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Abstract: Poly-e-caprolactone (PCL) is a biodegradable polymer used in regenerative medicine.
Mesenchymal stem cells (MSCs) play an important role in the regeneration of different tissues.
The hydrophobicity and neutrality of a PCL surface reduce MSCs” adhesion and proliferation. In this
study, PCL films were treated with arginine to improve surface hydrophilicity. The influences of
arginine concentration, temperature, and solvent on PCL surface properties were investigated. PCL
films treated with a solution of arginine in isopropyl alcohol were found to have the maximum number
of amino groups. The greatest number of cells, 2 h after seeding, adhered to such films. It was shown
that amino groups affect the interaction of cells with a modified surface and the hydrolysis reaction
after treatment with isopropyl alcohol promotes the formation of adhesive focal contacts. Hence, our
results illustrate that functional groups on the PCL surface after arginine solution treatment regulate
MSC adhesion and focal contact formation.
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1. Introduction

Recent advances in tissue engineering have made remarkable breakthroughs in artificial
regeneration for tissue repair thanks to the emergence of the successful optimization of artificial
materials [1,2]. It has been more and more recognized that cell behavior in vitro depends on the surface
properties of materials [3,4]. In recent decades, strategies to prepare artificial polymer materials with
suitable surfaces for cell adhesion and proliferation have been extensively reported. Poly(lactic acid)
(PLA), poly(glycolic acid) (PGA), and polycaprolactone (PCL) have been extensively used for scaffold
formation [5]. PCL has good biocompatibility, biodegradability, mechanical strength, and flexibility [6].
Nevertheless, it has low surface wettability due to its hydrophobicity, and the absence of specific
binding sites adversely affects cell attachment and proliferation.

One way to overcome these limitations is surface modification of polymer scaffolds. Unlike bulk
modification, where the mechanical strength and elasticity of a material change, surface modification
allows changes to occur only on the polymer surface where the cells interact, while the bulk properties
of the scaffold remain unchanged. Today, many methods have been proposed for surface modification
of polymer scaffolds intended for cell cultivation and transplantation. Surface modification of polymers
with proteins (fibronectin, collagen, vitronectin, laminin) as a part of the extracellular matrix (ECM)
is a regular approach [7]. Although the ECM proteins demonstrate high attachment efficiency [8,9],
the whole-protein modification strategy is limited by complexity in purification, immunogenicity,
and fast enzymatic degradation [10]. These proteins include a specific tripeptide sequence RGD
(arginine—glycine—aspartic acid) that is very specifically recognized by the cell surface receptor protein
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integrin. However, surface modification of a tripeptide sequence requires functional groups on polymer
scaffold surface. However, PCL, like most polyesters, does not have functional groups. There are
several methods for polyester modification in order to improve the surface properties of scaffolds for
cell cultivation. Surface modification of PCL scaffolds with small chemical groups is a simple and
affordable method for improving the polymer surfaces. It was demonstrated that such small chemical
groups as hydroxyl and amino groups effect on adhesion, growth, migration, and differentiation of
mesenchymal stem cells (MSCs) [11].

Some authors have used oxygen or NH, plasma for surface modification of PCL and found
increased surface hydrophilicity, surface energy, and total amount of oxygen or amino functional
groups on the PCL surface [12]. Among these methods, aminolysis is more convenient compared
to protein coating and peptide modification, and it is clearer in mechanism than plasma treatment.
Also, it has a minimum influence on bulk properties.

Aminolysis involves breaking ester bonds of PCL and forming amide bonds, -NH; and -OH
groups. The aminolysis reaction depends on a number of factors such as the properties of diamines,
reaction temperature, and solvents. Changing these parameters allows one to control the number of
amino groups. Despite the fact the aminolysis reaction has been intensively studied in the last 20 years,
the mechanism of the influence of amino groups on cells cultured on modified polymers has not yet been
clarified. It has been repeatedly shown that the introduction of amino groups promotes cell adhesion
and proliferation. Zhu et al. showed that the modification of PCL with 1,6-hexamethylenediamine
increases cell adhesion and proliferation [13]. Earlier, we showed the possibility of PCL film aminolysis
by arginine [14]. Arginine is an amino acid that has two amino groups; one of these is able to enter into
the aminolysis reaction and form a peptide bond, and the second one remains free.

As already noted, such parameters as temperature and polarity of solvents influence the aminolysis
process. We have shown that the amount of arginine bound to the polymer surface increases at elevated
temperatures. Other authors have shown that the presence of isopropyl alcohol increases the intensity
of the aminolysis reaction. However, it should be noted that, in parallel with the aminolysis reaction,
the hydrolysis reaction also takes place. As a result, ester bonds also dissolve, and carboxyl COO and
hydroxyl OH groups form. Moreover, heating and isopropyl alcohol accelerate the hydrolysis reaction.
Currently, we did not find studies on the effect of these two processes on cell behavior.

In the present work, mesenchymal stromal cells were selected to assess the contribution of
aminolysis and hydrolysis reactions to the mechanisms of cell interactions with a modified PCL surface.

MSCs have become widely studied over the past ~30 years for their interesting cell biology,
broad-ranging clinical potential, and for their role as a central building block in tissue engineering.
MSCs grow readily in a culture dish, and they have intrinsic proliferation and differentiation potentials.
MSCs produce an abundance of useful growth factors, cytokines, and extra cell matrix protein.

