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Abstract: The paper presents a synthesis of poly(L-lactide) with bacteriostatic properties. This
polymer was obtained by ring-opening polymerization of the lactide initiated by selected low-
toxic zinc complexes, Zn[(acac)(L)H2O], where L represents N-(pyridin-4-ylmethylene) trypto-
phan or N-(2-pyridin-4-ylethylidene) phenylalanine. These complexes were obtained by reac-
tion of Zn[(acac)2 H2O] and Schiff bases, the products of the condensation of amino acids and
4-pyridinecarboxaldehyde. The composition, structure, and geometry of the synthesized complexes
were determined by NMR and FTIR spectroscopy, elemental analysis, and molecular modeling.
Both complexes showed the geometry of a distorted trigonal bipyramid. The antibacterial and
antifungal activities of both complexes were found to be much stronger than those of the primary
Schiff bases. The present study showed a higher efficiency of polymerization when initiated by the
obtained zinc complexes than when initiated by the zinc(II) acetylacetonate complex. The synthe-
sized polylactide showed antibacterial properties, especially the product obtained by polymerization
initiated by a zinc(II) complex with a ligand based on L-phenylalanine. The polylactide showed a
particularly strong antimicrobial effect against Pseudomonas aeruginosa, Staphylococcus aureus, and
Aspergillus brasiliensis. At the same time, this polymer does not exhibit fibroblast cytotoxicity.

Keywords: zinc; acetylacetonate; Schiff base; polylactide; antibacterial; bioactive polymer; coordina-
tion polymerization; ring opening polymerization

1. Introduction

Currently, during the global pandemic caused by the SARS-CoV-2 virus, another
increasing threat—drug-resistant bacteria—cannot be overlooked [1,2]. In this regard,
one of the approaches to mitigate this threat is to search and develop new materials with
antibacterial properties.

Many biologically active compounds used as drugs possess modified pharmacological
and toxicological potentials when administered as metal-based compounds [3]. Because
metal ions or metal ion-binding components play important roles in many biological
processes, metal complexes (metallodrugs) are excellent alternatives for treating diseases
caused by bacteria. Substances used for antibacterial treatment have low total toxicity;
therefore, metals with relatively low toxicity should be considered for developing such
substances [4]. Hence, complexes of zinc are one of the best candidates to meet the criteria of
low toxicity. Zinc is a bio-metal with a content of approximately 3 g in the human body [5].
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Because zinc shows low toxicity [6] and simultaneously strong antibacterial properties,
many studies have been conducted on using compounds of this metal for biomedical
applications. Among these compounds, zinc complexes containing Schiff bases in the form
of chelate ligands show promising potential [7,8]. Schiff bases are products of condensation
of primary amines and carbonyl compounds. A comprehensive study of numerous Schiff
bases has proved their broad antibacterial and antifungal activities [9]. The most active
Schiff bases inhibit bacterial proliferation at concentrations lower than 0.1 mg/mL [10]. A
much stronger antibacterial activity is shown by a wide spectrum of metallic complexes
containing Schiff bases as ligands [11,12]. The widespread use of these compounds as
classical antibiotics for medical treatment, however, remains difficult. It is much easier to
use these complexes as antibacterial additives for objects of everyday use or for medical
devices and dressings, such as polymers, plastics, fibers, fabrics, biodegradable implants,
sutures, and wound dressings. These materials play an important role in food packaging,
but they are mostly used for controlling infection caused by implanted biomaterials in
medical applications [13–16].

Implants and medical products made from bioresorbable polymers, mostly aliphatic
polyesters such as lactide copolymers, are currently attracting great interest in the field
of medicine. These polymers are well known because of their good properties, such as
biocompatibility and bioresorption, and products made from these polymers are certified
as safe for human use. To maintain the bioresorbable and biocompatible properties of
these products, the use of polymeric biologically active additives with defined biocom-
patibility is a much easier and faster approach than chemical modification of the polymer
or application of new functional monomers with bioactive side groups. Therefore, the
most common polymer systems exhibit antibacterial properties through the formation of a
polymer composite containing a dispersed bioactive agent in its mass [17,18]. However,
it is difficult to ensure proper homogeneity of the final product prepared in this manner
because, frequently, the bioactive substance is present in the form of different types of
conglomerates or crystallites. Moreover, this method is relatively difficult and technically
inconvenient. In the present study, we show a different approach to this goal by using
zinc complexes with proven antibacterial activity as a lactide ring-opening polymeriza-
tion (ROP) initiator at the stage of polymer synthesis. This method allowed to obtain
biologically active polymeric composites with a uniform morphology and containing an
antibacterial complex in the dispersed molecular form, which is practically impossible to
obtain through physical methods.

2. Results and Discussion

2.1. Synthesis of Schiff Bases

After reviewing the literature and based on the results of our preliminary research, a
group of complexes expected to possess the desired properties was selected. The complexes
should show good catalytic activity during the initiation of lactide ROP. In this regard,
zinc complexes were considered to fully meet the expected requirements, i.e., show robust
antibacterial activity and relatively low toxicity [19–21].

Antibacterial and antifungal activities of zinc (II) acetylacetonate (Table 1, Row 1)
were comparable to those of endogenous amines (Table 1, Rows 2–3). The level of activity
of these amines, estimated during our tests, was very similar to the results obtained
earlier [22,23]. This zinc complex is also an effective initiator in ROP of lactide [24] or
trimethylene carbonate [25]. These results agree with other reports, showing good catalytic
properties of the ROP of the zinc (II) chelate complexes, including complexes with Schiff
base ligands [26]. In our study, Schiff bases synthesized by condensation of selected
amino acids were chosen because of their relatively low toxicity and strong antibacterial
effect [27,28]. To obtain the desired antibacterial activity of the compounds, the pyridine
derivative was selected as a second substrate used during condensation [29]. Finally, in
the study, we used the Schiff bases HTrp and HPhe obtained through condensation of
tryptophan (Trp) or L-phenylalanine (Phe) with 4-pyridinecarboxaldehyde (Figure 1).
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Table 1. Screening of the effect of the present selected compounds on the inhibition of the growth of bacterial and fungal strains (own research results). Approximate values of the
minimum inhibitory concentration (MIC).

Compound
Growth Inhibition Concentration (mg/mL)

Escherichia coli Pseudomonas
aeruginosa

Staphylococcus
epidermidis

Staphylococcus
aureus Candida albicans Aspergillus

brasiliensis

1 Zn[(acac)2 H2O]
1

after 24 and 48 h
average

10
after 24 and 48 h

average

10
after 24 and 48 h

average

1
after 24 and 48 h

average

1
after 24 and 48 h

average

10
after 24 and 48 h

average

2 Spermidine
10

after 24 and 48 h
average

10
after 24 and 48 h

average

1
after 24 and 48 h

average

1
after 24 and 48 h

total

1
after 24 and 48 h

total

10
after 24 and 48 h

average

3 Putrescine
10

after 24 and 48 h
total

10
after 24 and 48 h

total

10
after 24 and 48 h

Total

10
after 24 and 48 h

total

10
after 24 and 48 h

total

10
after 24 and 48 h

average

4. Phenylalanine 10 >
not observed

10
after 24 and 48 h

minimal

10
after 24 and 48 h

minimal

10
after 24 and 48 h

minimal

10
after 24 and 48 h

minimal

10
after 24 and 48 h

minimal

5 Schiff base HTrp 10
total after 48 h

10
after 24 h
average

1
after 24 and 48 h

average

10
total after 48 h

average

1
after 24 and 48 h

average

1
after 24 and 48 h

average

6 Schiff base HPhe
10

after 24 and 48 h
average

10
after 24 and 48 h

average

1
after 24 and 48 h

average

10
after 24 and 48 h

average

10
after 24 and 48 h

average

1
after 24 and 48 h

average

7 Zn[(acac)(LTrp)H2 O]
0.1

after 48 h
average

1
after 24 and 48 h

average
0.1

minimal

0.1
after 24 and 48 h

average

1
after 24 and 48 h

average

0.1
after 24 and 48 h

average

10 >
minimal

8 Zn[(acac)(LPhe)H2O]
0.1

after 24 and 48 h
average

1
after 24 h

total
0.1

after 48 h
total

0.1
after 24 h and 48 h

average

0.1
after 24 and 48 h

average

1
after 24 and 48 h

average

1
after 48

total

Note: after 24 and 48 h—after 24 h and 48 h of incubation; minimal—decrease in the number of cells by no more than 50%; average—decrease in the number of cells from 50% to 90%; total—decrease in the
number of cells by more than 99.9%, compared to the number of cells in the control sample.
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Figure 1. Synthesis pathway and structure of the Schiff base ligands: (a) HPhe obtained with L-phenylalanine, and (b) 
HTrp obtained with tryptophan. 
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Figure 2. 1H NMR spectra (in DMSO d6) of the Schiff base; HPhe obtained with L-phenylalanine (a), and HTrp obtained 
with tryptophan (b). 

