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Objective: to investigate the efficacy of supercritical carbon dioxide (sc-CO2) for enhancштп the biocompa-
tibility of biopolymer scaffolds from biodegradable materials and tissue-specific scaffolds from decellularized 
porcine liver slices (PLSs) or fine porcine cartilage particles (FPCPs). Materials and methods. Biopolymer 
scaffolds of a polyoxy(butyrate-co-valerate) and gelatin copolymer composition, 4 mm in diameter and 80 mm 
in length, were formed by electrospinning (NANON-01A, MECC CO, Japan) and stabilized by incubation in 
glutaraldehyde vapor for 48 hours at room temperature. For decellularization, PLSs and FPCPs were incubated 
under periodic stirring in buffer (pH = 7.4) solutions of sodium dodecyl sulfate (0.1%) and Triton X-100 with 
increasing concentrations (1, 2, and 3%). Treatment in a sc-CO2 atmosphere was done at 150–300 bar pressure, 
35 °C temperature, and 0.25–2.5 mL/min flow rate of sc-CO2 for 8–24 hours. 10% ethanol was introduced as a 
polarity modifier. Cytotoxicity was studied according to GOST ISO 10993-5-2011. The growth of NIH/3T3 in 
the presence of samples was studied using an interactive optical system IncuCyte Zoom. Results. The effect of 
the sc-CO2 flow rate and pressure, and the effect of addition of ethanol, on the biocompatibility of scaffolds was 
investigated. It was found that treatment at a low sc-CO2 flow rate (0.25 mL/min) does not achieve the required 
cytotoxicity. Complete absence of cytotoxicity in biopolymer scaffolds was achieved in the presence of 10% 
ethanol, at a sc-CO2 flow rate of 2.5 mL/min, 300 bar pressure and 35 °C temperature after 8 hours of treatment. 
Effective removal of cytotoxic detergents from decellularized liver occurs already at a 150-bar pressure and 
does not require the addition of ethanol. Adding ethanol to sc-CO2 eliminates not only the cytotoxic, but also the 
cytostatic effect of tissue-specific scaffolds. Conclusion. Sc-CO2 treatment is an effective way to enhance the 
biocompatibility of three-dimensional porous matrices produced using cytotoxic substances: bifunctional cross-
linking agents for biopolymer scaffolds and surfactants in the case of tissue-specific matrices. Addition of ethanol 
as a polarity modifier improves the treatment efficiency by eliminating both cytotoxic and cytostatic effects.
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inTrOducTiOn
The key challenge in creating tissue-engineered con-

structs for use in tissue and regenerative medicine is the 
development of biodegradable highly porous scaffolds 
(synonyms: matrices, scaffolds) that could enable specific 
cells to be delivered to an organ requiring correction 
and treatment, and ensure their long-term functioning 
in that organ.

Today, so many scaffolds possessing the necessary 
complex of physicomechanical and biological properties 
have been developed. In their manufacture, preference 
is given to high-molecular-weight natural materials. 
Collagen, which forms the main component of the ex-
tracellular matrix (ECM) and can stimulate reparative 

processes, and its partially denatured derivatives, such 
as gelatin, are most commonly used for this purpose 
[1, 2]. However, collagen scaffolds undergo extremely 
rapid (less than 1 month) resorption when injected into 
the body [3, 4]. In order to increase resorption time of 
biopolymer-based materials, a wide range of physical 
and chemical cross-linking methods have been deve-
loped [5–7]. Collagen crosslinking methods using bi-
functional crosslinking agent, glutaraldehyde (GA), are 
the most widely used. Along with the high efficiency of 
biopolymer structure stabilization, crosslinking with GA 
comes with a number of side effects including cytotoxi-
city of the final product [8, 9].

