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Abstract: The present study is focused on the construction and characterization of the 

morphology and biocompatibility of polysaccharide multilayered microcapsules (PMC) 

composed of natural polyelectrolytes (chitosan/alginate/hyaluronic acid), and on the effect of 

graphene oxide (GO) incorporation in the polymer matrix. The insertion of GO in the 

polymer matrix is an innovative and still evolving strategy used to modify the properties of 

the polyelectrolyte microcapsules. We have fabricated a number of hybrid  

GO-polysaccharide multilayered capsules by layer-by-layer assembling technique onto a 

CaCO3 core, followed by core decomposition in mild conditions. Hybrid microcapsules with 

different composition were constructed by varying the number or localization of the 

incorporated GO-layers. It was found that the thickness of the hybrid microcapsules, 

evaluated by atomic force microscopy, decreases after incorporation of GO nanosheets in 

the polymer matrix. Analysis of the viability and proliferation of fibroblasts after incubation 

with hybrid PMC revealed pronounced concentration-dependent cytotoxic and 

antiproliferative effect. Based on the results, we can conclude that the hybrid multilayered 

microcapsules made of natural polysaccharides and graphene oxide could be used for 

biomedical applications. 

 

Keywords: Graphene oxide, Polysaccharide microcapsules, Cytotoxicity, Antiproliferative 

activity. 
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Introduction 
Polyelectrolyte microcapsules (PEM) attract widespread interest as drug delivery platforms 

due to the possibility of fine optimization of their structural, mechanical and physicochemical. 

This improves the effectiveness in the functions they can perform, like site-specific drug 

delivery and drug protection, controlled sustained drug release, reducing adverse side effects 

and toxicity.  

 

To date, a variety of approaches have been developed to model the properties of PEMs. 

The classical approaches based on adjustment of pH, ionic strength and temperature are non-

invasive. Changes in pH and ionic strength induce an electro-osmotic shock that modulates 

the capsule’s shell permeability, while high temperature leads to destabilization and 

dehydration of the polymer matrix [6, 8, 31]. The more advanced approaches include 

incorporation of non-polymer components in the polymer matrix and are more invasive. 

This is a widespread strategy for the formation of hybrid composite complexes between 

polyelectrolyte matrix of the capsules and various functional materials such as inorganic 

nanoparticles [2] carbon nanotubes [22], micelles [30], liposomes [27], biomolecules [19], 

and graphene derivatives [18]. 

 

In the recent years, the combination of carbon-based materials – carbon nanotubes, fullerenes 

and graphene oxide (GO) with a number of matrices have been widely used in biomedical and 

bioengineering technologies in the development of new materials for gene transfer, drug 

delivery, imaging, and tissue engineering. Particularly GO can easily form complex 

composite compounds with polymers [11, 14, 18, 23, 54]. Construction of various types of 

hybrid GO-polymer nanocomposite capsules composed of synthetic polyelectrolytes have 

been reported [28, 33, 46]. The presence of GO in the polymer matrix of multilayered 

GO/PAH (polyallylamine hydrochloride) capsules, built up by layer-by-layer (LbL) 

technology, renders unique properties, like permeability and dual capacity for “core-wall” 

encapsulation. However, studies on incorporation of GO into capsules made of biodegradable 

polymers with natural origin are still limited. Deng et al. [10] reported that the construction of 

hybrid polysaccharide multilayered capsules (PMC) with incorporated Fe3O4-functionalized 

GO makes them sensitive to external stimuli (magnetic field, infrared light). In other studies 

successful construction of GO-reinforced biodegradable microcapsules with good 

biocompatibility [29] and well-defined pH-controlled permeability over a wide pH-range [44] 

have been reported. 

 

The problem with biocompatibility is fundamental regarding drug delivery systems [24]. 

The extent of biocompatibility of drug carriers depends on the fine balance between 

concentration and chemical structure of the carrier, the route of its administration as well as 

the contact time between drug carriers and live systems [20, 38, 51]. In the literature there is a 

lot of information about the dependence of the level of toxicity on the concentration of 

carriers with biodegradable nature [40]. Either of natural or synthetic origin, poly-cations 

have been shown to induce higher levels of cytotoxicity compared with poly-anions due to 

their stronger interactions with negatively charged cell membranes and subsequent cellular 

internalization [15, 21, 32, 49]. The microcapsules constructed of natural components can also 

inhibit the cell viability at higher values of the capsule to cell ratio. This can originate either 

to sedimentation of the capsules, which causes cells “stifling”, or to mechanical damages of 

the cell membrane induced by the precipitated capsules [9, 42, 53]. 