The fate of MSCs after seeding is locally regulated by the new environment and the surface to
which they adhere. The influence of aminolysis and hydrolysis reactions on MSCs’ behavior is still
missing in the literature. The functional groups formed in the process of aminolysis and hydrolysis
reactions on the surface of PCDs primarily affect the adhesion processes. The adhesion of cells to
the polymer surface of scaffolds is one of the important stages in the primary response of cells to
external factors immediately after seeding. MSC adhesion regulates the further behavior of cells and
their participation in new tissue formation. Therefore, studying the effect of surface properties on cell
behavior is not only fundamentally important but also an applied task of modern regenerative medicine.

By this in depth study, we shall clarify the following major concerns: (1) how aminolysis reaction
conditions, namely temperature and polarity of solvent, affect the amount of arginine bound to PCL;
(2) its influence on the surface properties of PCL films; and (3) how the formed functional groups effect
the MSCs’ behavior. Understanding these basic principles is of great importance for better use of
aminolysis and hydrolysis for designing advanced biomaterials.
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2. Results and Discussion

As shown schematically in Figure 1, the creation of active functional groups on the PCL surface
depends on a number of factors: as a result of the aminolysis reaction by arginine, free amino groups
(-NHy), and hydroxyl groups (-OH) are formed on the surface; as a result of the hydrolysis reaction
under the influence of isopropanol and water, carboxyl (-OOH) and hydroxyl (-OH) groups are
created. The presence of all functional groups increases the hydrophilicity of the surface and hence the
attractiveness for cell attachment.
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Figure 1. Schematic presentation of chemically based reaction to introduce reactive amine groups on
the surface of polymers. Polycaprolactone (PCL) treatment with diamine (L-arginin), resulting in the
production primary amines on the material surface (a); PCL hydrolysis causing the polymer to break
into two components (b).

2.1. Aminolysis Treatment and Ninhydrin Staining of Free Amino Groups

In principle, aminolysis is a reaction between the amine groups of a diamine and the ester groups
of PCL. The aminolysis depends on many factors such as surface morphology of PCL films, polarity of
solvents, and reaction temperature.

A large amount of work has been carried out to elucidate the mechanism of aminolysis of model
esters [15-17]. A positively charged tetrahedral intermediate is formed after nucleophilic attack on the
carbonyl carbon of PCL. Under basic conditions, the tetrahedral intermediate is deprotonated, leading
to the extremely unfavorable R-NH-leaving group. Under acidic or neutral conditions, the amine
leaving group (R-NH2) is strongly favored over the alcohol leaving group (RC-O-), and therefore,
the reaction does not carry on. Therefore, aminolysis is generally passes out either in an aprotic polar
solvent, such as an alcohol or in basic aqueous solution [18].

Our preliminary results showed that when the films were treated with arginine solution at room
temperature, the maximum number of engraft free -NH2 groups was observed after 24 h of film
incubation [19]. When PCL films were modified by arginine solution with heating, the maximum
number of engraft free -NH2 groups was determined after 1 h of treatment. With a longer exposure to
heat treatment, PCL films were significantly degraded. The films are destructed after increasing the
treatment time with arginine solution and under heating (40 °C). It is known from the literature that
heating at 40 °C PCL is completely hydrolyzed within 1 h [20]. Here, 40 °C is the temperature that
the degradation process of the polymer ester bonds actively starts. Free hydroxyl, -OH, and carboxyl,
-COOH, groups are formed on the PCL film. After carboxyl group formation the arginine amino groups
in the solution begin to interact with the free carboxyl groups.
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Processing of films with heating significantly increases the amount of immobilized arginine on
the surface of the PCL film (Figure 2). So, when treated with a solution of arginine at a concentration of
0.25 M and heated, the amount of immobilized arginine on a PCL film is three times higher compared
to similar samples treated at room temperature. PCL films treated with a solution of arginine at a
concentration of 0.5 M and at a temperature of 40 °C have four times more arginine in comparison
to similar films processed at room temperature. Films treated with a solution of arginine in the
presence of isopropanol also have more amino groups when heated compared to films processed at
room temperature. Our results are consistent with the data of Zhu et al., who investigated the PCL
aminolysis reaction with a solution of hexamethylenediamine and showed that the maximum number
of amino groups are immobilized at a processing temperature of 40 °C [21]. It should also be noted
that, in most studies, diamines treated with heat are used to modify PCL scaffolds. The maximum
processing temperature does not exceed 3040 °C [21,22].
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Figure 2. The dependence of the arginine amount on the modified film per 1 cm? on the solution
concentration (water (H,O) or isopropanol (IP)) at T =40 °C and T = 25 °C. (n = 5: *—p < 0.02 for
the same concentration data, **—p < 0.05; #—p < 0.02 compared with lower concentration, but the
same temperature).

The influence of different arginine concentrations and solvent consisted of water and isopropanol
(3:1) on the amount of immobilized NH; groups were also investigated. The results demonstrated that
the -NH, group density on the PCL films increased along with the growth of arginine concentration in
water or in solvent from isopropanol and water (Figure 2).

