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Abstract: Graft gelatin and poly(methyl methacrylate) copolymers were synthesized in the pres-
ence of the tributylborane—2,5-di-tert-butyl-p-benzoquinone (2,5-DTBQ) system. The molecular
weight parameters and morphology of the polymer indicate that it has a cross-linked structure.
Obtained data confirm the simultaneous formation of a copolymer in two ways: “grafting from” and
“grafting to”. It leads to the cross-linked structure of a copolymer. This structure was not obtained
for copolymers synthesized in the presence of other initiating systems: azobisisobutyronitrile; trib-
utylborane; azobisisobutyronitrile and tributylborane; azobisisobutyronitrile, tributylborane, and
2,5-di-tert-butyl-p-benzoquinone. In these cases, the possibility of the formation of the copolymer,
simultaneously in two ways, was excluded. Graft gelatin and poly(methyl methacrylate) copoly-
mers synthesized in the presence of the tributylborane—2,5-di-tert-butyl-p-benzoquinone system are
promising in terms of their use in scaffold technologies due to the three-dimensional mesh structure,
providing a high regenerative potential of materials.

Keywords: gelatin; poly(methyl methacrylate); tributylborane; radical polymerization; graft copolymer

1. Introduction

Materials based on biopolymers take a leading position in the development area for
the needs of regenerative medicine. They are of interest as a basis for obtaining scaffolds
with biomimetic characteristics that supply the necessary conditions for cell growth and
the restoration of damaged tissues.

A key advantage of natural polymers such as collagen, fibrin, alginate, gelatin, etc., is
their high biocompatibility and biodegradation ability. Collagen and gelatin are widely
used as base materials for biomedical needs. Their popularity is due to their natural
properties, including weak antigenicity and a high presence in body tissues. It causes
their high biocompatibility [1–8]. However, some properties of biopolymers significantly
limit their use. For example, biopolymer solutions often have low viscosity, and materials
based on them have low mechanical strength. In this regard, hybrid polymers consisting
of natural and synthetic ones have been developed to receive materials with improved
characteristics compared to natural polymers [1,9–16]. Modeling the process of creating
new materials from natural polymers with fragments of synthetic polymers allows the
design of the basis of the material to possess combined properties—biological activity from
a natural polymer and strength from a synthetic one. This approach makes it possible
to obtain the necessary spatial-geometric structure for cell growth. It can provide a high
regenerative potential for materials and scaffolds based on hybrid polymers [1,11,12,17–22].

The growing demand for new hybrid materials for regenerative medicine is met using
various techniques, most often involving the grafting of synthetic fragments onto a natural
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polymer [1,9–16]. There are different ways to affect both the formation of hybrid polymers
and the properties of the resulting materials and scaffolds, including properties that ensure
the success of the development of cellular components during cell cultivation or the develop-
ment of the regenerative process. Such methods include the variation of the synthetic fragment
(poly(alkyl (met)acrylates) [23–30], polyurethanes [12], poly-L-lactic acid [11], PVA [31], etc.)
and the variety of methods of initiating radical processes, such as radical formations due to
thermal decomposition in a defined temperature range [32], photoinitiation [14–17,26,33,34],
or original initiating systems with the inclusion of organoelement compounds [35–40].

Thus, the alkylborane–oxygen system initiates the graft polymerization of acrylic
monomers onto natural and synthetic polymers by the “grafting from” approach [32,35–40].
The growth of the graft polymer begins on macroradicals formed from the polymer due to
the separation of the hydrogen atom by initiating radicals. This approach is also possible
due to the boration products of collagen or gelatin [32,35–40], which contribute to the
graft polymerization by the mechanism of reversible inhibition. Initiating systems with
trialkylboranes are also attractive because they allow the synthesis of polymer materials in
a wide temperature range [32,35–43]. In terms of making new initiators, it is interesting
that the quinone-type inhibitors of radical processes do not slow down the polymerization
of vinyl monomers initiated by systems including trialkylboranes. It was first shown by
the polymerization of MMA in the presence of Et3B and benzoquinone (BQ) [42,43]. It is
well known [44] that quinones form a stable aryloxy radical during the interaction with the
macroradical (Scheme 1). The formed radical promotes the inhibition of polymerization
in the absence of alkylborane. However, if trialkylborane is present in the polymerizate,
it interacts with an aryloxy radical. As a result, the polymer chain breaks off with the
formation of a boronic fragment at the end of the chain (I and II) and an active alkyl radical
due to SR2 substitution on the boron atom (Scheme 1) [45–47].
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Scheme 1. Interaction of quinone with the macroradical in the presence of alkylborane (based on the
example of tributylborane).

Using the UV spectroscopy method, it was found [45] that BQ and chloranil mainly
form quinoid terminal structures, and 2,5-di-tert-butyl-p-quinone and duroquinone form
aromatic structures. Both products were found for the remaining p-quinones. In addition,
chain growth occurs by the mechanism of reversible inhibition due to the labile bond of
compound I in the presence of the alkylborane–p-quinone system (according to Scheme 2).
Polymer II does not contain a labile bond for reinitiating polymerization, and it is found
mainly in the low-molecular fraction.
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Previously, it was established that poly(methyl acrylate) is grafted onto starch by the
“grafting to” approach in the presence of the alkylborane–p-quinone system due to radical
substitution involving phenoxyl macroradicals on the boron atom of borated starch [41].

The implementation of controlled polymerization offers great opportunities for the
use of such initiators in macromolecular designs. Previously, statistical copolymers of
methyl methacrylate (MMA) and styrene, styrene and tert-butyl acrylate, MMA and butyl
acrylate, etc., [48–50], block copolymers PS-b-PMMA [51] and gradient copolymers of
methyl acrylate and styrene [52], and graft starch and methyl acrylate copolymers [41] were
obtained using the alkylborane–p-quinone system.

The use of alkylborane as part of the initiator leads to the formation of a graft polymer
both by the “grafting from” and “grafting to” method. Therefore, the synthesis of a graft
copolymer is possible with a combination of both approaches under certain conditions;
that is, it is possible to obtain an interpenetrating polymer network when using a single
initiator [53]. In this case, the resulting product must have a cross-linked structure, which
is required in scaffold technologies.

