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ABSTRACT: This research aims to investigate nonionic hyper-
branched polyesters (HBPs) derived from indole and lignin
resources as new nontoxic antimicrobial coatings. Three nonionic
HBPs with zero to two methoxy ether substituents on each
benzene ring in the polymer backbones were synthesized by melt-
polycondensation of three corresponding AB, monomers. The
molecular structures and thermal properties of the obtained HBPs
were characterized by gel permeation chromatography, nuclear
magnetic resonance spectroscopy, Fourier transform infrared
spectroscopy, thermogravimetric analysis, and differential scanning
calorimetry analyses. These HBPs were conveniently spin-coated
on a silicon substrate, which exhibited significant antibacterial
effect against Gram-negative (Escherichia coli and Pseudomonas

live

aeruginosa) and Gram-positive bacteria (Staphylococcus aureus and Enterococcus faecalis). The presence of methoxy substituents
enhanced the antimicrobial effect, and the resulting polymers showed negligible leakage in water. Finally, the polymers with the
methoxy functionality exhibited excellent biocompatibility according to the results of hemolysis and MTT assay, which may facilitate

their biomedical applications.

1. INTRODUCTION

Antimicrobial polymers (AMPs) have received growing
attention as potentially new coating materials for biomedical
devices, due to their enhanced antimicrobial effects, lower
toxicity, and nonleaching advantage compared to small
molecular antimicrobials.' > Most reported AMPs contain
positive charges, whose antimicrobial mechanism largely relies
on their ionic interactions with negatively charged bacterial
membranes.”™” However, many ionic AMPs suffer from
undesirable water solubility, eco-toxicity, poor compatibility
with nonionic matrix materials, and fouling potential,lo_15
which could limit their biomedical applications. Nonionic
AMPs have potential to resolve these limitations, so they can
form a new class of desirable coatings for various biomedical
applications.'®"”

Due to the lack of ionic interactions with bacterial
membranes, nonionic AMPs usually contain certain function-
alities (e.g., chlorine, phenol, and so forth) that can interact
with bacterial membranes by, for example, hydrogen-bonding,
hydrophobic, or dipole—dipole interactions.”’~>' A smart
strategy to design nonionic AMPs is to utilize naturally
existing molecules with antimicrobial properties, such as
curcumin, limonene, aspirin, indole, and so forth.>>~2° Grafting
such functionalities on linear polymer backbones can yield
AMPs with an effective antimicrobial function.””~** If such
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functionalities are densely grafted on highly branched polymers
(e.g, dendrimers, hyperbranched polymers, or HBPs), the
interactions with bacterial membranes can be further
enhanced, leading to more significant antibacterial ef-
fects.”®'1%3133 Guch a dendritic enhancement of the
antimicrobial effect has been frequently reported for ionic
AMPs**7*° and less frequently reported for nonionic
AMPs, 163137

When AMPs are used as coatings to protect the matrix
material against bacteria,”®”’ they could either prevent
bacterial adhesion or kill the bacteria on contact. AMPs
usually do not diffuse and release from the matrix and kill the
surrounding bacteria (like small antibiotics or metal ions),**!
which is due to their relatively large size and slow diffusion
rate.”>™** AMP coatings with an anti-adhesion effect can be
achieved by immobilizing antifouling agents such as poly-
ethylene glycol and zwitterions.*~* However, such coatings
frequently suffer from harmful biofilm formation, due to the
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lack of bactericidal capabilities.””* Furthermore, the anti-
adhesion effect could vary due to the changes in surface
morphology and perfection.”’ As such, it is advantageous for
AMP coatings to exert a contact-killing effect. Contact killing is
commonly achieved by using cationic agents (e.g.,, quaternary
ammoniums, chitosan, peptides, cationic polymers, and so
forth).>'***=>? However, nonionic AMPs with contact-killing
capabilities were rarely investigated toward coating applica-
tions. To our knowledge, only a few nonionic polyphenolics
have been reported so far.””*' The design principles and
structure—property relationships of nonionic AMP coatings
remained largely unknown.

