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Biobased polymers derived from itaconic acid
bearing clickable groups with potent antibacterial
activity and negligible hemolytic activity+
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Herein, we report, for the first time, the synthesis of clickable polymers derived from biobased itaconic
acid, which was then used for the preparation of novel cationic polymers with antibacterial properties and
low hemotoxicity via click chemistry. ltaconic acid (IA) was subjected to chemical modification by incor-
porating clickable alkyne groups on the carboxylic acids. The resulting monomer with pendant alkyne
groups was easily polymerized and copolymerized with dimethyl itaconate (DMI) by radical polymeriz-
ation. The feed molar ratio of comonomers was varied to precisely tune the content of alkyne groups in
the copolymers and the amphiphilic balance. Subsequently, an azide with a thiazole group, which is a
component of the vitamin thiamine (B1), was attached onto the polymers by copper-catalyzed azide-
alkyne cycloaddition (CuAAC) click chemistry leading to triazole linkages. N-Alkylation reactions of the
thiazole and triazole groups with methyl and butyl iodides provide the corresponding itaconate derivatives
with pendant azolium groups. The copolymers with variable cationic charge densities and hydrophobic/
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hydrophilic balances, depending on the comonomer feed ratio, display potent antibacterial activity
against Gram-positive bacteria, whereas the activity was almost null against Gram-negative bacteria.
Hemotoxicity assays demonstrated that the copolymers exhibited negligible hemolysis and excellent
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Introduction

In the last few years, antimicrobial peptides (AMPs) have
inspired the synthesis of novel antimicrobial polymers with
potent efficiency for the treatment of microbial infections also
caused by antibiotic-resistant bacteria."” These polymers are
typically amphiphilic structures able to attach to negatively
charged bacterial membranes with cationic hydrophilic seg-
ments, and, then, insert into them through the hydrophobic
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selectivity, more than 1000-fold, for Gram-positive bacteria over human red blood cells.

parts disrupting the cytoplasmic membrane.>* This action is
rapid and makes it relatively difficult for the bacteria to
develop resistance. As an additional advantage, in the majority
of the reported synthetic polymers, the problems associated
with AMPs such as high cost and poor pharmacokinetic
properties have been overcome. However, most synthetic
antimicrobial polymers are based on non-degradable
backbones,””® which limit their application in clinical uses as
they can be accumulated in the body and exert long term tox-
icity. Biodegradability is also an important and desired prop-
erty for many biomedical applications including bioresorbable
stents and prosthesis, food packaging and agricultural uses,
which also contributes to sustainability by reducing the waste
impact of fossil-based polymers. Although little research
has been performed until now on the synthesis of biobased/
biodegradable antimicrobial polymers,” recently, a few
examples have been reported that include functionalized
polycarbonates'®"  polycaprolactone'® and polylactides.'®
Biobased polymers such as polylactides also possess properties
such as biocompatibility, environmental safety and sustain-
ability, which could be essential in biomedical devices, wound
dressing, food packaging, textiles and cosmetic applications.
Therefore, research on sustainable antimicrobial materials is

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/polymers
http://orcid.org/0000-0002-0734-766X
http://orcid.org/0000-0003-0210-1246
http://crossmark.crossref.org/dialog/?doi=10.1039/d1py00098e&domain=pdf&date_stamp=2021-05-27
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1py00098e
https://rsc.66557.net/en/journals/journal/PY
https://rsc.66557.net/en/journals/journal/PY?issueid=PY012021

Open Access Article. Published on 05 May 2021. Downloaded on 8/2/2025 1:33:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

necessary and remains a challenge in the fields of polymer
chemistry and materials science. On this basis, itaconic acid
(IA) is a very promising biorenewable building block and one
of the top chemicals obtained from biomass, whose annual
production is estimated to be more than 80 kilotons."
Itaconic acid is produced on a large scale by fermentation of
biomass such as corn or rice, and also from lignocellulosic
feedstocks.’® Due to the different functionalities of itaconic
acid, polymeric derivatives can be synthesized either through
radical polymerization'®'” of the itaconic acid via the
a,p-unsaturated double bonds or through subjecting the
double carboxylic groups to polycondensation.'®'® Thanks to
these structural characteristics and its similarity to acrylic
acid, IA and its derivatives such as dimethyl itaconate (DMI)
have been extensively investigated as alternative monomers to
prepare acrylic and methacrylic polymers. Also, the possibility
of modifying the remaining functional groups via post
polymerization reactions®>*! extends even more the potential
of developing new materials with tunable properties. Most of
these modification reactions reported in the literature involve
the double bond functionalities rather than the carboxylic acid
groups.

Here, we proposed a new versatile method to modify the
carboxylic acids of the itaconic acid monomer by incorporating
pendant alkyne groups leading to clickable itaconic acid
derivatives that can be polymerized via radical polymerization.
This new approach can be used to further functionalize the IA-
biobased polymers by copper-catalyzed azide-alkyne cyclo-
addition (CuAAC) click chemistry via triazole linkages. The
facile and efficient reaction will allow the synthesis of new
functional polymers. Specifically, we focused on incorporating
antimicrobial azolium functionalities derived from vitamin
thiamine (B1) to render biobased antimicrobial polymers.