In the FTIR spectrum of LPhe (Figure 3a), the bands at 1705 and 1625 cm−1, corre-
sponding to the stretching vibrations of the C=O aldehyde groups and deformation vi-
brations of the NH2 phenylalanine groups, respectively, were not detected, which indi-
cates the occurrence of a reaction between the aldehyde and phenylalanine. The for-
mation of imine was confirmed by the band at 1647 cm−1, originating from the stretching 
vibrations of the C=N group. Changes observed in the region of 1610–1500 cm−1 resulted 
from a change in the charge distribution of the aromatic rings due to C=N conjugation 
[30]. 

The results of the elemental analysis of HPhe were also similar to the theoretical 
composition (in brackets): C—69.3 (70.9); H—5.3 (5.6); and N—10.1 (11.0).  

The synthesis of HTrp through condensation of tryptophan has already been de-
scribed earlier; however, 1H NMR analysis was performed for the first time in detail 
(Figure 2b). Analogous to the spectrum discussed earlier, Signals 1, 7, and 8, assigned to 
the characteristic groups of protons of HTrp, appeared practically at the same values of 
the chemical shifts (7.4, 3.85, 3.1, and 3.15 ppm). There was also a lack of signal charac-
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Figure 1. Synthesis pathway and structure of the Schiff base ligands: (a) HPhe obtained with L-phenylalanine, and (b) HTrp
obtained with tryptophan.

The composition of the synthesized Schiff bases was confirmed by 1 H NMR, FTIR, and
elemental analysis. In the 1H NMR spectrum of HPhe (Figure 2a), a lack of signals assigned
to the proton of aldehyde group of pyridinecarboxaldehyde (CH–OH at 10.2 ppm) and
protons of the -CH2–CH–NH2 group at 3.4 ppm assigned to phenylalanine was observed.
Instead of that, new signals appeared: signal 7 of group =N–CH- at 3.9 ppm, and 8 of group
=N–CH–CH2- at 3.0 and 3.3 ppm (in the spectrum of unreacted phenylalanine signals,
-CH2–CH–NH2 appeared at 2.8 and 3.1 ppm).
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Figure 2. 1H NMR spectra (in DMSO d6) of the Schiff base; HPhe obtained with L-phenylalanine (a), and HTrp obtained
with tryptophan (b).

In the FTIR spectrum of LPhe (Figure 3a), the bands at 1705 and 1625 cm−1, cor-
responding to the stretching vibrations of the C=O aldehyde groups and deformation
vibrations of the NH2 phenylalanine groups, respectively, were not detected, which indi-
cates the occurrence of a reaction between the aldehyde and phenylalanine. The formation
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of imine was confirmed by the band at 1647 cm−1, originating from the stretching vibra-
tions of the C=N group. Changes observed in the region of 1610–1500 cm−1 resulted from
a change in the charge distribution of the aromatic rings due to C=N conjugation [30].
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The results of the elemental analysis of HPhe were also similar to the theoretical
composition (in brackets): C—69.3 (70.9); H—5.3 (5.6); and N—10.1 (11.0).

The synthesis of HTrp through condensation of tryptophan has already been described
earlier; however, 1H NMR analysis was performed for the first time in detail (Figure 2b).
Analogous to the spectrum discussed earlier, Signals 1, 7, and 8, assigned to the character-
istic groups of protons of HTrp, appeared practically at the same values of the chemical
shifts (7.4, 3.85, 3.1, and 3.15 ppm). There was also a lack of signal characteristic for the
protons in the neighborhood of the amine group of tryptophan -CH–CH2–NH2 (3.48, 3.0,
and 3.35 ppm, respectively) as well as signals assigned to the proton of the aldehyde group
of pyridine carboxaldehyde.

In the FTIR spectrum of LTrp (Figure 3b), the bands attributed to the stretching
vibrations of the C=O aldehyde groups (1705 cm−1) and deformation vibrations of the NH2
tryptophan groups (1666 cm−1) were also not observed. In this case, the band characteristic
for the stretching vibrations of the C=N groups appeared at 1642 cm−1, thus confirming
the formation of imine structure.

The results of the elemental analysis of HTrp were very close to the theoretical compo-
sition (in brackets): C—68.3 (69.6); H—5.9 (5.2); and N—12.9 (14.3).

Assessment of the antibacterial and antifungal activities of both compounds (HPhe
and HTrp) (Table 1, Rows 5 and 6) showed higher activity than that previously reported for
Schiff bases obtained in the condensation of the same amino acids but with other aldehydes,
such as 3-methoxysalicylaldehyde or 4-diethylaminosalicylaldehyde [28]. The synthesized
Schiff bases at the concentration of approximately 10 mg/mL showed the capability of
inhibiting the growth of most tested microorganisms, which is comparable to the activity of
diamines, such as spermidine or putrescine (Table 1, Rows 2 and 3). Both HTrp and HPhe
showed high activity against Staphylococcus epidermidis and Aspergillus brasiliensis, and the
concentration of approximately 1 mg/mL was sufficient to decrease the growth by about
90%. Similar Schiff bases obtained using the same amino acids but by condensation with
salicylaldehydes exhibited effective activity at a concentration close to 30 mg/mL [28].

2.2. Synthesis and Structure of Zinc(II) Complexes with Schiff Bases and Acetylacetonate Ligands

Both the obtained Schiff bases were used for further synthesis of new zinc complexes
conducted by the ligand exchange reaction of the Zn[(acac)2 H2O] complex. Although the
reaction was conducted using various molar ratios of zinc(II) acetylacetonate to the Schiff
base (as 1:1, 1:2, and 1:3), the resultant complexes showed the same final composition with
an equimolar amount of ligands.
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The structure and composition of the obtained complexes were estimated by NMR
and FTIR spectroscopy as well as by elemental analysis. Figure 4, shows the 1H NMR
spectrum of the complexes. In the spectrum of both complexes, two intensive signals
of the acetylacetonate ligand groups CH3 and CH were observed. Compared to sig-
nals of the analogous acac groups of initial Zn[(acac)2 H2O] measured in DMSO d6
(CH—5.27 ppm, CH3—1.86 ppm), these signals were found to be shifted. The acety-
lacetonate signals of Zn[(acac)(LPhe)H2O] appeared at 5.13 and 1.7–1.8 ppm, while the
signals of Zn[(acac)(LTrp)H2O] appeared at 4.64 and 1.7–1.85 ppm. Accurate measurements
of the signal intensity demonstrated an equimolar amount of acetylacetonate and Schiff
base ligands in both complexes. Comparison of the spectra of the complexes to the Schiff
bases outputs showed that the most apparent changes were observed for Signals 1, 7, and 8
(Figure 3), which are assigned to protons surrounding the azomethine group -CH=N-. In
the spectrum of Zn[(acac)(LPhe)H2O], the following signals shifts were observed: from
7.45 to 7.4 ppm, from 3.85 to 4.42 ppm, and from 3.0, 3.3 to 2.5, 2.7 ppm, respectively
(Figure 4a). Similar shifts in the spectrum of Zn[(acac)(LTrp)H2O] were also observed
(Figure 4b). The following shifts were observed: Signal 1 from 7.4 to 7.32 ppm, Signal
7 from 3.85 to 3.93 ppm, and Signal 8 from 3.15 and 3.1 ppm to 3.1 and 2.8 ppm. This
implies that because of the formation of complexes containing the new ligand, a new bond
is formed that links the nitrogen ion pairs from the imine group with the central zinc atom.
These phenomena caused a change in electron distribution, which resulted in a chemical
shift of the 1H NMR spectra signals. Furthermore, the shift in signals and splitting of
protons of the aryl groups were observed, especially in the spectrum of Zn[(acac)(Lphe)]
(Figure 4a, in the range of 8.7–7.5 ppm). A similar phenomenon was already observed
in the spectra of the Pt(II) complexes of the Schiff base derived from l-phenylalanine and
furfuraldehyde [31]. The signals assigned to water protons were much more intensive than
those of water absorbed in DMSO d6; this most probably indicated that the synthesized
complexes also contained a water molecule, similar to that for Zn[(acac)2 H2O].
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In the FTIR spectrum (Figure 5) of Zn[(acac)2 H2O], the most characteristic bands
appeared at 1557 and 1447 cm−1 and originated from the asymmetrical and symmetri-
cal stretching vibrations of the (C=O)–O¯ groups, respectively. In the complexes with
mixed ligands, these bands were shifted to 1512 and 1398 cm−1 for Zn[(acac)(LPhe)H2O]
(Figure 5a) and to 1518 and 1399 cm−1 for Zn[(acac)(LTrp)H2O] (Figure 5b), thus indicating
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a charge distribution in the ligands after the addition of the new Schiff base ligand. Addi-
tionally, the intensity of the band recorded at 1557 cm−1 was strongly diminished, thereby
confirming the lower content of acetylacetonate ligands. On the other hand, the bands
originating from the C=N group vibrations in the spectra of both Schiff bases disappeared
due to the interactions between the C=N group and the Zn atom. The Zn atom caused
a shift of the electrons from the C=N group toward Zn, which lowered the double-bond
strength of the C=N group [32].
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Analysis of the elemental composition of the complexes confirmed the spectroscopic results.
The elemental analysis revealed the following values of the elements: Zn[(acac)(Lphe)-H2O]:
C%—55.9 (55.2), H%—5.4 (5.1), and N%—6.1 (6.5); and Zn[(acac)(LTrp)H2O]: C%—53.7 (55.7),
H%—5.2 (4.9), and N%—8.4 (8.9). The theoretical values of each element are given in the brackets
on the assumption that there are zinc complexes with a mononuclear structure containing one
acetylacetonate and one Schiff base ligand, as well as one water molecule.