Herein, we present the synthesis of three bio-based nonionic
hyperbranched polyesters using three AB, monomers derived
from various indole- and lignin-based monomeric molecules
(methyl indole-S-carboxylate, 4-hydroxybenzaldehyde, vanillin,
and syringaldehyde). The molecular and thermal properties, as
well as the cytotoxicity of the obtained HBPs, were
characterized. Their contact-killing antibacterial effect against
two Gram-negative (Escherichia coli and Pseudomonas aerugi-
nosa) and two Gram-positive bacteria (Staphylococcus aureus
and Enterococcus faecalis) when used as coatings was also
demonstrated.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. 4-Hydroxybenzaldehyde, vanillin,
syringaldehyde, ethylene carbonate, potassium carbonate (K,COs),
methyl indole-5-carboxylate, iodine (I,), and dibutyltin(IV) oxide
(DBTO) were purchased from Sigma-Aldrich. Tetrahydrofuran
(THF), N,N-dimethylformamide (DMF), N,N-dimethylacetamide
(DMACc), 1,4-dioxane, chloroform, dichloromethane, dimethyl sulf-
oxide (DMSO), ethanol, methanol, acetone, acetonitrile, ethyl acetate
(EtOAC), n-heptane, xylene, and Na,SO, were purchased from VWR
Chemicals. Tryptic soy broth (TSB), phosphate-buffered saline
(PBS), tryptic soy agar (TSA), sterile sheep’s blood, Staphylococcus
aureus ATCC 6538 (S. aureus), Enterococcus faecalis ATCC 29212 (E.
faecalis), Escherichia coli ATCC 25922 (E. coli), and Pseudomonas
aeruginosa ATCC 27853 (P. aeruginosa) were purchased from
commercial sources. All chemicals were used as received without
purification.

2.2. Synthesis. 2.2.1. General Procedure for Synthesis of 3a—c.
A solution of la—c (4-hydroxybenzaldehyde, vanillin, and syringalde-
hyde, respectively, 10.0 mmol, 1.00 equiv) and K,CO; (15.0 mmol,
1.50 equiv) in S0 mL of DMF was added into a 100 mL round-
bottomed flask and stirred with N, flow. Then, ethylene carbonate
(11.0 mmol, 1.10 equiv) was added dropwise, and the reaction
mixture was heated at 100 °C with refluxing. After 12 h, the reaction
mixture was cooled to room temperature and poured into EtOAc
(100 mL) before water (100 mL) was added. The aqueous phase was
separated and then extracted with EtOAc (2X SO mL). The organic
phases were combined and washed with water (3X 50 mL), brine (50
mL), dried over Na,SO,, and concentrated under reduced pressure to
yield 3a—c.

2.2.1.1. 4-(2-Hydroxy-ethoxy)-benzaldehyde (3a). White solid
(50% yield), "H NMR (400.13 MHz, DMSO-dq): § ppm 9.87 (s, 1H,
CHO), 7.87 (d, 2H, Ar), 7.13 (d, 2H, Ar), 4.96 (t, 1H, OH), 4.11 (t,
2H, OCH,CH,0H), 3.75 (m, 2H, OCH,CH,0H). “C NMR
(100.61 MHz, DMSO-dy): 6 ppm 191.76, 164.21, 132.28, 130.12,
115.42, 70.53, 59.84. HRMS (ESI*, m/z): exact mass calcd for
C,H,,0,", 167.0708; found, 167.0706.

2.2.1.2. 4-(2-Hydroxyethoxy)-2-methoxybenzaldehyde (3b).
Light yellow solid (45% yield), '"H NMR (400.13 MHz, DMSO-
dg): 5 ppm 9.85 (s, 1H, CHO), 7.54 (d, 1H, Ar), 7.41 (s, 1H, Ar),
7.20 (d, 1H, Ar), 4.94 (t, 1H, OH), 4.11 (t, 2H, OCH,CH,0H), 3.85
(s, 3H, OCH,) 3.77 (m, 2H, OCH,CH,OH). 3C NMR (100.61
MHz, DMSO-dy): 5 ppm 191.83, 154.15, 149.70, 130.04, 126.53,
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112.56, 110.07, 70.88, 59.80, 55.92. HRMS (ESI*, m/z): exact mass
caled for C(H,;0,%, 197.0814; found, 196.0812.

2.2.1.3. 4-(2-Hydroxyethoxy)-2,6-dimethoxybenzaldehyde (3c).
Light yellow solid (42% yield), "H NMR (400.13 MHz, DMSO-d;): 6
ppm 9.89 (s, 1H, CHO), 7.27 (s, 2H, Ar), 4.64 (t, 1H, OH), 3.99 (t,
2H, OCH,CH,0OH), 3.87 (s, 6H, OCH;) 3.65 (m, 2H,
OCH,CH,0OH). 3C NMR (100.61 MHz, DMSO-d): 8 ppm
192.32, 153.81, 142.62, 131.99, 107.27, 74.77, 60.74, 50.61. HRMS
(ESI*, m/z): exact mass caled for C;;H; 0", 227.0919; found,
227.0918.