Experimental section
Materials

For the preparation of polymers, the following chemicals were
obtained. 2-(4-Methylthiazol-5-yl)ethanol azide was syn-
thesized as previously described.*” Itaconic acid (IA, >99%),
propargyl alcohol (>99%), 4-(dimethylamino)pyridine (DMAP,
>99%), N,N'-dicyclohexylcarbodiimide (DCC, 99%), hydro-
quinone (99%), copper(r) chloride (CuCl, >99.995%), N,N,N’,
N",N"-pentamethyldiethylenetriamine (PMDETA, 99%),
dimethyl itaconate (DMI, 99%), iodomethane (Mel, 99.5%),
1-iodobutane (Bul, 99%), neutral aluminum oxide, sodium
bicarbonate (NaHCO3, >99.7%), magnesium sulfate anhydrous
(MgSO,, >99.5%), ammonium persulfate (APS, 98%), anhy-
drous tetrahydrofuran (THF, 99.9%), and anhydrous N,N-di-
methylformamide (DMF, 99.8%) were purchased from Sigma-
Aldrich and used as received. The radical initiator 2,2'-azobisi-
sobutyronitrile (AIBN, 98%) was purchased from Acros and
was recrystallized twice from methanol. All the organic sol-
vents were of AR grade, and tetrahydrofuran (THF), N,N-di-
methylformamide (DMF), ethanol (EtOH), isopropyl alcohol
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(iPrOH), hexane and chloroform (CHCl;) were obtained from
Scharlau. Ethyl acetate (EtOAc) was obtained from Cor
Quimica S.L., toluene from Merck and sulfuric acid (H,SO,)
from Panreac. Deuterated chloroform (CDCl;), water (D,O) and
dimethyl sulfoxide (DMSO-ds) were acquired from Sigma-
Aldrich. Cellulose dialysis membranes (CelluSep T1) were pur-
chased from Membrane Filtration Products, Inc.

For the antibacterial assay, the following were obtained:
sodium chloride solution (NaCl suitable for cell culture,
BioXtra) and phosphate buffered saline powder (pH 7.4) were
obtained from Sigma-Aldrich. BBL Mueller-Hinton broth used
as a microbial growth medium was purchased from Becton,
Dickinson and Company and 96 well microplates were pur-
chased from BD Biosciences. Columbia agar (5% sheep blood)
plates were obtained from BioMérieux. American Type Culture
Collection (ATCC): Pseudomonas aeruginosa (P. aeruginosa,
ATCC 27853), Escherichia coli (E. coli, ATCC 25922),
Staphylococcus epidermidis (S. epidermidis, ATCC 12228) and
Staphylococcus aureus (S. aureus, ATCC 29213), used as bac-
terial strains, were purchased from Oxoid.

Characterization

'H and *C NMR spectra were recorded on a Bruker Avance III
HD-400AVIII spectrometer at room temperature using CDCl;,
DMSO-d¢ and D,O as solvents (purchased from Sigma-
Aldrich). Fourier transform infrared (FTIR) spectra were
recorded on a PerkinElmer Spectrum Two instrument,
equipped with an attenuated total reflection (ATR) module.
Mass spectrometry (MS) analysis was performed for high
resolution ESI measurements using an Agilent 6500 Series
Accurate-Mass Q-TOF LC/MS System, equipped with an
Agilent 1200 LC. Size exclusion chromatography (SEC)
measurements were performed using a Waters Division
Millipore system equipped with a Waters 2414 refractive
index detector. DMF (Scharlau) stabilized with 0.1 M LiBr
(Sigma Aldrich, >99.9%) was used as an eluent at a flow rate
of 1 mL min™' at 50 °C. Calibration was made with poly
(methyl methacrylate) standards (Polymer Laboratories Ltd).
Zeta potential measurements of the cationic copolymers in
distilled water at 25 °C were performed with a Zetasizer Nano
series ZS (Malvern Instruments Ltd) using the Smoluchowski
equation.

Synthesis of di( prop-2-yn-1-yl) itaconate (PrI)

The monomer di(prop-2-yn-1-yl)itaconate bearing clickable
alkyne groups was synthesized via the condensation reaction
of itaconic acid with propargyl alcohol according to Scheme 1.

Briefly, itaconic acid (15.0 g, 115 mmol), propargyl alcohol
(32.3 g, 576 mmol) and hydroquinone (1.26 g, 11.5 mmol)
were placed in a three neck flask equipped with a Dean-Stark
trap and the mixture was dissolved in THF (50 mL) at 60 °C.
Then, toluene (250 mL) and H,SO, (300 pL, 5.75 mmol) were
added and the reaction mixture was heated under reflux for
24 h, during which period 4 mL of water was collected. After
that, the solvents were partially removed under reduced
pressure using a rotary evaporator, and the mixture was

Polym. Chem., 2021, 12, 3190-3200 | 3191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1py00098e

Open Access Article. Published on 05 May 2021. Downloaded on 8/2/2025 1:33:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Polymer Chemistry

Toluene/THF
o H,SO0, 0

o OH + HO\/

Scheme 1 Synthesis of di(prop-2-yn-1-yl) itaconate (Prl).

washed repeatedly with saturated NaHCO; aqueous solution.
The organic extract was dried over anhydrous MgSO, and then
filtered. The residual reaction mixture was finally purified by
passing through a neutral alumina column using
hexane: EtOAc (1:1) as a solvent. After solvent evaporation
under reduced pressure, a yellow oil was obtained (22.998 g,
97% yield). HR-MS (ESI): mj/z required for C;;H;¢O4,
206.05863; found, 206.05791.

'"H-NMR (400MHz, CDCl;), §(ppm): 6.40 (d, 1H, =CH,),
5.80 (d, 1H, =CH,), 4.76 (d, 2H, -CH,C=CH), 4.70 (d, J = 2.45,
2H, -CH,C=CH), 3.40 (s, 2H, -CH,), 2.48 (m, J = 2.45, 2H,
-CH,C=CH).

3C-NMR (100MHz, CDCl;), §(ppm): 169.80 (C=0), 165.75
(C=0), 132.78 (-C=CH,), 130.03 (-C—CH,), 75.22 (2C,
-CH,C=CH), 52.72 (-CH,C=CH), 52.56 (-CH,C=CH), 37.38
(-CH,).