It has already been repeatedly shown that the number of immobilized amino groups on
the surface of PCL films increases with an increase in the concentration of diamine [13,15,19].
However, the concentration of diamine in the solution is limited by the solubility limit of diamine.
In our study, arginine is quite soluble in water, but its solubility in isopropanol is limited.
Therefore, the modification of PCL films with arginine was carried out in a solution of water and
isopropyl alcohol. The ratio of water to alcohol was 3:1. The maximum solubility of arginine in such
a solvent does not exceed 0.25 M. The presence of isopropanol in the solvent, as well as heating the
reaction solution, allows the maximum amount of amino groups to be immobilized on the surface
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of the PCL film. At room temperature, the number of immobilized amino groups on films treated in
a 0.5 M aqueous solution of arginine is equal to the number of amino groups immobilized on films
treated with a 0.25 M solution of arginine in the presence of isopropyl alcohol. However, upon heating,
the number of amino groups immobilized on films treated in a 0.25 M solution of arginine in the
presence of isopropanol is two times higher compared to films treated in a 0.5 M aqueous solution.

It has already been shown that solvent polarity plays an important role in the aminolysis
reaction [19]. The reaction was very slow in water, the most polar solvent in this study due to the
poor wetting of the hydrophobic PCL films, which thereby makes it difficult for arginine molecules
to approach the PCL molecules. In the relatively less polar alcohols, the reaction rates were much
higher, and the highest rate was achieved in isopropanol. It has been previously shown that the rate of
aminolysis reaction increases with decreasing solvent polarity, and the maximum number of amino
groups is immobilized on the surface of PCL films in the presence of methanol [19]. Indeed, isopropanol
is most widely used for aminolysis of PCL scaffolds [21,22].

2.2. Fourier Transform Infrared

Fourier transform infrared (FTIR) spectroscopy is a powerful physicochemical technique that
allows one to characterize a wide variety of solids, liquids, or gases by measuring their infrared spectra.
The main advantages of this non-destructive method are the speed of analysis, as well as high spectral
resolution in a wide spectral range. In this paper, FTIR spectroscopy is used to study the modification
of polymers by identifying local spectral features corresponding to specific chemical bonds or groups.

Figure 3 shows the Fourier transform infrared (FTIR) spectra of the pristine PCL (A), PCL modified
by arginine solutions with different concentrations in water or in solutions from water, and isopropanol
at room temperature and with heating. FTIR spectra of PCL films treated with a 0.1 M arginine solution
in water at room temperature and heating did not differ from the control; therefore, they are not shown
in this figure. For the pure PCL film, we can see the characteristic peaks for carbonyl groups at
1720 cm~! (n(C=0)) and aliphatic groups at 2947 (nas(C-H)) and 2865 cm™! (ns(C-H)). After aminolysis
treatment, FTIR spectra of modified PCL films have two additional peaks in the range 1510-1580 cm™!,
which are assigned to amide II and mainly associated with N-H bending vibrations. The second peaks
in the range 1600-1700 cm™! corresponds to amide I, and it is mainly connected with a C=0O (carbonyl)
stretching vibration (70-85%) and C-N group vibrations (10-20%) [23,24]. The results of FTIR analysis
confirm the previously obtained results of the ninhydrin reaction.

2.3. SEM Analysis

The changes in the morphology of the PCL film surfaces after each modification were characterized
by scanning electron microscopy (SEM). Figure 4 shows the representative SEM images of the pristine
PCL and modified PCL surfaces. The pristine PCL film displayed a relatively uniform and smooth
surface including little peaks and troughs. This is typical for PCL membranes which are prepared
using the same procedure [25]. No obvious morphology change was found after aminolysis (Figure 4).
Despite the effects of heat treatment, as well as the influence of isopropyl alcohol, no noticeable
changes in the morphology of modified films were observed in our study or in the works of other
authors [20,25].

2.4. Interaction between Cells and Substrate

It is widely acknowledged that surface hydrophilicity and surface charge have a significant impact
on cell behaviors such as adhesion, migration, proliferation, and extracellular matrix protein synthesis.
Webb and Ruardy pioneered the study in this field, and they demonstrated that cells prefer to attach to
the surfaces with intermediate hydrophilicity [26,27]. Surfaces with a water contact angle of around
40 are better for cell adhesion. However, surface hydrophilicity is not the most important factor
influencing cells’ behavior. The ability of cells to adhere and proliferate on different polymer surfaces
could be related to both hydrophilicity and surface chemistry, which have the most influence on cell
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response [28,29]. Accordingly, it was necessary to find a good compromise between these two factors
to enhance the response of the MSCs.
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Figure 3. Fourier transform infrared spectra of the various films: (A) unmodified poly(“-caprolactone),
(B) PCL treated with the 0.25 M arginine solution in water for 24 hat T = 25 °C, (C) PCL treated with
the 0.25 M arginine solution in isopropanol for 24 h at T = 25 °C, (D) PCL treated with the 0.25 M
arginine solution in water for 1 h at T = 40 °C, (E) PCL treated with the 0.25 M arginine solution in
isopropanol solution for 1 h at T = 40 °C. The two additional peaks in the range from 1550 to 1650 cm™!
in aminolyzed PCL films indicated the introduction of amine groups onto the PCL substrates.