In natural tissues, ECM is able to provide not only 
physical support to cells, but also send biological signals 
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Fig. 1. Transition of substance into supercritical state

selectively supporting adhesion, proliferation, and diffe-
rentiation of cells of a particular tissue or organ [10, 11]. 
In this regard, there is great interest in scaffolds made 
by decellularization, a process aimed at removing cells 
and genetic material from the tissue while preserving 
not only the structural but also tissue-specific properties 
of ECM. Currently, a wide range of different physical, 
chemical and biological methods are used for decellulari-
zation of organs and tissues, among which treatment with 
surface-active agents (surfactants) of ionic or non-ionic 
nature is the most common [12–14]. One of the signifi-
cant disadvantages of surfactant use for organ and tissue 
decellularization is the need to wash them thoroughly in 
buffer solutions from residual detergents for a long time 
(at least 72 h) [12–15]. This increases the risk of washing 
out significant amounts of glycans and cytokines, and can 
lead to disruption of matrix recellularization processes 
[16]. Consequently, reducing the time of contact with 
the aqueous phase is necessary in terms of minimizing 
the risk of such complications.

Recently, there has been increased interest in the 
use of supercritical fluids (SCF) in the creation of scaf-
folds for tissue engineering and regenerative medicine 
[17–24]. Any substance at a temperature and pressure 
above the critical point goes into the SCF state (Fig. 1), 
at which the difference between the liquid and gas phases 
disappears. One of the most important properties of SCF 
is its ability to dissolve substances, and the dissolving 
power increases with increasing density. Since the SCF 
density increases with increasing pressure at a constant 
temperature, changing the pressure can affect its dissol-
ving ability [25].

Of the known SCFs, supercritical carbon dioxide 
(sc-CO2) is used most often in biomedical technologies 
(sc-CO2). Sc-CO2 can be treated at temperatures close 
to physiological values (35–40 °C), and does not requi-
re the use of additional organic solvents. At the end of 
treatment, the carbon dioxide is easily and practically 

without residue removed by simple depressurization. 
At the same time, removal of toxic compounds soluble in 
sc-CO2 (unreacted monomers and oligomers, surfactants, 
plasticizers, etc.) can occur, which leads to significant 
improvement in the biocompatible properties of the ob-
tained materials [26].

Since carbon dioxide is a non-polar compound, to 
increase the efficiency of removal of polar phospholipid 
components of cell membranes, treatment with sc-CO2 is 
performed in a hydrophilic agent, usually ethanol [27]. 
The addition of ethanol also makes it possible to increase 
the preservation of such important ECM components as 
collagens, glycosaminoglycans, adhesive proteins (fib-
ronectin, laminin, etc.), as well as angiogenic factors 
during decellularization [28].

All this suggests that treatment with sc-CO2 can facili-
tate the effective removal of cytotoxic surfactant residues 
and unreacted GA used in the matrix formation process 
for tissue engineering.

The aim of this work is to investigate the efficacy 
of sc-CO2 to improve the biocompatibility of tubular 
porous scaffolds made of a copolymer composition of 
polyoxy(butyrate-co-valerate) and polyhydroxybutyrate-
valerate-gelatin (PHBV-G) stabilized by GA and tissue-
specific scaffolds made of porcine liver slices (PLSs).

maTerialS and meThOdS
Obtaining scaffolds

Biopolymer porous tubular scaffolds (Fig. 2) from 
10% (by weight) solutions of polyhydroxybutyrate-va-
lerate (PHBV) and gelatin (type A) in hexafluoroisopro-
panol (all Sigma-Aldrich, USA), mixed in a 1:2 ratio (by 
volume), formed using electrospinning, NANON-01A 
unit (MECC CO, Japan). The voltage between the elec-
trodes was 25 kV, the distance between the electrodes 
was 10 cm, the rod diameter was 4 mm, and the rod 
rotation speed was 500 rpm. The samples obtained from 
the composition (PHBV-G) were mechanically removed 
from the substrate, dried at 37 °C for 4–6 h, and vacuum-
treated at 37 °C and residual pressure of 10–20 mm Hg 
within 18–24 hours.