Synthesis of bis((1-(2-(4-methylthiazol-5-yl)ethyl)-1H-1,2,3-
triazol-4-yl)methyl) itaconate (TTI)

The monomer TTI bearing thiazol and triazol moieties was
synthesized by the alkyne-azide click cycloaddition reaction
between the PrI monomer previously prepared and 2-(4-
methylthiazol-5-yl)ethanol azide (see Scheme S1 in the ESI¥).
In a typical experiment, PrI (0.612 g, 2.97 mmol), 2-(4-methyl-
thiazol-5-yl)ethanol azide (1.025 g, 6.10 mmol), PMDETA
(208 pL, 1 mmol) and CuCl (0.030 g, 0.30 mmol) were dis-
solved in 30 mL of CHCI;. The reaction mixture was stirred at
room temperature for 24 h. Then, the reaction mixture was
passed through a neutral alumina column to remove the
copper compounds. The monomer was purified by column
chromatography using first hexane : EtOAc (from 1:1 to 1:3)
as a solvent and then ethanol. Afterwards, the solvent was
removed by rotary evaporation to obtain a yellow liquid
(0.822 g, 51% yield).

'H-NMR (400 MHz, CDCl;), &(ppm): 8.57 (s, 1H,
H-thiazole), 8.56 (s, 1H, H-thiazole), 7.42 (s, 1H, H-triazole),
7.40 (s, 1H, H-triazole), 6.32 (s, 1H, =CH,), 5.70 (s, 1H,
=CH,), 5.22 (s, 2H, O-CH,-triazole), 5.15 (s, 2H, O-CH,-tri-
azole), 4.55 (t, J = 6.8, 4H, CH,-N), 3.39 (t, J = 6.8, 4H, CH,-
thiazole), 3.32 (s, 2H, -CH,-), 2.21 (s, 6H, CH;-thiazole).

3C-NMR (100 MHz, CDCl;), §(ppm): 170.50 (C=0), 165.90
(C=0), 150.85 (2C, thiazole C-CHj3;), 150.50 (2C, thiazole C-H),
142.77 (2C, triazole Cguar), 133.23 (-C=CH,), 129.77
(-C=CH,), 125.85 (2C, thiazole Cgyu,), 124.5 (triazole C-H),
124.4 (triazole C-H), 58.26 (O-CH,-), 58.14 (O-CH,-), 51.18
(2C, CH,-N), 37.94 (-CH,-), 27.45 (2C, -CH, thiazole), 14.71
(2C, CH;-thiazole).
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Synthesis of poly(di( prop-2-yn-1-yl)itaconate-co-dimethyl
itaconate) copolymers (P100, P75, P50, P25, and P0)

A series of copolymers and homopolymers with different
chemical compositions were prepared by conventional radical
polymerization of PrI and DMI comonomers using different
feed molar ratios (PrI/DMI = 100/0, 75/25, 50/50, 25/75 and
0/100), at a total concentration of 2 M in anhydrous DMF, at
70 °C. The copolymers were named P100, P75, P50, P25 and PO
for the feed molar ratios PrI/DMI = 100/0, 75/25, 50/50, 25/75
and 0/100, respectively. Briefly (e.g. for the sample PrI/DMI =
50/50, copolymer P50), both monomers, Prl (2.06 g,
10.0 mmol) and DMI (1.59 g, 10.0 mmol), at a total concen-
tration of 2 M in anhydrous DMF, were added into a glass
tube. Subsequently, the initiator AIBN (0.16 g, 1.0 mmol) was
added and the mixture was deoxygenated by purging argon for
15 min. The polymerization reaction mixture was stirred at
70 °C for 24 h. The copolymer was isolated by precipitation in
ethanol, yielding a white solid, which was collected and dried
overnight under vacuum at room temperature (1.654 g, 45%).

Copolymer P50: 'H-NMR (400 MHz, CDCl;), §(ppm): 4.67
(4H, -CH,C=CH), 3.58 (6H, O-CH;), 2.49 (2H, ~-CH,C=CH),
1.99-1.00 (8H, CH,—-CO and -CH,-chain).

Copolymer P50: '"H-NMR (400 MHz, DMSO-d¢), 6(ppm):
4.67 (4H, -CH,C=CH), 3.58 (6H, O-CH; and 2H, -CH,C=CH),
3.00-1.50 (8H, -CH,CO and CH,-chain-).

Synthesis of poly(bis((1-(2-(4-methylthiazol-5-yl)ethyl)-1H-
1,2,3-triazol-4-yl)methyl )itaconate-co-dimethyl itaconate)
copolymers (P100T, P75T, P50T and P25T)

The incorporation of the thiazole and triazole moieties into
the homopolymer (P100) and copolymers (P75, P50, and P25)
was performed by Cu(i)-catalyzed azide-alkyne cycloaddition
(CuAAC) click chemistry using 2-(4-methylthiazol-5-yl)ethanol
azide. In a typical procedure, the copolymer (e.g. for the
sample P50) (1.60 g, 8.8 meq. of alkyne groups), 2-(4-methyl-
thiazol-5-yl)ethanol azide (1.51 g, 9.0 mmol), PMDETA (312 pL,
1.5 mmol) and CuCl (0.05 g, 0.5 mmol) were dissolved in
40 mL of CHCl;. The mixture was stirred at room temperature
for 24 h and then it was passed through a neutral alumina
column. The resulting copolymer was isolated by precipitation
in hexane, and the degree of modification was almost quanti-
tative. The copolymers were named P100T, P75T, P50T, and
P25T for the molar ratios TTI/DMI = 100/0, 75/25, 50/50 and
25/75, respectively.