It is important to investigate MSCs adhesion during the first hours after seeding. The cytoskeleton
organization of MSCs on the pristine and arginine modified PCL films were studied further. As shown
in Figure 5, compared to those on the pristine PCL films, the cells cultured on the PCL surfaces
modified with arginine in water showed more stressed actin fibers, suggesting better cell adhesion.
This is consistent with the results in Figure 5B. The higher the concentration of arginine in the solution,
the more cells adhere to the arginine modified PCL surface. The largest number of cells adhered to PCL
films modified with a 0.5 M arginine solution in water. Despite the fact that the presence of isopropanol
in arginine solution significantly increases the amount of arginine bound to the PCL surface with
heating (Figure 2), the number of cells and their spreading on PCL films treated with isopropanol
solution are less than on PCL films treated with an arginine solution in water. This may be due to the
partial toxic effect of residual isopropanol, which is adsorbed on the surface of the films. Other authors
have not provided similar studies on the effect of isopropanol on cell adhesion, despite the fact that the
aminolysis reaction by diamines is carried out only in the presence of isopropanol [24,30]. The MSCs on
the PCL surfaces modified with arginine in water showed a random organization of cell cytoskeleton
without a preferential direction. In our work, as in previously published studies of other authors,
the presence of amino groups on the surface of PCL increases the number of adherent cells.

After one day of cultivation, the cells in all samples were well flattened and had the elongated
fibroblast-like shape characteristic of MSCs. Thus, a high concentration of arginine on the PCL
surface promotes cell adhesion to the modified surface in the first hours after seeding, but it reduces
proliferative activity during longer cultivation. The optimal amount of arginine on the film surface is
0.1 pg per 1 cm of surface.
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Pristine PCL

Figure 4. Scanning electron microscopy (SEM) images of PCL films; unmodified PCL film; film treated
with 0.1 M arginine solution for 1 h at T = 40 °C; film treated with 0.25 M arginine solution for 1 h
at T =40 °C; film treated with 0.5 M arginine solution for 1 h at T = 40 °C; film treated with 0.1 M
arginine solution for 24 h at T = 25 °C; film treated with 0.25 M arginine solution for 24 h at T = 25 °C;
film treated with the 0.5 M arginine solution for 24 h at T = 25 °C. Scale bar 100 pum.

To further examine the expression of vinculin for focal adhesion was detected for MSCs on all of the
substrates shown in Figure 6. MSCs show negligible vinculin expression on pristine PCL substrate after
three days of cultivation, which indicates cytoskeletal organization is not mediated by clustering of focal
adhesions. No significant increase in vinculin-mediated focal adhesion formation was observed on PCL
surfaces treated with arginine solutions in water at room temperature or with heating. This is in spite
of the presence of a high amount of arginine on the polymer surface. MSCs on PCL films treated with
arginine solutions in isopropanol at room temperature showed significantly higher formation of focal
adhesion. Focal adhesions were co-localized with actin fibers on all substrates. This indicates that actin
organization was mediated by focal adhesion. No significant vinculin expression was observed from
MSCs on PCL films treated with arginine solutions and heating. Although quantitatively insignificant
(compared to MSCs on PCL surface), the presence of hard segment induced vinculin expression for
MSCs on PCL films treated with arginine solutions in water was observed. MSCs on PCL films
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treated with arginine solutions in isopropanol formed larger and elongated focal adhesions (>20 um),
which indicate the formation of matured focal adhesions [31]. Thus, we can note that isopropanol
significantly affects the number of adhesive contacts formed. However, as was shown earlier, cells on
films modified with a solution of arginine in the presence of isopropanol adhere worse than cells
seeded on films modified with a solution of arginine in water.
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Figure 5. Fluorescence micrographs of Mesenchymal stem cells (MSCs) with actins (red) and nuclei
(blue) stained after 2 h cultivation: (A) on the pure glass, (B) on the pristine PCL, (C) on the film treated
with water for 24 h at T = 25 °C, (D) on the film treated with water/isopropanol (3:1) for24 hat T =25 °C,
(E) on the film treated with water for 1 h at T = 40 °C, (F) on the film treated with water/isopropanol
(3:1) forThat T =40 °C, (G) on the film treated with the 0.1 M arginine solution in water for 24 h at
T =25 °C, (H) on the film treated with the 0.1 M arginine solution in water/isopropanol (3:1) for 24 h at
T =25 °C, (I) on the film treated with the 0.1 M arginine solution in water for 1 h at T = 40 °C, (J) on the
film treated with the 0.1 M arginine solution in water/isopropanol (3:1) for 1 h at T = 40 °C, (K) on the
film treated with the 0.25 M arginine solution in water for 24 h at T = 25 °C, (L) on the film treated with
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the 0.25 M arginine solution in water/isopropanol (3:1) for 24 h at T = 25 °C, (M) on the film treated
with the 0.25 M arginine solution in water for 1 h at T = 40 °C, (N) on the film treated with the 0.25 M
arginine solution in water/isopropanol (3:1) for 1 h at T = 40 °C, (O) on the film treated with the 0.5 M
arginine solution in water for 24 h at T = 25 °C, (P) on the film treated with the 0.5 M arginine solution
in water for 1 h at T = 40 °C, Statistics of cell adhesion on surfaces with different functional groups
after 2 h cultivation. (n = 5: *—p < 0.01, *—p < 0.05 for the same concentration data, #—p < 0.01,
##—p < 0.05 compared with the unmodified PCL). Scale bar 50 um.

