
Citation: Korzhikov-Vlakh, V.;

Sinitsyna, E.; Arkhipov, K.; Levit, M.;

Korzhikova-Vlakh, E.; Tennikova, T.

Improvement in Biological

Performance of Poly(Lactic Acid)-

Based Materials via Single-Point

Surface Modification with

Glycopolymer. Surfaces 2024, 7,

1008–1028. https://doi.org/10.3390/

surfaces7040067

Academic Editor: Jinde Zhang

Received: 26 October 2024

Revised: 20 November 2024

Accepted: 26 November 2024

Published: 1 December 2024

Copyright: © 2024 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 (https://

creativecommons.org/licenses/by/

4.0/).

Article

Improvement in Biological Performance of Poly(Lactic Acid)-
Based Materials via Single-Point Surface Modification with
Glycopolymer
Viktor Korzhikov-Vlakh 1,* , Ekaterina Sinitsyna 1,2, Kirill Arkhipov 1, Mariia Levit 2 ,
Evgenia Korzhikova-Vlakh 1,2,* and Tatiana Tennikova 1

1 Institute of Chemistry, Saint-Petersburg State University, Universitetskiy pr. 26, Peterhof,
198504 St. Petersburg, Russia; kat_sinitsyna@mail.ru (E.S.); tennikova@mail.ru (T.T.)

2 Institute of Macromolecular Compounds, Branch of St. Petersburg Institute of Nuclear Physics Named after
B.P. Konstantinov of the National Research Center “Kurchatov Institute”, Bolshoi pr. 31,
199004 St. Petersburg, Russia; musia_1@yahoo.com

* Correspondence: v.korzhikov-vlakh@spbu.ru (V.K.-V.); e.korzhikova-vlakh@spbu.ru (E.K.-V.)

Abstract: As a promising polymer for the production of biomaterials and drug delivery systems,
poly(lactic acid) (PLA) is characterized by its relative hydrophobicity, as well as its chemical and
biological inertness. Here, we aimed to improve the biological properties of PLA-based materials
via the covalent attachment of a hydrophilic biocompatible glycopolymer, namely poly(2-deoxy-N-
methacrylamido-D-glucose) (PMAG) on their surface. PMAG is a water-soluble polymer that contains
glucose units in its side chains, which are responsible for good biocompatibility and the ability to
attach bioactive molecules. In the developed protocol, PMAG was synthesized by controlled radical
polymerization in the presence of a reversible addition–fragmentation chain transfer (RAFT) agent,
followed by the conversion of glycopolymer terminal dithiobenzoate functionality into a primary
amino group (PMAG-NH2). PLA-based films served as model aliphatic polyester materials for
developing the surface biofunctionalization protocol. According to that, PMAG-NH2 covalent
immobilization was carried out after alkali treatment, allowing the generation of the surface-located
carboxyl groups and their activation. The developed modification method provided a one-point
attachment of hydrophilic PMAG to the hydrophobic PLA surface. PMAG samples, which differed
by the degree of polymerization, and the variation of polymer concentration in the reaction medium
were applied to investigate the modification efficacy and grafting density. The developed single-point
polymer grafting approach provided the efficient functionalization with a grafting density in the
range of 5–23 nmol/cm2. The neat and modified polymer films were characterized by a number of
methods, namely atomic force microscopy, thermogravimetric analysis, ellipsometry, and contact
angle measurements. In addition, an ArgGlyAsp-containing peptide (RGD peptide) was conjugated
to the PMAG macromolecules grafted on the surface of PLA films. It was shown that both surface
modification with PMAG and with PMAG-RGD peptide enhanced the adhesion and growth of
mesenchymal stem cells as compared to a neat PLA surface.

Keywords: synthetic glycopolymer; covalent modification; polymer grafting to PLA surface; surface
hydrophilization; functionalization; cell adhesion

1. Introduction

As a promising polymer for the fabrication of biomedical materials, aliphatic polyesters
reveal a number of disadvantages associated with the chemical structure of the polymer
chain [1]. The strong features of aliphatic polyesters such as poly(lactic acid) (PLA),
poly(lactide-co-glycolide) (PLGA), poly(ε-caprolactone) (PCL), poly(3/4-hydroxybutyrate)
(PHB), etc., include biocompatibility, biodegradability, moderate mechanical properties,
thermoplasticity, and ease of processing [2–4]. However, relative hydrophobicity (contact
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angle ≥ 80◦), low adhesion of the cells, and chemical inertness, which make it difficult
to functionalize the surface with bioactive compounds, are the main disadvantages of
materials based on aliphatic polyesters [5–7]. To overcome these obstacles, various methods
for the surface modification of these materials are being developed, with the main objective
of the hydrophilization and biological functionalization of the surface to induce the required
biological effect [8,9].

Like other polymer materials, aliphatic polyester materials can be modified by ad-
sorption (physical modification) or the covalent attachment (chemical modification) of
(macro)molecules of interest [7]. Being hydrophobic, aliphatic polyester-based materials
can be modified by simple adsorption of proteins like fibronectin, collagen, vitronectin,
thrombospondin, tenascin, laminin, etc., to control surface–cell interaction [7,10,11]. Al-
though physical modification is a simple way to coat a surface, passive adsorption forms
only an unstable coverage that can be competitively replaced by other (macro)molecules
present in a complex biological system. Thus, the surface composition may be unstable
and susceptible to change when such polymer-based biomaterials are used. An interesting
approach to surface modification of poly(L-lactic acid) (PLLA) materials was proposed by
Zhu et al. [12]. The authors prepared PLLA films and modified them by stereocomplexation
with poly(D-lactic acid-co-glucose) (PDLAG). The modification was performed by sim-
ply immersing the PLLA film in PDLAG solution to obtain surface-modified PLLA films.
The presence of glucose moieties on the surface provided a noticeable hydrophilization
of the latter, where the contact angle decreased from 84◦ for pure PLLA to 69–60◦ for
PLLA–PDLAG depending on the time of immersion.

In addition to adsorption, plasma treatment is widely used to make the surface more
hydrophilic, functional, and capable of promoting cell adhesion. Oxygen, nitrogen, or
anhydrous ammonia are most commonly used as a plasma for such modifications [13–15].
While treatment with oxygen and nitrogen just provides hydrophilization, which creates
a favorable microenvironment for cells, treatment with ammonia generates amino groups
on the surface of materials, which can help to anchor biomacromolecules due to ionic
and hydrogen bonding interactions, as well as by covalent modification. For example,
Yang et al. used this technique to achieve the hydrophilization of PLA and PLGA scaffolds
and improve the adhesion of human skin fibroblasts to the surface of modified materials [16].
Ammonia plasma treatment has also been shown to be useful for improving the anchoring
of collagen on the surface of PLA-based scaffolds, which resulted in enhanced mouse
fibroblast adhesion [17].

