research within the tissue engineering field, due to their ability of 

myogenic differentiation and the formation of myotubes [64,65]. The possible cytotoxicity of HSA-

MSN and their pristine analogs were evaluated by employing C2C12 myogenic progenitor cells as 

a model system, and cell viability was measured by using resazurin metabolic assay. When cells 

were exposed to differently surface modified MSN and their HSA-coated counterparts  for 4h in 

xenogenic-free conditions (Figure 7a), or for 24h and 48h with HS-supplemented media (Figure 

7b), no significant cell toxicity was observed. In fact, HSA adsorption on MSN increased the 

cellular viability, and this is especially beneficial for the known disadvantage of PEI being 

cytotoxic [66] especially when used as a single component. This observation was well-matched 

with HSA coating used to improve the biocompatibility of inorganic nanoparticles [67,68]. 
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Figure 7. Cellular viability of MSN and HSA-treated MSN (HSA+MSN) evaluated by resazurin 

assay a) Incubated in serum deficient cell medium for 4h b) incubated in HS-supplemented cell 

medium for 24h and 48h. Data are expressed as a percentage of control, which represents the 

maximum cell viability. Values represent the mean ± SEM of triplicates. 

 

3.7. Intracellular uptake of MSN by flow cytometry 

In order to investigate the impact of HSA adsorption on their cellular internalization of MSN, FITC 

(Fluorescein isothiocyanate) as fluorophore was incorporated into MSN during synthesis. The 

cellular internalization of HSA-adsorbed FITC-labeled MSN, and its different surface-modified 

counterparts (MSN-PEI, MSN-PEI/PEGLow, and MSN-PEI/PEGHigh) were studied with a 

fluorescence-activated cell sorter (FACS). C2C12 cells were incubated with varying 

concentrations of bare and surface-modified MSN with and without HSA treatment for 4h under 

different conditions (i.e., in xenogenic-free (human serum-supplemented) or serum-free media) 

whereby it was observed that for a 4h incubation time in serum-free media, the viability of muscle 
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precursor cells is not altered. Subsequently, the cellular uptake of MSN was explored for each 

condition. The results in SI, Figure S7 revealed that the bare MSN leads to the lowest increment 

in fluorescence intensity of the cell population, which is directly associated with the lowest degree 

of cellular uptake among the tested MSN, regardless of the increased concentration. This 

phenomenon can be attributed to the requirement of surface modifications on NP to provide better 

interactions with the stem cells, as also discussed in literature studies [69,70]. These observations 

could also be related to the dispersibility of differently surface-modified MSN in serum-free media 

under the guidance of the MSN characterizations presented in Figure 2. The highest cellular 

uptake was observed for MSN-PEI, MSN-PEI/PEGLow, and MSN-PEI/PEGHigh samples at 

different concentrations. This observation is well-matched with many others, as nanoparticles with 

high net positive surface charge (i.e., MSN-PEI: approx. +30-40 mV ) are taken up better by cells 

compared to its less net positively charged counterparts (i.e., MSN, ~-10 mV, MSN-PEI/PEGLow 

~+10 mV MSN-PEI/PEGHigh ~ net neutral) due to charge repulsion, as the cell membranes also 

possess net negative charge due to the presence of sialic acid residues [71,72]. The hydrogen of 

the carboxyl group of sialic acid dissociates under physiological conditions, resulting in a net 

negative surface charge. However, the observed cellular uptake efficiency could also be related to 

the polydispersity index of MSN (Figure 2). When the powder and suspension storage conditions 

were compared, improved cellular uptake values were observed for the samples with a lower 

dispersibility index. Therefore, the observed difference could be attributed to existing net surface 

charges of MSN in addition to their uniform dispersity in serum-free cell culture media.  

When the influences of MSN analogs were evaluated for cellular internalization in HSA-

supplemented cell cultures, we observed almost similar trends regardless of their storage 
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conditions except for MSN-PEI (SI, Figure S8). Low relative cellular uptake (30%) observed for 

MSN-PEI should be related to an associated human serum protein corona formation, which might 

have caused a decrease in cellular uptake under the studied conditions.  