Additional stabilization of the biopolymer scaffold 
structure by GA vapor (Serva, Germany) was performed 
by placing pre-swollen samples (distilled water, 24 h 
at room temperature) in a closed container (desiccator) 
containing a 25% GA solution, without direct contact of 
the sample with the GA solution, and incubated at room 
temperature for 48 h.

decellularization of porcine liver and 
cartilage

Porcine liver was obtained at a slaughterhouse (Pro-
magro Ltd, Russia) after slaughtering healthy animals 
(weight about 120 kg) in accordance with European Di-
rective 64/433/EEC. After refrigerated transportation 
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Fig. 2. Structure of a biopolymer porous tubular scaffold, 
d = 4 mm. a) a cross section (100× magnification); b) inner 
surface (2000× magnification)
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(4 °C), the porcine liver was cut into PLSs 0.1 × 0.3 cm 
in size, frozen at –80 °C and stored at this temperature 
until decellularization began.

The hip and knee joints of the pigs were obtained 
at the slaughterhouse (Promagro Ltd, Russia) after the 
slaughter of healthy animals (weight about 120 kg) in 
accordance with the European Directive 64/433/EEC. 
After refrigerated transportation (4 °C), the cartilage was 
removed from articular surfaces with a scalpel, cut into 
0.5 × 0.5 cm slices, frozen at –80 °C, and crushed under 
continuous liquid nitrogen cooling for 4 minutes at 25 Hz 
shaking frequency of the grinding jar using a CryoMill 
(Retch GmBH, Germany). Fractions of finely minced 
porcine cartilage particles (FMPCP) sized 30–100 μm 
were isolated by sifting the contents of the grinding jar 
through a set of sieves with appropriate cell size.

Decellularization of FMPCPs and PLSs was perfor-
med in three buffer solutions (phosphate-buffered saline 
(PBS), pH = 7.4) of 0.1% sodium dodecyl sulfate (SDS) 
and with increasing concentration (1%, 2%, and 3%) of 
Triton X-100 (all Sigma-Aldrich, USA) with periodic 
stirring (200 rpm, 3 times daily, 1 hour, at room tempe-
rature). After thorough washing from surfactants in three 
changes of PBS and subsequent incubation in buffer 
solution for 24 hours at room temperature, decellularized 
porcine liver slices (DPLSs) were transferred to cryo-
tubes and stored at –80 °C until treatment with sc-CO2.

Treatment with supercritical cO2

Treatment in a sc-CO2 atmosphere was done on a 
RESS-SAS unit (Waters corporation, USA) at T = 35 °C, 
150 and 300 bar pressure, 0.25 and 2.5 mL/min sc-CO2 
feed rate for 8 or 24 hours. Ethanol at 10% concentration 
(by volume) was chosen as the polarity modifier.

cytotoxicity study
Cytotoxicity of the test samples was assessed in vitro 

according to interstate standard GOST ISO 10993-5-
2011 [29]. All procedures were performed under aseptic 
conditions. We used the NIH 3T3 mouse fibroblast cell 
line obtained from a collection of transplanted verte-
brate somatic cells at Ivanovsky Institute of Virology, 
Moscow, Russia. The cells were seeded into 24- and 
96-well flat-bottomed culture plates (Corning-Costar, 
USA) at a concentration of 8 × 104 cells/well and 2 × 
104 cells/well, respectively, and incubated for 24 hours 
at 37 °C in a humid atmosphere containing 5 ± 1% CO2 
before an 80 ± 10% monolayer was formed.

At least three extracts and samples were prepared for 
each scaffold sample. Sodium chloride (NPK, Russia) 
was used as the extraction solution. The ratio of sample 
surface area to extraction solution volume was 3:1 cm2/
mL. Extraction time was 24 hours and temperature was 
37 °C. The obtained extract was introduced into a 96-

well plate with a formed cell monolayer in the volume 
of 100 µl/well.