A simpler and easily accessible way to generate reactive functionality on the surface
of aliphatic polyesters is alkaline hydrolysis of the polyester surface layer. In this case,
the surface becomes enriched with carboxyl and hydroxyl groups [18]. The former can
be activated and put into reaction with primary amino groups of macromolecules and
biomolecules. For example, after the activation of the carboxyl groups, the PLA surface
can be modified with chitosan. Chitosan-modified PLA materials have been shown to
improve the attachment and proliferation of rat osteoblasts [19]. In addition to alkaline
hydrolysis, aminolysis can be used to introduce reactive amine groups onto the PLA
surface. For example, 1,6-hexamethylenediamine has been used for aminolysis, followed by
a conjugation with biocompatible macromolecules such as gelatin, chitosan, or collagen [20].
Such a modification provided the positive effect of accelerating endothelium regeneration
in vitro.

The covalent grafting of functional synthetic polymers is also a convenient tool for
further modifications of the surface with the bioactive molecules. For instance, the grafting
of poly(methacrylic acid) (PMAA) to the PLA surface using atom transfer radical polymer-
ization (ATRP) produced a negatively charged coating that did not promote cell adhesion.
Further modification of PMAA-grafted PLA with gelatin promoted a significant improve-
ment in cell–surface interaction [21]. Photoinduced grafting of poly(acrylic acid) (PAA) to
the PLA surface was described by Steffens et al. [22]. For this purpose, plasma-activated
PLA films were immersed in an aqueous solution of acrylic acid and exposed to UV light.
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Then, the carboxyl groups of PAA were activated and involved in the conjugation with
horseradish peroxidase or RGD peptide to enhance cell adhesion. The hydrophilization of
the surface of the PLA-based films by their covalent modification with polyacrylamide and
alginate hydrogels has been also reported [23]. In the case of polyacrylamide, the authors
partially hydrolyzed the surface to form carboxyl groups, then activated and modified
them sequentially with ethylenediamine and glycidyl methacrylate (GMA) to introduce
unsaturated double bonds. This was followed by the copolymerization of acrylamide with
N,N′-methylenebisacrylamide on the surface of methacrylated PLA. Surface modification
of PLA-based films with alginate was performed after the functionalization of PLA with
ethylenediamine and the activation of the carboxyl groups of alginic acid by crosslinking
with lysine as a bifunctional linker. Instead of the reported two-step modification of the
surface-hydrolyzed PLA-based materials with ethylenediamine and GMA, methacrylation
can be performed in one step by simply using 2-aminoethyl methacrylate [24]. Ninaya et al.
proposed an approach for the covalent surface modification of PLA microspheres based
on the γ-irradiation of microspheres to generate free radicals in the system, which then
interact with monomers, namely acrylic acid, acrylamide, or maleic anhydride, and initiate
grafting [25]. The authors showed that the extent of grafting depends on the irradiation
dose and dose rate, as well as on the monomer used in the grafting process. Recently,
the single-point modification of PLA materials with PLys via a thiol-ene click reaction for
spatially controlled cell adhesion has been reported [26].

Similar to PEG, neutral glycopolymers can be used to functionalize the surface of
nanoparticle-based drug delivery systems to provide stability in the body’s environment
(plasma) and protect them from capture by macrophages (stealth effect) [27,28]. In addition
to surface hydrophilization and providing the stealth effect, PMAG can be used for the co-
valent attachment of specific bioactive compounds such as polylysine, bone morphogenetic
factor 2 (BMP2), or RGD peptides, which can be used to control cell behavior [29,30]. Such
peptides are widely used to modify materials, including polyester-based ones, to be used in
bone tissue engineering and regenerative medicine [31–35]. Polylysine and RGD peptides
are known to enhance cell adhesion and proliferation [31,36], and BMPs are responsible
for osteodifferentiation [32].

In our previous work, we have studied the modification of PLA and PCL films with
a bioinspired synthetic glycopolymer, namely poly(2-deoxy-N-methacrylamido-D-glucose)
(PMAG) [37]. This polymer is soluble in water and biocompatible. The previously proposed
covalent modification method involved several steps, including the following: (i) Alkaline
hydrolysis of the surface of aliphatic polyester-based materials; (ii) activation of the gener-
ated carboxyl groups; (iii) surface modification with ethylenediamine; (iv) modification of
the aminated surface with modified PMAG containing aldehyde groups; and (v) reduction
of the formed aldimine bonds (Schiff bases) with sodium borohydride. As a result, this
modification led to the multipoint attachment of each PMAG macromolecule to the surface
of the material.

In this study, a novel approach to the functionalization of PLA-based materials using
PMAG is proposed. In contrast to the previously developed method, which was based on
the application of PMAG obtained by free-radical polymerization and thus possessing high
dispersity (Ð = 2.2), in the current work, we synthesized PMAG by RAFT polymerization.
This allowed us, firstly, to obtain well-defined glycopolymer macromolecules and, secondly,
to perform post-polymerization modification of terminal functionality to obtain macro-
molecules with reactive amino groups, namely PMAG-NH2. The obtained PMAG-NH2
macromolecules reacted with the activated surface carboxyl groups that were preliminarily
generated on the PLA surface via treatment with alkali solution. Unlike the previously
described approach [37], here, we describe the hydrophilic polymer attachment protocol
with a reduced number of steps—three instead of five. Moreover, the developed approach
results in different structuring of PMAG on the surface—uniform single-point brush-like
PMAG attachment instead of the previously described [37] random multipoint polymer
chemosorption. In addition, the RGD peptide was conjugated to the grafted PMAG macro-
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molecules on the surface of the PLA films. The obtained PLA-PMAG and PLA-PMAG
(RGD) films were evaluated for the adhesion of mesenchymal stem cells (MSCs). The
mechanistic scheme summarizing the general idea of the study is shown in Figure 1.
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2. Materials and Methods
2.1. Materials

D,L-lactide (99%), methacryloyl chloride (97%), D-glucosamine hydrochloride (≥99%),
tin (II) octoate (92.5–100%), 2,2′-azobis (isobutyronitrile) (AIBN, 98%), 4-cyano-4-((phenyl-
carbonothiol)thio)pentanoic acid (100%), and 2,4,6-trinitrobenzenesulfonic acid (TNBS,
5% aqueous solution), sodium periodate (99.8), sodium borohydride (≥98%) were pur-
chased from Sigma-Aldrich (Darmstadt, Germany).

Organic solvents such as chloroform, methanol, dimethylformamide (DMF), diethyl
ether, as well as chemically pure acetic acid, triethylamine, ninhydrin, and dry sodium
hydroxide were purchased from Vecton (St. Petersburg, Russia). L-Glycine was a product
of Reanal (Budapest, Hungary). Deuterated solvents CDCl3 and D2O were produced by
Astrakhim (St. Petersburg, Russia). The salts used for the preparation of buffer solutions
were of analytical grade and were purchased from Vekton (St. Petersburg, Russia). MAG
was synthesized using a previously published protocol [38]. The GRGDSP peptide was
purchased from the Institute of Experimental Medicine of RAS (St. Petersburg, Russia).

