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Nonionic nontoxic antimicrobial polymers: indole-
grafted poly(vinyl alcohol) with pendant alkyl or
ether groups+
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A series of new nonionic antimicrobial polymers with a biodegradable polyvinyl alcohol (PVA) backbone
grafted with indole units and different hydrophobic alkyl or ether groups were synthesized by facile ester-
ification. The chemical structures and thermal properties of the obtained polymers were characterized by
GPC, NMR, FTIR, WAXD, TGA and DSC analyses. All these nonionic polymers showed a significant antibac-
terial effect similar to gentamicin against 9 food and human pathogenic bacteria according to the disk
diffusion assay. The presence of alkyl or ether groups in most cases did not significantly affect the anti-
bacterial effect compared to the polymer with unsubstituted indole units (with N—H moieties). The
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impacts of the OH conversion and molecular weight of the obtained polymers on their antimicrobial and
anti-quorum sensing effects were also preliminarily investigated. Finally, the obtained indole-grafted PVAs
were subjected to MTT assay using a mammalian cell line and hemolysis investigations, and the results
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Introduction

Antimicrobial polymers (APs) have been under rapid develop-
ment in the past decade, due to their enhanced antimicrobial
activity," low potential to induce antimicrobial resistance,*”
and low leaching risk and environmental toxicity compared to
small molecular antimicrobials."®*® Currently most reported
APs are ionic, and their ionic interactions with bacterial mem-
branes are essential for their antimicrobial function.'®>
However, for certain applications, ionic polymers may suffer
from undesirable water solubility, fouling risk and toxicity.>*

“Lund University, Centre for Analysis and Synthesis, Department of Chemistry,

P. O. Box 124, SE-22100 Lund, Sweden. E-mail: baozhong.zhang@chem.lu.se

bNigde Omer Halisdemir University, Faculty of Medicine, Department of
Immunology, TR-51240 Nigde, Turkey

‘KTH Royal Institute of Technology, School of Engineering Sciences in Chemistry,
Biotechnology and Health, Department of Chemistry, Division of Glycoscience,
SE-10691 Stockholm, Sweden

IFaculty of Medicine, Department of Clinical Sciences, Orthopedics, Lund University,
Lund, Sweden

tElectronic supplementary information (ESI) available: Synthesis scheme of
grafting agents 2-6; analytical data of grafting agents 1-6 ("H NMR and **C NMR
spectra); zoomed-in 'H NMR spectra of PVA; calculations of OH conversion of
PI1-6; analytical data of PI1-6 (solubility data, *C NMR, GPC and UV-vis
spectra); WAXD spectra of PVA and PI1-6; inhibition zones of PI1-6; p values of
the antimicrobial results; analytical data of Pl4;4, PI4,, and Pl4g; ('"H NMR
spectra and GPC spectra); plates of disk diffusion tests and anti-QS tests of
P44, PI4,, and Pl445; UV absorbance at 600 nm of PI1 in MTT assay. See DOI:
https://doi.org/10.1039/d1py01504d

This journal is © The Royal Society of Chemistry 2022

showed excellent biocompatibility, particularly for those with ether substituents.

Therefore, new APs without ions have become an attractive
target with high potential.>**°

Nonionic polymers do not have ionic interactions with bac-
teria, so they should be endowed with the ability to interact
with bacteria by other grafted nonionic biologically active units,
such as glucose, curcumin, astaxanthin, tropolone, aspirin, limo-
nene, indole, isatin, anisole, etc.>’° These biologically active
molecules are known for their ability to interact with bacteria,
and they have been adapted by the natural ecosystem and thus
tend to be more biodegradable and less eco-toxic.">*! Some of
these biologically active molecules (e.g. limonene, indole, and
aspirin) also show anti-quorum sensing effects.””**** Grafting
these molecules onto a polymer backbone could enable inter-
actions between the polymers and bacterial membranes leading
to an antimicrobial effect.>>***" Such nonionic interactions can
be complex, including hydrogen bonding, hydrophobic, dipole,
and aromatic interactions.'®**>® However, the general mecha-
nism related to the antimicrobial function of nonionic APs
remains to be unravelled.

Indole is a bio-sourced nonionic building block that is ubi-
quitous in nature and domestic wastes,**>” and it has received
growing attention for the development of bio-based polymers
toward various high performance packaging and textile
applications.”®*®' In the meantime, many indole derivatives
are natural antibiotics,*"*>®® and several indole-based poly-
esters, polyketones and polyurethanes have been reported with
antibacterial effects.*****> Indole groups can also have a
synergistic antibacterial effect when grafted on polymers
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together with other antibacterial moieties (e.g. metal ions,
ammonium cations, chitosan, and aldehyde).®®®° In addition,
indole-based APs can also have desirable miscibility with other
matrix polymers so they are potentially suitable antimicrobial
additives.*®

Despite the promising potential of indole-based nonionic
APs, the knowledge regarding the role of indole units and
other structural factors in their antimicrobial function
remains rather limited. For instance, hydrophobic substituents
(e.g. alkyl or ether groups and aromatic units) frequently
enhance the antimicrobial effect of ionic APs,’®’' but it
remains unclear whether such an effect exists in nonionic APs.
Furthermore, the N-H moiety of indole is a hydrogen bond
donor, which can form hydrogen bonds with various hydro-
gen-accepting groups (e.g. ethers or amides in peptidoglycan)
in bacterial membranes.”” It remains to be unraveled whether
such hydrogen bond interactions are essential for their anti-
microbial effects.>® Finally, the effects of molecular weights
and the hydrophilic/hydrophobic balance of nonionic APs also
remained largely unexplored.

In order to shed some light on the roles of indole and other
structural factors such as hydrogen bonding or hydrophobic
interactions, we herein report on the synthesis of six nonionic
indole-based APs with biodegradable poly(vinyl alcohol) back-
bones, which contain the N-H unit or different linear or cyclic
alkyl or ether groups. The molecular structures, thermal pro-
perties, antimicrobial effects and cytotoxicity of the obtained
nonionic APs were investigated. The impact of hydrophobic
N-substitution as well as the grafting density and molecular
weight on the antimicrobial effects of the obtained nonionic
APs was preliminarily evaluated.

Experimental

Chemicals and materials

Poly(vinyl alcohol) (M, 9000-10 000, 80% hydrolyzed), indole-
3-acetic acid, 1-iodopropane, 1-iodohexane, 2-methoxyethyl-4-
methylbenzenesulfonate, 1-bromo-2-cyclohexylethane, phen-
oxyethyl bromide, 1-ethyl-3-(3"-dimethylaminopropyl)-
carbodiimide-HCl (EDC-HCI), and 4-dimethylaminopyridine
(DMAP) were purchased from Sigma-Aldrich. N,N-
Dimethylformamide (DMF), N,N-dimethylacetamide (DMAc),
dimethyl sulfoxide (DMSO), hydrochloric acid (HCl), sodium
hydroxide (NaOH), ethanol, acetone, chloroform, ethyl acetate
(EtOAc), diethyl ether, potassium carbonate (K,CO;), sodium
carbonate (Na,COj), sodium bicarbonate (NaHCO;3) (ACS,
Reag. Ph. Eur.), and anhydrous sodium sulphate (Na,SO,) were
purchased from VWR Chemicals. All chemicals were used
directly without further purification.