For the cytotoxicity study by direct contact, the bio-
polymer scaffold samples (1 × 1 cm2 and 0.1 cm thick) 
and tissue-specific matrices (5 mg weighed portion) were 
placed directly into a 24-well plate on the cell monolayer 
surface. The plates were incubated for 24 hours at 37 °C 
in a humid atmosphere containing 5 ± 1% CO2.

On day 2 of incubation, we evaluated monolayer con-
fluence (the degree of cell coverage of the substrate), as 
well as the degree of cell lysis using inverted binocular 
microscope MC 700 (Micros, Austria).

Negative control (K–) was DMEM culture medium 
with or without fetal calf serum, and the positive control 
(K+) was zinc solution in nitric acid: Zn 1–2 wt% in 
HNO3 (Sigma-Aldrich, USA), diluted 1:100 with saline.

The results were analyzed according to the grading 
scale of the degree of cell reactivity:

Grade 0: No reaction, discrete intracytoplasmic gra-
nules observed, no cell lysis;
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Grade 1: slight reaction, no more than 20% of cells 
are rounded (round, loosely attached, no intracytoplas-
mic granules);

Grade 2: mild reaction, no more than 50% of cells 
are lysed (round, loosely attached, no intracytoplasmic 
granules);

Grade 3: moderate reaction, no more than 70% of 
cells are lysed (round, loosely attached, no intracyto-
plasmic granules);

Grade 4: strong reaction, more than 70% of cells are 
lysed (almost completely destroyed monolayer).

Negative control – the degree of cell reaction is 0, 
cell reaction is None. Positive control – the degree of 
cell reaction is 3 or 4. The reactivity of the extract under 
study must not exceed grade 0 (reaction None).

The study of prolonged (up to 72 hours) cytotoxic 
effect under direct contact of the cells with the samples 
under study was performed using the IncuCyte Zoom 
interactive optical system for long-term cell research 
(Essen BioScience, USA). This complex allows you to 
incubate cells under standard conditions and microscopy 
the culture plate at specified time intervals with image 
photofixation. Analysis of the obtained images using 
the built-in software makes it possible to calculate the 
change in the cell monolayer confluence for each sample 
as a function of time.

The effect of cytotoxic residues on the proliferative 
activity of NIH 3T3 fibroblasts was studied using an 
interactive optical system IncuCyte Zoom, which allows 
real-time recording of cell growth curves on the surface 
of the culture plate during direct contact with the test 
sample.

Statistical data processing was performed using the 
standard Microsoft Excel software package. The level 
of statistical significance was p < 0.05.

reSulTS and diScuSSiOn
Before treatment with sc-CO2, the cytotoxicity of the 

extracts was “moderate” (grade 3) in the case of biopo-
lymer scaffolds and at grade 4 (acute cytotoxic reaction) 
for tissue-specific scaffolds.

After exposure to sc-CO2, regardless of the choice 
of treatment mode, the extracts from biopolymer scaf-
folds as well as FMPCP and DPLS matrices were not 
cytotoxic (grade 0). At the same time, under conditions 
of direct contact with the NIH 3T3 monolayer, the sam-
ples showed cytotoxicity, whose severity depended on 
treatment conditions.

Treatment of scaffolds with sc-CO2 at a low feed rate 
(0.25 ml/min) turned out to be little effective. The grea-
test reduction in the level of cytotoxicity to “mild” (level 
2) was achieved after prolonged treatment (24 hours) of 
DPLS samples in sc-CO2 medium with the addition of 
ethanol. However, this result does not meet the GOST 
ISO 10993-5-2011 standards.

Increasing the sc-CO2 feed rate to 2.5 mL/min had a 
positive effect on the treatment efficiency of both bio-
polymer and tissue-specific scaffolds (Tables 1 and 2).