The human adipose-derived mesenchymal stem cells were purchased from the Cell
Collection of the Institute of Cytology of Russian Academy of Sciences (St. Petersburg, Rus-
sia). Cells were cultivated in alpha-MEM medium (ThermoFisher Scientific, Waltham, MA,
USA) containing of 10% human serum (C.C.pro GmbH, Oberdorla, Germany) as well as
0.5% gentamicin (Merck Millipore, Darmstadt, Germany). Calcein-AM was a product of Ab-
cam Ltd. (Cambridge, GB). 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)
(MTT reagent) was purchased from (ThermoFisher Scientific, Waltham, MA, USA).

2.2. Synthesis and Characterization of PLA

Poly(D,L-lactic acid) was synthesized by ring-opening polymerization in the melt of
the monomer, namely racemic D,L-lactide, in the presence of tin (II) octoate. For the synthe-
sis, 5.0 g of pre-crystallized monomer and 5.6 mg of catalyst
(([D,L-lactide])/([Sn(Oct)2]) = 5020 [mol/mol]) were placed into a 10 mL Schlenk tube and
dissolved in 2 mL of hexane. The content of the flask was vacuumed for 10 min with
simultaneous intensive stirring while increasing the temperature to 135 ◦C using a glycerol
bath. n-Hexane was removed from the reaction mixture and condensed in a freezing trap.
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Polymerization was carried out for 4 h at 135 ◦C. After completion of the synthesis, the
reaction product was cooled and dissolved in chloroform. Excess chloroform was removed
using a rotary evaporator. The polymer was precipitated into cooled methanol. The sample
was dried in the desiccator for 1 h and then dried in a vacuum for 24 h. The yield was 70%.

The characteristic viscosity [η] of PLA was measured using an Ubbelode capillary
viscometer with a chamber volume of 5 mL at 25 ◦C. For this purpose, 150 mg of polymer
was dissolved in 9.14 mL of chloroform. To investigate the characteristic viscosity, 5 mL of
polymer solution or solvent was loaded to the viscometer. The flow times of the solvent and
polymer solutions were then measured sequentially. Dilutions were performed by taking
0.5 mL of polymer solution and adding a 0.5 mL portion of solvent (chloroform) to the
viscometer; at each concentration, the flow time was measured 3–4 times until convergence
of 0.2 s.

The molecular weight of synthesized PLA was calculated by the Mark–Kuhn–Houwink
Equation (1).

[η] = K ×
(

Mη

)α (1)

where K and α for a solution of poly (D,L-lactic acid) in chloroform at 25 ◦C are K = 6.06 ×
10−4 dL/g and α = 0.64 [39]. The characteristic viscosity [η]298 determined by viscometry
was 1.5 dL/g.

2.3. Synthesis and Characterization of PMAG

MAG (0.3805 g), CTA (0.0215 g), and AIBN (0.00316 g) were placed into a 10 mL
Schlenk tube equipped with a magnetic stirrer anchor. Next, 3.6 mL of DMF was added
to the reaction tube. Before polymerization the mixture was degassed via five freeze–
evacuated–thaw cycles and refilled with argon. Next, the Schlenk tube was immersed in
a glycerol bath preheated to 70 ◦C. Polymerization was carried out for 13 h at 70 ◦C with
constant stirring. After the completion of polymerization, the polymer was precipitated
into diethyl ether. The filtered polymer was dried in a vacuum at 40 ◦C for 12 h.

The dried portion of the obtained monomer–polymer mixture was analyzed by 1H
NMR spectroscopy in D2O. A Bruker Avance 400 MHz (Bremen, Germany) instrument
was used for 1H NMR spectroscopy. The conversion of the MAG monomer into PMAG
was determined by correlation of the integral intensities of the signals belonging to the
diastereotopic protons of =CH2 group of the monomer (5.48 ppm) with the protons of the
glucose ring (3.4–4.0 ppm) of the polymer in the 1H NMR spectrum of the crude monomer–
polymer mixture (Figure S1, Supplementary Materials). The chemical shifts of the protons
in the monomer (ppm), 5.48 and 5.66 ppm, correspond to the protons with double bonds of
MAG. The chemical shifts of the protons of the PMAG main chain (ppm), 0.93–1.39 and
1.73–1.90 ppm, correspond to the -CH3 and -CH2-C groups, respectively. The chemical
shifts of the protons of the glucose ring (ppm), 3.4–4.0, 5.05–5.30, and 4.78, correspond to
C2H2-C6H6, and C1H1α and β, respectively. The chemical shifts of the protons of CTA
(ppm), 1.88, 2.55, 7.52–7.88, correspond to -CH2 of the R group -CH2-CH2-COOH and
aromatic protons of the Z group, respectively.

The polymer conversion was calculated according to Equation (1):

Conversion = (1 − (I(MAG)5.48/I(MAG + PMAG)3.4–4.0)× 100% (2)

where I is the integral intensity of the proton of the MAG double bond (5.48 ppm) or the
sum of the glucose ring protons of the monomer and polymer (3.4–4.0 ppm), respectively.

The number-average (Mn) and weight-average (Mw) molecular weights and dispersity
(Ð) of PMAG were determined by size exclusion chromatography (SEC). The measurements
were performed using a Shimadzu LC-20 Prominence system with a RID 10-A refractometer
detector (Kyoto, Japan). A 7.8 × 300 mm Styragel HMW 6E column, bead size 15–20 µm
(Waters, Milford, MA, USA), was used. The analysis was performed at 60 ◦C, using
DMF with 0.1 M LiBr as the mobile phase. The eluent flow rate was 0.3 mL/min. The
molecular weight characteristics were calculated using a calibration plot constructed using
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poly(methyl methacrylate) standards. The data processing was performed using the GPC
LabSolutions software, version 1.25 (Shimadzu, Kyoto, Japan).

2.4. Modification of PMAG

First, 150 mg of PMAG was placed into a 10 mL Schlenk tube and dissolved in 6 mL of
a DMF/H2O mixture (1/1, v/v). The solution was purged by argon for 20 min and heated
up to 40 ◦C with stirring using a magnetic stirrer and then 28.9 mg of NaBH4 was added to
the reaction mixture. After the complete dissolution of the precipitate and disappearance
of the pink color of polymer, the mixture was stirred further for 1 h. Then, 155 mg of
cysteamine hydrochloride was added to the reaction mixture. After that, 3.2 mL of 0.2 M
solution of I2 in DMF was introduced dropwise into the reaction mixture through a needle
installed into a rubber cap of a Schlenk tube. The reaction mixture was left for 1 h with
stirring. Unreacted iodine was reduced by adding ascorbic acid until the reaction mixture
changed color. The solution was concentrated by the use of a rotary evaporator. Finally,
the reaction mixture was placed into a dialysis bag (MWCO 1000) and dialysis was carried
out for 15 h against water. The polymer product was lyophilized. To remove chloride ions
from the terminal amino group of the polymer, a suspension of modified PMAG (85 mg)
was placed into a 15 mL flat-bottom flask, dissolved in 1 mL of H2O, and then 1.5 mL of
NH4OH was added. The mixture was left at 40 ◦C for 30 min. Then, the PMAG-NH2 was
purified by dialysis until a neutral pH (~6 h).