Because the obtained zinc complexes were planned to be used as polymerization
initiators, to understand the hypothetical initiation process, it was necessary to appreci-
ate their molecular geometry. The arrangement of the atoms of zinc(II) acetylacetonate
monohydrate, which was a precursor of our complexes, was investigated previously in the
1960s [33]. It was found that the molecular geometry of such a type of complex could be
estimated by quantum mechanical studies, yielding high compatibility with the geometry
determined experimentally [34].

In the present study, the Zn(II) complexes were optimized and analyzed with the
Gaussian 03 program using the DFM method, with a basis set in the gas phase. Both
complexes showed a similar geometry (Figure 6). Based on the calculations, we consider
that the Zn(II) complexes had a distorted trigonal bipyramidal geometry. This type of
structure for the Zn(II) complex was first described in 1995 [35].

Zn[(acac)(LPhe)H2O] showed such a strong deformation that we can safely consider
this geometry as the transition between the square pyramidal structure (typical for zinc(II)
acetylacetonate monohydrate) and the trigonal bipyramidal structure (Figure 6a). For the
second complex (Figure 6b), the deformation was not that strong. The calculated lengths of
Zn-O1 and Zn-O2 and the angle O1-Zn-O2 (acetylacetonate ligand) in Zn[(acac)(LPhe)H2O]
were, respectively, 2.019 Å, 2.013 Å, and 99.75◦; those for Zn-O3 and Zn-N and the angle
O3-Zn-N (Schiff base bonds) were, respectively, 2.020 Å, 2.182 Å, and 84.06◦; and that for
Zn-O4 was 2.60 Å (water molecule). For Zn[(acac)(LTrp)H2O], the lengths of the bonds
were as follows: Zn-O1—1.970 Å, ZnO2—1.968 Å, Zn-O3—1.982 Å, Zn-N—2.121 Å, and
Zn-O4—2.58 Å; and the angles were as follows: O1-Zn-O2—105.51◦ and O3-Zn-N—81.96◦.
The calculated geometry was identical to that of many other Zn(II) mononuclear com-
plexes with a similar geometry; for example, Zn(4-dimethylaminopyridyl)(acac)2] [36] or
Zn[(PhCOO)(cur)(bpy)] contained ligands on curcumin, bipyridine, and benzocarboxy-
late [37]. The respective lengths of the bonds between zinc and the oxygen or nitrogen



Int. J. Mol. Sci. 2021, 22, 6950 8 of 20

atoms as well as the angles in these complexes were very close to the values presented
above. For Zn [(PhCOO) (cur)(bpy)], the values of these parameters were as follows:
Zn-O1 and Zn-O2—2.01 Å and 2.05 Å; Zn-N1 and Zn-N2—2.11 Å and 2.13 Å; angle
O-Zn-O—89.8 ◦; and N-Zn-O—90.5 ◦.
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2.3. Antibacterial and Antifungal Activities of the Obtained Zn(II) Complexes

The synthesized zinc complexes were subjected to analogous tests for antibacterial and
antifungal activities, similar to that for the previously reported Schiff bases. The obtained
results are shown in Table 1 (Rows 7–8). Compared to the used Schiff bases and the original
Zn[(acac)2 H2O], a very distinct increase in the antimicrobial activity was observed against
all strains selected in the test. Zn[(acac)(LTrp)(H2O] was particularly active against Es-
cherichia coli, S. epidermidis, and Candida albicans. Significant growth retardation of these
strains by the complex was already observed at a concentration lower than 0.1 mg/mL.
Zn[(acac)(LPhe)(H2O] also inhibited the growth of Pseudomonas aeruginosa, S. epider-
midis, and Staphylococcus aureus at identical concentrations. Furthermore, the higher
concentrations of 1 mg/mL and 10 mg/mL resulted in a rapid and complete inhibition
of the growth of P. aeruginosa and the other strains, respectively. This relatively high
antimicrobial activity and, in particular, the broad spectrum of action of this compound,
make this complex very interesting in terms of its intended use as a universal antibacterial
additive for polymer materials. Comparison of the obtained results with those of similar
previously published studies further confirmed the relatively high antibacterial activity
of these complexes. For example, Zn(II) complexes with low-toxic Schiff base ligands,
obtained based on l-tryptophan and dihydroxybenzaldehyde, showed activity only against
E. coli [38]. For Fe(II) hydroxylnapthylidene amino acid complexes, this compound showed
a similar activity to our prepared complexes against P. aeruginosa and E. coli but at higher
concentrations, i.e., approximately 10–20 mg/mL. However, these complexes inhibited
fungal growth only to a small extent [39]. Our obtained zinc complexes exhibited much
better biological activity than the initial Schiff bases. This observed increase in the antibac-
terial activity of the complexes relative to the starting organic ligands was also reported
previously for many compounds of this kind. This phenomenon can be explained by the
synergistic effect between zinc and the organic ligands of the complex, resulting in a strong
increase in the penetration of the bacterial lipid membrane [40]. It is also possible to obtain
compounds with stronger antibacterial activity than the zinc (II) complexes obtained by us.
For example, zinc chelate complexes containing special ligands synthesized by reacting
acetamido benzaldehyde with 2-amino-6-methylsulfonyl-benzothiazoles showed a very
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strong antibacterial effect against three selected strains of bacteria at a concentration of
only approximately 0.03 mg/mL [8]. However, because of the presence of benzothia-
zole derivatives, the complex shows relatively high toxicity, which was avoided in our
present study.