Synthesis

General procedure for N-substituted indole-3-acetic acids
(2-6). Indole-3-acetic acid 1 (1.75 g, 10.0 mmol, 1.00 eq.) was
dissolved in anhydrous DMF (10 mL) and cooled on an ice
bath with stirring. A solution of NaH (1.00 g, 25.0 mmol, 2.50
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eq.) in DMF (10 mL) was added dropwise and the resulting
dark coloured suspension was stirred at rt for 1 h. The grafting
agent (i.e. 1-iodopropane, 1-iodohexane, 1-bromo-2-cyclohexyl-
ethane, 2-methoxyethyl-4-methylbenzene-sulfonate, or phen-
oxyethyl bromide) was added (11.0 mmol, 1.10 eq.), and the
reaction mixture was stirred at rt for 18 h. Afterward, the reac-
tion mixture was diluted with water (50 mL) and conc. HCI
dropwise, followed by extraction with EtOAc (3 x 50 mL). The
combined organic phase was washed with water and brine,
dried over anhydrous Na,SO,, and concentrated in vacuo, yield-
ing a solid product (2-6), which was dried at 50 °C under
vacuum for 12 h until a constant weight was reached.

N-Propyl-3-indoleacetic acid (2). Yield 90%; brown powder. 'H
NMR (400.13 MHz, DMSO-dg) 6, ppm: & 12.20 (s, 1H), 7.52 (d,
1H), 7.43 (d, 1H), 7.27 (s, 1H), 7.13 (t, 1H), 7.02 (t, 1H), 4.08 (t,
2H), 3.65 (s, 2H), 1.75 (m, 2H), 0.84 (t, 3H). *C NMR
(100.61 MHz, DMSO-d¢) &, ppm: 173.50, 136.39, 128.07,
127.72, 121.48, 119.36, 118.92, 110.16, 107.45, 47.35, 31.40,
23.67, 11.66. UV (DMF): Ay 288 nm (e 3.73 x 10° M™' em ™).
FTIR: v = 2960, 1709, 1471, 1391, 1231, 1205, 1188, 910, 805,
730 and 654 cm™'. HRMS (ESI+, m/z): exact mass caled for
C,5H;6NO,", 218.1181; found, 218.1180.

N-Hexyl-3-indoleacetic acid (3). Yield 94%; brown powder. 'H
NMR (400.13 MHz, DMSO-dg) 6, ppm: "H NMR (400.13 MHz,
DMSO-dg) 8, ppm: & 12.20 (s, 1H), 7.52 (d, 1H), 7.42 (d, 1H),
7.26 (s, 1H), 7.13 (t, 1H), 7.02 (t, 1H), 4.11 (t, 2H), 3.65 (s, 2H),
1.72 (m, 2H), 1.26 (m, 6H), 0.84 (t, 3H). >C NMR (100.61 MHz,
DMSO-dg) 6, ppm: 173.51, 136.31, 128.03, 127.66, 121.48,
119.35, 118.88, 110.07, 107.45, 45.75, 31.31, 30.33, 26.42,
22.48, 14.32. UV (DMF): A0 290 nm (e 3.79 x 10> M™' em™).
FTIR: v = 2929, 1702, 1471, 1369, 1230, 1213, 939, 785, 725 and
645 cm™'. HRMS (ESI+, m/z): exact mass calcd for C;gH,,NO,",
260.1651; found, 260.1650.

N-(2-Cyclohexylethyl)-3-indoleacetic acid (4). Yield 75%;
brown powder. 'H NMR (400.13 MHz, DMSO-d¢) 8, ppm:
5 12.20 (s, 1H), 7.50 (d, 1H), 7.40 (d, 1H), 7.26 (s, 1H), 7.12 (t,
1H), 7.01 (t, 1H), 4.14 (t, 2H), 3.63 (s, 2H), 1.75 (m, 2H), 1.63
(m, 5H), 1.17 (m, 4H), 0.95 (m, 2H). ">*C NMR (100.61 MHz,
DMSO-dg) 6, ppm: 173.52, 136.20, 128.07, 127.55, 121.51,
119.38, 118.90, 110.00, 107.52, 43.61, 37.76, 35.10, 33.03,
31.31, 26.52, 26.15. UV (DMF): dyay 292 nm (g 3.74 x 10> M~
em™). FTIR: v = 2921, 1696, 1469, 1306, 1138, 1013, 960, 795,
735 and 644 cm™'. HRMS (ESI+, m/z): exact mass caled for
C,3H,,NO,", 286.1807; found, 286.1801.

N-Methoxyethyl-3-indoleacetic acid (5). Yield 68%; brown
powder. "H NMR (400.13 MHz, DMSO-d¢) 8, ppm: § 12.20 (s,
1H), 7.50 (d, 1H), 7.45 (d, 1H), 7.25 (s, 1H), 7.13 (t, 1H), 7.02 (t,
1H), 4.29 (t, 2H), 3.64 (m, 4H), 3.22 (t, 3H). *C NMR
(100.61 MHz, DMSO-dg) 6, ppm: 173.50, 136.54, 128.04,
128.03, 121.53, 119.28, 119.00, 110.23, 107.58, 71.58, 58.52,
45.62, 31.30. UV (DMF): Amax 288 nm (e 4.15 x 10° M~ em™).
FTIR: v = 2882, 1694, 1469, 1303, 1115, 1011, 947, 833, 736 and
647 cm™'. HRMS (ESI+, m/z): exact mass calcd for C;3H;4NO;",
234.1130; found, 234.1126.

N-(2-Phenyloxylethyl)-3-indoleacetic acid (6). Yield 72%;
brown powder. 'H NMR (400.13 MHz, DMSO-ds) 8, ppm:

This journal is © The Royal Society of Chemistry 2022
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6 12.20 (s, 1H), 7.56-6.86 (m, 10H), 4.54 (t, 2H), 4.27 (t, 2H),
3.65 (s, 2H). *C NMR (100.61 MHz, DMSO-d,) §, ppm: 173.48,
158.54, 136.63, 129.97, 128.10, 128.09, 121.65, 121.29, 119.15,
114.93, 110.35, 107.89, 67.37, 45.35, 31.29. UV (DMF): Amax
288 nm (e 3.83 x 10> M™" em ™). FTIR: v = 2921, 1702, 1594,
1499, 1464, 1232, 1206, 1054, 903, 782, 753, 734, 688 and
654 cm™', HRMS (ESI+, m/z): exact mass caled for C;3H;sNO;",
296.1287; found, 296.1285.