In terms of developing new hybrid materials for regenerative medicine based on
collagen (gelatin) and acrylic monomers, this work aims to synthesize a copolymer of
poly(methyl methacrylate) and gelatin in the presence of a tri-n-butylborane (TBB)—
2,5-DTBQ system. Therefore, the aims of this study are to obtain information on its molecular
weight (MW) characteristics, composition, and structure in comparison with those of similar
polymers obtained in the presence of azobisisobutyronitrile (AIBN), TBB, and 2,5-DTBQ;
AIBN, TBB; or AIBN, and to identify the prospects for its use in scaffold technologies.

2. Materials and Methods
2.1. Materials

Organic solvents and methyl methacrylate were purified according to generally ac-
cepted methods [54]. Gelatin (Gel) was taken from Dr. Oetker. It contained 87.2% of protein
and had values of Mn = 85 kDa and PDI = 1.89.

2.2. Synthesis of TBB

Mg chips were taken (19.46 g, 0.8 mol) into a 2 L three-necked flask equipped with a
mechanical stirrer and reflux condenser, and the mixture was heated and cooled in an argon
atmosphere. Then, BF3·Et2O (28.2 g, 0.2 mol), iodine crystals, and anhydrous diethyl ether
(200 mL) were added to the reaction flask while maintaining the argon atmosphere. The
reaction was initiated by a dropwise addition of 9.4 mL of 1-butyl bromide while stirring
the reaction mixture, and the remainder of the 1-butyl bromide (73.8 g, 0.6 mol) dissolved
in ether (100 mL) was added slowly for 1 h so that the ether refluxed gently. Stirring was
continued for an additional 1.5 h following the completion of the addition of 1-butyl bromide,
and water (3.6 mL, saturated with ammonium chloride) was added. The reaction raw material
was settled, and the clear supernatant ether layer was decanted into the distillation flask.
Next, ether was distilled at argon flow, and the residual tributylborane was distilled under
vacuum [36]. 11B NMR (128 MHz, CDCl3) was conducted with a value of δ 86.7.

2.3. Polymerization Procedure

Thirty mL of 1% Gel solution was placed in a three-necked flask equipped with a
mechanical stirrer and reflux condenser, and it was heated in a water bath to 60 ◦C in
an argon atmosphere. A solution of TBB in pentane was placed in a vacuum ampoule.
Pentane was distilled at reduced pressure (10−2 Torr), after which the ampoule was filled
with argon. The required TBB volume (0.08 g (0.00044 mol)) was taken with an argon-filled
syringe and poured into a gelatin solution with intensive stirring. The mixture was kept for
30 min. After that, a degassed solution containing 3 mL of MMA, 0.0154 g (0.25 mol.%) of
2,5-DTBQ, and 0.0046 g (0.1 mol.%) of AIBN was added to the reaction flask. All procedures
were carried out in argon flow and constant stirring. The synthesis of the following graft-
copolymers was carried out under similar conditions: Gel, TBB, MMA, and AIBN; Gel,
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MMA, and AIBN; or Gel, MMA, TBB, and 2,5-DTBQ. The residue homopolymer was
separated by filtration at the end of copolymerization. A copolymer (Gel, TBB, MMA, and
2,5-DTBQ) with a 1:1 ratio of MMA to gelatin was synthesized using a similar technique,
and 0.3 mL of MMA was taken with an argon-filled syringe.

2.4. Determination of Unreacted Monomer

Unreacted MMA was measured by bromination according to the Knopp method.
Bromine was generated by the reaction of bromide–bromate solution (5.568 g KBrO3, 40 g
KBr in 1 L of water) with hydrochloric acid. The aqueous dispersion of the copolymer (~2 g
and 100 mL of water), 25 mL of bromide–bromate solution, and 10 mL of 10% hydrochloric
acid were placed in the flask. The mixture was stirred and left in a dark place for 2.5 h.
After that, 15 mL of 10% KI was added, and formed iodine was titrated by 0.1 N Na2S2O3.
The blank experiment was conducted with distilled water.

2.5. Enzymatic Hydrolysis

The enzymatic hydrolysis of copolymers was carried out using collagenase. The
copolymers were previously freeze-dried: Water was distilled under a vacuum under
the influence of deep freezing using liquid nitrogen. Collagenase (4% by weight of the
copolymer) was added to the lyophilized sample, and then water was added (10 mL per
0.1 g of the copolymer). The mixture was kept for a day, after which the solution was
filtered out. The remaining PMMA on the filter was dissolved in chloroform and then
concentrated in a round-bottomed flask using a rotary evaporator. The isolated PMMA
was analyzed by size-exclusion chromatography (SEC).

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

Copolymer films were prepared on KBr plates. The IR absorption spectra were
recorded on the “IRPrestige-21” FTIR-spectrophotometer (Shimadzu, Kyoto, Japan).

2.7. Size-Exclusion Chromatography

The aqueous dispersion of Gel and PMMA copolymer was analyzed on an LC-20
HPLC system (Shimadzu, Kyoto, Japan) with a low-temperature light-scattering detector
ELSD-LT II with the LC-Solutions-GPC software module. Measurements were performed
at conditions: The column was Tosoh Bioscience TSKgel G3000SWxl (Tosoh, Tokyo, Japan)
with a 5.0 µm pore size, column temperature was equal to 30 ◦C, the eluent was 0.5 M acetic
acid solution with the 0.8 mL/min flow rate, and the injection volume was 20 mL. Narrow
disperse dextran standards with a MW range of 1–410 kDa (Fluca) were used for calibration.

Graft PMMA driven out by enzymatic hydrolysis from a copolymer was analyzed on
a Prominence LC-20VP system (Shimadzu, Kyoto, Japan) with conditions: Columns were
Tosoh Bioscience (polystyrene-divinylbenzene gel, 106 and 105 Å pore size) (Tosoh, Tokyo,
Japan), column temperature was equal to 40 ◦C, and the eluent was THF with a 0.7 mL/min
flow rate. A differential refractometer and a UV detector (λ = 254 nm) were used as a detector.
Narrow disperse poly(methyl methacrylate) standards were used for calibration.