Copolymer P50T: "H-NMR (400 MHz, CDCL;), 5(ppm): 8.61
(2H, H-thiazole), 7.71 (2H, H-triazole), 5.15 (4H, O-CH,-tri-
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azole), 4.62 (4H, CH,-N), 3.64 (6H, O-CH) 3.45 (4H, CH,-thia-
zole), 2.21 (6H, CHj-thiazole), 2.00-1.00 (8H, CH,-CO and
—-CH,-chain).

Copolymer P50T: "H-NMR (400 MHz, DMSO-dg), §(ppm):
8.74 (2H, H-thiazole), 8.00 (2H, H-triazole), 5.01 (4H, O-CH,-
triazole), 4.52 (4H, CH,-N), 3.50 (6H, O-CH;) 3.26 (4H, CH,-
thiazole), 2.10 (6H, CHj-thiazole), 3.00-1.50 (8H, CH,CO and
CH,-chain-).

Quaternization reactions: synthesis of cationic polymers
(P100T-Q, P75T-Q, P50T-Q, and P25T-Q)

The homopolymer (P100T) and the copolymers (P75T, P50T
and P25T) were modified by the N-alkylation reaction with
either iodomethane (Mel) or 1-iodobutane (Bul) leading to the
corresponding cationic polymers. A typical quaternization reac-
tion with Mel is described below for the P50T copolymer as an
example. The copolymer (1.50 g, 4.3 meq. of thiazole and
4.3 meq. of triazole groups) was dissolved in 25 mL of anhy-
drous DMF and then a large excess of Mel was added (2.7 mL,
43.0 mmol; the ratio of thiazole and triazole groups to alkyl
iodide is ~ 1:5). The mixture was deoxygenated with argon for
15 min, sealed, and then stirred at 70 °C for one week to
achieve a high degree of modification. The resulting cationic
copolymer was purified by precipitation in n-hexane followed
by dialysis against distilled water and finally was isolated by
freeze-drying. The degree of quaternization was almost quanti-
tative. The copolymers quaternized with methyl iodide were
named P100T-Me, P75T-Me, P50T-Me, and P25T-Me and those
quaternized with butyl iodide were named P100T-Bu, P75T-Bu,
P50T-Bu, and P25T-Bu.

Homopolymer P100T-Me: 'H-NMR (400 MHz, D,0),
S(ppm): 8.89 (2H, H-thiazole), 7.96 (2H, H-triazole), 5.44 (4H,
O-CH)-triazole), 5.02 (4H, CH,-N), 4.37 (6H, N'CHj triazole),
4.10 (6H, N'CHj; thiazole), 3.77 (4H, CH,thiazole), 2.51 (6H,
CH;-thiazole).

Homopolymer P100T-Bu: "H-NMR (400 MHz, D,0), §(ppm):
8.93 (2H, H-thiazole), 8.20 (2H, H-triazole), 5.46 (4H, O-CH,-
triazole), 5.05 (4H, CH,-N), 4.65 (4H, N'CH, triazole), 3.45
(4H, N'CH, thiazole), 3.9-3.50 (4H, CH,-thiazole), 2.54 (6H,
CHj-thiazole), 1.90 (8H, CH,~CH,-CHj3), 1.37 (8H, CH,-CH,-
CHj,), 0.96 (12H, CH,~CH,-CHj).

Copolymer P50T-Me: 'H-NMR (400 MHz, D,0), §(ppm):
8.92 (2H, H-thiazole), 8.07 (2H, H-triazole), 5.48 (4H, O-CH,-
triazole), 5.05 (4H, CH,-N), 4.41 (6H, N'CH; triazole), 4.13
(6H, N'CH; thiazole), 3.80 (4H, CH,-thiazole), 3.68 (6H,
-0-CH3), 2.53 (6H, CH;-thiazole).

Copolymer P150T-Bu: 'H-NMR (400 MHz, D,0), §(ppm):
8.96 (2H, H-thiazole), 8.26 (2H, H-triazole), 5.47 (4H, O-CH,-
triazole), 5.10 (4H, CH,-N), 4.68 (4H, N'CH, triazole), 4.47
(4H, N'CH, thiazole), 3.82 (4H, CH,-thiazole), 3.68 (6H,
-0-CH3), 2.54 (6H, CHj;-thiazole), 1.93 (8H, CH,-CH,-CHj3),
1.40 (8H, CH,-CH,-CHj), 0.95 (12H, CH,~CH,-CHj).

Antibacterial assays

The antibacterial activities of the cationic polymers were tested
following a standard broth dilution method according to the

This journal is © The Royal Society of Chemistry 2021
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Clinical Laboratory Standards Institute (CLSI) to determine
the minimum inhibition concentrations (MICs).>® Bacterial
cells were grown on 5% sheep blood Columbia agar plates for
24 h at 37 °C. Subsequently, the bacterial concentration was
adjusted with saline to 10® colony-forming units (CFU) mL™"
(turbidity equivalent to ca. 0.5 McFarland turbidity standard).
These suspensions were further diluted to 10° CFU mL™" with
fresh Mueller-Hinton broth. Stock solutions of the polymers
at a concentration of 20000 pg mL~" were prepared in the
Mueller-Hinton broth medium using a minimum amount of
DMSO (less than 6% v/v; higher DMSO content was found to
be toxic for these bacterial strains**?*). Then, 100 pL from
each polymer solution were placed in the first column of a
96-well round-bottom microplate, and 50 pL of broth was
added into the rest of the wells. From the first column,
polymer solution (50 pL) was diluted by 2-fold serial dilutions
in the rest of the wells, followed by the addition of 50 pL of
the bacterial to yield a total volume of 100 pL and a bacterial
concentration of 5 x 10> CFU mL™". A positive control without
the polymer and a negative control without bacteria were also
prepared. The plates were incubated at 37 °C for 24 h, and
the MIC values were determined by checking the absence of
bacterial growth visually. All the tests were performed in
triplicate.