General synthetic procedure for indole-based PVAs (PI1-6). A
solution of PVA (0.100 g, 1.86 mmol OH groups), 1-6
(1.86 mmol, 1.00 eq. with respect to OH groups), EDC-HCI
(0.390 g, 2.10 mmol, 1.10 eq.) and DMAP (0.01 g, 5 wt%) in
DMF (5 mL) in a capped 25 mL round-bottom flask was stirred
at rt for 24 h. Afterward, the reaction mixture was added into a
saturated NaHCOj; solution (200 mL). The resulting brown pre-
cipitates were collected and dissolved in 2 mL of DMF (for
PI1-2 and PI4-6) or acetone (for PI3) and re-precipitated from
100 mL of diethyl ether. The resulting precipitates were re-dis-
solved in 2 mL of DMF and precipitated from 200 mL of water.
The precipitates were collected by gravity filtration and dried
at 50 °C under vacuum for 24 h to yield a brown solid (PI1-6).

PI1. Yield 45%; brown powder. "H-NMR (400 MHz, DMSO-
de) 5, ppm: 10.90 (s, 1H, NH), 7.50 (s, 1H, Ar), 7.34 (s, 1H, Ar),
7.22 (s, 1H, Ar), 7.06 (s, 1H, Ar), 6.98 (s, 1H, Ar), 5.24-4.75 (m,
CHOOR) 4.75-4.18 (m, OH), 3.96-3.78 (m, CHOH), 3.77-3.57
(m, 2H, ArCH,COOR), 2.04-1.86 (m, CH;COOR), 1.86-1.13 (m,
R;CH,R,). C NMR (100.61 MHz, DMSO-d,) 8, ppm: 171.40,
170.19, 136.53, 127.60, 124.42, 121.51, 118.95, 117.82, 107.65,
68.72-63.43, 47.12-44.63, 31.30, 21.24. FTIR: v = 3411, 2925,
1720, 1458, 1371, 1245 and 742 cm ™.

PI2. Yield 40%; brown powder. 'H-NMR (400.13 MHyz,
DMSO-dg) 6, ppm: 7.60-6.79 (m, 5H, Ar), 5.35-4.74 (m,
CHOOR) 4.74-4.18 (m, OH), 4.16-3.90 (m, NCH,CH,CH),
3.86-3.75 (m, CHOH), 3.75-3.54 (m, 2H, ArCH,COOR),
2.04-1.84 (m, CH;COOR), 1.84-1.13 (m, NCH,CH,CHj,,
R,CH,R,), 0.92-0.59 (m, NCH,CH,CH;). "C NMR
(100.61 MHz, DMSO-d¢) 8, ppm: 171.45, 170.34, 136.32,
127.96, 127.68, 121.52, 119.28, 118.95, 110.09, 106.66,
70.63-62.89, 47.33, 46.35-44.57, 31.13, 23.59, 21.17, 11.61.
FTIR: v = 3422, 2929, 1729, 1468, 1370, 1243 and 740 cm™".

PI3. Yield 28%; brown powder. 'H-NMR (400.13 MHz,
DMSO-dg) 8, ppm: 7.62-6.85 (m, 5H, Ar), 5.32-4.74 (m,
CHOOR) 4.74-4.22 (m, OH), 4.18-3.52 (m, NCH,(CH,),CHs3,
CHOH, ArCH,COOR), 2.02-1.84 (m, CH;COOR), 1.84-1.02 (m,
NCH,(CH,),CHj;, R;CH,R,), 0.88-0.65 (m, CH,CH;). ">C NMR
(100.61 MHz, DMSO-d¢) 8, ppm: 171.53, 170.14, 136.28,
127.94, 127.64, 121.54, 119.32, 118.95, 110.04, 106.87,
68.42-63.68, 45.82, 46.93-44.59, 31.32, 30.30, 26.42, 22.52,
21.27, 14.30. FTIR: v = 3426, 2929, 1729, 1468, 1370, 1240 and
738 cm ™.

PI4. Yield 35%; brown powder. 'H-NMR (400.13 MHz,
DMSO-ds) 8, ppm: 7.84-6.83 (m, 5H, Ar), 5.30-4.75 (m,
CHOOR) 4.75-4.17 (m, OH), 4.17-3.54 (m, NCH,CH,(CH,)s,
CHOH, ArCH,COOR), 2.08-1.84 (m, CH;COOR), 1.84-0.28 (m,
N CH,CH,(CH,)s, RiCH,R,). *C NMR (100.61 MHz, DMSO-d,)
5, ppm: 171.45, 170.15, 136.14, 127.98, 127.43, 121.52, 119.31,

This journal is © The Royal Society of Chemistry 2022
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118.93, 109.90, 106.83, 71.04-63.36, 47.32-44.47, 43.61, 37.69,
35.04, 32.97, 31.15, 26.47, 26.10, 21.21. FTIR: v = 3442, 2921,
1732, 1468, 1370, 1243 and 736 cm™".

PI5. Yield 23%; brown powder. 'H-NMR (400.13 MHz,
DMSO-dg) 6, ppm: 7.58-6.83(m, 5H, Ar), 5.35-4.73 (m,
CHOOR), 4.73-4.01 (m, OH, NCH,CH,0OCH3;), 4.01-3.45 (m,
CHOH, ArCH,COOR, NCH,CH,0OCH3), 3.27-3.06
(NCH,CH,OCH;), 2.08-1.86 (m, CH;COOR), 1.86-1.18 (m,
R;CH,R,). *C NMR (100.61 MHz, DMSO-ds) 6, ppm: 171.61,
170.42, 136.60, 128.05, 127.96, 121.59, 119.26, 119.08, 110.23,
107.08, 71.57, 68.69-63.42, 58.52, 46.53-44.42, 45.67, 31.18,
21.25. FTIR: v = 3434, 2929, 1729, 1468, 1370, 1243 and
740 cm™",

PI6. Yield 30%; brown powder. 'H-NMR (400.13 MHz,
DMSO-dg) 8, ppm: 7.63-6.65 (m, 10H, Ar), 5.36-4.75 (m,
CHOOR) 4.75-3.98 (m, OH, NCH,CH,0), 3.98-3.54 (m, CHOH,
ArCH,COOR), 2.03-1.83 (m, CH;COOR), 1.83-0.98 (m,
R;CH,R,). "*C NMR (100.61 MHz, DMSO-d,) 8, ppm: &, ppm:
171.44, 170.18, 136.61, 129.93, 128.02, 121.70, 121.46, 121.24,
119.23, 114.86, 110.34, 107.37, 67.66-62.91, 67.45,
46.79-44.52, 45.35, 31.15, 21.21. FTIR: v = 3438, 2925, 1731,

1598, 1494, 1468, 1373, 1241, 742 and 692 cm ™.