2.4. Lactide Polymerization Using the Obtained Zinc Complexes as a Coordination Initiator

The next step of our study was to determine the efficiency of the synthesized com-
plexes as initiators in ROP of lactide. For this purpose, a few attempts of L-lactide poly-
merization using both complexes were conducted in bulk at 110 ◦C, with the initiator-
to-monomer (I/M) molar ratios of 1:150, 1:400, and 1:600 (Figure 7). For comparison, an
analogous polymerization under the same conditions was conducted using Zn[(acac)2H2O].
Both new complexes, regardless of the concentration, easily dissolved in melted L-lactide
and formed a homogeneous phase with the melted monomer, and both of them were found
to be effective initiators. However, the Zn[(acac)(LTrp)H2O] complex showed slightly
higher activity. In the reaction conditions, by using this initiator, the conversion of the
monomer ranged between 80% and 90% within 24 h (Figure 7b). Monomer conversion
during the use of the second complex Zn[(LPhe)(acac)H2O] was slightly lower and ranged
between 70% to almost 90% in 24 h (Figure 7a). Both complexes were found to be much
more active as initiators in the ROP of lactide as compared to the previously described zinc
acetylacetonate (Figure 7a, Serie 4), which demonstrated a conversion close to 90%, but
only after approximately 70 h [24].
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Figure 7. The dependence of lactide conversion and time of the conducted polymerization in bulk at 120 ◦C, initiated by
(a) Zn[(acac)(LPhe)H2O], and (b) Zn[(acac)(LTrp)H2O]. Series 1—with an M/I ratio of 150:1; Series 2—with an M/I ratio of
400:1; Series 3—with an M/I ratio of 600:1; Series 4—Zn[(acac)H2O] with an M/I ratio of 600:1.

As the lactide conversion increased, the average molecular weight of the resulting
polymer also increased throughout the reaction time. We observed a linear relationship up
to approximately 60–70% lactide conversion (Figure 8), which corresponded to approxi-
mately 10–12 h of polymerization.

We observed an increase in the difference between the values of the average molecular
weight calculated and measured along the reaction time. This probably occurred due to the
effect of thermal degradation of the synthesized polymer [41]. The observed relationship
between the amount of initiator and the average molecular weight of polylactide confirmed
that both the examined complexes possess mononuclear structures.



Int. J. Mol. Sci. 2021, 22, 6950 10 of 20Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 10 of 20 
 

 

  

(a) (b) 

Figure 8. Relationship between the average molecular weight of the polylactide and monomer conversion; polymeriza-
tion was conducted in bulk at 120 °C, initiated by Zn[(LPhe)(acac)H2O] (a), and Zn[(acac)(LTrp)H2O] (b). Series 1—with 
an M/I ratio of 150:1; Series 2—with an M/I ratio of 400:1; and Series 3—with an M/I ratio of 600:1. 

We observed an increase in the difference between the values of the average molec-
ular weight calculated and measured along the reaction time. This probably occurred due 
to the effect of thermal degradation of the synthesized polymer [41]. The observed rela-
tionship between the amount of initiator and the average molecular weight of polylactide 
confirmed that both the examined complexes possess mononuclear structures.  

2.5. Mechanism of Initiation of Lactide ROP Through Involvement of the Obtained Zinc 
Complexes 

Differences in the initiation mechanism of lactide polymerization were the reason 
for the observed much greater effectiveness of the zinc complexes containing ligands 
based on amino acids as compared to zinc acetylacetonate. In previous papers, we 
demonstrated the application of zinc(II) and zirconium(IV) acetylacetonates as an initia-
tor of lactide polymerization or copolymerization [24,41–44]. The first step of this reaction 
is the formation of the active initiating complexes through an exchange reaction of the 
acac ligand and deprotonated lactide with the release of free acetylacetonate—Hacac. 
This complex, containing a derivative of lactide as a ligand, is finally an active initiator of 
polymerization.  

To follow the proceeding changes, lactide polymerization was conducted at a rela-
tively high amount of initiator (molar ratio I/M of 1:12). This model reaction was per-
formed in benzene because this solvent is inert and not influenced by the initiation 
mechanism (nonpolar solvent without the ability to coordinate to the metal of the central 
complex). Figure 9 shows the 1H NMR spectra of the obtained reaction products. The 
analysis of the the spectra showed the continuous presence of the CH3 signal of the acet-
ylacetonate ligand during the polymerization process. Admittedly, as the polymerization 
progresses, this signal is split more and more, which is associated with the formation of 
the polymer chain; however, the average intensity of the signals was constant throughout 
the investigation. There was also a lack of characteristic signals related to the free acety-
lacetonate groups, Hacac, which should occur for proton transfer and ligand exchange 
reactions, as was observed during the initiation of the polymerization of Zn[(acac)H2O] 
[43]. Initially, the signal of the CH group of the acetylacetonate ligand was also visible, 
but with the progression of reaction time, it was overshadowed by the CH signals of the 
growing polylactide chain. This observation proves that the acac ligand was coordinated 
with the central atom of the initiating complex throughout the studied polymerization 
process. Thus, the observed initiation polymerization mechanism with zinc complexes 
containing LTrp and LPhen ligands is different from that previously described for 
Zn[(acac)2 H2O] or Zr(acac)4. In that case, the Schiff base ligands must play an essential 

0

20000

40000

60000

80000

0 20 40 60 80 100

M
n 

 [g
/m

ol
]

monomer conversion [%]Series1 Series2 Series3

0

20000

40000

60000

80000

0 20 40 60 80 100

M
n 

 [g
/m

ol
]

monomer conversion [%]Series1 Series2 Series3

Figure 8. Relationship between the average molecular weight of the polylactide and monomer conversion; polymerization
was conducted in bulk at 120 ◦C, initiated by Zn[(LPhe)(acac)H2O] (a), and Zn[(acac)(LTrp)H2O] (b). Series 1—with an M/I
ratio of 150:1; Series 2—with an M/I ratio of 400:1; and Series 3—with an M/I ratio of 600:1.

2.5. Mechanism of Initiation of Lactide ROP Through Involvement of the Obtained Zinc Complexes

Differences in the initiation mechanism of lactide polymerization were the reason for
the observed much greater effectiveness of the zinc complexes containing ligands based on
amino acids as compared to zinc acetylacetonate. In previous papers, we demonstrated
the application of zinc(II) and zirconium(IV) acetylacetonates as an initiator of lactide
polymerization or copolymerization [24,41–44]. The first step of this reaction is the for-
mation of the active initiating complexes through an exchange reaction of the acac ligand
and deprotonated lactide with the release of free acetylacetonate—Hacac. This complex,
containing a derivative of lactide as a ligand, is finally an active initiator of polymerization.

To follow the proceeding changes, lactide polymerization was conducted at a relatively
high amount of initiator (molar ratio I/M of 1:12). This model reaction was performed in
benzene because this solvent is inert and not influenced by the initiation mechanism (non-
polar solvent without the ability to coordinate to the metal of the central complex). Figure 9
shows the 1H NMR spectra of the obtained reaction products. The analysis of the the spec-
tra showed the continuous presence of the CH3 signal of the acetylacetonate ligand during
the polymerization process. Admittedly, as the polymerization progresses, this signal is
split more and more, which is associated with the formation of the polymer chain; however,
the average intensity of the signals was constant throughout the investigation. There was
also a lack of characteristic signals related to the free acetylacetonate groups, Hacac, which
should occur for proton transfer and ligand exchange reactions, as was observed during the
initiation of the polymerization of Zn[(acac)H2O] [43]. Initially, the signal of the CH group
of the acetylacetonate ligand was also visible, but with the progression of reaction time, it
was overshadowed by the CH signals of the growing polylactide chain. This observation
proves that the acac ligand was coordinated with the central atom of the initiating complex
throughout the studied polymerization process. Thus, the observed initiation polymeriza-
tion mechanism with zinc complexes containing LTrp and LPhen ligands is different from
that previously described for Zn[(acac)2 H2O] or Zr(acac)4. In that case, the Schiff base
ligands must play an essential role in the monomer insertion process. This assumption
might be proved by the observation of Signal 7, which was present throughout the entire
reaction time and shifted strongly to 4.72 ppm (it was 4.42 ppm in the initial complex and
3.85 ppm for the Schiff base). Signal 8b—characteristic for the protons of the Schiff base
ligand in the initiating complex (see also Figure 4a, Signal 8 at 2.5–2.7 ppm)—disappeared
as the polymerization progressed (Figure 9, Signal 8b—occurring in Zn [(acac)(LPhe)H2O]).
This signal also appeared in the spectra, initially mainly as Signal 8a shifted to 3.05 and
3.15 ppm and then as a rising signal at 2.77 and 2.95 ppm (Figure 9I, Signal 8a and 8c).
The structure of the initiating complex then changed, and most probably, the derivative of
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the Schiff base was continuously linked to the polylactide growing chain, as illustrated in
the enclosed scheme (Figure 9II, a,b). These observations suggest that the mechanism of
initiating lactide polymerization with Zn[(acac)(LPhen)] observed in this work is analogous
to the previously described mechanism of initiation of polymerization of trimethylene car-
bonate (TMC) with the complex obtained in the reaction of Zr(acac)4 and benzoic acid. [43].
The ROP initiating complexes described in the current work are similar in some aspects to
those discussed in previous work. They were also obtained by an acetylacetonate ligand
exchange reaction, in this case with a Schiff base. However, the full confirmation of this
hypothetical mechanism requires many additional studies, which is beyond the main scope
of this work.
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Figure 9. (I) 1H NMR spectra of the product of the L-lactide polymerization conducted in benzene with
Zn[(acac)(Lphe)]xH2O as an initiator with an I/M ratio of 1:12: after 20 min (a), 1.5 h (b), and 9 h (c). (II) Hypothet-
ical chemically dominated structure of the products of L-lactide polymerization with use of Zn[(acac)(Lphe)H2O] as the
initiator: after 20 min. (a,b).