2.8. Surface Morphology Analysis

The surface of gelatin and copolymer samples was studied using a scanning electron
microscope JSM-IT300LV (JEOL Ltd., Akishima, Japan) with an electron probe diameter of
4 nm (operating voltage 30 kV) by using detectors of low-energy secondary electrons in a
low-vacuum mode to avoid the samples charging. The sponges for the electron microscope
were obtained by freeze-drying.

3. Results and Discussion

2,5-DTBQ was chosen to study the grafting of MMA onto gelatin in the presence of the
alkylborane–p-quinone system since the main path of its interaction with the macroradical
is carried out by the C = O bond (Scheme 1, direction 1). The transition of the quinoid
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structure to the aromatic one occurs only in this case. On the one hand, it will allow the
conduction of copolymerization by the mechanism of reversible inhibition and, on the
other hand, it will obtain a colorless product [46]. Copolymer samples were obtained in
the presence of AIBN; AIBN and TBB; AIBN, TBB, and 2,5-DTBQ; or TBB. It was necessary
to compare the synthesis results in the presence of the listed additives to confirm the
mechanism of formation of the final target product.

A two-phase system was obtained during all syntheses, in which the liquid phase was
a copolymer solution in water, and the solid phase was a homopolymer. Homopolymer
formation was confirmed using FTIR spectroscopy. The IR spectra of the homopolymer
isolated from the reaction mixture for all syntheses and the spectra of PMMA obtained by
radical polymerization initiated AIBN were identical (Figure 1). The homopolymer yield
was determined relative to the initial MMA (Table 1, column 2).
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Figure 1. IR spectra of (1) homopolymer formed during graft-polymerization MMA onto gelatin in the
presence of AIBN, TBB, and 2,5-DTBQ; (2) PMMA synthesized by radical polymerization initiated AIBN.

Table 1. The yield of the homopolymer and the percentage of grafted PMMA in the Gel-PMMA copolymer
synthesized in the presence of various initiating systems. Weight: MMA—2.81 g; gelatin—0.3 g.

Initiating System Homopolymer Yield (%) The Percentage of Grafted PMMA in the Copolymer (%)

AIBN 4.7 16
AIBN, TBB 10.9 80

AIBN, TBB, 2,5-DTBQ 21.3 74
TBB 30.4 * 47 *

TBB, 2,5-DTBQ 45.0 49
* Results of work [35].

The characteristics of copolymers were studied using physicochemical methods. The
IR spectra of copolymers (Figure 2) contain absorption bands related to both gelatin
and PMMA. The bands at 3295 cm−1 belong to ν(N-H); 2936 and 2916 cm−1—ν(C-H);
1634 cm−1—ν(COO); ν(N-H); 1537 cm−1—δ(N-H) and ν(C-N); and 1238 cm−1—ν(C-N).
δ(N-H) are distinguished in the spectra of gelatin [55]. In the IR spectra of the MMA, it is a
clear absorption band in the area of 1730 cm−1 that correspond to the valence vibrations of the
carbonyl group. The content of PMMA in the copolymer obtained in the presence of AIBN is
insignificant (Figure 2, curve 3), as evidenced by the lowest intensity of the band at 1730 cm−1.
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Figure 2. IR spectra of Gel-PMMA copolymers obtained in the presence of (1) AIBN, TBB, and
2,5-DTBQ; (2) AIBN and TBB; (3) AIBN; (4) TBB and 2,5-DTBQ.

Aqueous solutions of freeze-dried samples were treated with the collagenase enzyme
to determine the percentage of grafted PMMA in the copolymer. This enzyme destroys
gelatin in the copolymer to amino acids [37]. The remaining water-insoluble polymer
was weighed to a constant weight after drying. The results of mass loss after enzymatic
hydrolysis are shown, in Table 1, as the percentage of grafted PMMA in the copolymer. The
injection of TBB into the reaction mass in any combination, as shown in Table 1, significantly
increases the yields of both homopolymer and grafted PMMA. Traces of oxygen likely
contribute to the formation of a homopolymer due to active alkyl and alkoxyl radicals
formed caused by the alkylborane–oxygen system [40]. The increase in the percentage of
grafted PMMA in the presence of systems containing tributylborane is due to the feature of
such systems to initiate grafting on the surface of various substrates. The highest yields are
observed in systems whereby TBB was used with AIBN.

The study of the molecular-mass characteristics of the copolymers showed that MWD
curves obtain an additional high-molecular mode (Figure 3, curves 2–4) compared with the
MWD of gelatin (Figure 3, curve 1), except for the copolymer synthesized in the absence
of AIBN (Figure 3, curve 5). A part of the gelatin likely remains unreacted, and its mode
is visible in Figure 3 for all samples. An additional mode should be attributed to the
resulting graft Gel-PMMA copolymer. In addition, a low-molecular MWD mode with a
molecular weight value of ~10–40 kDa appears in copolymer solutions after synthesis. It
is due to the partial hydrolysis of gelatin during synthesis [56]. As a result, the MWD
mode corresponding to the initial gelatin shrinks and shifts to the area of smaller molecular
weights (Figure 3, curves 2–5). The high-molecular MWD mode corresponding to the graft
copolymer (Figure 3, curve 4) is minimal for the sample synthesized with AIBN as an
initiator in order to meet the lowest value of the percentage of grafted PMMA. The MWD
curve has two modes that are almost equal in height corresponding to gelatin and the
polymer grafted to it for the sample synthesized in the presence of AIBN and TBB (see
Table 1, line 2). Quite unexpectedly, there is no high–molecular mode on the MWD curve
of the copolymer synthesized in the presence of the TBB—2,5-DTBQ system (Figure 3,
curve 5), although the percentage of grafted PMMA in the copolymer is 49% (see Table 1,
line 5). We believe that the graft copolymer has a cross-linked structure in this case, which
does not allow for analyzing a sample by SEC without pre-hydrolysis by enzymes. It is
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worth noting that all copolymers obtained in the presence of TBB have a significant increase
in the low-molecular mode on the MWD curves. However, the fraction corresponding to
this mode does not degrade even under the action of enzymes [37]. Therefore, in reality, it
is a decrease in the intensity of the mode that corresponds to the copolymer.
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Figure 3. MWD curves of (1) gelatin; graft Gel-PMMA copolymer synthesized in the presence of
(2) AIBN, TBB, and 2,5-DTBQ; (3) AIBN and TBB; (4) AIBN; (5) TBB and 2,5-DTBQ.