Measurements

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker DRX400 spectrometer at a proton frequency of
400.13 MHz and a carbon frequency of 100.61 MHz. Fourier
transform infrared (FT-IR) spectra were obtained with an atte-
nuated total reflection (ATR) setup using a Bruker Alpha FT-IR
spectrometer.  Differential scanning calorimetry (DSC)
measurements were performed using a TA Instruments DSC
Q2000. The samples were studied at a heating rate of 10 °C
min~" under nitrogen with a purge rate of 50 mL min~". The
T, value was taken as the midpoint of the endothermic step-
change observed during the second heating run.
Thermogravimetric analysis (TGA) was performed under a
nitrogen atmosphere with a Thermogravimetric Analyzer (TA
Instrument Q500) at a heating rate 10 °C min~'. Gel per-
meation chromatography (GPC) was carried out with three
Shodex columns in series (KF-805, 2804, and 2802.5) and a
refractive index (RI) detector (Viscotek Model 250). All
measurements were carried out at room temperature at a con-
centration of 30 mg mL ™" using chloroform as the eluent, and
at an elution rate of 1 mL min~". Calibration was performed
with four polystyrene standard samples (M, = 650 kg mol™*
from Water Associates, 96 and 30 kg mol™' from Polymer
Laboratories, and 3180 g mol ' from Agilent Technologies).
UV-visible spectra were recorded with an UV-visible spectro-
meter in the wavelength range from 200 to 600 nm with a
resolution of 2 nm, employing quartz cuvettes of 10 mm path
length. WXRD (wide angle X-ray diffraction) diffraction pat-
terns were recorded with a Stoe Stadi MP X-ray powder diffract-
ometer in the transmission mode over 26 ranges 2-60° with
Cu Ko radiation. High resolution mass spectrometry (HRMS)
was performed by direct infusion on a Water Xevo-G2 QTOF
mass spectrometer using electrospray ionization.

Polym. Chem., 2022,13, 2307-2319 | 2309
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Antimicrobial bioassay

Bacterial culture. Microorganisms Escherichia coli ATCC
25922 (Ec), Staphylococcus aureus ATCC 25923 (Sa), Proteus
mirabilis ATCC 14153 (Pm), Proteus vulgaris ATCC13315 (Pv),
Pseudomonas aeruginosa ATCC 27853 (Pa), Enterobacter aero-
genes ATCC13048 (Ea), Bacillus thuringiensis (Bt), Salmonella
typhimurium SL1344 (St) and Streptococcus mutans ATCC 25175
(Sm) were employed to evaluate the antibacterial properties of
indole-based PVAs (PI1-6). All bacteria strains were sub-cul-
tured on (Luria Bertani) LB agar culture at 37 °C for 24 h.

Disk diffusion assay. Disk-diffusion assay according to the
modified standard method was applied to evaluate the anti-
bacterial properties.*® First, the tested solid samples (indole-
based PVAs) were dissolved in DMF (10 pg mL™', w/w).
Microorganisms’ susceptibility was adjusted with 0.5
McFarland as a reference standard. The prepared solutions
were sterilized under UV light for 5 min before test.
Microorganism culture suspension (100 pL, 10° cells per mL)
was swabbed onto a plate within Miller-Hinton agar. Sterile
disks with a diameter of 6 mm were placed on the Petri plate
inoculated with microorganisms, and 20 pL of the prepared
sample solutions were loaded on the disks. Afterward, bacteria
cultures were incubated at 37 °C for 24 h. Disks containing
gentamicin (10 pg per disk) or DMF (pure solvent) were used
as a positive or negative control, respectively. All experiments
were performed in triplicate (i.e. 3 biological replicates with 3
technical repeats for each tested bacteria strain). The results
are expressed as the mean diameter of the inhibition zone in
mm = standard deviation (mean + SD). Significant differences
between two groups were evaluated as p values by ¢-test using
Microsoft Excel software. p < 0.05 indicates significant differ-
ence, while p > 0.05 indicates insignificant difference.

Anti-quorum sensing (anti-QS)

The quorum sensing inhibitory (anti-QS) activity of three PI4
samples (Pl4s4, Pl45,, and Pl4gs, 10 ug mL™" in DMF, w/v) was
evaluated by the disk diffusion assay against C. violaceum
CV026 according to the literature procedure.**’*’* The bac-
teria suspension was sub-cultured in LB broth at 30 °C for
24 h. The Petri plates with LB soft agar containing signal mole-
cule N-hexanoyl-i-homoserine lactone (C6-HSL, 0.25 pg mL™")
were inoculated with the bacteria culture. Afterward, sterile
discs (diameter: 6 mm) loaded with samples (20 pL) were
placed on the Petri plates and incubated at 30 °C for 24 h.
Gentamicin (10 pg per disc) and the solvent (DMF) were used
as positive or negative controls, respectively. The anti-QS
activity was evaluated by the turbid halo formation around the
disc (in contrast to the purple background).

Minimum inhibitory concentration (MIC) evaluations

The minimum inhibitory concentration (MIC) of the three PI4
samples (PI4s5,, PI4,,, and Pl4g;) against two bacteria
(Escherichia coli ATCC 8739 and Pseudomonas fluorescens (PCL
1701)) was determined using the method described in the
guideline of The Clinical and Laboratory Standards Institute.”®
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Briefly, the bacterial suspensions were adjusted using 0.5
McFarland’s standard (10° CFU mL™") and the tested polymers
were dissolved in DMF. Serial two-fold dilutions of samples’
solution (in a 96-well microtiter plate) in concentrations
ranging from 100 pg mL™" to 0.19 pg mL ™" were used to deter-
mine the MIC in the Mueller Hinton broth (MHB). After
mixing the samples and MHB, the 96-well microtiter plates
were covered with a sterile plate sealer and incubated at 37 °C
for 24 h. The only medium was used as the negative control
and only bacterial inoculums was used as the positive control.
All experiments were performed in triplicate. The MIC value
was taken at the lowest concentration of samples where no
visible growth is seen in the wells.

Leaching evaluations by UV-vis

Suspensions of PI1-6 in PBS buffer (100 pg mL™") were incu-
bated at 37 °C for 24 h with mild magnetic stirring. The UV-vis
spectra of their supernatants at the initial point (PIX-initial)
and after 24 h (PIX-24 h) were recorded. The UV-vis spectra of
PI1-6 in DMSO (25 pg mL™") were also recorded as references.