2.6. Bactericidal and Fungicidal Properties of Polylactide Obtained through Polymerization
Initiated by Zn [(acac)(LPhe)H2O] and Zn[(acac)(LTrp)H2O]

By using the obtained zinc complexes as a polymerization initiator, a series of poly(L-
lactide) samples was obtained. The polymers were prepared with various amounts of
initiator (with I/M molar ratios of 1:150 and 1:400). This polymer, after grinding and
sieving (a fraction with a diameter of 10 to 100 µm) in the form of an aqueous suspension,
was subjected to antimicrobial tests to determine its antibacterial activity. Poly(L-lactide)
obtained with Tin(II) 2-ethylhexanoate (a typical initiator used industrially in the produc-
tion of this polymer) was used as a comparative sample. The biological activity of the
samples was tested after 24 and 48 h of incubation. Table 2 presents the results of the tests.
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Table 2. Screening of the effect of the presence of selected samples of poly(L-lactide) on the inhibition of the growth of bacteria and fungi strains.

Poly(L-Lactide) Initiator Molar Ratio I:M
Growth Inhibition Concentration (mg/mL)

Escherichia coli Pseudomonas
aeruginosa

Staphylococcus
epidermidis

Staphylococcus
aureus Candida albicans Aspergillus

brasiliensis

1 Tin (II) 2-ethylhexanoate
1:400

1
after 48 minimal

10 >
not observed

10 >
after 24, 48 h minimal

10 >
after 24, 48 h minimal

1
after 24, 48 h minimal

10 >
not observed

2 Zn[(acac)(LPhe)H2O]
1:150

0.1
after 24, 48 h total

0.1
after 24 h average

0.01
after48 h minimal

0.1
after 24, 48 h average

0.1
after 24, 48 h average

0.01
after 48
minimal

10 >
after 24, 48 h minimal

0.1
after 24 h,48 h total

0.01
After 48 h minimal

3 Zn[(acac)(LPhe)H2O]
1:400

1
after 24 h average

0.1
after 48 h average

1
after 24 h total

0.1
after 48 h minimal

0.1
after 24 h minimal

0.1
after 48 average

0.1
after 24, 48 h average

0.01
after 24, 48 h not

observed

10 >
after 24, 48 h minimal

1
after 48 h average

0.1
after 48 h minimal

4 Zn[(acac)(LTrp)H2O]
1:150

10
after 24 h minimal

1
after 48 h average

1
after 24 h average

10 >
after 48 h minimal

0.1
after 24, 48 h average

0.1
after 24 h average

10
after 48 minimal

0.1
after 24 average

10
after 48 h minimal

10 >
not observed

5 Zn[(acac)(LTrp)H2O]
1:400

10
after 24 h minimal

1
after 48 h average

10
after 24 h average

10 >
after 48 h minimal

0.1
after 24 h, 48 h

minimal

0.1
after 24 h minimal

after 48 h not
observed

1
after 24 h minimal

after 48 h not
observed

10 >
not observed

Note: after 24 and 48 h—after 24 h and 48 h of incubation; minimal—decrease in the number of cells by no more than 50%; average—decrease in the number of cells from 50% to 90%; total—decrease in the
number of cells by more than 99.9%, compared to the number of cells in the control sample.
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Surprisingly, the tested polylactide exhibited antibacterial activity similar to the com-
plexes used as the initiator of polymerization. The polymeric materials obtained with
Zn[(acac)(LPhe)H2O] (Table 2, Rows 2 and 3) also showed interesting results. The polymer
obtained with a higher amount of initiator (I/M = 1:150, Mn at approximately 10,000 g/mol)
showed the highest activity against most of the tested strains. However, this material, even
at high concentrations, showed minimal ability to inhibit the growth of C. albicans. In this
case, the antibacterial activity was even lower than that observed for a reference sample of
polylactide obtained using Tin(II) 2-ethylhexanoate initiator (Table 2, row 1). On the other
hand, polymer obtained with Zn[(acac)(LPhe)H2O] was particularly active against E. coli,
where the polymer at 1 mg/mL concentration was sufficient to completely inhibit the cell
growth of this strain. The material was also very active against S. epidermidis, S. aureus, and
A. brasiliensis. The polymer obtained with a lower amount of Zn[(acac)(LPhe)H2O] (I/M
ratio as 1:400, Mn = 31,700 g/mol) showed lower antibacterial activity against most of the
tested strains (Table 2, row 3). However, it still showed significant activity against bacteria,
especially after 48 h of incubation. The polymer obtained in the polymerization initiated
with Zn[(acac)(LTrp)H2O] exhibited significantly lower antibacterial activity, but showed
better activity against C. albicans, which was the extremely resistant strain in most of our
tests (Table 2, row 4).

The antibacterial properties of the synthesized polylactide were evident. Given that
the content of the zinc complex of the polymer was approximately 1.9 wt.% of the entire
mass of the polymer, its activity against the tested microorganisms appeared to be strong.
This phenomenon is difficult to explain without additional research that could confirm the
possibility of a synergistic effect between the initiator residues and degradation products
as well as with the remnants of unreacted lactide. However, such detailed research will be
the subject of a new research paper.

2.7. Cytocompatibility of Polylactides Obtained by Using Zn[(acac)(LPhe)H2O] and
Zn[(acac)(LTrp)H2O] as an Initiator

To estimate the degree of the potential toxicity of the obtained polymers, tests of their
cytotoxicity against fibroblast lines were carried out. The assessment was performed on
crude polylactide samples obtained with both initiators (with an M/I molar ratio of 1:400)
and at different monomer conversion rates. Figure 10A shows the viability of CCD-11Lu
fibroblasts treated with extracts from polymers obtained with Zn[(acac)(LTrp)H2O] with
85% and 96% lactide conversion, assessed employing the resazurin reduction assay. Cyto-
toxicity profiles of both materials were similar, regardless of the conversion rate. Undiluted
extracts caused almost complete suppression of cellular growth, similarly to the 1:2 dilution.
Extracts diluted 1:4 caused only partial inhibition of cell growth, whereas larger dilutions
did not significantly affect cellular proliferation. As shown in Figure 10B, polylactide
initiated with Zn[(acac)(LPhe)H2O] displayed excellent biocompatibility but only after
a lactide conversion rate of 93%. In the case of that material, even the undiluted extract
did not cause any decrease in cell viability. Simultaneously, the material characterized by
the lower conversion rate had a cytotoxicity profile very similar to the above-described
polymers. We do not present results of LDH release assays for polymeric extracts because
some extracts apparently inhibited the activity of lactate dehydrogenase, and hence, in this
case, it could not be considered as a reliable indicator of cell viability.