PMMA isolated from copolymers by enzymatic destruction of the protein in its compo-
sition was studied to clarify the assumption about the cross-linked nature of the copolymer
synthesized in the presence of the TBB—2,5-DTBQ system. The SEC method detected a
high-molecular PMMA with a unimodal MWD curve in all cases (Figure 4). Differences in
MW values can be associated with different polymerization mechanisms.
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Figure 4. MWD curves of PMMA isolated by enzymatic hydrolysis from Gel-PMMA copolymers
synthesized in the presence of (1) AIBN, TBB, and 2,5-DTBQ; (2) AIBN and TBB; (3) TBB and 2,5-DTBQ.

There is a high probability that the first stage of formation of the graft copolymer in all
cases is the boration of gelatin, according to Figure 5(1). Furthermore, PMMA macroradicals
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formed due to active alkyl and alkoxyl radicals during the oxidation of TBB, and AIBN can
interact with borated gelatin in the case of using the TBB—AIBN system (Figure 5(2a)) and
implement the “grafting to” approach.

The 2,5-DTBQ accepts the PMMA macroradical in the case of systems with it. Stable
aryloxy radicals enter into SR2 substitution on the boron atom of borated gelatin and
implement the “grafting from” approach (Figure 5(2b)). We think that embedded aromatic
fragments can initiate polymerization by the mechanism of reversible inhibition.

The formation of a copolymer according to Figure 5(2a) is not excluded in the system
initiated by AIBN, TBB, and 2,5-DTBQ. Therefore, chain transmission can pass due to
both the alkylborane and the alkylborane–p-quinone system. It leads to the formation of a
copolymer with a synthetic part with a wider MWD curve (Figure 4, curve 1). When the
TBB—2,5-DTBQ system initiates copolymerization, macroradicals are formed mainly due
to the reversible dissociation of borated gelatin [35–37] (Figure 6 (in a blue frame)). We
cannot exclude radical formation due to the oxidation of TBB [41]. Apparently, the formed
macroradicals react with p-quinone by a radical-substitution reaction on the boron atom
and form a cross-linked polymer (Figure 6). Thus, the growth of the graft chain begins
(“grafting from”) and ends (“grafting to”) on gelatin. The percentages of grafted PMMA
(Table 1) and MW (Figure 4, curve 3) are lower than in the other samples. This is due to
the rate of pseudo-living polymerization being significantly less than the rate of traditional
polymerization in the presence of AIBN. The unreacted p-quinone after polymerization in
the presence of the TBB—2,5-DTBQ system was detected by UV-Vis in contrast to using
the initiating system AIBN, TBB, and 2,5-DTBQ. It indicates the complexity of p-quinone
embedding into the polymer chain in the absence of a radical initiator. Thus, it likely
interacts with the macroradical at the time of the “revival” of the polymer chain.
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PMMA isolated from copolymers synthesized in the presence of 2,5-DTBQ by enzymatic
hydrolysis was analyzed using SEC with a refractometric and UV detector (λ = 254 nm). The
area of molecular weights on the MWD registered on both detectors coincides (Figure 7).
Therefore, all polymer molecules contain an embedded p-quinone, which is a confirmation of
the proposed mechanism.

In the previously shown examples of the synthesis of the graft Gel-PMMA copolymer,
the reactions proceeded at gelatin to MMA with a mass ratio of 1:10. As already noted, a
significant amount of homopolymer formed along with the copolymer in all cases (Table 1).
It is an avoided impurity in the final product if its use is focused in scaffold technologies. In
addition, a large amount of unreacted MMA remains after synthesis. It is toxic, which also
complicates the technology of obtaining the target product since additional purification is
required. Therefore, the concentration of MMA was reduced for further studies in order
to only obtain the graft copolymer. The copolymer with a Gel to MMA mass ratio of 1:1
was synthesized in the presence of TBB and 2,5-DTBQ under the same conditions as the
previous samples. Neither PMMA homopolymer nor unreacted MMA was found in the
chloroform extract from a reaction mixture after the end of the process. This indicates that
the entire initial monomer is part of the copolymer. The MWD curve of the copolymer
solution (Figure 8, curve 2) is unimodal, similarly the the case of obtaining a copolymer
from a reaction mixture with a high MMA content (Figure 3, curve 5). It is probable that
the formed copolymer has a cross-linked structure, and SEC does not register it, as in the
previous example.

SEM showed that the copolymers obtained using different initiating systems differ
(Figure 9). The SEM image of the copolymer synthesized in the presence of AIBN (Figure 9b)
is close to the original gelatin (Figure 9a), which correlates with the lowest percentage
of grafted PMMA. Copolymers synthesized using AIBN and TBB (Figure 9c) and AIBN,
TBB, and 2,5-DTBQ (Figure 9d) have equal surfaces, which correspond to similar synthesis
parameters, copolymer characteristics, and proposed mechanisms. Likely, the “grafting to”
approach is implemented in both copolymers, but pseudo-living polymerization is added
to the system with p-quinone. The structure of the copolymer synthesized in the presence
of the TBB—2,5-DTBQ system is a cellular frame (Figure 9e). It confirms the formation
of a cross-linked copolymer due to the implementation of both approaches “grafting to”
and “grafting from”, which is very promising for its use in scaffold technologies. The
morphology of the copolymer synthesized with a Gel to MMA mass ratio of 1:1 (Figure 9f)
confirms this assumption, which is similar to the morphology of the copolymer obtained in
excesses of MMA (Figure 9e), although the pore size, in this case, is much larger. This is
due to the low concentration of MMA in the reaction mixture.
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Figure 9. SEM images of surfaces of (a) gelatin; Gel-PMMA copolymers synthesized in the presence of
(b) AIBN; (c) AIBN and TBB; (d) AIBN, TBB, and 2,5-DTBQ; (e) TBB and 2,5-DTBQ (Gel:MMA = 1:10);
(f) TBB and 2,5-DTBQ (Gel:MMA = 1:1).