 

Here we characterize the morphology and biocompatibility of PMC composed of 

biodegradable polyelectrolytes with natural origin (chitosan, alginate and hyaluronic acid) and 
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the effect of GO incorporation in the polymer matrix. We prepared a number of hybrid  

GO-polymer capsules (h-PMC) with different composition by varying the number of the 

deposited layers, as well as the number or localization of the GO-layers incorporated into the 

capsules’ shell. The morphology (size, shape, surface roughness and thickness) of the 

capsules was evaluated by atomic force microscopy (AFM) and the PMC elasticity by 

nanoindentation. Additionally, the in vitro toxicity and antiproliferative activity on fibroblasts 

were evaluated at different capsules’ concentration.  

 

Materials and methods 

Materials 
Chitosan, Chi (MW 50-190 kDa, 75-85% deacetylated), fluorescein isothiocyanate conjugated 

bovine serum albumin (FITC-BSA), and ethylenediaminetetraacetic acid disodium salt  

(Na2-EDTA) were purchased from Sigma-Aldrich (Germany). Sodium alginate,  

Alg (4-12 cP, 1% in H2O, at 25°C) was purchased from Carl Roth & Co. (Karlsruhe, 

Germany). Sodium hyaluronate, HA (MW 130-300 kDa) was purchased from Contipro 

(Czech Republic). Graphene oxide (0.4 wt % water dispersion) from Graphenea (Spain). 

Calcium dichloride (dihydrate), disodium carbonate (anhydrous) and sodium chloride were 

analytical grade and used as received.  

 

All solutions were made with ultra-pure water (18 MΩcm) in order to avoid influence of side 

ions. The polysaccharides were dissolved in 0.5 M NaCl to final concentration of 1 mg/mL. 

Before use, the GO dispersion was further diluted to 0.002 wt % (20 µg/mL) [10] with 

ultrapure water and ultrasonicated (30 min in ultrasonic bath, Iso Lab), in order to decrease 

the size of the GO-sheets. The pH of all working solutions was adjusted to 5.5 considering the 

pKa values of the functional groups of the structural elements used to build the capsules, so 

they were in ionized state. 

 

Microcapsules preparation 

Polysaccharide multilayer microcapsules were prepared onto freshly synthesized porous 

spherical calcium carbonate microparticles/cores (diameter range 4-10 µm) using standard 

centrifugation protocols [7, 10, 35, 37, 47] with some modifications. In brief, CaCO3 cores 

were coated with oppositely charged polysaccharides, using LbL technique, by suspending the 

cores (approx. 2% w/v solid content) alternately in aqueous solutions of Chi, Alg or HA.  

The cores were incubated for 15 minutes in polysaccharide solutions and for an hour in  

GO suspension, at constant stirring at 600 rpm on magnetic stirrer (MS-H-Pro+, DLAB).  

After each deposition step, the coated cores were centrifuged (2 min at 200g, Sigma 2-16 KL). 

Then the non-adsorbed polysaccharide chains or GO nanosheets were removed by double 

washing with 0.01 M NaCl after deposition of polysaccharides or with pure water after GO 

deposition, because NaCl screens the charges of the GO and lead to its aggregation [50]. After 

the construction of the target multilayer coating the coated CaCO3 cores were dissolved by 

incubation in a solution of chelating agent – 0.02 M EDTA (pH 5.5). The resultant 

microcapsules were collected by centrifugation for 10 min (2500g), then washed with 

ultrapure water and used immediately for analysis. 

 

Optical microscopy 
3D optical profiler, Zeta-20 (Zeta Instruments) was used for 3D imaging of the PMC and  

h-PMC. Zeta-20 enables imaging of surfaces with very low reflectivity and very high 

roughness. The equipment allows vertical (Z) resolution < 1 nm; field of view dimensions 

from 0.006 mm2 to 15 mm2; magnification from 5× to 100×; lateral resolution – sub-micron; 
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rapid data capture < 1 minute typical. The samples for optical microscopy were prepared by 

drop casting of the prepared capsule suspension in ultrapure water onto cleaned microscope 

glass slides and drying on air. 