Hemotoxicity assays

Hemolysis studies were carried out as described
previously.>**> Fresh human blood was collected from
healthy donors and used within the same day. Blood was
drawn directly into the blood collecting tubes containing
EDTA to prevent coagulation. The tubes were centrifuged at
3500 rpm for 20 min. Afterwards, the supernatant (plasma)
and the buffy coat at the middle (white blood cells) were dis-
carded and the red blood cells (RBCs) at the bottom were col-
lected. The RBCs were washed with fresh sterile PBS and cen-
trifuged three times. Subsequently, the RBCs were resus-
pended to a final concentration of 5% (v/v) in PBS. Polymer
solutions were prepared in a mixture of PBS and a minimum
amount of DMSO (up to 5% v/v, nontoxic under the experi-
mental conditions used in this study) at a concentration of
40000 pg mL~'. Then, 100 pL of these polymer solutions
were added in the first column of 96-well round-bottom
microplates, while in the rest of the wells, 50 pL of PBS were
added. Two-fold sequential dilutions of the polymer solu-
tions were performed to obtain a series of concentrations,
and finally, 150 pL of the RBC suspension were added to
each well. Equally, Triton X-114 (1% v/v solution in PBS) was
used as a positive control for 100% of hemolysis, whereas
PBS was used as a negative control for 0% hemolysis. The
microplates were incubated for 1 h at 37 °C. After this
period, the plates were centrifuged at 1000 rpm for 10 min
and the resulting supernatant in each well was transferred to
a new 96-well microplate. Hemolysis was monitored by
measuring the absorbance of the released hemoglobin at
550 nm using a microplate reader (Synergy HTX Multi-Mode
Reader spectrophotometer, Bio-Tek). The percentage of
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hemolyzed erythrocytes was calculated according to the fol-
lowing equation:

Asample - Anegative control

Hemolysis % = x 100

positive control — Anegative control
An absolutely achromatic supernatant solution indicates no
hemolysis (Anegative control) While a red solution indicates hemo-
lysis (Apositive control)- All experiments were performed in tripli-
cate, and the data were expressed as mean + SD (n = 3).

Results and discussion
Synthesis of antibacterial polymers derived from itaconic acid

Antimicrobial biobased polymers derived from itaconic acid
were prepared following a novel strategy consisting of the
incorporation of clickable alkyne groups into the structure,
which enables the posterior inclusion of antimicrobial groups
by click chemistry. For this purpose, three different synthetic
approaches were proposed (Scheme S1 in the ESIf and
Scheme 2).

In the first approach, presented in Scheme S1A,T we
attempted the radical polymerization of IA through the
o,p-unsaturated double bond wusing an APS initiator in
aqueous media at 70 °C for 24 h. Subsequently, the obtained
poly(itaconic acid) (PIA) was subjected to post-modification of
the two carboxylic acid functionalities by the condensation
reaction with propargyl alcohol, using EDC/NHS chemistry in
aqueous media. However, this approach was discarded
because, in addition to the problems associated with the
polymerization of PIA such as low conversion and slow rate,
the poly(itaconic acid) was insoluble in most organic solvents.
Then, the incorporation of propargyl alcohol into the PIA led
to a polymer insoluble in an aqueous reaction medium, which
hindered the complete modification of PIA.

> O/
-0 0
AIBN
DMF
+ —_—

:; 70°C

o [o} 24h
o o
/

\

Prl DMI

CHCl

P(Prl-co-DMI)
Pri/DMI: 100/0, P100
Prl/DMI: 75/25, P75
Prl/DMI: 50/50, P50
Prl/DMI: 25/75, P25
Pri/DMI: 0/100, PO

Scheme 2 Synthesis of the antibacterial cationic copolymers derived from
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The second approach that we considered was the synthesis
of a clickable monomer derived from IA, di(prop-2-yn-1-yl)ita-
conate (PrI) (see the Experimental section and Scheme S1BT).
In this approach, the solubility issues were solved as the IA
monomer has a higher solubility than PIA. The Prl monomer
was successfully synthesized by the reaction between IA and
propargyl alcohol in a mixture of toluene/THF and H,SO,,
reaching a yield of 97%. Fig. 1A shows the "H-NMR spectrum
of the obtained PrI monomer, which confirms the complete
functionalization of the carboxylic acid groups and the pres-
ence of the vinyl signals at 6.40 and 5.80 ppm. The *C-NMR
spectrum displayed in Fig. S1A in the ESIT also corroborated
the chemical structure of the PrI monomer. The second step of
this approach consisted in the incorporation of thiazole
groups by Cu(i)-catalyzed azide-alkyne cycloaddition (CuAAC)
click chemistry between the alkyne groups of PrI and 2-(4-
methylthiazol-5-yl)ethanol azide forming a 1,2,3-triazole
group, which is also susceptible to quaternization. Likewise,
"H-NMR (Fig. 1B) and "*C-NMR spectra show typical peaks of
the introduced functional groups, confirming the success of
the reaction and the formation of the monomer derivative with
thiazole and triazole groups in its structure (TTI). See the ESI,
Fig. S1B,t for the *C NMR spectrum of this monomer.

In spite of the satisfactory synthesis of the biobased
monomer TTI, this monomer did not easily polymerize or co-
polymerize with a comonomer such as dimethyl itaconate
(DMI). We tried different polymerization conditions, both in
bulk and in DMF solution. However, after 48 h of reaction, we
were not able to obtain any polymer under all conditions tested,
probably due to high steric hindrance among other reasons.