4. Conclusions

Thus, a graft copolymer of PMMA onto gelatin was obtained and characterized in the
presence of tributylborane and 2,5-di-tert-butyl-p-benzoquinone at different mass ratios
of gelatin to MMA. It was found that all MMA passes into the grafted PMMA with a
mass ratio of Gel:MMA = 1:1. The information on the composition, molecular weight
parameters, and morphology indicates that the graft Gel-PMMA copolymer, in this case,
has a cross-linked structure and thus is very promising for its use in scaffold technologies.
The results of studying the properties (molecular weight characteristics and surfaces) of
graft Gel-PMMA copolymers synthesized in the presence of different initiating systems
(TBB and 2,5-DTBQ; AIBN, TBB, and 2,5-DTBQ; AIBN and TBB) allowed establishing
that the proportion of grafted poly(methyl methacrylate) at the ratio Gel:MMA = 1:10,
as well as the homopolymer yield, depends on the composition of the initiator, and its
values are greater when tri-n-butylborane is a part of the initiating system. In addition, the
conducted studies allowed reasoning that the graft polymerization of MMA onto gelatin in
the presence of the alkyl borane–p-quinone system combines two approaches: “grafting
to” and “grafting from”. Notably, the analysis of the morphology of sponges based on
graft-copolymers obtained by freeze-drying showed the presence of a structure with a
system of interconnected heterogeneous pores. The latter testifies in favor of the possibility
of creating promising materials and scaffolds for regenerative medicine with structural
characteristics similar to sponges, which will allow cells to be placed in the material and
ensure the exchange of gases, liquids, and cell waste products.

Author Contributions: Conceptualization, Y.K.; methodology, Y.K. and L.S.; validation, K.G., K.S.
and V.C.; investigation, K.G., K.S., A.M., M.E. and V.C.; data curation, Y.K. and L.S.; writing—original
draft preparation, Y.K. and K.G.; writing—review and editing, A.M., M.E. and L.S.; visualization, K.G.;
supervision, M.E.; project administration, Y.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (research project No. 22-23-20091).

Institutional Review Board Statement: Not applicable.



Polymers 2022, 14, 3290 13 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schweizer, T.A.; Shambat, S.M.; Haunreiter, V.D.; Mestres, C.A.; Weber, A.; Maisano, F.; Zinkernagel, A.S.; Hasse, B. Polyester

vascular graft material and risk for intracavitary thoracic vascular graft infection. Emerg. Infect. Dis. 2020, 26, 2448–2452.
[CrossRef] [PubMed]

2. Zhang, Q.; Wang, Q.; Lv, S.; Lu, J.; Jiang, S.; Regenstein, J.M.; Lin, L. Comparison of collagen and gelatin extracted from the skins
of Nile tilapia (Oreochromis niloticus) and channel catfish (Ictalurus punctatus). Food Biosci. 2016, 13, 41–48. [CrossRef]

3. Miele, D.; Catenacci, L.; Rossi, S.; Sandri, G.; Sorrenti, M.; Terzi, A.; Giannini, C.; Riva, F.; Ferrari, F.; Caramella, C.; et al.
Collagen/PCL Nanofibers Electrospun in Green Solvent by DOE Assisted Process. An Insight into Collagen Contribution.
Materials 2020, 13, 4698. [CrossRef]

4. Cao, J.; Wang, P.; Liu, Y.; Zhu, C.; Fan, D. Double crosslinked HLC-CCS hydrogel tissue engineering scaffold for skin wound
healing. Biol. Macromol. 2020, 155, 625–635. [CrossRef] [PubMed]

5. Borrego-González, S.; Dalby, M.J.; Díaz-Cuenca, A. Nanofibrous Gelatin-Based Biomaterial with Improved Biomimicry Using
D-Periodic Self-Assembled Atelocollagen. Biomimetics 2021, 6, 20. [CrossRef] [PubMed]

6. Perez-Puyana, V.; Jiménez-Rosado, M.; Rubio-Valle, J.F.; Guerrero, A.; Romero, A. Gelatin vs collagen-based sponges: Evaluation
of concentration, additives and biocomposites. J. Polym. Res. 2019, 26, 190. [CrossRef]

7. Wei, X.; Zhao, Y.; Zheng, J.; Cao, Q.; Li, S.; He, L.; Wei, B.; Zhang, J.; Xu, C.; Wang, H. Refolding behavior of urea-induced
denaturation collagen. Macromol. Res. 2020, 29, 402–410. [CrossRef]

8. He, L.; Li, S.; Xu, C.; Wei, B.; Zhang, J.; Xu, Y.; Zhu, B.; Cao, Y.; Wu, X.; Xiong, Z.; et al. A new method of gelatin modified collagen
and viscoelastic study of gelatin-collagen composite hydrogel. Macromol. Res. 2020, 28, 861–868. [CrossRef]

9. Chaudhary, S.; Chakraborty, E. Hydrogel based tissue engineering and its future applications in personalized disease modeling
and regenerative therapy. Beni-Suef Univ. J. Basic Appl. Sci. 2022, 11, 3. [CrossRef]

10. Carvalho, D.N.; Reis, R.; Silva, T.H. Marine origin materials on biomaterials and advanced therapies to cartilage tissue engineering
and regenerative medicine. Biomater. Sci. 2021, 9, 6718–6736. [CrossRef] [PubMed]

11. Mahjoubnia, A.; Haghbin Nazarpak, M.; Karkhaneh, A. Polypyrrole-chitosan hydrogel reinforced with collagen-grafted PLA
sub-micron fibers as an electrically responsive scaffold. Int. J. Polym. Mater. 2022, 71, 302–314. [CrossRef]

12. León-Campos, M.I.; Claudio-Rizo, J.A.; Rodriguez-Fuentes, N.; Cabrera-Munguía, D.A.; Becerra-Rodriguez, J.J.; Herrera-Guerrero,
A.; Soriano-Corral, F. Biocompatible interpenetrating polymeric networks in hydrogel state comprised from jellyfish collagen and
polyurethane. J. Polym. Res. 2021, 28, 291. [CrossRef]