B Arginine solution treatment at T=25"C for 24 hours
[ Arginine solution treatment at T=40°C for 1 hour

0.2+

Glass Pristine PCL

Focal contacts area, pixel units
o
L

Control

o
Control  H20 0.1M  025M 05M 1P 0AM  0.25M

Arg Arg Arg Arg Arg
H20 H20 H20 P P
25°C 40°C

H:0 H20

- Example of
focal contacts

Figure 6. Fluorescence micrographs of MSCs with vinculin (green) and nuclei (blue) stained after three
days of cultivation: (A) on the pure glass, (B) on the pristine PCL, (C) on the film treated with water for
24 h at T =25 °C, (D) on the film treated with water/isopropanol (3:1) for 24 h at T = 25 °C, (E) on the
film treated with water for 1 h at T =40 °C, (F) on the film treated with water/isopropanol (3:1) for 1 h at
T =40 °C, (G) on the film treated with the 0.1 M arginine solution in water for 24 h at T = 25 °C, (H) on
the film treated with the 0.1 M arginine solution in water/isopropanol (3:1) for 24 h at T = 25 °C, (I) on
the film treated with the 0.1 M arginine solution in water for 1 h at T =40 °C, (J) on the film treated
with the 0.1 M arginine solution in water/isopropanol (3:1) for 1 h at T = 40 °C, (K) on the film treated
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with the 0.25 M arginine solution in water for 24 h at T = 25 °C, (L) on the film treated with the 0.25 M
arginine solution in water/isopropanol (3:1) for 24 h at T = 25 °C, (M) on the film treated with the
0.25 M arginine solution in water for 1 h at T = 40 °C, (N) on the film treated with the 0.25 M arginine
solution in water/isopropanol (3:1) for 1 h at T = 40 °C, (O) on the film treated with the 0.5 M arginine
solution in water for 24 h at T = 25 °C, (P) on the film treated with the 0,5 M arginine solution in water
for 1 hat T = 40 °C. Statistics of cell adhesion on surfaces with different functional groups after 1 day
cultivation. (n = 5: *—p < 0.01, for the same concentration data, #—p < 0.01, ##—p < 0.05 compared
with the unmodified PCL). Scale bar 50 pm.

In this work, there is no direct relationship between the number of adhered cells (Figure 5) and the
number of focal contacts (Figure 6) on the amount of arginine on the films (Figure 2). We assume that
two factors may be the cause. First, there are still no data in the literature on the optimal number of
amino groups on the polymer surface for cell adhesion and proliferation. We fully admit that too many
amino groups can negatively affect cell adhesion. Second, isopropyl alcohol during the processing of
films can remain on the films and adversely affect cultured cells. Moreover, the sorption of isopropyl
alcohol will be greater when the solution is heated. Indeed, we see in Figure 6 that, when the films
are treated in isopropyl alcohol solution upon heating, the number of focal contacts is insignificant in
comparison with the samples treated in an isopropyl alcohol solution at room temperature.

3. Materials and Methods

3.1. Film Formation

Polymer films were prepared by casting techniques. PCL polymer powder (Mn = 80,000 g/mol;
Sigma-Aldrich, St. Louis, MO, USA) was dissolved in chloroform (Reactiv, Saint-Petersburg, Russia).
PCL films with a thickness of 5 pm were prepared by casting 0.02 g/mL PCL chloroform solutions in
glass Petri dishes. The films were then dried at 25 °C for 48 h. For full solvent evaporation, the films
were dried for 24 h at 35 °C. After that, the PCL films were sterilized using ozone treatment in order to
study their cellular interactions.

3.2. Aminolysis of PCL Films

The films were cut into pieces of 1 cm X 1 cm with subsequent aminolysation in arginine/water or
arginine/water/isopropanol solutions with variable concentrations at a given temperature. Solvent
consist from water or from water and isopropanol in relation 3:1. After aminolysis, the PCL films were
rinsed with copious Milli-Q water for 20 min at room temperature to remove free arginine and dried
at25°C.

3.3. Determination of Amino Groups

The ninhydrin reaction was used to evaluate the amount of arginine bound to the PCL films.
In our previous article, we described the method in detail for the quantification of amino acids in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) [14]. According to this method,
the quantification amino acids are determined in a homogeneous solution of PCL. To perform the
ninhydrin reaction, the modified PCL films were placed into a glass test tube containing 2.5 mL of
DMSO and 0.5 mL of 0.2% ninhydrin solution in DMSO and then treated at 80 °C or 100 °C for 15 min to
accelerate the reaction between ninhydrin and -NH2 groups. The solution was then cooled for 40 min
at room temperature, and the absorbance of the reaction products was recorded using a PE-5400UF
spectrophotometer (ECOCHIM, Saint Petersburg, Russia) at a wavelength of 400 nm to calculate the
density of amino groups by referring to a calibration curve.
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3.4. FTIR

The surface molecular structure of modified PCL samples was analyzed using a Fourier transform
infrared (FTIR) spectrometer IRPrestige-21 (Shimadzu, Tokyo, Japan), in transmission mode, in the

4000-600 cm™! range, and with spectral resolution 2 cm™!.