In order to quantify the amino groups in the polymer sample, the color reaction of
the primary amine groups with TNBS was used. For that, a calibration plot was built
using the solutions of cysteamine in water with concentrations from 0.005 to 0.05 mg/mL
(Figure S3, Supplementary Materials). For the analysis of amino groups in PMAG-NH2,
0.5 mL of a polymer solution (3 mg/mL) in H2O, 1.5 mL of 0.01 M sodium borate-buffered
solution (pH 9.4) and 0.15 mL of TNBS solution were added to the analysis tube. The
reaction was carried out for 50 min, after which the reaction was stopped by adding 1.5 mL
of acetate buffer (pH 4.8). The absorbance was measured at a wavelength of 420 nm relative
to the blank sample using the Shimadzu UV-1800 (Kyoto, Japan).

2.5. Fabrication of PLA Films

PLA films were obtained by the casting of a polymer solution in chloroform (Figure S2,
Supplementary Materials). To obtain 10 films, 1.0 g of PLA was dissolved in 12 mL of
chloroform in a closed flask for 24 h at 20 ◦C. Then, the polymer solution was cast onto a
cellophane substrate fixed on 30 mm diameter glass rings and left for 20 h and 25 ◦C to
remove the solvent. To obtain films with a flat surface, a special table with height-adjustable
legs was used. When performing the modification steps, for ease of manipulation, the film
was not detached from the cellophane substrate and was not removed from the frame ring.
After the modification was completed, the film was detached from the cellophane substrate
and used for further studies.

2.6. Modification of PLA Films with PMAG-NH2
2.6.1. PLA Surface Saponification and Determination of the Content of Carboxylic Groups

To generate the carboxylic groups on the surface of the PLA-based films, a solution of
0.1 M NaOH was poured on the surface of the film and left for 30 min. Then, the film was
washed with distilled water several times for 10 min until neutralization of the pH.

Quantification of the reactive carboxylic groups that had formed on the surface of
the films was performed via their reaction with glycine. First, the carboxylic groups were
activated by the addition of 2 mL of EDC (1 mg/mL) and NHS (2 mg/mL) solutions in
0.01 M MES-buffered solution, pH 5.4. Activation was carried out for 30 min at 2 ◦C. After
activation, the film was washed 5 times with distilled water for 15 s each. After that, 3 mL
of glycine solution (0.1 mg/mL) in 0.025 M borate-buffered solution (pH 9.4) was placed
on the surface of the activated film, which was then incubated for 24 h at 22 ◦C.
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After the reaction was completed, 0.5 mL of reaction solution was taken and placed in
a 15 mL plastic tube with a lid. Then, 2.5 mL of ninhydrin solution in ethanol (2 mg/mL)
was added to the same tube, and the tube was tightly closed and placed in a glycerol bath
heated to 120 ◦C for 40 min. Parallel to the analyzed sample, a blank experiment with 0.5 mL
of borate buffer instead of the test solution was performed. After that, the test tubes were
cooled in cold water for 2 min and the solutions were analyzed spectrophotometrically. The
absorbance was measured relative to the blank sample at a wavelength of 400 nm. Detection
of the amount of glycine unreacted with the film was carried out using a calibration plot
previously built for ten standard glycine solutions in the range of 0.005 to 0.100 mg/mL
(Figure S4, Supplementary Materials). The content of carboxyl groups that were accessible
for modification on the film surface ([COOH], mol) and their specific content ([COOH]sp,
mol/cm2) were calculated using Equations (3) and (4):

[COOH] =
V[Co(Gly)− Cx(Gly)]

M(Gly)
(3)

[COOH]sp =
[COOH]

πR2 (4)

where Co(Gly) and Cx(Gly) are the initial concentrations of glycine and its concentration after the
reaction, mg/mL, respectively; ε is the mass extinction coefficient (5.31 ± 0.14 mg·mL−1·cm−1);
V is the sample volume (3 mL); R is the radius of the film (1.5 cm); and M is the molar mass
of glycine.

2.6.2. Grafting of PMAG-NH2 to Activated PLA Surface

First, 2.1 mL or 1.7 mL of PMAG-s or PMAG-l solution, respectively, in borate-buffered
solution, pH 9.4, with concentrations of 0.75 or 1.50 mg/mL were placed on the EDC/NHS-
activated surface of PLA (see Section 2.6.1). The modification was carried out overnight
at room temperature with gentle shaking. The surface was washed 3 times with 0.5 M
NaCl solution and then 5 times with distilled water for 5 min each to remove unbound
PMAG residues.

For the quantitative determination of immobilized polymer chains, the color reac-
tion of primary amines with TNBS was used. The PMAG solution sampled from the
film after modification was analyzed according to the protocol described in Section 2.4.
The amount of grafted PMAG-NH2 chains was determined by the difference in the poly-
mer quantities before and after modification. The corresponding quantities were calcu-
lated with the application of a calibration plot built for standard PMAG-NH2 solutions
in borate-buffered solution, pH 9.5, in the range of concentrations from 0.1 to 0.8 mg/mL
(Figure S5, Supplementary Materials).

The grafting density (GD, nmol/cm2) was determined as the ratio of the number of
amino groups reacted to the film area (5) as follows:

GD =
[PMAG − NH2]

S
=

[PMAG − NH2]

πR2 (5)

where [PMAG-NH2] is the quantity of the grafted PMAG-NH2 in moles; S is the surface
area of the film, cm2; and R is the film radius (1.5 cm).

The numerical grafting density (GDn, molecules/nm2) was calculated as the ratio of the
number of PMAG-NH2 macromolecules to the film surface area in nm2, as in Equation (6):

GDn =
ν(PMAG − NH2)× Na

πR′2
(6)

where NA is Avogadro’s number; and R′ is a radius of the PLA film expressed in nm.
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The degree of surface carboxylic group substitution (DS—degree of substitution, %)
was determined as follows:

DS =
[PMAG − NH2]

[COOH]
× 100 (7)

where [PMAG-NH2] is the quantity of grafted PMAG-NH2 in moles; and [COOH] is the
determined quantity of surface carboxylic groups.

2.6.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to analyze the difference in the mass loss
of the neat and PMAG-modified PLA films. Neat and PMAG-modified PLA were tested
to determine the difference in mass change upon heating due to the presence of PMAG
chains on the surface of PLA film. TGA was carried out using a set of instruments for
thermogravimetric analysis and synchronous thermal analysis with gas phase analysis by
IR spectroscopy and mass spectrometry, mass measurement error ± 0.01 mg (NETZSCH
TG 209 F3 Iris and STA 409 C/4/G Jupiter, Germany). The study was carried out in the
temperature range of 40–510 ◦C under argon atmosphere.

2.7. Measurements of Contact Angles

Contact wetting angles were measured by sessile drop microphotography, followed
by data processing in SCA 20 (version 1.0) software (Informer Technologies, Los Angeles,
CA, USA). Distilled water (pH = 6.0) was used as the working fluid. The volume of applied
liquid drops was 1.0 µL. Droplets were applied to the substrate surface using a microdoser
and then sequentially photographed. Measurements were taken at several points on the
film away from the edges. The resulting contact angle values were averaged, and the
relative error was calculated using Student’s distribution (confidence factor 0.9).