13. Bello, A.B.; Kim, D.; Kim, D.; Park, H.; Lee, S.H. Engineering and functionalization of gelatin biomaterials: From cell culture to
medical applications. Tissue Eng. Part B Rev. 2020, 26, 164–180. [CrossRef]

14. Arif, M.M.; Khan, S.M.; Gull, N.; Tabish, T.A.; Zia, S.; Khan, R.U.; Awais, S.M.; Butt, M.A. Polymer-based biomaterials for chronic
wound management: Promises and challenges. Int. J. Pharm. 2021, 598, 120270. [CrossRef] [PubMed]

15. Shah, B.M.; Palakurthi, S.S.; Khare, T.; Khare, S.; Palakurthi, S. Natural proteins and polysaccharides in the development of
micro/nano delivery systems for the treatment of inflammatory bowel disease. Int. J. Biol. Macromol. 2020, 165, 722–737.
[CrossRef] [PubMed]

16. Yang, J.; An, X.; Liu, L.; Tang, S.; Cao, H.; Xu, Q.; Liu, H. Cellulose, hemicellulose, lignin, and their derivatives as multi-components
of bio-based feedstocks for 3D printing. Carbohydr. Polym. 2020, 250, 116881. [CrossRef]

17. Levato, R.; Lim, K.S.; Li, W.; Asua, A.U.; Peña, L.B.; Wang, M.; Falandt, M.; Bernal, P.N.; Gawlitta, D.; Zhang, Y.S.; et al.
High-resolution lithographic biofabrication of hydrogels with complex microchannels from low-temperature-soluble gelatin
bioresins. Mater. Today Bio 2021, 12, 100162. [CrossRef] [PubMed]

18. Ivanov, A.A.; Popova, O.P.; Danilova, T.I.; Kuznetsova, A.V. Strategy of the selection and use of scaffolds in bioengineering. Biol.
Bul. Rev. 2019, 139, 196–205. [CrossRef]

19. Zhang, D.; Wu, X.; Chen, J.; Lin, K. The development of collagen based composite scaffolds for bone regeneration. Bioact. Mater.
2017, 3, 129–138. [CrossRef] [PubMed]

20. Al Kayal, T.; Losi, P.; Pierozzi, S.; Soldani, G. A New Method for Fibrin-Based Electrospun/Sprayed Scaffold Fabrication. Sci. Rep.
2020, 10, 5111. [CrossRef] [PubMed]

21. Sousa, R.O.; Martins, E.; Carvalho, D.N.; Alves, A.L.; Oliveira, C.; Duarte, A.R.; Silva, T.H.; Reis, R.L. Collagen from Atlantic cod
(Gadus morhua) skins extracted using CO2 acidified water with potential application in healthcare. J. Polym. Res. 2020, 27, 73.
[CrossRef]

22. Castilho, M.; Hochleitner, G.; Wilson, W.; van Rietbergen, B.; Dalton, P.D.; Groll, J.; Malda, J.; Ito, K. Mechanical behavior of a soft
hydrogel reinforced with three-dimensional printed microfibre scaffolds. Sci. Rep. 2018, 8, 1245. [CrossRef] [PubMed]

23. Jiang, H.-J.; Xu, J.; Qiu, Z.-Y.; Ma, X.-L.; Zhang, Z.-Q.; Tan, X.-X.; Cui, Y.; Cui, F.-Z. Mechanical Properties and Cytocompatibility
Improvement of Vertebroplasty PMMA Bone Cements by Incorporating Mineralized Collagen. Materials 2015, 8, 2616–2634.
[CrossRef]

http://doi.org/10.3201/eid2610.191711
http://www.ncbi.nlm.nih.gov/pubmed/32946737
http://doi.org/10.1016/j.fbio.2015.12.005
http://doi.org/10.3390/ma13214698
http://doi.org/10.1016/j.ijbiomac.2020.03.236
http://www.ncbi.nlm.nih.gov/pubmed/32240736
http://doi.org/10.3390/biomimetics6010020
http://www.ncbi.nlm.nih.gov/pubmed/33803778
http://doi.org/10.1007/s10965-019-1863-9
http://doi.org/10.1007/s13233-021-9047-y
http://doi.org/10.1007/s13233-020-8103-3
http://doi.org/10.1186/s43088-021-00172-1
http://doi.org/10.1039/D1BM00809A
http://www.ncbi.nlm.nih.gov/pubmed/34494053
http://doi.org/10.1080/00914037.2020.1825086
http://doi.org/10.1007/s10965-021-02654-3
http://doi.org/10.1089/ten.teb.2019.0256
http://doi.org/10.1016/j.ijpharm.2021.120270
http://www.ncbi.nlm.nih.gov/pubmed/33486030
http://doi.org/10.1016/j.ijbiomac.2020.09.214
http://www.ncbi.nlm.nih.gov/pubmed/33010274
http://doi.org/10.1016/j.carbpol.2020.116881
http://doi.org/10.1016/j.mtbio.2021.100162
http://www.ncbi.nlm.nih.gov/pubmed/34870141
http://doi.org/10.1134/S0042132419020042
http://doi.org/10.1016/j.bioactmat.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/29744450
http://doi.org/10.1038/s41598-020-61933-z
http://www.ncbi.nlm.nih.gov/pubmed/32198419
http://doi.org/10.1007/s10965-020-02048-x
http://doi.org/10.1038/s41598-018-19502-y
http://www.ncbi.nlm.nih.gov/pubmed/29352189
http://doi.org/10.3390/ma8052616


Polymers 2022, 14, 3290 14 of 15

24. Vedhanayagam, M.; Anandasadagopan, S.; Nair, B.U.; Sreeram, K.J. Polymethyl methacrylate (PMMA) grafted collagen scaffold
reinforced by PdO–TiO2 nanocomposites. Mater. Sci. Eng. C 2020, 108, 110378. [CrossRef] [PubMed]

25. Carrion, B.; Souzanchi, M.F.; Wang, V.T.; Tiruchinapally, G.; Shikanov, A.; Putnam, A.J.; Coleman, R.M. The Synergistic Effects of
Matrix Stiffness and Composition on the Response of Chondroprogenitor Cells in a 3D Precondensation Microenvironment. Adv.
Healthc. Mater. 2016, 5, 1192–1202. [CrossRef]