3.5. Scanning Electron Microscopy

The topology of pristine and modified PCL films was evaluated using a JSM-7001F (Jeol,
Tokyo, Japan) scanning electron microscope (SEM).

3.6. Cultivation of MSCs

MSCs were isolated from the flat pelvis bones of rabbits. A detailed technique for isolating and
culturing cells has been described in a previously published article [18]. MSCs were cultivated in
a-minimum essential medium («-MEM; Lonza, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS; HyClone, St. Louis, MO, USA), 100 U/mL penicillin (Sigma-Aldrich, Steinheim,
Germany), and 100 mg/mL streptomycin (Sigma-Aldrich, Steinheim, Germany). Cells were cultivated
in a CO2-incubator with an atmosphere of 5% CO, content at 37 °C. For our experiments, cells were
used following 2-6 passages, and cells were seeded in Petri dishes at a concentration of 1 x 106 cells/cm?.

3.7. Fluorescence Staining of MSCs

MSCs were fluorescence stained by rhodamine phalloidin and anti-vinculin antibodies in order
to study the effects of arginine modification on MSC adhesion and the presence of focal contacts.
Pure glass was used as a positive control, while unmodified PCL film was the negative control.

A precise description of the technique for fluorescent staining of cells was described in our
previously published work. Briefly, staining was performed as follows. After the cultivation period,
the medium was removed, and the adherent cells were washed with PBS, fixed with a 4% formaldehyde
solution (Sigma-Aldrich, Saint Louis, MO, USA). Next, a detergent solution was added to the cells.
Rhodamine phalloidin (Thermo Fisher Scientific, Carlsbad, CA, USA) was used to stain the actin
and DAPI (ab104139; Abcam, Cambridge, MA, USA) was used to stain the nuclei. The cytoskeleton
organization was analysed using a confocal microscope Olympus FV3000 (Olympus Corporation,
Tokyo, Japan). Focal contacts were study after cell incubation with anti-vinculin antibodies (ab129002;
Abcam, Cambridge, MA, USA). Following this incubation, the goat anti-rabbit IgG (H & L chain)
antibodies (ab205718; Abcam, Cambridge, MA, USA) and DAPI were added to cells. Then, using a
confocal microscope Olympus FV3000 (Olympus Corporation, Tokyo, Japan), we analyzed the cells for
the presence of focal contacts.

3.8. Cell and Focal Contacts Counts

To study the effects of the modified PCL films on cellular adhesion and number of focal contacts,
cells were cultured for 2 h or 1 day. Five different pictures of fields on each sample were used
at a wavelength of 365 nm (DAPI) by a fluorescence microscope—Pascal (Carl Zeiss Jena GmbH,
Jena, Germany). The Image] program was used to count the nuclei in each picture and also to count
the number of focal contacts [32].

3.9. Statistical Analysis

All experiments were repeated in 3-5 times. An ANOVA and T-test were performed using
Microsoft Excel software to analyze the statistically significant differences between samples. Data were
considered to be statistically important when p < 0.05.
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4. Conclusions

Cell interaction with PCL surfaces is one of the most important factors affecting cells in tissue
engineering and regenerative medicine. In this study, we analyzed the chemical and biological
properties of PCL films after treatment. Reactions of arginine solutions in water or in isopropanol
at room temperature or with heating (40 °C) were carried out on PCL surfaces. These treatments
changed the surface charge of the PCL films without affecting topography. In vitro tests demonstrated
an increase of MSCs attachment to PCL films modified with the highest concentration arginine water
solution. Arginine concentration, solvent properties, and temperature influenced cell cultivation on
modified PCL films. MSCs cultivated on PCL surfaces modified with isopropanol solutions had the
greatest amount of focal contacts. The present study had some new insight into the relationship
between surface properties after arginine solution treatment and cell adhesion. These results might be
helpful for biomaterial design.

Author Contributions: Y.N. and A.C. prepared the polymer samples and realized the biological experiments;
A.N. carried out FTIR analysis and scanning electron microscopy (SEM); Y.N. and N.M. planned and designed
the experiments and provided the resources for their implementation. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Higher Education within the State assignment
no. 0103-2019-0012. The publication was partially supported by Director’s Fund of INC RAS. SEM and FTIR
spectroscopy were performed using equipment owned by the Federal Joint Research Center “Material science and
characterization in advanced technology”.

Conflicts of Interest: The authors declare no competing financial interests.

References

1.  Niemeyer, C.M.; Mirkin, C.A. Nanobiotechnology: Concepts, Applications and Perspectives; John Wiley & Sons:
Hoboken, NJ, USA, 2004.