Then, a third approach was proposed (Scheme 2), the devel-
opment of a clickable polymer derived from itaconic acid
instead of using a clickable monomer. In this strategy, the
clickable monomer PrI was successfully radical homopolymer-
ized and copolymerized with dimethyl itaconate in DMF solu-

/
N/N P(TTI-co-DMI) N~ R: methyl R: butyl

P100T P100T-Me P100T-Bu
P75T P75T-Me P75T-Bu
P50T P50T-Me P50T-Bu
P25T P25T-Me P25T-Bu

itaconic acid.
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Fig. 1 'H-NMR spectra of (A) clickable monomer Prl and (B) monomer derivative TTI with thiazole and triazole groups in deuterated chloroform.

tion, at a total monomer concentration of 2 M, at 70 °C, with
AIBN as a radical initiator. Therefore, homopolymers and a
series of copolymers with different chemical compositions
were obtained using different feed molar ratios (PrI/DMI =
100/0, 75/25, 50/50, 25/75 and 0/100).

Fig. 2 and 3 show the FTIR and '"H-NMR spectra, respect-
ively, of the clickable copolymer P(Prl-co-DMI) for a feed

chemical composition of PrI/DMI = 50/50 (named P50). In the
FTIR spectrum, the characteristic peak of the alkyne C-H
stretching band at 3283 cm™" and the bands assigned to the
C=C bond at 2128 cm™ "' and the C=C-H bond at 642 cm™"
clearly demonstrate the successful synthesis of the alkyne-
functionalized polymers. Likewise, in the '"H-NMR spectrum
(Fig. 3A), the terminal methyne proton of the alkyne groups

P50

642 cm™
=C—H

Triazole
Thiazole

/

3120-3000 cm™*
=—=C—H
Thiazole and Triazole

P50T-Bu

/ 4
3283cm™ 2969 cm! 2128 om
=c—H ‘c—pn P50T E=¢
3132 cm?t / * .
=c—n F0 P50T-Me

1159 -1166 cm™
c—o

4000 3500 3000 2500

2000 1500 1000 500

Wavenumber (cm™)

Fig. 2 FTIR spectra of the copolymers P50, P50T, P50T-Me and P50T-Bu.
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Fig. 3 H NMR spectra of the copolymers (A) P50 and (B) P50T in DMSO-dg.

appears at 3.58 ppm and the rest of the signals are consistent
with the chemical structure of the copolymer. The chemical
compositions of the obtained polymers, thus the molar
content of PrI in the copolymer, were calculated by integration
of the "H NMR spectral signals at 3.50 ppm (6H, O-CH; from
DMI) compared to the signal at 4.67 ppm (4H) from Prl.
Table 1 summarizes the molecular characteristics of the syn-
thesized copolymers and homopolymers including the
obtained chemical compositions. The molar ratios of the
comonomers in the copolymers were found to be very similar
to the feed molar ratios, and therefore, polymers will be
referred to by their feed compositions to maintain uniformity.
This fact is important because the copolymer composition can
be easily modulated by varying the comonomer feed ratios.
The molecular weights of the polymers were determined
using SEC (Table 1) and were found to be low for all polymers,

with values in the range of M, = 4800-8100 g mol ", present-
ing low molecular weight dispersity (D) (1.58-1.27).

Once clickable polymers were synthesized with different
contents of alkyne groups, the next step consists in the CuAAC
click chemistry with 2-(4-methylthiazol-5-yl)ethanol azide,
which led to polymers with thiazole and 1,2,3-triazole groups,
P(TTI-co-DMI). The post-polymerization reaction was carried
out under mild conditions and the degree of modification was
almost quantitative. After the click reaction, the molecular
weights of the polymers detected by SEC increased as a result
of the incorporation of the azide molecules (Table 1), while the
polydispersity indexes practically did not change. Equally, the
new thiazole and triazole groups attached to the polymer struc-
tures were detected by FTIR. Fig. 2 shows the FTIR spectrum of
P50T. The signals at 3132 and 3075 cm ™" corresponding to the
=C-H stretching vibrations of the triazole and thiazole

Table 1 Molecular characteristics of the P(Prl-co-DMI) polymers synthesized with different molar feed ratios [Prl]/[DMI], final chemical compo-
sitions (polymer ratio [Prl]/[DMI]), number average molecular weights (M,) and molecular weight dispersity (D) determined by SEC in DMF as an
eluent. M,, and D values of the polymers after click reactions leading to P(TTI-co-DMI) are also included

Sample Feed ratio Polymer ratio M, Sample M,"

P(PrI-co-DMI) [PrI}/[DMI] [Pri}/[DMI]* (g mol™) b P(TTI-co-DMI) (g mol™) pb
P100 100.0/0 100.0/0 6700 1.58 P100T 7100 1.59
P75 75.0/25.0 72.5/27.5 8100 1.35 P75T 11100 1.27
P50 50.0/50.0 50.1/49.9 7500 1.31 P50T 11700 1.25
P25 25.0/75.0 23.1/76.9 6300 1.36 P25T 6800 1.49
PO 0/100.0 0/100.0 4800 1.27 PO — —

“polymer ratio [Pri]/[DMI]| was determined by 'H-NMR. M, and P values of the polymers after click reactions leading to P(TTI-co-DMI)

polymers.
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groups, the signal at 1543 cm™" attributed to the C=N bond of
thiazole, and the absence of the band associated with the
C=N bond clearly indicate the successful coupling. The NMR
spectra also confirm the completion of the click reaction and
the formation of the P(TTI-co-DMI) copolymers. All the signals
of the "H NMR spectra were consistent with the expected struc-
tures. The "H NMR spectrum of P50T displayed in Fig. 3B, as
an example, shows the characteristic peaks at 8.74 ppm and
8.00, corresponding to the thiazole and triazole protons,
respectively, concomitant with the disappearance of propargyl
methylene signal at 4.67 ppm.