MTT assay

MG-63 cells were purchased from American Type Culture
Collection (ATCC) (LOT: 70016786). The MG-63 osteoblast-like
human cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin, and 1% streptomycin in a humidified
incubator at 37 °C. The medium was replaced every 2 days.
Cells were trypsinized and centrifuged at 400g for 4 min to
obtain a concentrated cell pellet when the confluence reached
80%. 1 x 10" cells per well were seeded on a 96-well plate and
cultured for 24 h before adding the materials. Test compounds
(negative control, 1-6, and PI1-6) dissolved in DMSO were
then added to the cell culture at a final DMSO concentration
of 1% (v/v), which formed suspensions. Fresh culture medium
without samples was used as the negative control, and each
sample was replicated in four wells. After being cultured for
24 h, the cell culture medium was discarded and the cells were
washed with phosphate buffer once. MTT working solution
(0.5 mg mL ") was added to the cells and incubated for 2 h at
37 °C, after which DMSO (200 pL per well) was added to the
reaction products for 10 min. The solubilized contents were
pipetted and transferred into a clear bottom 96-well plate.
Absorbance was determined by spectrophotometry at 600 nm
wavelength. In addition, to evaluate the interaction between
PI1 and MTT working solution, only the material (i.e. PI1) was
subjected to the above procedures under the same conditions
without adding the cells.

Hemolysis tests

The HaemoScan Biomaterial Haemolytic Assay (HaemoScan,
Netherlands) was used to investigate the cytotoxicity of PI1-6
on human erythrocytes according to the manufacturer’s proto-
col.”® The concentrated erythrocytes were included in this kit
(LOT: 220307). Briefly, the erythrocyte was prepared by repeat-
edly rinsing with different wash buffers (dilution buffer I, II

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1py01504d

Open Access Article. Published on 24 March 2022. Downloaded on 2/10/2026 12:14:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

and III, provided by the manufacturer) and centrifuged at 400g
for 10 minutes. Afterward, 5 mL of dilution buffer III was
added to re-suspend the erythrocytes. 0.5 mL of erythrocyte
suspension was used to test each sample. PI1-6 samples were
first dissolved in DMSO to form 10 mg mL™" stock solutions.
5 pL of the stock solution was added in 0.5 mL of erythrocyte
suspension with a final (suspension) concentration of 100 pg
mL ™" for polymers. After 24 h of incubation, the samples were
centrifuged at 4500g for 1 min and 20 pL of the supernatant
was pipetted into a 96-well plate along with 180 pL of assay
buffer. The absorbance was read at a wavelength of 450 nm.
Each polymer was tested in triplicate. DMSO (5 pL, 1% v/v) was
used as the negative control (0% hemolysis). Lysis buffer was
used as the positive control (100% hemolysis). The hemolysis
percentage was calculated using the following equation:

Hemolysis% =
ODy50(sample) — OD,s50(negative control)

— . x 100%
ODys5 (positive control) — OD,s0(negative control) ¢

Results and discussion
Synthesis of indole-grafted PVAs

Six indole-grafted PVAs (PI1-6) were conveniently synthesized
by esterification at room temperature of the PVA backbone
using the corresponding carboxylic acids (1-6) as grafting

OH OH OH OH OH OH
o [¢] o o o o
||
N N N N N N
1 H 2 3 4 5 6 —_
o o
OH
o
I “Tn Non- Alkyl- Ether-
N 16 o] i i i
R =0

P12 R=(CH2)CHy
PI3 R = (CH)sCHy
P4 R= (CHCy

PIS R=(CH;),0CH;
PI6 R =(CH;),0Ph

OH A PH R=H

Scheme 1 Synthesis of various indole-grafted PVAs (PI1-6), using the
corresponding carboxylic acid as grafting agents (1-6). Note that the
starting PVA contains 80% OH and 20% acetate (OAc) groups. The OAc
groups remained unchanged after the reaction, which were omitted in
the chemical structures.
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agents (Scheme 1). Indole carboxylic acid (1) is commercially
available, while the other five agents (2-6) were synthesized by
a straightforward Sy2 reaction using 1 and the corresponding
electrophilic agents (1-iodopropane, 1-iodohexane, 1-bromo-2-
cyclohexylethane, 2-methoxyethyl-4-methylbenzene-sulfonate
and phenoxyethyl bromide, Scheme S1, ESIt). The conversion
of the OH groups (pon) on PVA backbones after grafting was
evaluated using the integrals of the residual OH signals and
the aromatic signals in the "H-NMR spectra (Fig. S3 for PI1
and Fig. S4 for PI6 as examples, ESIT). As shown in Table 1,
Pou for PI1-6 was not identical but has a relatively narrow dis-
persity range (59-72%) considering the accuracy of the quanti-
fication method and intrinsic polydispersity of polymers. To
obtain some preliminary insight into the possible impacts of
the OH conversion, three PI4 samples with OH conversions of
54%, 72% and 85% were synthesized by using different
amounts of grafting agents. Their biological activities were
compared in the later session. The resulting crude polymers
were purified by precipitation twice to completely remove
the unreacted grafting agents and solvents, which causes
loss of the products and decreased yields (23-45%). The
obtained polymers showed good solubility in polar aprotic
solvents (e.g. DMF, DMSO, and DMAc) and low solubility in
protic solvents (e.g. H,O and ethanol). In addition, the low
water solubility of these polymers was further demonstrated
by the low UV-vis absorption of the aqueous phase where
the polymers were immersed for 24 h (Fig. S10A, ESIt). The
same result also indicated that the purification of the polymers
was successful without any noticeable small molecular agent
left.

Molecular and thermal characterization

The chemical structures of the obtained polymers were con-
firmed by "H NMR spectroscopy analysis (Fig. 1). The starting
polymer PVA contains both OH and OAc substituents, as
shown in its '"H NMR spectrum (Fig. 1A). The signal at
~1.97 ppm (2) is attributed to the Oac protons. The broad
signals at 3.97-3.56 ppm (3) and 5.17-4.73 ppm (5) correspond
to the backbone CH groups that are adjacent to the OH and
OAc groups, respectively. According to the ratio between the
integrals of signals 3 and 5, the initial PVA contains ~78% of
OH and ~22% of OAc groups, which is consistent with the
data from the supplier (80 and 20%). The signals for OH

Table 1 Molecular and thermal properties of PVA and PI1-6. poy (conversion of the OH groups) and molecular weight (Mymr) were measured
according to *H NMR data. M,,, M,, and D were determined by GPC in chloroform. T4 is the glass transition temperature measured by DSC second
heating curves. TZS and T, are the temperatures for 5% weight loss and the temperature for the maximum decomposition rates, respectively,

according to TGA data. Char yield (CY) was measured by TGA

Pou (%) Mypr (g mol™) M, (g mol™) M,, (g mol™) p2) Ty (°C) 7% (°C) Timax (°C) CY (%)
PVA — — — — 67 267 312 5.4
PI1 59 25000 —_ —_ —_ 93 277 322 11.0
P12 63 31 000 31300 76 600 2.4 61 267 316 4.7
PI3 64 40 000 37700 67400 1.8 38 264 318 7.0
P14 72 42 000 38100 92 000 2.4 56 275 320 5.8
PI5 68 34 000 66 100 167 000 2.5 53 287 320 9.6
PI6 64 39 000 62 800 108 200 1.7 61 277 322 5.4

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 H NMR spectra of (A) initial PVA and (B—G) indole-based PI1-6, respectively.

protons were observed at 4.73-4.19 ppm (4), containing three
discernible signals at 4.69, 4.51, and 4.26 ppm that correspond
to mm, mr and 7 triads, respectively (Fig. S2, ESIt).”” The back-
bone CH, signals were observed at 1.85-1.20 ppm (1).