The degree of hydrophilization (HD) was calculated using Equation (8); it shows how
many times the value of the edge wetting angle decreased.

HD =

(
1 − φ′

φ0

)
× 100% (8)

where φ′ and φ0 are the contact angles of the modified and neat films, respectively.

2.8. Ellipsometry

The film specimens were studied by ellipsometry using the Ellipse-1891 SAG spectral
ellipsometric complex with a wavelength range of 350–1000 nm (Scientific Production
Company “Center of Nanotechnologies”, Novosibirsk, Russia). The films under study
were cut into squares (with sides of approximately 1 cm) and attached to the polished
surface of a silicon slide. With this aim, 50–80 µL of water was applied dropwise to the
slide, after which the films were placed over them such that there were no air bubbles
between the film and the silicon surface. The slides with the films were left for several
hours to dry completely.

Ready slides with films were placed on the working table of the ellipsometer and
aligned using the autocollimator; then Ψ were measured at wavelengths from 350 to
100 nm. Each film was examined at 3–4 points away from the edges. The resulting Ψ – λ

dependences were averaged. The angle of incidence/reflection of the beam from the film
surface was 70◦.

2.9. AFM

The morphology of PLA-based films was studied by atomic force spectroscopy (AFM)
on the analytical probe microscopy module of the Nanolab research platform with an inte-
grated Omicron VT AFM XA 50/500 scanning probe microscope (Omicron NanoTechnology
GmbH, Germany) operating under ultrahigh vacuum conditions (p = 1–2 × 10−10 mbar).
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For the study, the film was dried and trimmed to obtain a square sample with a side
of approximately 1 cm. The sample was placed in the working chamber of the probe
microscopy platform, the cantilever was set up, and then air was evacuated until an
ultrahigh vacuum was reached. Scanning was performed in automatic mode.

Regions of 0.5 × 0.5 µm, 1.0 × 1.0 µm, and 3.0 × 1.9 µm were scanned. The resolu-
tion of the resulting image was 10 nm. Data processing was performed using the freely
distributed non-commercial software WxSM (ver. 5.0) [40]. The roughness coefficient
was defined as the ratio of the real area of the curvilinear surface to the conditional flat
area (Equation (9)). The area of the curvilinear surface was calculated in Origin 9.1 soft-
ware using the built-in command for finding the area of the curvilinear surface given by
a two-dimensional matrix of height values (coord. Z) from X and Y coordinates.

Roughness =
S0

Sr
(9)

where S0 and Sr are the calculated conditional flat area and the real area of the curvilinear
surface, respectively.

2.10. RGD Peptide Conjugation

Conjugation of the peptide with PMAG bound to PLA films was carried out similarly
to a previously developed protocol [29,41]. PMAG on the surface of PLA was oxidized
with NaIO4 solution in deionized water at 4–6 ◦C in the dark for 24 h. With this aim, 1.5 mL
of aqueous NaIO4 solution was added onto the film surface. The amount of NaIO4 was
calculated considering the following molar ratio: [NaIO4]:[MAG] = 0.7. This ratio led to
the generation of 30 mol% of aldehyde groups. After the generation of aldehyde groups
in PMAG, 1.5 mL of a solution of GRGDSP with a concentration of 150 µg/mL in 0.01 M
sodium phosphate solution (pH 8.0) was added to the films. The system was left for 2 h at
22 ◦C for conjugation to take place. The solution was then collected for the TNBS assay of
the unbound peptide. The surface of films was washed three times with deionized water.
The washing fractions were combined with the peptide solution after the reaction and
lyophilized. The dry residue was dissolved in 0.5 mL of water and analyzed using the
TNBS assay as described in Section 2.4.

The reduction of formed aldimine bonds (Schiff base) and unreacted aldehyde groups
was carried out with sodium borohydride solution. The reaction was performed using
a 3-fold molar excess of NaBH4 in water relative to the -CHO groups at 22 ◦C for 1 h with
gentle shaking. Finally, the films were washed 3 times with water and stored at 4 ◦C.

2.11. Cell Adhesion

Prior to use in cell culture, all the PLA films were sterilized under UV light exposure
for 10 min. From one 30 mm film, films of 6 mm in diameter were cut and glued to the wells
of non-adhesive 96-well plate using BF-6 medical glue (Tula Pharmaceutical Factory, Tula,
Russia) from the unmodified side. Next, 5 × 103 MSCs in 100 µL of medium were seeded on
the surface of each testing specimen. The plastic of the wells of the 96-well adhesive plate
was involved in the study as the positive control. Cells were cultivated in a humidified
atmosphere for 48 h at 37 ◦C in alpha-MEM containing 10% human serum. After cultivation,
some of the specimens (n = 4) were subjected to an MTT assay, while others were treated
with 4% neutral formalin solution for 30 min to fix the cells. The MTT assay was performed
using the standard protocol described earlier [42]. Cell adhesion on the surface of the
samples was calculated as a percentage relative to the positive control (adhesive cultural
plastic surface), whose normalized optical density was taken as 100%. Cells fixed on the
surface of film specimens were stained with calcein-AM solution (4 µg/mL) to visualize
the cells. The stained films were examined using fluorescence microscopy (CELENA S
Digital Imaging System) at an emission wavelength of 530 nm (an excitation wavelength is
480 nm).
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The results were expressed as mean ± standard deviation (SD). A normality test and
a test for equal variances were performed before running Student’s t-test to compare results
between the two groups.

3. Results and Discussion
3.1. Fabrication and Pre-Treatment of PLA Films

PLA used for the preparation of the films was synthesized via ring-opening polymer-
ization using tin (II) octoate as a catalyst. The obtained sample had the viscosity–average
molecular weight of about 198,000 ([η] = 1.49 dL/g).

PLA-based films were fabricated using the solution casting approach (Figure S2,
Supplementary Materials). For that, 5.3% PLA solution in chloroform was cast onto the
cellophane substrate, followed by solvent evaporation within 20 h at 25 ◦C. The morphology
of the surface of the PLA films obtained using this method was evaluated by atomic force
microscopy (AFM) (Figure 2). The obtained images indicate a low surface roughness. The
average height difference is approximately 1.29, 1.35, and 2.16 nm for the scanned areas of
0.5 × 0.5 µm, 1.0 × 1.0 µm, and 3.0 × 1.9 µm, respectively. Computer processing of AFM
data allowed for the evaluation of the real curved surface area and roughness (for area
3.0 × 1.9 µm). The latter was calculated as the ratio of curved surface area to flat surface
area. The calculated curved surface area was found to be 5.732 ± 0.003 µm2, while the
theoretical flat surface area of the scanned region was 5.70 µm2. Thus, the roughness for
the obtained PLA films was 0.56 ± 0.05%.