The last step of the synthesis procedure consists in the
incorporation of permanent positive charges into the polymers
to provide them with antibacterial activities. Both the pendant
nucleophilic azole groups, triazole and thiazole, can be modi-
fied using very reactive alkylating reagents such as alkyl
iodides. In this study, two alkylating agents with different
chain lengths were used, methyl and butyl iodide, to tune the
final hydrophobic/hydrophilic balance of the copolymer. This
hydrophobic/hydrophilic balance is well known to have a
strong influence on the antimicrobial activity and toxicity of
the resulting polymers,>*°® and, in this work, it was also con-
trolled by the content of the hydrophobic comonomer DMI.
The synthesized P(TTI-co-DMI) (P100T, P75T, P50T and P25T)
copolymers were reacted with a large excess of either methyl
iodide or butyl iodide in DMF at 70 °C under an argon atmo-
sphere. The reaction was performed for one week to ensure
quantitative modification, which was confirmed by NMR and
FTIR spectroscopy. Fig. 2 shows the comparison of the FTIR

View Article Online

Paper

spectra of the quaternized copolymers with either methyl or
butyl iodide of the samples with a molar ratio [PrI]/[DMI] = 50
(P50T-Me and P50T-Bu, respectively) with their unquaternized
copolymer precursor (P50T). In both cases, the band at
1543 cm™ " assigned to the 1(C=N) disappears and a new band
corresponding to the y(C=N)' clearly emerges due to the
formed thiazolium and triazolium groups, after the quaterniza-
tion reactions. Similarly, the "H NMR spectrum demonstrates
the success of the quaternization reaction and almost quantitat-
ive modifications of the thiazole and triazole groups (Fig. 4).
The two peaks assigned to the aromatic protons of the 1,2,3-
thiazole (~8.6 ppm) and 1,3-triazole (8.0-7.6 ppm) rings shift to
lower field regions (~8.90 and ~8.3-8.0 ppm, respectively) as a
result of the quaternization reaction due to the higher polarity
resulting from the formation of azolium groups. Fig. S2, ESIf,
displays the "H-NMR spectrum of P50T-Me in DMSO-ds, which
supports the signal assignments. Likewise, Figs. S3 and S4 in
the ESIt display the COSY-NMR spectra of the P50T-Me and
P50T-Bu copolymers, which were also obtained to support the
signal assignments in the 'H-NMR spectra of the H and H,
protons at 3.80 ppm (4H, CH,-thiazole) and 3.68 ppm (6H,
-O-CHj), respectively. These assignments were verified through
the analysis of the COSY-NMR spectra based on the correlation
of the H; protons with the Hqy protons.

For the estimation of the positive charge density of the syn-
thesized copolymers, zeta potential measurements were per-
formed in distilled water. Table 2 shows the zeta potential
values ({) obtained for all the synthesized copolymers. As con-
firmed by NMR and FTIR studies, the quaternization reactions

e i ] Kk

R:-CH,-CH,-CH,-CH,
e j k'

R -CH,-CH,-CH,-CH,

k| (B

ppm

Fig. 4 H-NMR spectra of the copolymers (A) P75T-Me and (B) P75T-Bu in deuterated water.
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Table 2 Zeta potential values ({) obtained for all the synthesized cationic copolymers

¢ (mv) ¢ (mv)

P100T-Me P75T-Me P50T-Me P25T-Me P100T-Bu P75T-Bu P50T-Bu P25T-Bu
56+1 49+3 382 403 481 482 49+2 51+2
result in cationic copolymers with high positive ¢ values, sented significant  activity =~ against =~ Gram-negative
around +50 mV for both methylated and butylated copolymers. ~ bacteria.>**>*° In the current work, the polymers derived from

Only the copolymers with a low content of cationic units,
P50T-Me and P25T-Me, present reduced charge density.

Antibacterial activities of cationic polymers

The antibacterial efficiency of the obtained cationic polymers
derived from biobased itaconic acid was evaluated for both
Gram-negative (P. aeruginosa and E. coli) and Gram-positive
(S. epidermidis and S. aureus) opportunistic bacteria. The
minimum inhibitory concentration (MIC) of the polymer
derivatives, which is the lowest concentration of a polymer
needed to prevent the visible growth of bacteria, was measured
by the CLSI microbroth dilution reference method>* against
the different bacterial strains. The MIC values determined for
all the polymers tested are summarized in Table 3.
Remarkably, huge differences in the activities of the poly-
mers against Gram-positive and Gram-negative bacteria are
clearly appreciated. Whereas the biobased cationic polymers
present excellent activity against Gram-positive bacteria, they
are totally inefficient against Gram-negative bacteria. Typically,
Gram-negative bacteria are found to be less susceptible to cat-
ionic polymers than Gram-positive due to the additional outer
membrane that provides a tough barrier to be overcome.> The
nature of the membrane also varies; in Gram-negative bacteria,
the membranes are made of two negative phospholipidic
membranes and lipopolysaccharides within the outer bilayer,
while Gram-positive bacteria have thick cell walls, which
consist of a large multilayer region of peptidoglycan with wall
teichoic acid and lipoteichoic acid. Although this better behav-
ior against Gram-positive bacteria was also revealed in our pre-
vious investigations with cationic methacrylic polymers
bearing thiazole and triazole groups, such polymers also pre-