2. Alves, N.M,; Pashkuleva, I; Reis, R.L.; Mano, J.F. Controlling cell behavior through the design of polymer
surfaces. Small 2010, 6, 2208-2220. [CrossRef]

3.  Ogaki, R.; Alexander, M.; Kingshott, P. Chemical patterning in biointerface science. Mater. Today 2010, 13,
22-35. [CrossRef]

4. Williams, D.E. On the mechanisms of biocompatibility. Biomaterials 2008, 29, 2941-2953. [CrossRef]

5. Santoro, M.; Shah, S.R.; Walker, J.L.; Mikosa, A.G. Poly(lactic acid) nanofibrous scaffolds for tissue engineering.
Adv. Drug. Deliv. Rev. 2016, 107, 206-212. [CrossRef]

6.  Woodruff, M.A_; Hutmacher, D.W. The return of a forgotten polymer-Polycaprolactone in the 21st century.
Prog. Pol. Sci. 2010, 35, 1217-1256. [CrossRef]

7. Khalili, A.A.; Ahmad, M.R. Review of Cell Adhesion Studies for Biomedical and Biological Applications. Int.
J. Mol. Sci. 2015, 16, 18149-18184. [CrossRef]

8.  Larsen, C.; Kligman, F; Kottke-Marchant, K.; Marchant, R. The effect of RGD fluorosurfactant polymer
modification of ePTFE on endothelial cell adhesion, growth, and function. Biomaterials 2006, 27, 4846—4855.
[CrossRef]

9.  Shved, Y.A.; Kukhareva, L.B.; Zorin, I.M.; Bilibin, A.Y.; Blinova, M.L.; Pinaev, G.P. Interaction of cultured skin
cells with the polylactide matrix coved with different collagen structural isoforms. Cell Tiss. Biol. 2007, 1,
89-95. [CrossRef]

10. Hersel, U.; Dahmen, C.; Kessler, H. RGD modified polymers: Biomaterials for stimulated cell adhesion and
beyond. Biomaterials 2003, 24, 4385-4414. [CrossRef]

11.  Jacobs, T.; De Geyter, N.R.; Morent, T.; Desmet, T.; Dubruel, P; Leys, C. Plasma treatment of polycaprolactone
at medium pressure. Surf. Coat. Technol. 2011, 205, S543-S547. [CrossRef]

12.  De Geyter, N.; Sarani, A.; Jacobs, T.; Nikiforov, A.Y.; Desmet, T.; Dubruel, P. Surface modification of
poly-e-caprolactone with an atmospheric pressure plasma jet. Chem. Plasm. Proc. 2013, 33, 165-175.
[CrossRef]


http://dx.doi.org/10.1002/smll.201000233
http://dx.doi.org/10.1016/S1369-7021(10)70057-2
http://dx.doi.org/10.1016/j.biomaterials.2008.04.023
http://dx.doi.org/10.1016/j.addr.2016.04.019
http://dx.doi.org/10.1016/j.progpolymsci.2010.04.002
http://dx.doi.org/10.3390/ijms160818149
http://dx.doi.org/10.1016/j.biomaterials.2006.05.009
http://dx.doi.org/10.1134/S1990519X07010117
http://dx.doi.org/10.1016/S0142-9612(03)00343-0
http://dx.doi.org/10.1016/j.surfcoat.2011.02.012
http://dx.doi.org/10.1007/s11090-012-9419-3

Int. ]. Mol. Sci. 2020, 21, 6989 13 0f 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zhu, Y.,; Gao, C.; Liu, X,; Shen, J. Surface Modification of Polycaprolactone Membrane via Aminolysis
and Biomacromolecule Immobilization for Promoting Cytocompatibility of Human Endothelial Cells.
Biomacromolecules 2002, 3, 1312-1319. [CrossRef]

Nashchekina, Y.A.; Kurdyukova, K.E.; Zorin, L.M.; Mikhailova, N.A.; Bilibin, A.Y. Spectrophotometric
evaluation of I-lysine concentrations in water-organic solutions. Tech. Phys. 2018, 9, 1341-1344. [CrossRef]
Zhu, Y.; Mao, Z.; Gao, C. Aminolysis-based surface modification of polyesters for biomedical applications.
RSC Adv. 2013, 3,2509-2519. [CrossRef]

Talvik, A.T.; Tuulmets, A.; Vaino, E. Kinetics and mechanism of aminolysis of aliphatic esters in aprotic
solvents. J. Phys. Org. Chem. 1999, 12, 747-750. [CrossRef]

Tuulmets, A.; Talvik, A.T. Activation energies of aminolysis of aliphatic esters in aprotic media. Ach-Models
Chem. 2000, 137, 111-119.

Croll, TI; O’Connor, AJ.; Stevens, G.W.; Cooper-White, J.J. Controllable Surface Modification of
Poly(lactic-co-glycolic acid) (PLGA) by Hydrolysis or Aminolysis I: Physical, Chemical, and Theoretical
Aspects. Biomacromolecules 2004, 5, 463—473. [CrossRef]

Nashchekina, Y.; Chabina, A.; Nashchekin, A.; Mikhailova, N. Polycaprolactone Films Modified by L-Arginine
for Mesenchymal Stem Cell Cultivation. Polymers 2020, 12, 1042. [CrossRef]

Chua, T.-K.; Tseng, M.; Yang, M.-K. Degradation of Poly(e-caprolactone) by thermophilic Streptomyces
thermoviolaceus subsp. thermoviolaceus 76T-2. Amb Express 2013, 3, 1-7. [CrossRef]