 

Scanning electron microscopy 
Surface morphology of the composite capsules was determined by means of SEM (JEOL, 

JSM-7100F, Japan). Images were acquired at an average working distance of 9 mm with 

accelerating voltage of 10 kV. For SEM imaging the capsules were immobilized on glass 

slides by drop casting, dried and sputter-coated with 5 nm thin gold-layer to improve the 

conductivity of the surface and the quality of the acquired images. 

 

Atomic force microscopy 
Atomic Force Microscope (AFM) (Asylum Research MFP-3D, Oxford Instruments) was used 

supplied with silicon probes- qp-BioT (Nanosensors™) with a frequency of 20 kHz and a 

spring constant of 0.06 N/m. The experiments were carried out in contact mode with scan rate 

of 1 Hz. The samples were prepared by drop casting as for the optical microscope 

measurements. 

 

Cell culturing 
Biocompatibility of the different microcapsules formulations was evaluated on standard 

mouse embryonic BALB/3T3 fibroblasts. The fibroblasts were cultured in plastic flasks 

(Greiner, Germany) filled with medium mixture consisting of 90 % (v/v) Dulbecco Modified 

Eagle’s medium (DMEM) (Gibco, Austria) and 10% (v/v) fetal bovine serum (Gibco, 

Austria). The culture medium was also supplemented with 100 U/mL penicillin (Lonza, 

Belgium) and 100 µg/mL streptomycin (Lonza, Belgium) under humidified air containing  

5% CO2 at 37°C. 

 

In vitro biocompatibility assays 
For the experiments with hollow microcapsules, the BALB/3T3 mouse fibroblasts suspended 

in culture medium (under a humidified 5% CO2 atmosphere at 37°C) were seeded in the wells 

of a 96-well plate (Greiner, Germany) for 24 hours. For cytotoxic experiments the final cell 

number was in the order of 1×104 per well, while cell proliferation experiments were started 

with approximately 1×103 cells/well. The post seeding period allowed the cells to attach to the 

wells bottom.  

 

The adhered cells were then treated with 200 µl of microcapsules suspensions with different 

concentrations (0.4, 0.8, 1.5, 3, 6, 12.5, 25 and 50%) and culture medium. The 50% PMC 

solution was prepared by mixing 100 µl of the initial microcapsules’ suspension 

(approximately 12.8 ± 0.8×106 capsules/mL, by naked-eye-counting on optical microscope 

images) with an equal volume of 100 µl culture medium, in order to avoid the risk of osmotic 

lysis of the cells. Untreated cells were used as controls. 

 

The cell viability assay was performed 24 hours and the antiproliferative activity after  

72 hours after incubation with microcapsules. Thereafter, microcapsules were removed and 

the number of viable/proliferated cells was evaluated by Neutral Red Uptake Assay [1, 41]. 

The cells were firstly treated with Neutral Red and then washed with methanol/acetic acid 

mixture and the extinction at 540 nm was measured on a TECAN microplate reader (TECAN, 

Grödig, Austria).  

 



 INT. J. BIOAUTOMATION, 2022, 26(3), 225-240 doi: 10.7546/ijba.2022.26.3.000843 
 

229 

Statistical analysis 
One-way ANOVA followed by Bonferroni’s post hoc-test was used for statistical analysis. 

All experiments were done four times and data were presented as means ± standard deviation 

(SD). The lowest level of statistical significance was accepted (p < 0.05). Analysis was 

performed using SigmaPlot software. 

 

Results and discussion 

Characterization of PMC and h-PMC 
Two main types of microcapsules without and with GO in the polymer matrix were prepared. 

Microcapsules without GO were referred as non-hybrid control polysaccharide multilayer 

microcapsules (cPMC), their shell composition is shown in Table 1. Four variants of h-PMC 

with GO included in their matrix have shell composition listed in Table 1.  