26. Semenycheva, L.L.; Chasova, V.O.; Fukina, D.G.; Koryagin, A.V.; Valetova, N.B.; Suleimanov, E.V. Synthesis of Polymethyl-
Methacrylate–Collagen-Graft Copolymer Using a Complex Oxide RbTe1.5W0.5O6 Photocatalyst. Polym. Sci. Ser. D 2022, 15,
110–117. [CrossRef]

27. Liu, Y.; Huang, J.; Xu, Z.; Li, S.; Jiang, Y.; Qu, G.; Li, Z.; Zhao, Y.; Wu, X.; Ren, J. Fabrication of gelatin-based printable inks with
improved stiffness as well as antibacterial and UV-shielding properties. Int. J. Biol. Macromol. 2021, 186, 396–404. [CrossRef]
[PubMed]

28. Joshi, P.; Ahmed, M.S.U.; Vig, K.; Vega Erramuspe, I.B.; Auad, M.L. Synthesis and characterization of chemically crosslinked
gelatin and chitosan to produce hydrogels for biomedical applications. Polym. Adv. Technol. 2021, 32, 2229–2239. [CrossRef]

29. Kumar, H.; Sakthivel, K.; Mohamed, M.G.; Boras, E.; Shin, S.R.; Kim, K. Designing gelatin methacryloyl (GelMA)-Based bioinks
for visible light stereolithographic 3D biofabrication. Macromol. Biosci. 2021, 21, 2000317. [CrossRef] [PubMed]

30. Spencer, A.R.; Shirzaei Sani, E.; Soucy, J.R.; Corbet, C.C.; Primbetova, A.; Koppes, R.A.; Annabi, N. Bioprinting of a cell-laden
conductive hydrogel composite. ACS Appl. Mater. Interfaces 2019, 11, 30518–30533. [CrossRef]

31. Lan, W.; Xu, M.; Zhang, X.; Zhao, L.; Huang, D.; Wei, X.; Chen, W. Biomimetic polyvinyl alcohol/type II collagen hydrogels for
cartilage tissue engineering. J. Biomater. Sci. Polym. Ed. 2020, 31, 1179–1198. [CrossRef] [PubMed]

32. Uromicheva, M.A.; Kuznetsova, Y.L.; Valetova, N.B.; Mitin, A.V.; Semenycheva, L.L.; Smirnova, O.N. Synthesis of grafted
polybutyl acrylate copolymer on fish collagen. Proc. Univ. Appl. Chem. Biotechnol. 2021, 11, 16–25. [CrossRef]

33. Semenycheva, L.; Chasova, V.; Matkivskaya, J.; Fukina, D.; Koryagin, A.; Belaya, T.; Grigoreva, A.; Kursky, Y.; Suleimanov, E.
Features of Polymerization of Methyl Methacrylate using a Photocatalyst—the Complex Oxide RbTe1.5W0.5O6. J. Inorg. Organomet.
Polym. 2021, 31, 3572–3583. [CrossRef]

34. Chasova, V.; Semenycheva, L.; Egorikhina, M.; Charykova, I.; Linkova, D.; Rubtsova, Y.; Fukina, D.; Koryagin, A.; Valetova, N.;
Suleimanov, E. Cod Gelatin as an Alternative to Cod Collagen in Hybrid Materials for Regenerative Medicine. Macromol. Res.
2022, 30, 212–221. [CrossRef]

35. Kuznetsova, Y.L.; Morozova, E.A.; Vavilova, A.S.; Markin, A.V.; Smirnova, O.N.; Zakharycheva, N.S.; Lyakaev, D.V.; Semenycheva,
L.L. Synthesis of Biodegradable Grafted Copolymers of Gelatin and Polymethyl Methacrylate. Polym. Sci. Ser. D 2020, 13, 453–459.
[CrossRef]

36. Kuznetsova, Y.L.; Sustaeva, K.S.; Vavilova, A.S.; Markin, A.V.; Lyakaev, D.V.; Mitin, A.V.; Semenycheva, L.L. Tributylborane in the
synthesis of graft-copolymers of gelatin and acrylamide. J. Organomet. Chem. 2020, 924, 121431. [CrossRef]

37. Kuznetsova, Y.L.; Morozova, E.A.; Sustaeva, K.S.; Markin, A.V.; Mitin, A.V.; Baten’kin, M.A.; Salomatina, E.V.; Shurygina, M.P.;
Gushchina, K.S.; Pryazhnikova, M.I.; et al. Tributylborane in the synthesis of graft copolymers of collagen and polymethyl
methacrylate. Russ. Chem. Bull. 2022, 71, 389–398. [CrossRef]

38. Fujisawa, S.; Kadoma, Y. Tri-n-Butylborane/WaterComplex-Mediated Copolymerization of Methyl Methacrylate with Proteina-
ceous Materials and Proteins: A Review. Polymers 2010, 2, 575–595. [CrossRef]

39. Kojima, K.; Iguchi, S.; Kajima, Y.; Yoshikuni, M. Grafting of methyl methacrylate onto collagen initiated by tributylborane. J. Appl.
Polym. Sci. 1983, 28, 87–95. [CrossRef]

40. Okamura, H.; Sudo, A.; Endo, T. Generation of radical species on polypropylene by alkylborane-oxygen system and its application
to graft polymerization. J. Polym. Sci. A Polym. Chem. 2009, 47, 6163–6167. [CrossRef]

41. Ludin, D.V.; Zaitsev, S.D.; Kuznetsova, Y.L.; Markin, A.V.; Mochalova, A.E.; Salomatina, E.V. Starch-graft-poly(methyl acrylate)
copolymer: The new approach to synthesis and copolymer characterization. J. Polym. Res. 2017, 24, 117. [CrossRef]

42. Grotewold, J.; Lissi, E.A.; Villa, A.E. Vinyl monomer polymerization mechanism in the presence of trialkylboranes. J. Polym. Sci.
A Polym. Chem. 1968, 6, 3157–3162. [CrossRef]