Surfaces 2024, 7 1017 
 

microscopy (CELENA S Digital Imaging System) at an emission wavelength of 530 nm 
(an excitation wavelength is 480 nm).  

The results were expressed as mean ± standard deviation (SD). A normality test and 
a test for equal variances were performed before running Student�s t-test to compare re-
sults between the two groups. 

3. Results and Discussion 
3.1. Fabrication and Pre-Treatment of PLA Films  

PLA used for the preparation of the films was synthesized via ring-opening polymer-
ization using tin (II) octoate as a catalyst. The obtained sample had the viscosity–average 
molecular weight of about 198,000 ([η] = 1.49 dL/g). 

PLA-based films were fabricated using the solution casting approach (Figure S2, Sup-
plementary Materials). For that, 5.3% PLA solution in chloroform was cast onto the cello-
phane substrate, followed by solvent evaporation within 20 h at 25 °C. The morphology 
of the surface of the PLA films obtained using this method was evaluated by atomic force 
microscopy (AFM) (Figure 2). The obtained images indicate a low surface roughness. The 
average height difference is approximately 1.29, 1.35, and 2.16 nm for the scanned areas 
of 0.5 × 0.5 µm, 1.0 × 1.0 µm, and 3.0 × 1.9 µm, respectively. Computer processing of AFM 
data allowed for the evaluation of the real curved surface area and roughness (for area 3.0 
× 1.9 µm). The latter was calculated as the ratio of curved surface area to flat surface area. 
The calculated curved surface area was found to be 5.732 ± 0.003 µm2, while the theoretical 
flat surface area of the scanned region was 5.70 µm2. Thus, the roughness for the obtained 
PLA films was 0.56 ± 0.05%. 

 
Figure 2. AFM scans of the regions of 0.5 × 0.5 µm (a), 1.0 × 1.0 µm (b), and 3.0 × 1.9 µm (c), as well 
as distribution of hills by height (d) for the PLA-based films obtained. In (d): 1—distribution for a 
region of 0.5 × 0.5 µm; 2—distribution for a region of 1.0 × 1.0 µm; 3—distribution for a region of 3.0 
× 1.9 µm. 

Figure 2. AFM scans of the regions of 0.5 × 0.5 µm (a), 1.0 × 1.0 µm (b), and 3.0 × 1.9 µm (c), as well as
distribution of hills by height (d) for the PLA-based films obtained. In (d): 1—distribution for a region of
0.5 × 0.5 µm; 2—distribution for a region of 1.0 × 1.0 µm; 3—distribution for a region of 3.0 × 1.9 µm.



Surfaces 2024, 7 1018

One of the drawbacks of PLA-based materials, in addition to relative hydrophobicity,
is the absence of the necessary number of reactive groups on the surface for modification.
In order to increase the amount of surface carboxyl groups, the films were exposed to
an alkali solution to hydrolyze part of the ester linkages of the PLA main chain. The degree
of hydrolysis and the amount of carboxyl groups generated on the surface can be varied by
changing the concentration of the alkali solution and the saponification time. The content
of carboxyl groups accessible for the reaction on the surface of PLA-based films was deter-
mined by quantifying the amount of bound glycine. For this purpose, the carboxyl groups
on the surface of the PLA film were activated to obtain N-hydroxysuccinimide (NHS) ester
and then treated with the solution of a glycine (Section 2.6.1). Glycine was selected since it
is a small molecule containing an amino group for covalent binding and does not provide
steric hindrance during immobilization. At the same time, glycine is highly hydrophilic
and also contains a carboxyl group. These factors minimize the possibility of glycine
nonspecific interactions with the surface and allow for the quantification of COOH groups
on the surface of the films.

It was observed that increased alkali concentrations and/or saponification time re-
sulted in visible film disintegration during saponification or during subsequent modifica-
tion (Table 1). A downward change in alkali concentration and/or saponification time led
to the generation of a reduced number of carboxyl groups on the surface. The following
was determined as the optimal saponification conditions: 0.1 M sodium hydroxide solution
and saponification time of 30 min. The quantity of the accessible for reaction carboxylic
groups determined on the surface of PLA-based films after saponification under optimized
conditions was found to be 802 ± 25 nmol/film (Rfilm = 1.5 cm) which corresponds to
a density of 114 nmol/cm2 (Table 1).

Table 1. Effect of sodium hydroxide concentration on the amount of introduced COOH groups and
film stability.

# [NaOH] (mol/L) Saponification
Time (min)

[COOH]
(nmol/cm2)

Visible Film
Destruction

1
0.01

30 21 ± 3 no
2 60 34 ± 4 no
3

0.05
30 65 ± 7 no

4 60 83 ± 10 no
5

0.10
10 95 ± 12 no

6 30 114 ± 15 no
7 60 305 ± 34 yes
8

0.25
10 438 ± 52 yes

9 30 492 ± 54 yes
10 60 547 ± 62 yes
11

0.50
10 688 ± 81 yes

12 30 775 ± 90 yes

The results obtained for the surface treatment of PLA-based materials with alkali are
consistent with the recent results. In particular, Chen et al. found that surface treatment with
alkali solutions (pH 12.5) for 6 h affects the mechanical properties of PLA-based 3D-printed
materials. Specifically, the stiffness and Young’s modulus were reduced for alkali-treated
3D-printed materials under compression conditions compared to the neat PLA matrix [43].
At the same time, surface treatment for 1 h did not have such a significant effect.

3.2. Synthesis of PMAG with Terminal Amino Group

Polymer belonging to the glycopolymer class, namely PMAG was selected in this study
as a hydrophilic polymer for the covalent surface modification of PLA-based materials.
PMAG was synthesized by RAFT polymerization and modified according to the scheme
shown in Figure 3.
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Figure 3. Schemes for synthesis of PMAG and its modification to produce a terminal amino group for
further covalent modification of PLA-based materials.

MAG, CTA, and AIBN were used as monomer, RAFT-agent, and initiator, respectively.
Variations in the [MAG]/[CTA] ratio allowed for the synthesis of two samples with different
lengths. The ratios of the initial components and the characteristics of the synthesized
samples are presented in Table 2. Two PMAG samples, with their respective degrees of
polymerization of 21 and 38 units (1H NMR spectroscopy) corresponding to the number-
average molecular weight (Mn) of 5470 and 9670, were synthesized and designated as
PMAG-s and PMAG-l, respectively. The molecular weights calculated from the 1H NMR
spectra were in agreement with the results obtained by the SEC method (Table 2). Both
samples were characterized by low dispersity, which is typical for polymers obtained by
RAFT polymerization under optimal conditions [38].

Table 2. Ratios of initial components and characteristics of the obtained PMAG samples.

Sample Molar Ratio of Components Conversion
(%) a

Molecular Weight b
Ð b DP a Mn

a
MAG CTA AIBN Mn Mw

PMAG-s 20 1 0.25 81 5000 5440 1.08 21 5470
PMAG-l 50 1 0.25 66 8900 9440 1.06 38 9670

a Determined by 1H NMR spectroscopy. b Determined by SEC.