The cytotoxicity of the initiator itself was also assessed. Figure 11 shows the results of
cytotoxicity tests of Zn[(acac)(LPhe)H2O]. Both the used techniques, namely, the resazurin
reduction and LDH release assays, unanimously proved that the tested compound de-
creased the cell viability exclusively at a relatively high concentration of 1 mg/mL. This
means that in concentrations showing a strong bactericidal effect, this compound displays
practically no cytotoxicity. Unfortunately, we were unable to perform an analogous assay
for the Zn[(acac)(LTrp)H2O] initiator because of its too poor water solubility (as it formed a
suspension, sterilization with the use of a membrane filter was impossible).
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(A) Zn[(acac)(LTrp)H2O]; and (B) Zn[(acac)(LPhe)H2O]. Percentages describe the total conversion rate, and each bar
represents the mean ± SD; * p < 0.05 compared to the control.
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3. Materials and Methods

3.1. Materials

Zinc (II) acetylacetonate monohydrate (Alfa Aesar, Ward Hill, MA, USA), L-tryptophan,
L-phenylalanine, 4-pyridinecarboxaldehyde, methanol anhydrous 99.8%, benzene anhy-
drous 99.8%, chloroform anhydrous 99%, and tetrahydrofuran anhydrous 99.9% were
purchased from Sigma-Aldrich, Poland, and potassium hydroxide reagent grade was
received from Merck. All these chemicals were used as received.

L-lactide (Forusorb, medical grade) was received from Foryou Medical Device Co.,
Ltd. Huizhou, Guangdong, China, and before use was purified by recrystallization from
dry ethyl acetate.

3.2. General Procedure for the Synthesis of the Schiff Base Ligands HPhe and HTrp

The Schiff bases were synthesized using a previously reported method, with some
modification [29,45]. The reaction was performed in an anhydrous methanol solution under
an argon blanket in an alkaline medium (0.05 mmol KOH/mL). After dissolving 10 mmol
of phenylalanine in 100 mL methanol solution, a stoichiometric amount of 4-pyridine
carboxaldehyde was added dropwise with constant stirring; the temperature of the solution
was gradually increased to 50 ◦C, and the solution was stirred for 2 h. After lowering
the solution temperature to approximately 30 ◦C, the process was continued for the next
24 h. The solution was then highly concentrated on an evaporator (evaporation volume
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approximately 15–20% of the original solution volume) and allowed to crystallize. Yellow
fine crystals were obtained, which were washed with methanol and recrystallized again
from methanol. The product was obtained with approximately 67% yield.

The second compound was prepared analogously by reacting 10 mmol L-tryptophan
and 10 mmol 4-pyridinecarboxaldehyde. After the solution was concentrated, approxi-
mately 20 mL of anhydrous butyl ethyl ether was added, resulting in the formation of a
yellow-orange thick oil at the bottom of the vessel. After 24 h storage at approximately
10 ◦C, the oil crystallized into orange crystals. After separating the crystals, the product was
washed with ether and recrystallized from methanol. The yield was approximately 51%.

3.3. General Procedure for the Synthesis of Zinc Complexes; Zn[(acac)(LPhe)H2O] and
Zn[(acac)(LTrp) H2O]

The previously prepared Schiff bases were used in the reaction with zinc (II) acetylace-
tonate monohydrate. The reaction was performed in 150 mL glass reactors, which were
heated and equipped with a magnetic stirrer, a reflux condenser, and an argon gas supplier.
The method of synthesis used was a modification of the previously published method
describing the preparation of cobalt, magnesium, and manganese complexes containing
acetylacetonate ligands and Schiff bases [46].

Approximately 100 mL of anhydrous methanol was placed in the reactor and heated to
a temperature of about 60 ◦C. Next, Zn[(acac)2 H2O] (3 mmol) was dissolved in methanol,
and with continuous stirring, methanolic solutions of HPhe or HTrp were gradually added
dropwise in a zinc acetylacetonate/Schiff base molar ratio of 1:1, 1:2, or 1:4. After the
dropwise addition, the solution was stirred under reflux at 60 ◦C for the first 4 h and 40 ◦C
for the next 20 h. The color intensity of the reaction solution was markedly increased. The
reaction solution was then concentrated on an evaporator (to approximately 20% of the
original volume). After cooling for a few hours, a dark yellow (Zn[(acac)(LPhe)]) or dark
orange (Zn[(acac)(LTrp)]) fine crystalline precipitate was formed, which was centrifuged,
washed with methanol, and then dried. However, the obtained single crystals were not
suitable for X-ray crystallography. For the reaction performed using the reagents in the
stoichiometric ratio of 1:1, the products of the zinc complexes were obtained with a yield of
approximately 57% and 68%, respectively.

3.4. General Procedure for the Synthesis of Poly(L-Lactide)

The lactide polymerization process was investigated under bulk conditions with
different contents of initiators: Zn[(acac)(LTrp)H2O] and Zn[(acac)(LPhe)H2O] complexes.
For this purpose, 2 g (13.9 mmol) of L-lactide was added to a 10 mL glass reactor equipped
with a magnetic stirrer and an argon gas supplier, and the monomer was then melted
under argon at 120 ◦C. Measured amounts of the previously obtained zinc complexes
(9.27 × 10−2 mmol, 3.48 × 10−2 mmol, 2.32 × 10−2 mmol) were added as solutions in
chloroform to the vigorously stirred melt. The reaction was allowed to continue for a
planned time and then terminated by rapidly cooling the content. The obtained samples
were examined by 1H NMR spectroscopy and gel permeation chromatography to determine
their composition and average molecular weights.

To understand the initiating stage of lactide polymerization with the obtained com-
plexes, a model oligomerization was performed using a relatively large amount of Zn-
[(acac)(LTrp)H2O]. The reactions were conducted in a benzene solution at 100 ◦C in a
150 mL glass reactor equipped with a magnetic stirrer, an argon gas supplier, and a reflux
condenser. Next, 60 mL of anhydrous benzene was added to the reactor. After heating to
60 ◦C, 4.17 mmol of Zn[(acac)(LPhe)H2O] was introduced into the vessel. Subsequently,
when the initiator had dissolved, 50 mmol of L-lactide was added. For the tests, samples
were taken with a syringe after 20 min and 1.5 and 9 h of the reaction.

The polymers for biological tests were obtained by polymerization carried out for 36 h
under bulk conditions at 120 ◦C (Table 3). The polymers were ground using a cryogenic
grinder and sieved. The fraction with a diameter of 10 to 100 µm was selected for the
subsequent tests.



Int. J. Mol. Sci. 2021, 22, 6950 16 of 20

Table 3. Properties of the tested polymers.

Initiator Molar Ratio I/M Total Conversion (%) Mn (g/mol) Ð

Tin (II) 2-ethylhexanoate
1: 400 93 50,200 2.3

Zn[(acac)(LPhe)H2O]
1:150

Zn[(acac)(LPhe)H2O]
1: 400

97 10,200 2.8

95 31,700 2.2

Zn[(acac)(LTrp)H2O]
1:150 98 12,100 2.6

Zn[(acac)(LTrp)H2O]
1:400 98 38,900 2.1

Note: Poly(L-lactide) obtained in bulk, at 120 ◦C, after 36 h. I/M—molecular ratio initiator: L-lactide; Mn—the average molecular mass;
Ð—dispersion of the molecular mass.

3.5. Estimation of the Antibacterial and Antifungal Activities of the Tested Samples

Inhibitory concentrations were estimated using a microtiter broth dilution method,
as recommended by the Clinical and Laboratory Standards Institute [47]. Samples of
each tested compound or polymers were prepared at the concentrations of 20, 10, 1, and
0.1 mg/mL by making an aqueous solution (for water-soluble samples) or a water suspen-
sion and then quickly tested. Serial two-fold dilutions of the different test compounds were
prepared in test tubes. Test tubes without the test compounds were used as the positive
growth control. A diluted bacterial suspension was added to each test tube to yield a final
concentration of 5 × 105/5 × 106 colony forming units (cfu)/mL, as confirmed by viable
cell count (determined by turbidimetric method). Bacterial inoculum was used as the
negative growth control. The plates were incubated at 37 ◦C for 24 and 48 h. The contents
of the test tube showing no visible growth were plated on selective substrates, and the
number of colonies was counted after overnight incubation at 37 ◦C. For each strain, at
least three independent determinations were performed, and the modal value was taken.
The following strains were selected for the study:

Gram-positive:
Staphylococcus aureus NCTC 10788/ATCC 6538;
Staphylococcus epidermidis NCTC 13360/ATCC 1222.
Gram-negative:
Escherichia coli NCTC 12923/ATCC® 8739;
Pseudomonas aeruginosa NCTC 12924 / ATCC 9027.
Fungi:
Aspergillus brasiliensis NCPF 2275/ATC C 16404.
Yeast:
Candida albicans NCPF 3179/ATCC 10231.
All strains were obtained from Biomaxima S.A., Biocorp Microbiology Center, Poland.