 

Table 1. Shell composition of the studied PMC 

Composition of the capsules’ shell Abbreviation 

Chi/Alg/Chi/HA/Chi/HA cPMC 

GO/Chi/Alg/Chi/HA/Chi/HA h-GO/P 

Chi/Alg/Chi/GO/Chi/HA h-P/GO/P 

Chi/Alg/Chi/HA/Chi/GO h-P/GO 

Chi/Alg/Chi/GO/Chi/HA/Chi/GO h-P/GO/P/GO 

 

The efficiency of GO and PE deposition onto CaCO3 cores was demonstrated by SEM 

imaging of the cores at the successive stages of the shell building (Fig. 1). The non-coated 

CaCO3 cores have clear outlines and are well separated from each other (Fig. 1A), while the 

cores after 6 depositions cycles are coated with a thick polymer shell (Fig. 1D). Due to the 

intrinsic negative charge of the cores the poly-cation Chi was used in the 1st deposition step as 

a rule [17, 37, 47, 48] in the only exception is the h-GO/P variant where the LbL assembly 

was initiated with the deposition of a GO-layer. Sodium alginate has been used to enhance the 

strength of the polysaccharide matrix due to its capability to get rigid after crosslinking with 

divalent calcium cations from the dissolution of carbonate cores [13, 34, 39].  

 

 

 A)  B) C) D) 

Fig. 1 SEM images of CaCO3 cores at different stages of capsule’s shell build-up: 

A) naked cores without shells; B) cores after deposition of a GO-layer;  

C) after deposition of a Chi-layer;  

D) core-shell microparticles with [Chi-Alg-Chi-HA-Chi-HA] shell. 

 

Fig. 1B shows that after the incubation in aqueous GO dispersion CaCO3 cores are wrapped 

by a thin shell. To confirm the successful deposition of GO on the cores, we measured the 

absorption of GO dispersion and the supernatant after centrifugation of the CaCO3 cores 

incubated in GO suspension (Fig. 2). The typical absorbance maximum of GO at 230 nm is 

missing in the supernatant confirming GO nanosheets deposition on the CaCO3 cores.  
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Fig. 2 Absorption spectra of GO suspension with concentration 20 µg/mL (black)  

and of the supernatant (red) after pelleting the CaCO3 cores from the GO-CaCO3 cores 

suspension. The arrow indicates the characteristic GO UV-band at 230 nm. 

 

Moreover, the GO-CaCO3 complexes did not dissociate even after several washings with pure 

water. All this indicates that despite the net negative charges at pH 5.5 of both graphene oxide 

(pKa of the carboxyl groups is < 3.75 [26] and the CaCO3 cores, GO interacts stably with the 

calcium carbonate surface. The adsorption of GO on the surface of CaCO3 cores was driven 

by the complexation of the surface exposed Ca2+ with the carboxyl and hydroxyl groups  

of GO [25].  

 

Optical microscope images of the polysaccharide microcapsules obtained after dissolution of 

the CaCO3 cores are presented in Fig. 3. The images show many polymorphic microcapsules, 

which is due to dehydration caused collapsing, shrinking and folding effects of the inherently 

soft polysaccharide shells. In addition, obvious heterogeneity for the h-P/GO/P/GO variant 

was observed (Fig. 3D).  

 

 

Fig. 3 Optical microscope images of dried hollow polysaccharide microcapsules:  

A) non-hybrid cPMC; B) hybrid h-GO/P; C) h-P/GO/P; D) h-P/GO/P/GO microcapsules.  

 

High-magnification morphological images of collapsed capsules obtained by AFM are shown 

in Fig. 4 (micrographs of cPMC (A,B) and of h-P/GO/P/GO (D,E)). To determine the fine 

thickness of the polymer matrix cross-section profiles were made of the obtained 

micrographs. The thickness of the capsules was determined from the difference between the 

baseline and the lowest part of the capsule surface in order to avoid the influence of larger 

folds (Fig. 4C and F). 
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Fig. 4 Typical AFM micrographs of dried cPMC (A) and h-P/GO/P/GO (D) microcapsules, 

their corresponding three-dimensional presentations (B and E),  

and the cross-section profiles of image A (C), and of image D (F). 

 

The mean doubled shell thickness of fully dried and collapsed non-hybrid cPMC, determined by 

AFM, was approximately 50 nm (49.1 ± 6.6 nm, Fig. 5), which corresponds to the doubled shell 

thickness of the capsules. All hybrid capsules appear thinner than the non-hybrid. The average 

thickness of all capsules with one GO-layer in the shell is practically the same within the 

measurement error (between 30-35 nm). Incorporation of one GO-layer decreases the doubled 

shell thickness by about 16 nm. Incorporation of second GO-layer decreases the thickness again 

by about 16 nm relative to the capsules with one GO-layer and it reaches 18.2 ± 5.2 nm for  

h-P/GO/P/GO capsules, which is about 2.7 times thinner than cPMC (Fig. 5). 