Treatment of biopolymer scaffolds with sc-CO2 at 
2.5 mL/min feed rate and 150 bar pressure was margi-
nally effective even when ethanol was added (Table 1). 
Increasing the sc-CO2 pressure to 300 bar was accom-
panied by a marked decrease in cytotoxicity to “insig-
nificant” (level 1) after 24 hours of exposure (Table 1). 
Only the addition of ethanol into the sc-CO2 composition 
makes it possible to achieve a complete absence of cyto-
toxic effect of biopolymer scaffolds at 300 bar pressure 
after 8 hours of treatment (Table 1).

In the case of DPLS scaffolds, increasing the sc-CO2 
feed rate has a more pronounced effect on reducing cy-
totoxicity (Table 2). In the case of samples treated for 
24 hours with individual sc-CO2 at 150 bar pressure, 
cytotoxicity decreases to “insignificant” (level 1). The 
addition of ethanol makes it possible to completely sup-
press the cytotoxicity of scaffolds already after 8 hours 
of sc-CO2 treatment.

Increasing the pressure from 150 to 300 bar enhances 
the effect of treating DPLSs with sc-CO2 (Table 2). Com-
plete absence of cytotoxicity (level 0) was obtained after 
8 hours of exposure to sc-CO2 without adding ethanol.

It should be particularly noted that the samples tre-
ated with regimens that provided effective surfactant 
removal demonstrated the absence of cytotoxicity not 

Table 1
Cytotoxicity of porous biopolymer scaffolds (sc-CO2 feed rate 2.5 mL/min)

Ethanol, % Pressure, bar Time, hour Cytotoxicity
1 Control (without sc-CO2 treatment) Moderate (3)
2 – 150 8 Moderate (3)
3 – 150 24 Moderate (3)
4 10 150 8 Mild (2)
5 10 150 24 Mild (2)
6 – 300 8 Mild (2)
7 – 300 24 Insignificant (1)
8 10 300 8 None (0)
9 10 300 24 None (0)
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only after 24 hours of direct contact with cells, but also 
under prolonged direct contact with cells for 72 hours.

The obtained results suggest that for effective wa-
shing from cytotoxic surfactant residues, DPLS treatment 
should be performed for 8 hours at 35 °C temperature, 
sc-CO2 feed rate of 2.5 ml/min and a pressure of 300 bar 
in an atmosphere of pure carbon dioxide. A similar result 
can be achieved by treatment at a pressure of 150 bar 

with the addition of a polarity modifier (ethanol) to the 
supercritical fluid.

Methods of decellularization under the influence of 
detergents [12–15] involve a long (at least 72 hours) 
washing of obtained scaffolds from cytotoxic surfac-
tants, which increases the risk of washing out significant 
amounts of bioactive molecules (glycosaminoglycans 
and cytokines) that play an important role in scaffold 
recellularization.

Table 2
Cytotoxicity of tissue-specific scaffold (sc-CO2 feed rate 2.5 mL/min)

Ethanol Pressure, bar Time, hour Cytotoxicity
1 Control (without sc-CO2 treatment) Severes (4)
2 – 150 8 Mild (2)
3 – 150 24 Insignificant (1)
4 10% 150 8 None (0)
5 10% 150 24 None (0)
6 – 300 8 None (0)
7 – 300 24 None (0)
8 10% 300 8 None (0)
9 10% 300 24 None (0)

Fig. 3. Growth curve of NIH 3T3 cells in the presence of DPLS matrices, treated with sc-CO2 (300 bar, 35 °C, sc-CO2 feed 
rate 2.5 mL/min)
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Fig. 4. Cell populations after 48 hours of culturing NIH 3T3 in the presence of sc-CO2-treated PLS matrices (300 bar, 35 °C, 
2.5 mL/min). a) sc-CO2, 8 hours; b) sc-CO2, 24 hours; c) sc-CO2 + ethanol, 8 hours; d) sc-CO2 + ethanol, 24 hours. 100× 
magnification
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The use of SCF treatment can reduce to 24 hours the 
time of surfactant removal in an aqueous medium.