The following substrates were used for culture: E. coli—MacConkey Agar; P. aeruginosa—
Cetrimide Agar; S. aureus and S. epidermidis—Chapman-Mannitol Salt Agar; C. albicans and
A. brasiliensis—Sabouraud Dextrose Agar. All substrates were obtained from Biomaxima
S.A., Poland.

To estimate the MICs of the synthesized compounds, the following concentrations
were used: 0.001, 0.01, 0.1, 1, and 10.0 mg/mL.

3.6. Cytocompatibility Studies

In vitro cytocompatibility of both the polymeric materials and initiators was studied
using the human normal CCD-11Lu fibroblast cell line (ATCC; CCL-202). Initiators were
simply dissolved in a complete culture medium and solutions were filtered through 0.2 µm
syringe filters. Polymers were extracted in a complete culture medium according to ISO
10993-12. To prepare the extracts, polymeric specimens were dipped in medium (0.1 g
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of material per 1 mL of medium) and incubated for 24 h with gentle agitation. Extracts
were sterilized by filtration (0.2 µm syringe filters) and diluted 1/1 (undiluted), 1/2, 1/4,
1/8, and 1/16. The control culture medium was treated in the same way as the extraction
medium except that there was no polymeric specimen. CCD-11Lu cells were cultured in
MEM medium (Minimum Essential Medium Eagle, Sigma-Aldrich) supplemented with
10% FBS (Pan Biotech), 100 U/mL penicillin, 100 µg/mL streptomycin, and 10 mM HEPES
(Sigma-Aldrich). Cells were maintained at 37 ◦C in a humidified atmosphere containing
5% CO2. To test for cytotoxicity, cells were seeded into 96-well plates (104 cells/well in
100 µL of culture medium) and allowed to adhere for 24 h. Subsequently, the medium was
replaced with polymer extracts or solutions of initiators and the cells were cultured for the
next 24 h. As an indicator of cellular death, the release of lactate dehydrogenase (LDH) was
determined using the In Vitro Toxicology Assay Kit, Lactate Dehydrogenase Based (Sigma
Aldrich). In selected wells, cells were lysed before the assay to determine the maximal
LDH release (high control). Then, plates were centrifuged (200 RCF, 4 min.) and medium
samples of 50 µL each were transferred to the separate test microplates. LDH activity
in the media was assessed according to the manufacturer’s instruction. The absorbance
was measured at wavelengths of 490 nm and 690 nm (background) and cytotoxicity was
calculated according to the following formula:

Cytotoxicity (%) = (AT − AC/AH − AC)∗100 (1)

where AT is the absorbance of the treated wells; AC is the control; and AH is the high
control (maximal LDH release).

In the plates with cells, the culture medium was replaced with a fresh one, and the
viability of the cells was assessed using the In Vitro Toxicology Assay Kit, Resazurin Based
(Sigma Aldrich). Cells were incubated with the resazurin solution and the absorbance
was measured at wavelengths of 595 nm and 690 nm (background). Absorbance decrease
relative to the blank (wells without cells) was used as an indicator of cell viability.

3.7. Measurements

The conversion of the reaction and structure of the obtained products was determined
with NMR spectroscopy. The 1H NMR spectra were recorded at 600 MHz with a Bruker
Avance IITM 500 MHz at 25 ◦C. Dried DMSO-d6 was used as a solvent, and tetramethylsi-
lane was applied as the internal standard. The spectra were obtained with 64 scans, a 2.65 s
acquisition time, and a 11 µs pulse width.

The number-average and weight-average molar masses of the oligomers were deter-
mined by gel permeation chromatography with a Viscotek RImax chromatograph (Malvern
Panalytical Ltd., Malvern, UK). Chloroform was used as the eluent, and the temperature
and flow rate were 35 ◦C and 1 mL/min, respectively. Two PL Mixed E columns with
a Viscotek model 3580 refractive index detector and injection volume equal to 100 mL
were used.

FTIR spectra were recorded on a JASCO FTIR-6700 (JASCO Deutschland GmbH,
Pfungstadt, Germany) spectrometer, using a TGS detector with 64 scans and at 4 cm−1

resolution. Samples were analyzed in a form of pellets in KBr.
The percentage of carbon, hydrogen, and nitrogen in the samples was determined by

the VARIO EL III Element analyzer (Elementar Analysensysteme GmbH).

3.8. DFT Calculations

All geometric structures of the zinc complexes were fully optimized at the B3LYP/6-
311G* density functional (DFT) level [48] by using the Gaussian 03 Rev. E.01-SMP pro-
gram [49]. The obtained geometry was visualized with the GaussView 4.1 program [50].

4. Conclusions

By using carefully selected ROP initiators of lactides with good polymerization ini-
tiation efficiency, low toxicity, and high antibacterial activity, it is possible to obtain a
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bacteriostatic polymer with properties relevant for many biomedical applications. In
the present work, the use of zinc complexes allowed to obtain some aliphatic biore-
sorbable co-polyesters with the ability to inhibit the growth of bacteria and fungi and
showing biocompatibility with skin cells. The types of oligo- and polyesters obtained
with Zn[(acac)(LPhe)H2O], in the form of special carriers of the bioactive agents, as an
ingredient for formulations, could be used in cosmetology and dermatology.

Author Contributions: Conceptualization P.D. and R.B.-F.; investigation, M.P., R.B.-F., B.K., M.S.,
A.W., P.R., A.K., M.J.-K., A.O. and P.D.; writing—original draft preparation, P.D. and P.R.; writing—
review and editing, P.D. and P.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the NATIONAL SCIENCE CENTER POLAND, grant num-
ber UMO-2019/33/B/ST5/00743: “Bioresorbable polymers and polymer blends with bactericidal
properties for use in cosmetics and dermatology”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Most of the data was included in the publication. The others source
data presented in this study are available on request from the corresponding author. The data are not
publicly available due to the present lack of access to a trusted public depository.

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

References
1. Antibiotic Resistance—An Increasing Threat to Human Health. Available online: https://antibiotic.ecdc.europa.eu/en/

publications-data/antibiotic-resistance-increasing-threat-human-health (accessed on 9 May 2021).
2. Biggest Threats and Data. Available online: https://www.cdc.gov/drugresistance/biggest-threats.html (accessed on 19 March 2021).
3. Claudel, M.; Schwarte, J.V.; Fromm, K.M. New antimicrobial strategies based on metal complexes. Chemistry 2020, 2, 849–899.

[CrossRef]
4. Mjos, K.D.; Orvig, C. Metallodrugs in medicinal inorganic chemistry. Chem. Rev. 2014, 114, 4540–4563. [CrossRef]
5. Haas, K.L.; Franz, K.J. Application of metal coordination chemistry to explore and manipulate cell biology. Chem. Rev.

2009, 109, 4921–4960. [CrossRef] [PubMed]
6. A Toxicological Profile for Zinc, Agency for Toxic Substances and Disease Registry Division of Toxicology, Atlanta August. 2005.

Available online: https://wwwn.cdc.gov/TSP/ToxProfiles/ToxProfiles.aspx?id=302&tid=54 (accessed on 26 June 2021).
7. Joseyphus, R.S.; Sivasankaran, M.N. Antibacterial and antifungal studies on some schiff base complexes of Zinc(II). Mycobiology

2008, 36, 93–98. [CrossRef] [PubMed]
8. Chohan, Z.H.; Scozzafava, A.; Supuran, C.T. Zinc complexes of benzothiazole-derived schiff bases with antibacterial activity.