Zhu, Y,; Mao, Z.W.; Shi, H.Y.; Gao, C.Y. In-depth study on aminolysis of poly(e-caprolactone): Back to the
fundamentals. Sci. China Chem. 2012, 55, 2419-2427. [CrossRef]

Sadeghi-avalshahr, A.R.; Nokhasteh, S.; Mahdi Molavi, A.; Mohammad-pour, N.; Sadeghi, M. Tailored PCL
Scaffolds as Skin Substitutes Using Sacrificial PVP Fibers and Collagen/Chitosan Blends. Int. ]. Mol. Sci.
2020, 21, 2311. [CrossRef]

Aguirre-Chagala, Y.E.; Altuzar, V.; Ledn-Sarabia, E.; Tinoco-Magafia, J.C.; Yafiez-Limén, J.M.;
Mendoza-Barrera, C. Physicochemical properties of polycaprolactone/collagen/elastin nanofibers fabricated
by electrospinning. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 76, 897-907. [CrossRef]

Zhang, H.; Hollister, S. Comparison of Bone Marrow Stromal Cell Behaviors on Poly(caprolactone) with or
without Surface Modification: Studies on Cell Adhesion, Survival and Proliferation. J. Biom. Sci. Pol. Ed.
2009, 20, 1975-1993. [CrossRef]

Jeznach, O.; Kolbuk, D.; Sajkiewicz, P. Aminolysis of Various Aliphatic Polyesters in a Form of Nanofibers
and Films. Polymers 2019, 11, 1669. [CrossRef]

Yuan, S.; Xiong, G.; Wang, X.; Zhangb, S.; Choong, C. Surface modification of polycaprolactone substrates
using collagenconjugated poly(methacrylic acid) brushes for the regulation of cell proliferation and
endothelialisation. J. Mater. Chem. 2012, 22, 13039. [CrossRef]

Webb, K.; Hlady, V.; Tresco, P.A. Relative importance of surface wettability and charged functional groups on
NIH 3T3 fibroblast attachment, spreading, and cytoskeletal organization. J. Biomed. Mater. Res. 1998, 41,
422-430. [CrossRef]

Ruardy, T.; Schakenraad, J.; Van der Mei, H.; Busscher, H. Adhesion and spreading of human skin fibroblasts
on physicochemically characterized gradient surfaces. J. Biomed. Mater. Res. 1995, 29, 1415-1423. [CrossRef]
Cao, B.; Peng, Y.; Liu, X.; Ding, J. Effects of Functional Groups of Materials on Nonspecific Adhesion and
Chondrogenic Induction of Mesenchymal Stem Cells on Free and Micropatterned Surfaces. ACS Appl. Mater.
Interfaces 2017, 9, 23574-23585. [CrossRef]

Bachhuka, A.; Hayball, J.; Smith, L.E.; Vasilev, K. Effect of Surface Chemical Functionalities on Collagen
Deposition by Primary Human Dermal Fibroblasts. ACS Appl. Mater. Interfaces 2015, 7, 23767-23775.
[CrossRef]

De Luca, A.C.; Terenghi, G.; Downes, S. Chemical surface modification of poly-e-caprolactone improves
Schwann cell proliferation for peripheral nerve repair. |. Tissue Eng. Regen. Med. 2014, 8, 153-163. [CrossRef]
Horzum, U.; Ozdil, B.; Pesen-Okvur, D. Step-by-step quantitative analysis of focal adhesions. MethodsX
2014, 1, 56-59. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/bm020074y
http://dx.doi.org/10.1134/S106378421809013X
http://dx.doi.org/10.1039/C2RA22358A
http://dx.doi.org/10.1002/(SICI)1099-1395(199910)12:10&lt;747::AID-POC188&gt;3.0.CO;2-M
http://dx.doi.org/10.1021/bm0343040
http://dx.doi.org/10.3390/polym12051042
http://dx.doi.org/10.1186/2191-0855-3-8
http://dx.doi.org/10.1007/s11426-012-4540-y
http://dx.doi.org/10.3390/ijms21072311
http://dx.doi.org/10.1016/j.msec.2017.03.118
http://dx.doi.org/10.1163/156856208X396074
http://dx.doi.org/10.3390/polym11101669
http://dx.doi.org/10.1039/c2jm31213a
http://dx.doi.org/10.1002/(SICI)1097-4636(19980905)41:3&lt;422::AID-JBM12&gt;3.0.CO;2-K
http://dx.doi.org/10.1002/jbm.820291113
http://dx.doi.org/10.1021/acsami.7b08339
http://dx.doi.org/10.1021/acsami.5b08249
http://dx.doi.org/10.1002/term.1509
http://dx.doi.org/10.1016/j.mex.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26150935
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Aminolysis Treatment and Ninhydrin Staining of Free Amino Groups 
	Fourier Transform Infrared 
	SEM Analysis 
	Interaction between Cells and Substrate 

	Materials and Methods 
	Film Formation 
	Aminolysis of PCL Films 
	Determination of Amino Groups 
	FTIR 
	Scanning Electron Microscopy 
	Cultivation of MSCs 
	Fluorescence Staining of MSCs 
	Cell and Focal Contacts Counts 
	Statistical Analysis 

	Conclusions 
	References