To reveal the effect of cytotoxic residues on cell pro-
liferative activity, an additional study was performed 
using interactive optical system IncuCyte Zoom, which 
allows real-time recording of changes in cell proliferative 
activity in the presence of scaffolds.

For this study, samples were selected that demonstra-
ted the absence of cytotoxic effect using the evaluation 
scale and were obtained under the same sc-CO2 treat-
ment conditions: feed rate 2.5 ml/min, pressure 300 bar 
(Table 2, samples 6–9).

A marked decrease in NIH 3T3 proliferative activi-
ty was observed immediately after the introduction of 
samples (20 hours after seeding the cells on the culture 
plate) in the case of sc-CO2-treated samples without the 
addition of ethanol (Fig. 3). At the same time, ethanol-

treated scaffolds did not induce a decrease in cell proli-
feration compared to the control (cells on culture plate.

Microscopic examination carried out after the end of 
the experiment to study the growth of NIH 3T3 in the 
presence of sc-CO2-treated DPLS scaffolds in different 
regimens (Fig. 4) confirmed the absence of any signs 
of negative effects on cells (lysis, scoring), which once 
again confirms the conclusion made earlier that the sam-
ples studied have no cytotoxicity. However, the decrease 
in the proliferative activity of cells detected in contact 
with sc-CO2-treated scaffolds without the addition of 
ethanol suggests the presence of a cytostatic effect in 
this case.

FMPCP scaffolds treated under conditions that are 
optimal for enhancing the biocompatibility of porcine 
liver scaffolds (sc-CO2 2.5 ml/min with the addition of 
ethanol; 35 °C; 300 bar; 8 hours) also showed no cyto-
toxicity (level 0). Meanwhile, the presence of decellu-
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larized fine cartilage particles not only has no cytostatic 
effect on human adipose tissue-derived mesenchymal 
stem cells (Ad-MSCs), but also demonstrates a stimu-
lating effect on cell proliferation (Fig. 5): the time for 
the confluent monolayer level to rise to 80% in the pre-
sence of decellularized cartilage particles is noticeably 
shorter. Probably, the reason for this is the presence of 
signaling molecules in the decellularized cartilage mat-
rix that accelerate Ad-MSC adhesion and proliferation, 
which coincides with experimental results described in 
reports [30].

Thus, from the point of view of suppression of both 
cytotoxic and cytostatic effect of tissue-specific matrices 
after decellularization using detergents, SCF treatment 
regimens based on carbon dioxide containing ethanol 
additives are therefore optimal. In our opinion, the re-

Fig. 5. Growth curve of NIH 3T3 cells on the surface of cul-
ture plate in the absence (a) and presence (b) of FMPCP ma-
trices treated with supercritical fluids in the optimal mode 
(sc-CO2 2.5 mL/min + ethanol, 300 bar, 35 °C, 8 hours)

а

b

ason for this is that both non-ionic (Triton X-100) and 
ionic (SDS) detergents are present in the composition 
of the decellularizing solution. Supercritical carbon di-
oxide is a nonpolar solvent whose efficiency, in terms 
of removing polar surfactant, is sufficient to eliminate 
cytotoxic effect, but not sufficient to suppress cytostatic 
effect. Addition of polar ethanol (polarity modifier) can 
reduce the SDS content to levels that are not capable of 
exerting a cytostatic effect.

cOncluSiOn
Sc-CO2 treatment is an effective way of enhancing 

the biocompatibility of three-dimensional porous mat-
rices obtained using cytotoxic substances: bifunctional 
cross-linking agents for biopolymer scaffolds and surfac-
tants, in the case of tissue-specific matrices FMPCP and 
DPLSs. Adding ethanol as a polarity modifier improves 
the treatment efficiency by eliminating both cytotoxic 
and cytostatic effects.
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