J. Enzym. Inhib. Med. Chem. 2003, 18, 259–263. [CrossRef] [PubMed]
9. Da Silva, C.M.; da Silva, D.L.; Modolo, L.V.; Alves, R.B.; de Resende, M.A.; Martins, C.V.B.; de Fátima, Â. Schiff bases: A short

review of their antimicrobial activities. J. Adv. Res. 2011, 2, 1–8. [CrossRef]
10. Slassi, S.; El-Ghayoury, A.; Aarjane, M.; Yamni, K.; Amine, A. New copper(II)and zinc(II) complexes based on azo Schiff base

ligand: Synthesis, crystal structure, photoisomerization study and antibacterial activity. Appl. Organometal. Chem. 2020, 34, e5503.
[CrossRef]

11. Yousif, E.; Majeed, A.; Al-Sammarrae, K.; Salih, N.; Salimon, J.; Abdullah, B. Metal complexes of Schiff base: Preparation,
characterization and antibacterial activity. Arab. J. Chem. 2017, 10, S1639–S1644. [CrossRef]

12. Ommenya, F.K.; Nyawade, E.A.; Andala, D.M.; Kinyua, J. Synthesis, characterization and antibacterial activity of schiff base,
-Chloro-2-{(E)-[(4-Fluorophenyl)imino]methyl}phenol metal (II) complexes. J. Chem. 2020, 2020, 8. [CrossRef]

13. Lück, E.; Jager, M. Packaging and Coatings. In Antimicrobial Food Additives; Springer: Berlin/Heidelberg, Germany, 1997.
14. Sofos, J.N.; Branen, A.L. Antimicrobials in Food, 3rd ed.; Davidson, P.M., Ed.; CRC Press Taylor & Francis: Boca Raton, FL, USA, 2005.
15. Halla, N.; Fernandes, I.P.; Heleno, S.A.; Costa, P.; Boucherit-Otmani, Z.; Boucherit, K.; Rodrigues, A.E.; Ferreira, I.C.F.R.; Barreiro,

M.F. Cosmetics preservation: A review on present strategies. Molecules 2018, 23, 1571. [CrossRef]
16. Greenhalgh, R.; Dempsey-Hibbert, N.C.; Whitehead, K.A. Antimicrobial strategies to reduce polymer biomaterial infections and

their economic implications and considerations. Int. Biodeterior. Biodegrad. 2019, 136, 1–14. [CrossRef]
17. Sedlarik, V. Chapter 7 Antimicrobial Modifications of Polymers. In Biodegradation Life of Science; Chamy, R., Ed.; IntechOpen:

London, UK, 2013.
18. Lyu, J.S.; Lee, J.-S.; Han, J. Development of a biodegradable polycaprolactone film incorporated with an antimicrobial agent via

an extrusion process. Sci. Rep. 2019, 9, 20236. [CrossRef] [PubMed]

https://antibiotic.ecdc.europa.eu/en/publications-data/antibiotic-resistance-increasing-threat-human-health
https://antibiotic.ecdc.europa.eu/en/publications-data/antibiotic-resistance-increasing-threat-human-health
https://www.cdc.gov/drugresistance/biggest-threats.html
http://doi.org/10.3390/chemistry2040056
http://doi.org/10.1021/cr400460s
http://doi.org/10.1021/cr900134a
http://www.ncbi.nlm.nih.gov/pubmed/19715312
https://wwwn.cdc.gov/TSP/ToxProfiles/ToxProfiles.aspx?id=302&tid=54
http://doi.org/10.4489/MYCO.2008.36.2.093
http://www.ncbi.nlm.nih.gov/pubmed/23990740
http://doi.org/10.1080/1475636031000071817
http://www.ncbi.nlm.nih.gov/pubmed/14506917
http://doi.org/10.1016/j.jare.2010.05.004
http://doi.org/10.1002/aoc.5503
http://doi.org/10.1016/j.arabjc.2013.06.006
http://doi.org/10.1155/2020/1745236
http://doi.org/10.3390/molecules23071571
http://doi.org/10.1016/j.ibiod.2018.10.005
http://doi.org/10.1038/s41598-019-56757-5
http://www.ncbi.nlm.nih.gov/pubmed/31882928


Int. J. Mol. Sci. 2021, 22, 6950 19 of 20

19. Lynch, R.J.M. Zinc in the mouth, its interactions with dental enamel and possible effects on caries; a review of the literature.
Int. Dent. J. 2011, 61, 46–54. [CrossRef]

20. Sirelkhatim, A.; Mahmud, S.; Seeni, A.; Kaus, N.H.M.; Ann, L.C.; Bakhori, S.K.M.; Hasan, H.; Mohamad, D. Review on Zinc oxide
nanoparticles: Antibacterial activity and toxicity mechanism. Nano Micro Lett. 2015, 7, 219–242. [CrossRef] [PubMed]

21. Pasquet, J.; Chevalier, Y.; Pelletier, J.; Couval, E.; Bouvier, D.; Bolzinger, M. The contribution of zinc ions to the antimicrobial
activity of zinc oxide. Colloids Surf. A Physicochem. Eng. Asp. 2014, 457, 263–274. [CrossRef]

22. Knauf, G.A.; Cunningham, A.L.; Kazi, M.I.; Riddington, I.M.; Crofts, A.A.; Cattoir, V.; Trent, M.S.; Davies, B.W. Exploring the
antimicrobial action of quaternary amines against acinetobacter baumannii. mBio 2018, 9, e02394-17. [CrossRef]

23. Fair, W.R.; Wehner, N. Antibacterial action of spermine: Effect on urinary tract pathogens. Appl. Microbiol. 1971, 21, 6–8. [CrossRef]
24. Pastusiak, M.; Dobrzynski, P.; Kaczmarczyk, B.; Kasperczyk, J.; Smola, A. The polymerization mechanism of lactide initiated with

zinc (II) acetylacetonate monohydrate. Polymer 2011, 52, 5255–5261. [CrossRef]
25. Pastusiak, M.; Dobrzynski, P.; Kaczmarczyk, B.; Kasperczyk, J. Polymerization mechanism of trimethylene carbonate carried out

with Zinc(II) acetylacetonate monohydrate. J. Polym. Sci. Part A 2011, 49, 2504–2512. [CrossRef]
26. Fuchs, M.; Schmitz, S.; Schäfer, P.; Secker, T.; Metz, A.; Ksiazkiewicz, A.N.; Pich, A.; Kögerler, P.; Monakhov, K.Y.; Herres-

Pawlis, S. Mononuclear zinc(II) Schiff base complexes as catalysts for the ring-opening polymerization of lactide. Eur. Polym. J.
2020, 122, 109302. [CrossRef]

27. DuChane, C.M.; Brown, L.C.; Dozier, V.S.; Merola, J.S. Synthesis, characterization, and antimicrobial activity of RhIII and IrIII
β-diketonato piano-stool compounds. Organometallics 2018, 37, 530–538. [CrossRef]

28. Abdel-Rahman, L.H.; Abu-Dief, A.M.; Mounir, M.I.; Nahla, A.A.M.; Hashem, A. Synthesis, structure elucidation, biological
screening, molecular modeling and DNA binding of some Cu(II) chelates incorporating imines derived from amino acids.
J. Mol. Struct. 2016, 1103, 232–244. [CrossRef]

29. Malakyan, M.; Babayan, N.; Grigoryan, R.; Sarkisyan, N.; Tonoyan, V.; Tadevosyan, D.; Matosyan, V.; Aroutiounian, R.; Arakelyan,
A. Synthesis, characterization and toxicity studies of pyridinecarboxaldehydes and L-tryptophan derived Schiff bases and
corresponding copper (II) complexes. F1000Research 2016, 5, 1921. [CrossRef]

30. Kaczmarczyk, B. FTIR study on conjugation in selected aromatic polyazomethines. J. Mol. Str. 2013, 1048, 179–184. [CrossRef]
31. Altun, Ö.; Koçer, M.Ö. Pt(II) complex of Schiff base derived from L-phenylalanine and furfuraldehyde in the presence of

8-hydroxyquinoline: Structural analysis, composition of complex and biological activity. C. R. Chimie 2020, 23, 127–142. [CrossRef]
32. Kaczmarczyk, B. FTIR studies on protonation in selected polyazomethines. J. Mol. Str. 2013, 1054–1055, 223–227. [CrossRef]
33. Montgomery, H.; Lingafelter, E.C. The crystal structure of monoaquo bis acetylacetonato zinc. Acta Cryst. 1963, 16, 748–752.

[CrossRef]
34. Muthukumar, M.; Balasubramanian, V. Theoretical studies on structure of acetylacetonates of Zn(II), Cd(II) and Hg(II).

Asian J. Chem. 2009, 21, 716–724.
35. Kurosaki, H.; Hayashi, K.; Ishikawa, Y.; Goto, M. The first trigonal-bipyramidal structure of Zinc(II) complex of a bleomycin

model. Chem. Lett. 1995, 24, 691–692. [CrossRef]
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