The 'H NMR spectra of PI1-6 (Fig. 1B-G) showed signifi-
cantly reduced intensities of the OH (4) and CHOH (3) signals
and increased intensity of the CHOOR signal (5), which con-
firmed the conversion of OH groups. In addition, new broad-
ened signals appeared in the '"H NMR spectra of PI1-6, includ-
ing the indole aromatic signals (a—e) and various N-substituted
signals (ky, ks, ks, etc.), which further confirmed the occurrence

2312 | Polym. Chem., 2022,13, 2307-2319

of grafting. These new signals were consistent with the peaks
for their corresponding grafting agents 1-6 (Fig. S1, ESIf). In
addition, the integrals of the OH, methyl, and aromatic signals
were compared and used to calculate the poy values, as dis-
cussed earlier. The molecular weight of these polymers (Mywr)
was also calculated using the poy values. For PI2-4, these
values were quite consistent with the M,, values measured by
GPC in chloroform. For PI5-6, the calculated Myyr values
were lower than the GPC measured M,, values. The differences
in the measured values were due to the inherent inaccuracy of
the NMR calculations (e.g. signal broadening and overlapping)

This journal is © The Royal Society of Chemistry 2022
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and GPC measurements (e.g. different behavior of the
measured polymers and standard polymers in solution). PI1
was insoluble in chloroform so GPC was not measured.

The chemical structures of PI1-6 were further characterized
by "*C NMR spectroscopy (Fig. S7, ESIT). First, all the signals
for the grafting agents 1-6 were unambiguously assigned
(Fig. S6, ESIT). The signal observed at ~173.51 ppm (j) corre-
sponded to the carbons of COOH groups. In the spectrum of
PVA (Fig. S7AY), the signals for methyl, methylene, tertiary
carbon and carbonyl carbons (signal 1, 2, 3 and 4, respectively)
were observed at 21.26, 46.92-44.74, 68.79-63.58 and
170.34 ppm, respectively. After grafting, all the characteristic
signals for the PVA structures remained discernible (peaks
1-4, Fig. S7B-G, ESIf). In the meantime, a new signal at
~171.35 ppm (4') appeared in all the "C NMR spectra of
PI1-6, which corresponded to the carbonyl carbons with
indole units grafted. The COOH carbon signal (j) of the graft-
ing agents 1-6 (Fig. S6, ESIT) was not observed in the spectra
of the corresponding polymers (PI1 as an example shown in
Fig. 2), indicating the complete removal of the grafting agents.
All other characteristic signals corresponding to grafting
agents 1-6 were observed in the '*C NMR spectra of all the
polymers PI1-6 (i.e. aromatic signals a-%, methylene signal i,
and aliphatic signals k;_g), which confirmed the successful
grafting.

Polymers PI1-6 were further characterized by FTIR spec-
troscopy (Fig. 3). Before grafting, a broad and strong band cen-
tered at 3330 em™' related to the O-H stretching vibrations
with strong hydrogen bonding was observed in the FTIR spec-
trum of PVA. The intensity of this band was dramatically
reduced after grafting, which confirmed the reaction of OH
groups. However, the strong characteristic ester C=0 stretch-
ing band (centered at ~1732 cm™') did not show any notice-
able shift after grafting, which was due to the overlapping of
the unchanged residual acetate groups of PVA. In the mean-
time, the C-H stretching band at 3000-2800 cm™" was also
observed for PI1-6, which was due to the overlapping of the
C-H stretching of the unchanged PVA backbone and the OAc

groups. In addition, a new band appeared at 740 cm™" in the
HO__O
i
= NH
|'j-<
1 gl - (©
OYtO OH O4 o]
o Pl ,__4_1__ .-‘—‘—- (B)
PVA
0?20 OH iy ,;lhj\fl\':uh (A)
176 174 172 170 168 166 ppm

Fig. 2 Zoom-in *C NMR spectra of (A) initial PVA, (B) resulting PI1 and
(C) grafting agent 1 in the carbonyl range (165-176 ppm).

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 FTIR spectra of initial PVA and indole-based PI1-6.

FTIR spectra of PI1-6, which could be attributed to the out-of-
plane bending vibrations of aromatic C-H of the indole ring.
Two other new bands at 1589 and 691 cm™" in the spectra of
PI6 corresponded to the vibrations of aromatic C=C and C-H
of benzene ring, respectively.

Next, the thermal properties (e.g. thermal stability and glass
transition temperature) were investigated, because these are
related to their processing and manufacturing, which to some
extent decide their potential application ranges as biomedical
materials. The thermal behavior of the obtained PI1-6 was
evaluated by DSC analyses. According to the second heating
DSC curves (Fig. 4), PI1-6 were all amorphous without any
melting endotherm. This was consistent with the results from
WAXD measurements (Fig. S8, ESIT), which showed only amor-
phous halos for PI1-6 while three sharp diffraction peaks (26 =
19.5, 22.7 and 40.7°, for crystalline planes (101), (200) and
(111)) for the initial PVA.”® Furthermore, DSC results also

PI6

e
o | P15 :
S : ) 153°C
% P4 o 253 :
=} \\\:SGOC
S L
2 —ssec
3 | P2 : -
o T — TR
g | P : '
i Nesee

PVA - ‘

1 67 °C
-30 0 30 o "y 0 .
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Fig. 4 DSC second heating curves of initial PVA and indole-grafted
polymers (PI1-6).
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revealed the glass transition temperatures (Ty) of PI1-6 in the
range of 38-93 °C, depending on the N-substituent on indole.
PI1 with unsubstituted indole units showed the highest T,
value (93 °C), which was even higher than that of PVA (67 °C).
This enhanced T, was due to the increased bulkiness around
the chains (compared to PVA) and the preserved ability to form
hydrogen bonds (by N-H). PI2-6 showed lower T, values than
PVA, due to the loss of hydrogen bonding forming ability as
well as the additional flexibility of alkyl and ether units,”%°
despite their increased bulkiness compared to PVA and PI1.
Except for PI3 (T; ~ 38 °C), other polymers have T, values
ranging from 53-93 °C, which are similar to those of nylon
6/6 (50-60 °C) and poly(vinyl chloride) (65-85 ©°C). Such
Te,s are favourable for plastics toward various commodity
applications.