In order to perform single-point attachment of PMAG to the surface of carboxy-
lated PLA-based films, the terminal dithiobenzoate group of PMAG was converted to
a thiol group via reduction with NaBH4 [44], followed by modification with cysteamine
hydrochloride to introduce the required amino group (Figure 3) [45]. Quantification of
the amino groups in the modified polymer sample was carried out using the TNBS as-
say (Section 2.6.2). Comparison of the theoretical amount of introduced amino groups,
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known from polymerization conditions, with the obtained experimental data allowed us to
determine the modification efficacy (Table 3).

Table 3. The content of amino groups introduced into PMAG during modification of terminal
dithiobenzoate moieties with cysteamine.

Sample
[-NH2] (nmol per 1 mg of PMAG) Modification

Efficacy (%)Theoretical TNBS Assay

PMAG-NH2-s 183 173 ± 4 94.5 ± 1.6
PMAG-NH2-l 103 98 ± 3 95.2 ± 2.3

The results obtained show that the molar fraction of amino groups determined in
the PMAG-NH2-s sample is 1.76 times higher than in the PMAG-NH2-l sample, which is
comparable to the ratio of Mn values for these polymers (1.77, see Table 2). Thus, it can
be concluded that, in the selected range of molecular weights, the kinetics of the redox
reaction is independent of the PMAG macromolecules’ degree of polymerization.

3.3. Modification of PLA-Based Films with PMAG-NH2

Grafting of glycopolymer to the surface of PLA-based films was carried out by the
reaction of the terminal amino groups of PMAG-NH2 with the surface carboxylic groups of
the PLA activated to NHS esters (Figure 4). Modification was carried out in 0.01 M borate
buffered-solution, pH 9.4, at room temperature with gentle stirring for 24 h.
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The content of PMAG-NH2 used for the modification of the PLA films was set as 233 or
466 nmol in the case of PMAG-NH2-s, which corresponds to the [−COOH]/[−NH2] ratio
equal to 3.4 and 1.7, respectively. Considering the longer polymer chain of PMAG-NH2-l,
which can cause the steric hindrance for the reaction, this modifier was taken in smaller
quantities of 163 and 326 nmol ([-COOH]/[-NH2] ratio equal to 4.9 and 2.5, respectively).
The results of the modification reaction are summarized in Table 4. As can be seen, the use
of a higher initial amount of the polymer resulted in a higher quantity of grafted PMAG
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and, consequently, higher grafting efficacy and surface carboxylic groups substitution. The
quantity of the grafted polymer and the efficacy of grafting increased with increases in both
the initial amount of PMAG-NH2 and PMAG-NH2 chain length. At the same time, the
grafting density was higher for the shorter PMAG-NH2 chain (PMAG-NH2-s) at selected
amounts of polymers.

Table 4. Results of the PLA films surface grafting with PMAG-NH2 of different molecular weights.

Sample
Grafted [PMAG-NH2]

(nmol) Efficacy of
Grafting (%)

Grafting Density Degree of
Substitution of Surface
Carboxyl Groups, (%)Theoretical Determined a nmol/cm2 Molecules/nm2

PMAG-NH2-s 233 48 ± 2 20.6 ± 0.9 6.8 41 6.0
466 162 ± 7 34.8 ± 1.5 22.9 138 20.2

PMAG-NH2-l
163 35 ± 2 21.5 ± 1.0 5.0 30 4.4
326 134 ± 6 41.1 ± 1.7 19.0 114 16.7

a TNBS assay was applied to determine unreacted PMAG-NH2.

In our previous work, we applied a five-step modification of PLA films with PMAG
through the reaction of aldehyde groups, which had been formed in PMAG upon the
oxidation of vicinal glucose diol, as well as amino groups introduced on the PLA surface.
The amount of grafted PMAG in that study was evaluated to be 12 nmol/film, which
corresponded to 1.7 nmol/cm2 [37]. One can observe that such a grafting density value
is much lower than the same parameter in the presented research (5–23 nmol/cm2). This
could be explained by the multipoint interaction of the oxidized PMAG with the surface in
the previous work, in which the PMAG macromolecules were supposed to flatten out on
the film in the form of a layer which was adjacent to the surface. Such flattening blocked
the possibility for other oxidized PMAG macromolecules to interact with the surface amino
groups. In contrast to the previous work, in this study, the developed protocol guaranteed
the single-point brush-like attachment of the polymer, allowing more macromolecules to
interact with the surface. Thus, the approach developed in this study not only reduced the
number of modification steps from five to three but also allowed for an increased quantity
of grafted polymer (Table 4).

It is known that the thermal degradation of a polymer is quite sensitive to the types of
bonds in the backbone and the side chains of the macromolecule. Thus, thermogravimetric
analysis (TGA) was used to confirm the success of the modification of the PLA-based films
with PMAG. According to the TGA results, the main degradation processes in the samples
under investigation occurred between 215 and 315 ◦C (Figure 5). It could be concluded
from the analysis of the previously published studies that PMAG, being a carbon-backbone
polymer, has higher thermal stability than PLA, which is a polyester [46,47]. This is in line
with the observed results, showing that the PMAG-modified PLA film has a slower rate of
mass loss than the neat PLA film. The observed TGA curves are smooth, without any steps
(Figure 5a).

The DTG curves (Figure 5b) show single major peaks distinguished by their extrema.
In addition, the extremum of the modified sample is in the higher temperature region.
Overall, these findings confirm the formation of covalent bonds between PLA and PMAG
segments and the generation of a uniform chemical structure and not just a polymer blend.

To monitor the changes in the properties of the PLA films after modification, neat,
saponified, and PMAG-modified films were analyzed by the ellipsometry method. In
our case, the Ψ-λ dependences were recorded to qualitatively observe the differences in
the various films (Figure 6). The dependence of Ψ on wavelength (λ) correlates with the
thickness of the polymer films, with the film being thicker if the Ψ-λ dependence is lower.
The analysis of the obtained plots allows us to form the conclusion that film treated with
alkali solution is the thinnest. This result confirms the surface hydrolysis of PLA film
followed by a loss of thickness. At the same time, the film modified with PMAG has the
largest thickness. Moreover, the type of the plot for the PLA-PMAG film differs from the
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pure and saponified PLA films, which indicates not only the large thickness of this film
but also the different optical properties of this film. This, in turn, suggests the presence of
a different surface composition compared to other films and indirectly confirms the success
of modification.
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Since hydrophilization of the surface of PLA-based materials was one of the major
tasks of this study, the contact angles of wetting were measured on the surface of the
functionalized PLA films. The results obtained are presented in Figure 7a. In general,
a decrease in contact angle values was detected for all the PLA films, which were modified
by PMAG. However, analysis of the results reveals several trends regarding the influence
of PMAG chain length and grafting density on the degree of hydrophilization of the PLA
surface. One can observe that hydrophilization (Figure 7b) increased with decreasing
molecular weight from 9670 to 5470, while lowering the grafting density. The observed
results may be explained as follows. With increasing molecular weight and grafting
density, the number of intrapolymer and interpolymer interactions appears to increase
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due to multiple hydrogen bonds [48], which decreases the participation of the saccharide
moiety in solvation but increases the role of the hydrophobic main chain. The effect of
chain length and grafting density have recently been shown for some other hydrophilic
copolymers, e.g., mPEG and poly(2-hydroxyethyl methacrylate) (PHEMA) [49,50]. For
example, increasing the thickness of the PHEMA-grafted layer led to an increase in the
contact angle values.
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3.4. Functionalization of PLA-PMAG Films with Biospecific Ligands

PMAG selected for hydrophilization of PLA films can be easily used for covalent
biofunctionalization. In particular, the glucose moieties presented in each monomer unit can
easily undergo oxidation with sodium periodate, with the generation of aldehyde groups
which are highly reactive towards the primary amino groups of biomolecules [41]. This
approach can be used for conjugation to the PMAG of both proteins [29] and peptides [51].