43. Arancibia, E.; Grotewold, J.; Lissi, E.A.; Villa, A.E. Mechanism of vinyl monomer polymerization in the presence of trialkylboranes
and inhibitors. J. Polym. Sci. A Polym. Chem. 1969, 7, 3430–3433. [CrossRef]

44. Odian, G. Principles of Polymerization; McGraw-Hill: New York, NY, USA, 1970; 615p.
45. Dodonov, V.A.; Kuznetsova, Y.L.; Lopatin, M.A.; Skatova, A.A. Reactions of poly(methyl methacrylate) radicals with some

p-quinones in the presence of tri-n-butylboron in methyl methacrylate polymerization. Russ. Chem. Bull. 2004, 53, 2209–2214.
[CrossRef]

46. Dodonov, V.A.; Kuznetsova, Y.L.; Vilkova, A.I.; Skuchilina, A.S.; Nevodchikov, V.I.; Beloded, L.N. Uncontrolled pseudoliving
free-radical polymerization of methyl methacrylate in the presence of butyl-p-benzoquinones. Russ. Chem. Bull. 2007, 56,
1162–1165. [CrossRef]

47. Kuznetsova, Y.L.; Chesnokov, S.A.; Zaitsev, S.D.; Ludin, D.V. The catalytic system tri-n-butyl boron-p-quinone in the free-radical
polymerization of styrene. Polym. Sci. Ser. B 2012, 54, 434–442. [CrossRef]

48. Ludin, D.V.; Kuznetsova, Y.L.; Zaitsev, S.D. Copolymerization of styrene with methyl methacrylate in the presence of the system
tributylborane–p-quinone. Polym. Sci. Ser. B 2016, 58, 503–509. [CrossRef]

http://doi.org/10.1016/j.msec.2019.110378
http://www.ncbi.nlm.nih.gov/pubmed/31924005
http://doi.org/10.1002/adhm.201501017
http://doi.org/10.1134/S1995421222010166
http://doi.org/10.1016/j.ijbiomac.2021.06.193
http://www.ncbi.nlm.nih.gov/pubmed/34224758
http://doi.org/10.1002/pat.5257
http://doi.org/10.1002/mabi.202000317
http://www.ncbi.nlm.nih.gov/pubmed/33043610
http://doi.org/10.1021/acsami.9b07353
http://doi.org/10.1080/09205063.2020.1747184
http://www.ncbi.nlm.nih.gov/pubmed/32207369
http://doi.org/10.21285/2227-2925-2021-11-1-16-25
http://doi.org/10.1007/s10904-021-02054-6
http://doi.org/10.1007/s13233-022-0017-9
http://doi.org/10.1134/S1995421220040115
http://doi.org/10.1016/j.jorganchem.2020.121431
http://doi.org/10.1007/s11172-022-3424-3
http://doi.org/10.3390/polym2040575
http://doi.org/10.1002/app.1983.070280108
http://doi.org/10.1002/pola.23659
http://doi.org/10.1007/s10965-017-1280-x
http://doi.org/10.1002/pol.1968.150061118
http://doi.org/10.1002/pol.1969.150071219
http://doi.org/10.1007/s11172-005-0101-2
http://doi.org/10.1007/s11172-007-0176-z
http://doi.org/10.1134/S1560090412090035
http://doi.org/10.1134/S1560090416050079


Polymers 2022, 14, 3290 15 of 15

49. Ludin, D.V.; Kuznetsova, Y.L.; Zamyshlyaeva, O.G.; Zaitsev, S.D. Controlled radical copolymerization of styrene and tert-butyl
acrylate in the presence of tri-n-butylborane–p-quinone catalytic system. Polym. Sci. Ser. B 2017, 59, 7–15. [CrossRef]

50. Ludin, D.V.; Kuznetsova, Y.L.; Zaitsev, S.D. Specific features of radical copolymerization of methyl methacrylate and n-butyl
acrylate in the presence of the tributylborane–p-quinone system. Polym. Sci. Ser. B 2017, 59, 516–525. [CrossRef]

51. Ludin, D.V.; Kuznetsova, Y.L.; Zaitsev, S.D. Tri-n-butylboron-p-quinone catalytic system in synthesis of block copolymers. Russ. J.
Appl. Chem. 2015, 88, 295–301. [CrossRef]

52. Ludin, D.; Voitovich, Y.; Salomatina, E.; Kuznetsova, Y.; Grishin, I.; Fedushkin, I.; Zaitsev, S. Polymerization with Borane
Chemistry. Tributylborane/p-Quinone System as a New Method of Reversible-Deactivation Radical Copolymerization for
Styrene and Methyl Acrylate. Macromol. Res. 2020, 28, 851–860. [CrossRef]

53. Crosby, C.O.; Stern, B.; Kalkunte, N.; Pedahzur, S.; Ramesh, S.; Zoldan, J. Interpenetrating polymer network hydrogels as bioactive
scaffolds for tissue engineering. Rev. Chem. Eng. 2022, 38, 347–361. [CrossRef] [PubMed]

54. Armarego, W.L.E.; Chai, C.L.L. Purification of Laboratory Chemicals, 7th ed.; Elsevier: Oxford, UK, 2012; 1024p.
55. Sever, M.J.; Wilker, J.J. Synthesis of peptides containing DOPA (3,4-dihydroxyphenylalanine). Tetrahedron 2001, 57, 6139–6146.

[CrossRef]
56. Wang, R.; Hartel, R.W. Citric acid and heating on gelatin hydrolysis and gelation in confectionery gels. Food Hydrocoll. 2022, 129,

107642. [CrossRef]

http://doi.org/10.1134/S1560090417010109
http://doi.org/10.1134/S1560090417050086
http://doi.org/10.1134/S1070427215020172
http://doi.org/10.1007/s13233-020-8111-3
http://doi.org/10.1515/revce-2020-0039
http://www.ncbi.nlm.nih.gov/pubmed/35400772
http://doi.org/10.1016/S0040-4020(01)00601-9
http://doi.org/10.1016/j.foodhyd.2022.107642

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of TBB 
	Polymerization Procedure 
	Determination of Unreacted Monomer 
	Enzymatic Hydrolysis 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Size-Exclusion Chromatography 
	Surface Morphology Analysis 

	Results and Discussion 
	Conclusions 
	References