The thermal stability of PI1-6 was evaluated by TGA
measurements (Fig. 5 and Table 1). It was observed that
PVA presented two decomposition rate maxima (Fig. 5B).
According to the literature, the first major decomposition rate
maximum at ~312 °C can be attributed to the side chain
decomposition, and the second minor decomposition rate
maximum at a higher temperature (~428 °C) can be related to
the main chain decomposition.®"** For PI1-6, similar thermal
decomposition processes with two rate maxima were observed,
which was consistent with the presence of their PVA back-
bones. Compared to their precursor PVA, PI1-6 showed
similar or slightly higher T%° (temperature for 5% mass loss)
and Tpax values (temperature for the maximal rate of weight
loss, Fig. 5B, Table 1), as well as higher residual char yields
(CY) of PI1-6, which could be attributed to the presence of
aromatic units.>'®

Antibacterial effects

Antibacterial activities of PI1-6 against six Gram-negative (G—)
and three Gram-positive (G+) bacteria were conveniently evalu-
ated according to a disk diffusion method.*® As presented in
Fig. S9,f PI1-6 all showed larger inhibition zones than the
negative control for all the tested bacteria. By analyzing the sig-
nificance in differences (reflected by the p values), most tested
polymers showed significantly larger zones of inhibition com-
pared to the negative control (p values < 0.05, Table S2, ESIT).
The only exception was PI4, for which the inhibition zones
against two bacteria Sa and Sm did not show significant differ-

Residual weight (%)
Derivative weight (%/°C)

)
N

100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Fig. 5 TGA (A) weight loss and (B) derivative weight loss curves of initial
PVA and indole-grafted PVAs (PI1-6).
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Fig. 6 Difference between the inhibition zones of PI1-6 and gentami-
cin (Apix—g, X = 1-6). Note, only those Ap,_g values with significant
differences (p values < 0.05, Table S3, ESIf) are shown in the figure. The
absence of the data column displayed in the corresponding place means
that the inhibition zones of the polymer and gentamicin were compar-
able without significant difference (p values > 0.05, Table S3, ESIt). For
instance, for bacteria Ec and Sm there were no data plotted, which indi-
cated that for these bacteria the effect of the obtained polymers was
very similar (no significant difference) to that of gentamicin.

ence compared to the negative control (p values > 0.05,
Table S2, ESIf). This clearly indicates the broad antibacterial
properties of indole-based PVAs, regardless of the
N-substitution.

Next, the antibacterial efficiency of PI1-6 was compared
with that of a commonly used small molecular antibiotic, gen-
tamicin (Fig. 6). As a result, PI1-6 showed generally compar-
able effects to gentamicin. For most tested bacteria, the zones
of inhibition of PI1-6 and gentamicin did not show significant
difference (p values > 0.05, Table S3, ESI{). The exceptional
cases are shown in Fig. 6 when there was a significant differ-
ence in the zones of inhibition of PI1-6 and gentamicin
(Aprr_g, x = 1-6) reflected by p values < 0.05 (Table S3, ESIt).
Furthermore, for the six Gram-negative bacteria all PI1-6
showed either a significantly stronger (Apy,_g > 0) or compar-
able (not shown) antibacterial effect to gentamicin. This indi-
cated the effectiveness of these polymers particularly against
Gram-negative bacteria. For the three tested Gram-positive bac-
teria, the comparison with gentamicin was more complex. For
Sm, all polymers showed a comparable antibacterial effect to
gentamicin. For Bt, PI3-5 showed a significantly lower (Apy,_ < 0)
antibacterial effect than gentamicin, while that of the other
polymers were comparable to gentamicin. For Sa, PI2 and PI5
showed a significantly better (Ap,_c > 0) antibacterial effect
than gentamicin, PI1 showed a significantly lower (4p;, g < 0)
antibacterial effect than gentamicin, and the rest of the poly-
mers were comparable to gentamicin. As such a preliminary
conclusion is that the obtained polymers were in general com-
parable to gentamicin against Gram-positive bacteria, while
they could be more effective against Gram-negative bacteria.

Next, the impact of N-substitution on the antibacterial func-
tion of indole-grafted PVAs was investigated. The differences
between the zones of inhibition of PI2-6 with various hydro-
phobic substituents and PI1 with N-H units are illustrated

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Investigation on the effect of N-substituents. Comparison of the

inhibition zones between PI2—6 and PI1 (Apx_pi1, X = 2—6). Note, only
those Ap_p1 Vvalues with significant differences (p values < 0.05,
Table S4, ESIf) were shown. No data displayed means that the inhibition
zones between the hydrophobic substituted PI2—6 and H-substituted
(i.e. nonsubstituted) PI1 were comparable without significant difference
(p values > 0.05, Table S4, ESI¥).

in Fig. 7. In most cases, the inhibition zones of PI2-6 were
comparable with that of PI1 without significant differences
(p values > 0.05, Table S4, ESIt). This may suggest that neither
the indole N-H nor the various hydrophobic substituents were
essential in the interactions between the polymers and bac-
terial membranes. Only on several occasions were the substi-
tution effects observed. For instance, N-substituted ether
groups (i.e. in PI5-6) effectively enhanced the antibacterial
function against two bacteria (Pv and Sa for PI5, and Se and Sa
for PI6). However, N-substituted alkyl groups (i.e. in PI2-4)
were less effective. Only N-substituted propyl groups (i.e. in
PI2) enhanced the antibacterial function against one bacter-
ium (Sa). The presence of larger linear or cyclic alkyl groups
(P13-4) showed no enhancement of antibacterial effects
against most bacteria and even negative impact in the case of
bacterium Pm. These observations suggested that ether groups
may have a synergistic effect with indole units for the inter-
actions with certain bacterial membranes.®*

In addition, the possible impact of grafting density (conver-
sion of the OH groups) on the antimicrobial effects for PI4 was
investigated. Two PI4 samples with lower or higher grafting
density were prepared by using 0.5 or 1.5 equivalents of graft-
ing agent 4. The resulting polymers were characterized by 'H
NMR spectroscopy (Fig. S117), by which their conversion of
the OH groups were calculated as 54 and 85%, respectively.
Their corresponding molecular weights were also measured by
SEC as ~6 and 32 kDa, respectively. The antimicrobial effects
of these two new PI4 samples, namely Pl45, and Pl4g5 were
compared with that of the PI4 sample synthesized before with
72% OH conversion, namely PI4,,. As a result (Fig. 8), all the
tested PI4 samples presented the antibacterial zone of inhi-
bition against the two tested bacteria. In addition, the largest
inhibition zones were observed when PI45, was used against
both bacteria. This observed high efficiency of PI45, could be
related to the relatively low molecular weight of the sample
(thus high molecular mobility), as well as its relatively large

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Inhibition zones of PI4 samples with different grafting density
(conversion of OH groups). The subscript number after PI4 indicated the
OH conversion of the sample. Pure DMF and gentamicin (10 pg per disk)
were used as negative and positive controls, respectively. Bacteria:
Escherichia coli ATCC 8739 and Pseudomonas fluorescens (PCL 1701).
All experiments were performed in triplicate. The error bars stand for
standard deviations.

number of unreacted OH groups (thus increased water
solubility).