 

 
Fig. 5 Average doubled shell thicknesses of the different models of microcapsules 

 

The significant reduction in the thickness is due to HA-layer replacement with GO-layer. 

In our previous study on hybrid PEM/GO films we demonstrated that the substitution of one 

HA-layer with GO-layer (1-2 nm thick) reduces the thickness by 5 to 7 nm [3]. Indeed,  

in contrast to the two-dimensional and atom-thick GO-sheets, the three-dimensional folded 

carbohydrate chains of HA can form complex diffuse scaffolds with the Chi-chains. It is not 

difficult to assume that the replacement of the large 3D hyaluronic molecules with  

2D nanosized GO particles would lead to a significant thickness-reducing effect. It is also 

known that the electrostatic interactions between Chi and HA can be weak and unstable, due 

to the low charge density of the two natural polyions. It has been also shown that GO and Chi 

5µm 3 µm 
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can form stable nanocomposites with variety applications in biomedicine [11, 14, 23]. In case 

of h-GO/P capsules GO was deposited as 1st layer directly on the carbonate cores but not on 

the polymer matrix. The thinning effect in this case could be due to the presence of surface 

exposed GO nanolayer, which to some extent smoothes the porous and rough CaCO3-surface 

and thus hinders the penetration of the polymers into the core matrix [29]. It has been shown 

that polymer bilayers deposited on porous carbonate particles are orders of magnitude thicker 

than the same layers built-up on a smooth substrate [47]. 

 

Biocompatibility assays 

In this study 3T3 fibroblasts were exposed to series of dilutions of the different types of 

microcapsules (without and with GO), free GO nanosheets in a water suspension were used as 

controls. The highest concentration of GO nanosheets was equal to the concentration of GO 

suspension used in the deposition process (20 µg/mL). 

 

The relative cellular viability and proliferation activity were determined for series of different 

capsules concentrations. The results were evaluated after 24 h for the cytotoxicity and after 

72 h for the antiproliferative effect. The data are expressed as % relative to the negative 

control (untreated cells) (Fig. 6).  
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Fig. 6 Effect of capsules concentration on the in vitro cytotoxicity  

of BALB/3T3 mouse fibroblast cells after 24 h treatment. Cells cytotoxicity determined  

by 3T3 NRU test is expressed as percent of dead cells versus the negative control (C) 

presented as mean ± SD (n = 4), *** p < 0.001, ** p < 0.01, * p < 0.5, ANOVA test. 

 

Correlation between the cytotoxicity and the microcapsules concentration was observed  

(Fig. 6) – all tested capsules reduce the cell viability in a concentration dependent manner. 

The non-hybrid cPMC and the hybrid h-PMC with one GO-layer (h-GO/P, h-P/GO/P and  

h-P/GO) show less than 10% cytotoxicity up to a concentration of 12.5% and there were no 

significant differences compared to the non-treated control cells. The cytotoxicity of  

h-P/GO/P/GO capsules with two GO-layers in the shell increases linearly with the 

concentration. cPMC without GO and h-GO/P capsules with one GO-layer located in the 

interior of the capsules show the same cytotoxicity which is lower than that of h-P/GO,  

h-P/GO/P and h-P/GO/P/GO capsules and does not exceed 20% non-survived cells even at 

the highest concentration studied. At 25% capsules suspension, with the exception of  

h-P/GO/P/GO capsules (50% non-survived cells), the rest of the capsules reached up to 25% 

non-survived cell only. All GO-containing capsules, except h-GO/P, show 100% cytotoxicity 

at the highest 50% concentration of the suspension. In comparison, cPMC and h-GO/P 
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capsules demonstrated much weaker cytotoxic effect – only 20% dead cells after treatment 

with the most concentrated (50%) capsule suspension. The suspension of free GO nanosheets 

did not show cytotoxicity at all.  