Further investigations on the importance of pre-treatment of MSN analogs with HSA before 

cellular uptake studies in HS-supplemented cell medium are shown in Figure 8. We have also 

discussed the storage form (powder and suspension) impact on the redispersibility of MSN, as 

presented in Figure 3, due to that the colloidal status of MSN is known to have a dominating effect 

on cellular uptake. The obtained results are already indicative of a significant difference for the 

prior-HSA association of MSN analogs in HS-supplemented media (Figure 8) to provide high 

cellular uptake. Findings further revealed that HSA coatings on MSN analogs could eliminate the 

unpredictable protein corona formation in human serum-supplemented media, which can lead to a 

superior improvement in cellular uptake, as very clearly observed for MSN-PEI, and to improve 

the colloidal stability of MSN. However, it is obvious that the amount of HSA on MSN is not the 

only dominant factor since MSN-PEI resuspended from suspension stock form yielded the highest 

cellular uptake, even though it resulted in the lowest amount of HSA association found in ITC. 

Therefore, the importance of secondary structures of HSA, free binding sites of HSA after 

interaction with MSN analogs, is evident under the guidance of discussed characterization details 

of HSA-coated MSN analogs. These differences are due to the conformational status of HSA 

becoming more dominant with the gradual increment of MSN concentration in incubation 

conditions. In this condition, the colloidal state of MSN (i.e., dispersibility, Figure 3) does not 

regulate MSN cellular internalization event since HSA adsorption on MSN leads to better 

dispersibility for the powder samples compared to the suspended ones.  
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Figure 8. Cellular uptake of HSA-adsorbed MSN analogs incubated at different concentrations of 

a) 5 µg/ml b) 25 µg/ml c) 50 µg/ml, with muscle progenitor cells in HS-supplemented cell media 

for 4h. 

In order to understand whether HSA adsorption on MSN improves the cellular uptake of MSN 

analogs in serum-free in vitro stem cell culture model, the cellular internalization of HSA-adsorbed 

MSN, and their pristine MSN analogs in serum-free cell media have been investigated (Figure 9). 

The higher cellular uptake of MSN-PEI after HSA association should be related with the least 

unfolded HSA structure compared to other types of MSN analogs as presented in the related 

section above, and the favorable hydrodynamic size values of MSN-PEI (Figure 3). In contrast, 

the observed high cellular uptake of MSN-PEI/PEGHigh probably relates to different cellular 

internalization pathways. It is important to note that the unfolding of serum albumin on the MSN 
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surface could expose a new surface (epitope). These new epitopes typically have a tendency to 

bind alternative receptors, as reported earlier [73]. These results matched well with previous 

observations, which show that disrupted serum albumin on the surface of nanoparticles drives the 

binding of serum albumin-NP complexes to non-albumin (different) receptors [54]. 

 

Figure 9. Cellular uptake of suspension-stored and HSA-adsorbed MSN analogs at different 

concentrations of 5 µg/ml, 25 µg/ml, and 50 µg/ml in xenogenic-free cell media, incubated with 

C2C12 muscle stem cells for 4h. 

Once MSNs were characterized, and their biological compatibility was assessed for muscle stem 

cells, the potential effect of MSN on the differentiation process of the muscle progenitor cells was 

investigated by using western blot analysis. Myoblast differentiation was induced following the 

exposure of cells to MSN-PEI and MSN-PEI/PEGHigh and their HSA-adsorbed analogs for 4h. The 

differentiation process was investigated by a western blot analysis of the expression level of 

myogenic markers Myosin heavy chain (MHC) and Troponin T at 24, 72, 120, and 168 hours 

(time-dependent) [74]. When compared with the control (no MSN treatment), western blots 

demonstrated that Troponin T and MHC expression was initiated at the same time point regardless 

of the MSN presence (Figure 10a). Their morphological features were similar to those of 

myotubes formed from untreated myoblasts (Data not shown). However, MSN-PEI PEGHigh 
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treated myoblasts had a slightly detrimental effect on myotube formation (Figure 10b), thus 

expressing less MHC compared to the non-treated control and the HSA-modified MSN- 

PEI/PEGHigh at 72h. No significant difference was observed in terms of Troponin T expressions 

(Figure 10c). Our results show no significant differences in MHC or Troponin T expression levels 

at 120h or 168h time points. Thus, we can conclude that MSNs have no adverse effect on the 

differentiation of muscle progenitor cells. The PEI-PEGHigh coating on MSN is highly favorable, 

considering the biocompatibility and inert effect in the myoblast differentiation process. Moreover, 

the HSA pre-treatment of MSN-PEI and MSN-PEI/PEGHigh did not cause any adverse effect on 

the differentiation. Nevertheless, this course of action has improved the cellular viability of MSN 

and their cellular uptake, which can be an effective approach in the design of MSN-based stem 

cell therapies. 