The antibacterial activities of PI4s,4, PI4,, and Pl4g; against
two bacteria, Escherichia coli ATCC 8739 and Pseudomonas
fluorescens (PCL 1701), were also evaluated by the standard
broth dilution method to determine their minimum inhibitory
concentration (MIC) values. After 24 h of incubation at 37 °C
of the 96-well microtiter plates, turbidity was noticed in the
wells containing <12.5 pug mL™" of Pl4g,, <12.5 pg mL™" of
Pl4,,, and <25 pg mL™" of Pl4g;, indicating the growth of bac-
teria. However, with the concentrations of >25 pg mL™" for
Pl4;,, >25 pg mL™" for PI4,,, and >50 pg mL™" for Pl4gs, no
turbidity was observed, indicating the inhibition of bacterial
growth. These values were then estimated as close to the MIC
values for these polymers (Fig. 9). According to this result,
PI4;, showed the most effective bacterial inhibition among the

60
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Fig. 9 Minimum inhibition concentrations (ug mL™) of Pl4sg4, Pl4;, and
Pl4gs. The only medium was used as the negative control and only bac-
terial inoculums were used as a positive control. All experiments were
performed in triplicate. Bacteria: Escherichia coli ATCC 8739 (dark grey
bars) and Pseudomonas fluorescens PCL 1701 (light grey bars). The error
bars stand for standard deviations.
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three PI4 samples, which was consistent with the disk
diffusion results discussed earlier. It should be noted that the
water solubility of these nonionic polymers was in general low,
which may have an impact on their observed MIC values.

Finally, the anti-quorum sensing (anti-QS) effects of the
three PI4 samples with different OH conversions were investi-
gated by the zone of pigment inhibition that results in an
opaque, halo zone of clearance (Fig. S14, ESIf). As shown in
Fig. 10, all the three PI4 samples showed similar anti-QS
effects, which were more significant compared to that of genta-
micin. Furthermore, it was also noted that the P14 sample with
the lowest grafting density (i.e. PI45,) showed a more signifi-
cant anti-QS effect for the inhibition of the violacein pigment
production of C. violaceum. This result preliminarily suggested
that these polymers may be potentially interesting targets for
further investigations toward materials that resist biofilm for-
mation, which is also regulated by quorum sensing.®’

Cytotoxicity

The cytotoxicity of PI1-6 to MG-63 osteoblast-like human cells
was determined by a standard MTT assay. The results were pre-
sented as a relative percentage of the negative control (100% of
cell viability). As seen in Fig. 11, less than 30% of reduction of
cell viability was observed for all tested polymers during the
evaluation period at three different concentrations (10, 100
and 1000 pug mL™"). This indicated that PI1-6 were non-cyto-
toxic according to the ISO 10993-5 standard.*® Furthermore, it
was observed that the cell viability increased gradually with
the increasing concentration after treatment with PI1. This
suggested that PI1 could enhance cell growth and thus might
be potentially suitable for various biomedical applications that
require promoting cell proliferation (e.g. wound healing, tissue
engineering and drug delivery),”"®° which was consistent with
other reported polymers (e.g. chitosan). To address whether
the increasing viability by PI1 could be related to its inter-
actions with MTT solution, we have performed an additional

21
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15 | |

Inhibition zones (mm)
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control  gentamicin

Fig. 10 The anti-QS activity of the three PI4 samples with different OH
conversions (Pl4s4, Pl4,,, and Pl4gs) against C. violaceum CV026. Pure
DMF and gentamicin (10 ug per disk) were used as negative and positive
controls, respectively. All experiments were performed in triplicate. The
error bars stand for standard deviations.
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Fig. 11 Cytotoxicity of PI1-6 at three concentrations (100, 500 and
1000 pg mL™Y). Results were presented as relative percent viability of
treated cells compared to that of untreated negative control (100% of
cell viability, not shown in the graph). The error bars stand for standard
deviations.

experiment for PI1 under the same conditions without adding
cells. As shown in Fig. S15 (ESIt), no significant absorbance at
600 nm was observed compared with background at three
different concentrations, which demonstrated that PI1 had no
significant interaction with the MTT working solution.

Hemotoxicity

The hemolytic activity of the obtained polymers (PI1-6) was
evaluated using the HaemoScan Biomaterial Haemolytic Assay
(HaemoScan, Netherlands) on human erythrocytes.”® As
shown in Fig. 12, the hemolysis rates of PI1, PI5 and PI6 were
all negligible (<0.01%) after 24 h of contact with red blood
cells (RBCs), indicating that these polymers have good hemo-
compatibility. For the other three polymers (PI2, PI3 and PI4),
various hemolysis rates were observed (3.4%, 6.9% and 2.9%,
respectively). This suggested that the substitutions with alky

100

Hemolysis (%)
3 o

N
(6}
1

0 -{ ¥ T T ¥ T g 1]' x 1]'
PI1 PI2 PI3 Pl4 PI5 PI6

Fig. 12 Hemolytic activity of PI1—6 (100 pg mL™%). DMSO (1% v/v) was
used as the negative control (0% hemolysis). Lysis buffer was used as the
positive control (100% hemolysis).

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1py01504d

Open Access Article. Published on 24 March 2022. Downloaded on 2/10/2026 12:14:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

(either linear or cyclic) groups on indole NH could decrease
the hemocompatibility of the resulting polymers to some
extent, while the substitutions with ether groups have no sig-
nificant impact on the hemocompatibility, which is consistent
with other reported polymers with ether groups.®®*!

Conclusions

A new series of nonionic indole-based biodegradable poly
(vinyl alcohol)s with different N-substituents were synthesized,
which showed tuneable glass transition temperatures
(39-93 °C) and desirable thermal stability. According to the
disk diffusion assay, all these polymers showed effective anti-
bacterial function against 9 different human pathogens. In
particular, these polymers were generally more effective
against the 6 tested Gram-negative bacteria, which were com-
parable or even superior to the effect of gentamicin. For the 3
tested Gram-positive bacteria, the obtained polymers showed a
comparable antibacterial effect to gentamicin, while in some
cases significant difference was also noticed. Moreover, we dis-
covered that the antimicrobial function of indole-based PVAs
generally did not include significant contribution from the
N-H unit or various hydrophobic groups. Only in a few cases
the effect of N-substitution was observed. This may prelimina-
rily suggest that the antibacterial function of the obtained
indole-based PVAs is related to other types of interactions with
bacterial membranes (e.g. aromatic interactions, or docking on
specific membrane proteins) rather than hydrophobic or
hydrogen bonding interactions. In addition, we have noticed
that the molecular weight and OH conversion had an impact
on the antimicrobial and anti-quorum sensing effects of the
obtained indole-based PVAs, which suggested that further
investigations on molecular design toward optimized mole-
cular sizes and the hydrophobic/hydrophilic balance could
provide more valuable information for the development of
such a new class of polymer materials. Finally, these obtained
polymers showed excellent biocompatibility, particularly for
those with ether substituents, which indicated their potential
toward various biomedical applications.
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