 

Fig. 7 presents the cell viability (expressed in %) as a function of the concentration of both the 

tested capsules and of free GO nanosheets. Almost no differences were observed at low 

concentrations, while remarkable differences were found with the increase of the 

concentration and 3 groups of dependences can be distinguished. Group I included free  

GO-suspension, non-composite cPMC, as well as the composite h-GO/P capsules – all were 

almost non-toxic in the whole concentration range. The difference in the percentage of 

survived cells between the lowest (0.4%) and the highest (50%) capsules concentration was 

less than 20%. Group II (h-P/GO/P and h-P/GO) showed slight toxic effect at the low and 

average concentrations, but negative effect on the cells viability at the highest concentrations 

was quite obvious. The curves had rather an exponential pattern compared to Group I profiles 

– at the lowest capsule concentrations (from 0.4% to 12.5%) the number of non-survived cells 

was only 5% less than its corresponding value in Group I. At the average capsule 

concentrations (25%) this value increased up to 20%. However, it can still be seen that even at 

this concentration the capsules still do not show a pronounced cytotoxicity (over 70% 

survived cells). At the highest concentration (50%) approximately 100% of fibroblasts did not 

survive. The Group III included only h-P/GO/P/GO capsules characterized with the lowest 

biocompatibility compared to the other two groups – only 50% survived cells at 25% 

concentrated  suspension (i.e., about 20% lower than the Group II values) (Fig. 7).  
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Fig. 7 Comparison of decreasing rates of in vitro cell viability  

as function of capsules concentration. Data collection after 24 h treatment. 

 

According to the data from Figs. 6 and 7, a quantitative estimation of the capsules’ 

biocompatibility potential was determined, by calculation of the half from the maximum 

inhibitory capsules’ concentration (IC50). The data for the cytotoxicity and for 

antiproliferative effect are summarized in Table 2.  

 

Based on the obtained results the most toxic h-P/GO/P/GO capsules reach IC50 at 25.59% 

capsules concentration which is with 7÷9% lower than the IC50-values of Group II-capsules 

(with IC50 = 32÷34%). For the most non-toxic Group I-capsules, IC50 values were not reached 

even at 50% concentration of the capsules suspensions. On the other hand, the IC50 values for 
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antiproliferative activity are extremely low for all h-PMC samples – ranged between 3÷6% 

only. At the same time IC50 is significantly higher – 36.3% for the non-composite cPMC.  

This is clear indication that GO act as strong inhibitor of the 3T3 cells proliferation and this 

was also true for the h-GO/P capsules regardless of its lack of cytotoxicity. The hybrid 

capsules suppressed the cells proliferation much earlier than their cytotoxic activation.  

The IC50-values for the GO-free suspension demonstrate lack of any cytotoxic or 

antiproliferative effect in the used concentration range (0.15÷20 µg/mL). 

 

Table 2. Comparison of IC50 parameter between the different microcapsules formulations.  

№ Samples 
IC50 of mean ± SD (%) 

Cytotoxicity Antiproliferative activity 

1 cPMC > 50 36.33 ± 0.71 

2 h-GO/P > 50 3.33 ± 0.36 

3 h-P/GO/P 32.69 ± 1.03 6.06 ± 1.14 

4 h-P/GO 34.34 ± 0.84 6.69 ± 0.74 

5 h-P/GO/P/GO 25.59 ± 1.14 6.07 ± 0.56 

6 GO suspension > 50 > 50 

Note: IC50 values were calculated after 24 h (for the cytotoxicity) and after 72 h 

(for the antirpoliferative activity) treatment with microcapsules 

 

The significant discrepancies in the biocompatibility of the capsules demonstrated in Fig. 6, 

Fig. 7 and Table 2 might result from the capsules’ stiffness. The physicochemical properties 

of nano- and microparticles (such as size, shape, surface chemistry, stiffness and elasticity) 

have been found to exert significant effects on the cellular internalization pathways [16, 45]. 

A model study also showed that the stiffer capsules required less adhesion energy to binding 

the cell membrane than softer ones [52]. Based on the fact that GO-layers exhibit extremely 

high stiffness (Young’s modulus  200 GPa [43] and that incorporation of GO increases the 

stiffness of the soft polyelectrolyte multilayer films [5, 36] we suppose that the PMC become 

stiffer after GO incorporation. Hence, we classified the investigated here capsules as softer 

(cPMC and h-GO/P) and stiffer (h-P/GO, h-P/GO/P and h-P/GO/P/GO). We classify  

h-GO/P-caps as softer because GO does not affect the capsule shell stiffness, but rather fills 

the capsular lumen after the decomposition of CaCO3 cores. Furthermore, we have already 

demonstrated a strong dependence of the surface stiffness of HA/Chi multilayer films on both 

the position and the abundance of GO-layers in the polymer matrix [3]. 