Since aliphatic polyesters in general, and in particular PLA-based materials, are widely
used for the development of scaffolds of various designs and compositions, in this study,
an RGD peptide, i.e., GRGDSP, was selected as a model bispecific molecule. The scheme of
covalent attachment of GRGDSP to the PMAG bound to the PLA films is shown in Figure 8.
Since the RGD peptide used has only one terminal α-amino group, only the single-point
attachment of the peptide to the polymer is possible.

In order to avoid possible steric hindrances during peptide immobilization, PLA films
containing short chains of PMAG at low grafting density were used for the modification
with GRGDSP. The results of peptide immobilization are presented in Table 5. As can be
seen, the reaction proceeded with high efficiency of peptide immobilization.

In addition, the adhesion of MSCs on the surface of the neat PLA film, PLA-PMAG-s
films and PLA-PMAG (RGD) films was examined using MTT assay and fluorescence
microscopy (Figure 9). It is known that neat PLA and PCL materials demonstrate low cell
adhesion [6,42,52]. Indeed, the obtained results indicate about 60% cell adhesion compared
to the control (plastic of the adhesive cell culture plate). In turn, hydrophilization via the
glucose units present on the PLA-PMAG surface improved the adhesion of the cells. Both
these factors, namely hydrophilization and the presence of glucose, are known to enhance
the cell adhesion properties of the material alone [53,54]. As expected [55,56], the additional
immobilization of the RGD peptide considerably improved the attractiveness of the PLA
material for the MSCs, which are often used in tissue engineering.
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Table 5. Results of the covalent immobilization of GRGDSP onto the surface of PLA-PMAG films.

Sample a
Quantity of GRGDSP (nmol) Conjugation

Efficacy (%)
Immobilization

Density (nmol/cm2)

Degree of
Substitution in

PMAG b (%)Initial Immobilized

PLA-PMAG-NH2-s 340 252 ± 9 74.1 ± 2.7 35.6 25
a The sample with low grafting density was used; b Calculated regarding all MAG units in the polymer chain
(DP = 21).
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In addition, the adhesion of MSCs on the surface of the neat PLA film, PLA-PMAG-
s films and PLA-PMAG (RGD) films was examined using MTT assay and fluorescence 
microscopy (Figure 9). It is known that neat PLA and PCL materials demonstrate low cell 
adhesion [6,42,52]. Indeed, the obtained results indicate about 60% cell adhesion com-
pared to the control (plastic of the adhesive cell culture plate). In turn, hydrophilization 
via the glucose units present on the PLA-PMAG surface improved the adhesion of the 
cells. Both these factors, namely hydrophilization and the presence of glucose, are known 
to enhance the cell adhesion properties of the material alone [53,54]. As expected [55,56], 
the additional immobilization of the RGD peptide considerably improved the attractive-
ness of the PLA material for the MSCs, which are often used in tissue engineering. 

 
Figure 9. Adhesion and proliferation of MSCs on the surface PLA-based films (48 h): (a) MTT assay
(p < 0.05); (b–d) fluorescence microscopy images of: (b) neat PLA film, (c) PLA-PMAG film and (d)
PLA-PMAG(RGD) film. Scale bar is 1000 µm.
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4. Conclusions

In this study, a novel method for modifying PLA-based materials with a hydrophilic
bioinspired polymer, namely PMAG, was developed. For this purpose, a well-defined
glycopolymer with two different polymerization degrees and containing a terminal amino
group (PMAG-NH2) was synthesized. Single-point grafting of PMAG-NH2 to PLA surface
was carried out via the reaction of the terminal amino group of glycopolymer with activated
carboxyl groups pre-generated on the surface of PLA-based films. Under the selected
grafting conditions, no drastic difference in the grafting of glycopolymers with the degrees
of polymerization of 21 and 38 to the PLA surface was observed. Depending on the
initial content of the glycopolymer in the reaction medium and polymer chain length, the
grafting efficiency varied from 20.6 to 41.1%, and the grafting density was 5–23 nmol/cm2.
The developed approach outperformed the known multi-point PMAG immobilization
technique in terms of grafting efficiency. Grafting PMAG onto the surface allowed for an
increase in the degree of surface hydrophilization by up to 50% as compared to the neat
PLA film. The attached PMAG can be further applied for surface biofunctionalization
with bioactive amino-bearing compounds, for example, peptides. In this study, we have
performed the conjugation of the RGD peptide α-amino group with the aldehyde groups in
PMAG, which were generated by oxidation. The PMAG-modified hydrophilic PLA surface
showed improved cell adhesion as compared to the neat PLA, while the best MSCs adhesion
and proliferation was observed for the films containing PMAG with the conjugated RGD
peptide. Although the current study was devoted to the surface of PLA films as model
materials, the developed approach can be also applied to other aliphatic polyester-based
materials of various designs, such as 3D scaffolds, nano- and microparticles, etc.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/surfaces7040067/s1, Figure S1: 1H NMR spectrum of PMAG-s (D2O,
60 ◦C); Figure S2: Scheme of preparation of PLA-based films by solution casting (a) and the construc-
tion from a glass ring and cellophane substrate used for solution casting (b): 1—before solution cast-
ing, 2—after solution casting; 3—a ready film (turned with the film upwards). Figure S3: Calibration
curve built for cysteamine-TNBS adduct for the determination of the concentration of amino groups in
PMAG-NH2 solution by TNBS assay. Mass extinction coefficient is: ε = 17.6 ± 0.4 (mg/mL)−1·cm−1.
Figure S4: Calibration curve for glycine-ninhydrin adduct for the determination of glycine concen-
tration in solution by ninhydrin assay after PLA film modification. Mass extinction coefficient is
ε = 5.31 ± 0.14 (mg/mL)−1·cm−1. Figure S5: Calibration curve built for PMAG-NH2-TNBS adduct
for the determination of the concentration of PMAG-NH2 in solution by TNBS assay after PLA
film modification: (a) PMAG-l-NH2; (b) PMAG-s-NH2. Mass extinction coefficients are as follows:
(a) ε = 0.132 ± 0.002 (mg/mL)−1 cm−1; (b) ε = 0.204 ± 0.007 (mg/mL)−1·cm−1.
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