Figure 10. The effect of MSN treatment on myogenic differentiation in C2C12 muscle progenitor 

cells. a) Western blots analysis of C2C12 cells induced to differentiate after exposure to MSN at a 

concentration of 25 µg/ml for 4h. Myosin heavy chain (MHC) and Troponin T are differentiation 
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markers and Hsc70 was used as a loading control. b-c) Analysis of the relative level of protein 

expressions of myogenic differentiation markers MHC and Troponin T. Two-way ANOVA was 

used for statistical analyses, followed by Tukey post hoc test to identify the differing groups 

(p<0.05). Data are presented as the mean±SEM of 3 independent experiments, and p<0.05 (*) was 

considered statistically significant. 

 

4. Conclusions 

In this study, we have investigated the colloidal characteristics of differently surface-modified 

MSN in human serum-supplemented xenogenic-free in vitro stem cell cultures from different stock 

storage conditions (i.e., dried powder and suspension). Our results revealed that the storage of the 

MSN as a suspension stock is favored for the xenogenic-free in vitro investigations. We also 

studied the interaction mechanism of HSA with MSN analogs and observed that the extent of HSA 

adsorption on the MSN surface varied depending on the surface modification of MSN. The 

increment of PEG grafting density (MSN-PEI/PEGHigh) in the copolymer composition of surface 

modification led to the unfolding and denaturation of the adsorbed protein. Furthermore, we found 

that HSA association on MSN increases biocompatibility, regardless of surface functionalization. 

Interestingly, we also found that irrespective of condition, MSN-PEI always shows the highest 

cellular internalization. The results provide a rational basis to understanding how surface 

modification along with human serum albumin association finely regulates the cellular 

internalization event of MSN. Additionally, completely serum-free media can be utilized to obtain 

high relative cellular uptake (approx. 80%) of MSN by carrying out only prior treatments with 

HSA before in vitro cell uptake studies. Finally, we determined that MSN do not alter the myogenic 

differentiation of muscle progenitor cells.  Our results suggest that HSA association of surface 

modified MSN can be a beneficial approach for surface modified MSN for stem cell-based tissue 
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engineering research due to the provided MSN colloidal stability, improved stem cell viability, 

stem cell internalization and lack of adverse effects on the differentiation of stem cells. 
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Figure S1. TEM image of MSN. 
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Figure S2. TGA results of pristine MSN and surface modified MSN. 

 

Figure S3. t-plot analysis of MSN. 
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Figure S4. SEM images of MSN a) MSN-PEI/PEGLow b) MSN-PEI/PEGHigh. 

 

 

Figure S5. Thermal unfolding of a) HSA alone and in the presence of b) MSN c) MSN-PEI d) 

HSA-MSN-PEI/PEGLow e) MSN-PEI/PEGHigh. Data were fitted to a sigmoidal equation. 
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Figure S6. The relative esterase activity (%) of HSA in the presence and absence of different MSN 

analogs. 
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Figure S7. Cellular uptake of pristine and surface coated MSN stored as suspension and dried 

powder tested at different concentration of a) 5 µg/ml, b) 25 µg/ml, and c) 50 µg/ml incubated 

with stem cells in serum-free media for 4h. 
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Figure S8. Cellular uptake of pristine and surface modified MSN stored as suspension and  dried 

powder at different concentrations of a) 5 µg/ml b) 25 µg/ml, and c) 50 µg/ml incubated with stem 

cells in human serum-supplemented cell media for 4h. 
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Table S1.ζ-potential values of MSN suspensions before (a) and after (b) incubating in HSA 

supplemented media and resuspended in HEPES solution (250 µg/ml in 25 mM HEPES at pH 7.2). 

 

 

 

 