 

However, the effect of the protocol of GO-deposition during microcapsules preparation –  

i.e., GO was deposition below (h-GO/P capsules) or above (h-P/GO/P, h-P/GO and  

h-P/GO/P/GO capsules) the alginate layer cannot be excluded. It is possible that the  

GO nanosheets destabilize the weakly interacting Chi and HA and therefore amorphous  

GO-Chi and GO-Chi-HA complexes might be formed that can create a large area for harmful 

contact with cell membranes. Regarding the h-GO/P capsules, the alginate layer may act as a 

barrier that prevents GO nanosheets to destroy the outer Chi/HA layers. 

 

The different decreasing rates in Fig. 7 as well as the discrepancies in IC50 values (Table 2) 

can be explained by the complementary influence of the capsules concentration, the stiffness 

of the capsules shell and the polydispersity of the capsules suspensions. Monodisperse 

suspensions of softer cPMC and h-GO/P capsules exhibit the weakest adhesion with the cell 

membranes and cytotoxicity correlates only with the capsule concentration. The IC50 was not 
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reached even at the highest incubation concentrations (IC50 > 50%, Table 2). As a result,  

a slight slope of the curves of viability vs. capsules concentration was observed (Fig. 7,  

Group I). However, regarding the h-P/GO and h-P/GO/P capsules, the inhibitory effect of the 

capsules concentrations was further combined with the both – increased capsule stiffness and 

higher extent of polydispersity. As a consequence, the stronger adhesion and sedimentation on 

the underlying cells led to a pronounced cell inhibitory effect at lower capsules concentrations 

(IC50  32÷34%, Table 2) and to a more pronounced exponential decrease of the viability 

(Fig. 7, Group II). The inhibitory effect of h-P/GO/P/GO capsules was most evident  

(IC50 = 25.6%) due to the additional GO-layer and the high degree of polydispersity  

(Fig. 3D). The pronounced inhibitory effects induced by h-P/GO/P, h-P/GO and  

h-P/GO/P/GO were probably due to significant capsules sedimentations causing cells stifling 

as well as some membrane injures. Taking into account the initial number of microcapsules in 

the none-diluted suspension and the number of treated cells per well (see In vitro 

biocompatibility assays section), it was easy to define the rude capsules to cell ratio.  

The most concentrated (50%) samples contained approx. 6.4×106 microcapsules, which 

means caps/cell = 128/1. So that, our results are consistent with the observations by other 

researchers that at ~ 12/1 ratio (i.e., the 3÷6% capsules suspensions), no cytotoxicity was 

observed, regardless of the microcapsule variants [10].  

 

The lack of any inhibitory effect of free GO nanosheets can be due to lack of sedimentation 

over the cells for the following reasons: (i) the negatively charged GO nanoparticles were 

electrostatically repulsed by the negatively charged cell membranes and (ii) at low 

concentrations used in this study (0.15÷20 µg/mL) the free GO nanosheets formed a stable 

and uniformly dispersed suspension. In addition, our results are consistent with previous 

reports proving that free GO suspension is not cytotoxic at concentrations up to 50÷75 µg/mL 

[12, 14]. 

 

Conclusion 
It was demonstrated that the incorporation of GO into the polymer shell of polysaccharide-

based microcapsules strongly reduced the capsules’ thickness. Analysis of the viability and 

proliferation of fibroblast cells after treatment with hybrid microcapsules revealed 

pronounced concentration-depending cytotoxic and antiproliferative effects.  The localization 

of GO-sheets in the polymer shell determines the degree of cytotoxicity of the microcapsules 

– those with the deepest deposited GO layer have the lowest cytotoxic effect comparable with 

the non-hybrid capsules.  

 

This study showed the possibility of fine-tuning the properties of polysaccharide 

microcapsules by refining the protocol for the deposition of GO in the capsule matrix that can 

serve as a fundamental basis for the more precise design of biodegradable microcapsules. 
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