IA present four positive charges per monomeric unit, thus, a
very high positive charge. In this case, with a high charge
density, even when high content of the hydrophobic monomer
DMI is used, the activity is almost nullified against Gram-nega-
tive bacteria. It seems that an excessive positive charge is detri-
mental to the disruptive action of polymers on Gram-negative
bacterial membranes. On the other hand, against Gram-posi-
tive cells, the polymers were able to completely inhibit the bac-
terial growth at a low concentration, with MIC values that
depend on the chemical composition, [TTI]/[DMI] ratio, and
the length of the alkyl group. The activity was increased as the
content of the active TTI units augments in the copolymers.
The butylated polymers with the highest contents of TTI,
P100T-Bu and P75T-Bu, have a MIC value as low as 8 pg mL™".
When the influence of the length of the alkyl group on activity
is compared, the copolymers quaternized with butyl iodide
exhibit the lowest MIC values, which indicates that longer
hydrophobic alkyl chains impart stronger antibacterial activity,
as previously discussed in the literature.*® Then, it appears
that increasing the hydrophobicity of the alkylating chains in
the antimicrobial polymers enhances their activity, whereas
the incorporation of the hydrophobic comonomer DMI into
the copolymer structure not only did not improve the antibac-
terial potential, but also decrease the activity. Apparently the
activity against Gram-positive bacteria strongly depends on the
cationic charge in the polymers, which is diluted by incorpor-
ating the DMI units. In fact, the copolymers with higher
content of DMI units exhibited lower charge density as deter-
mined by zeta potential measurements. Then, modifying the
hydrophobic/hydrophilic balance by varying the length of the
alkylating agent seems to be an effective way to improve the

Table 3 Antibacterial and hemolytic activities of the resulting cationic polymers derived from itaconic acid

MIC (ug mL™")

Copolymer E. coli P. aeruginosa S. epidermidis S. aureus HCs (ug mL™) HC50/MIC*
P100T-Me >10 000 10 000 31 10 >10 000 >1000
P75T-Me 10000 10 000 31 10 >10 000 >1000
P50T-Me >10 000 10 000 312 312 >10 000 >32
P25T-Me >10 000 10000 312 312 >10 000 >32
P100T-Bu >10 000 5000 8 10 >10 000 >1000
P75T-Bu 5000 5000 8 10 >10 000 >1000
P50T-Bu 5000 10 000 16 10 >10 000 >1000
P25T-Bu >10 000 10000 31 10 >10 000 >1000

% Calculated based on the MIC values of S. aureus.
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Fig. 5 Hemolytic activity of the copolymers quaternized with either (A) methyl iodide or (B) butyl iodide.

activity, as the density of cationic charge is maintained by
increasing the hydrophobicity.

Hemotoxicity of cationic polymers

To evaluate the toxicity of the cationic polymers derived from
itaconic acid, the hemolysis test was performed on human
eukaryotic cells. In this study, the hemoglobin released from
the human red blood cells (RBCs) was measured after one
hour of incubation with each of the polymers at various con-
centrations. The hemolysis percentage as a function of the
polymer concentration is shown in Fig. 5. The HCs, values,
summarized in Table 3, refer to the polymer concentration
that triggers 50% lysis of RBCs*"** and the selectivity values
for bacterial cells over mammalian cells that were estimated by
the ratio of HC5, to MIC values for S. aureus ATCC 29213.
Nevertheless, the high selectivity can also be applied to
S. epidermidis bacteria.

As shown in Fig. 5, all the copolymers exhibit very low
hemolysis, with hemolysis percentages well below 50% for the
highest concentration tested, 10 000 pg mL™". In fact, most of
them present values even below 5%, in particular copolymers
quaternized with butyl iodide. With regard to selectivity
against bacteria over red blood cells, calculated by the ratio of
HCs, and MIC values (Table 3; herein, the MIC values against
S. aureus were used), all the itaconic acid derivatives demon-
strate excellent selectivity values, with most copolymers
showing more than 1000-fold selectivity toward bacteria over
RBCs. This series of copolymers derived from biobased itaco-
nic acid are promising antibacterial polymers as they exhibit
excellent activity against Gram-positive bacteria and negligible
hemolysis. It is well established that the hydrophobic/hydro-
philic balance of polymers plays a crucial role in the selective
attachment to a bacterial cell membrane.**** Typically, poly-
mers with high hydrophobicity show high hemolysis activity
due to the strong interaction with the mammalian cell mem-
brane.*® The polymers developed in the current work are very
hydrophilic with high charge density, demonstrating null tox-
icity while maintaining the antibacterial activity.

This journal is © The Royal Society of Chemistry 2021

Conclusions

We described a facile approach to functionalize biobased poly-
mers derived from itaconic acid. Using this strategy we suc-
cessfully developed potent and highly selective antibacterial
polymers containing azolium groups. This strategy consists in
the modification of the carboxylic groups of poly(itaconic acid)
by incorporating alkyne clickable groups, which can be further
functionalized through the CuAAC click reaction. Then, click
chemistry allows the coupling of 1.3-thiazole groups, a com-
ponent of vitamin B1, concomitantly with the formation of
1,2,3-triazole linkages under mild conditions, reaching almost
the quantitative degree of modification. The N-alkylation reac-
tion of the azole groups provides cationic azolium groups to
the polymers with consequent potent antibacterial activity
against Gram-positive bacteria and very low toxicities against
human red blood cells. Although the copolymers were not
active against Gram-negative bacteria, the approach reported
herein provides the basis to develop polymers with a broad
spectrum of antibacterial activity in the future. Biobased poly-
mers functionalized with clickable alkyne groups could be
easily post modified by attachment of a variety of antimicrobial
components, extending the activity to other microbial strains.
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