2.2.2. Synthesis of Monomers 5a—c. To a well-stirred solution of
3a—c (0.200 mol, 1.00 equiv) and indole-5-carboxylate (0.400 mol,
2.00 equiv) in acetonitrile (50 mL) was added I, (catalytic amount) in
a 100 mL round-bottomed flask with N, flow. The reaction mixture
was stirred at room temperature for 8 h. Afterward, the reaction
mixture was poured into EtOAc (100 mL), followed by the addition
of water (50 mL). The aqueous phase was separated and extracted
with EtOAc (2X SO mL). The combined organic phase was washed
with water (3X 50 mL), brine (50 mL), dried over Na,SO,, and
concentrated under reduced pressure to yield the corresponding
monomers Sa—c.

5a: brown solid (90% yield), 'H NMR (400.13 MHz, DMSO-d,):
S ppm 11.26 (s, 2H, NH), 8.02 (s, 2H, Ar), 7.70 (m, 2H, Ar), 7.46 (d,
2H, Ar), 7.23 (d, 2H, Ar), 6.85 (m, 4H, Ar), 5.95 (s, 1H, CH), 4.87
(t, 1H, OH), 3.94 (t, 2H, OCH,CH,0H) 3.76 (s, 6H, COOCHj),
3.70 (m, 2H, OCH,CH,OH); *C NMR (100.61 MHz, DMSO-dj): 6
ppm 167.67, 157.43, 139.77, 136.55, 129.61, 126.57, 125.94, 122.52,
122.18, 120.30, 114.58, 111.98, 69.81, 60.07, 52.0S, 38.61. HRMS
(ESI*, m/z): exact mass calcd for C,oH,,N,O4", 499.1869; found,
499.1862.

5b: brown solid (89% yield), '"H NMR (400.13 MHz, DMSO-d,):
8 ppm 11.25 (s, 2H, NH), 8.05 (s, 2H, Ar), 7.71 (d, 2H, Ar), 7.4S (d,
2H, Ar), 7.03 (s, 1H, Ar), 6.94—6.75 (m, 4H, Ar), 5.94 (s, 1H, CH),
4.82 (t, 1H, OH), 3.92 (t, 2H, OCH,CH,0H) 3.77 (s, 3H,
COOCH,), 3.69 (m, 2H, OCH,CH,0H), 3.60 (s, 3H, OCH,); 3C
NMR (100.61 MHz, DMSO-d,): & ppm 167.67, 149.09, 146.94,
139.76, 137.25, 126.60, 125.92, 122.50, 122.22, 120.61, 120.23,
120.18, 113.32, 113.14, 111.98, 70.54, 60.08, 55.91, 52.05, 38.86.
HRMS (ESI*, m/z): exact mass caled for C3,H,oN,O,%, 529.1975;
found, 529.1983.

5c: brown solid (91% yield), 'H NMR (400.13 MHz, DMSO-dg):
& ppm 11.28 (s, 2H, NH), 8.10 (s, 2H, Ar), 7.71 (d, 2H, Ar), 7.45 (d,
2H, Ar), 7.01 (s, 2H, Ar), 6.75 (s, 2H, Ar), 5.96 (s, 1H, CH), 4.53 (t,
1H, OH), 3.84 (t, 2H, OCH,CH,OH) 3.78 (s, 6H, COOCH,), 3.68
(s, 6H, OCHj;), 3.60 (m, 2H, OCH,CH,0H); *C NMR (100.61
MHz, DMSO-dg): 6 ppm 167.68, 153.15, 140.30, 139.72, 135.47,
126.59, 125.94, 122.51, 122.25, 120.27, 119.82, 112.01, 106.48, 74.52,
60.67, 56.43, 52.05, 39.96. HRMS (ESI*, m/z): exact mass calcd for
CyHyyN, 04", 559.2080; found, 559.2072.

2.2.3. Polymerization of HBPs (P5a—c). Monomers Sa—c (500
mg), DBTO (25 mg), and xylene (10 mL) were added to a two-
necked 50 mL round-bottomed flask equipped with a mechanical
stirrer. After being stirred for 30 min under a N, flow, the temperature
was increased up to 165 °C and stirred again for 8 h. Afterward, the
reaction mixture was cooled to room temperature and xylene was
removed under reduced pressure. The obtained solid was dissolved in
THF (5 mL) and precipitated in n-heptane (100 mL). The
precipitates were collected by gravity filtration, redissolved in THF
(3 mL), and reprecipitated in cold chloroform (100 mL) to yield
PSa—c.

P5a: brown solid (36% yield), '"H NMR (400.13 MHz, DMSO-d,):
8 ppm 11.24 (br, 2H, NH), 8.01 (br, 2H, Ar), 7.68 (br, 2H, Ar), 7.40
(br, 2H, Ar), 7.21 (br, 2H, Ar), 6.83 (br, 4H, Ar), 5.93 (br, 1H, CH),
441 (br, 2H, OCH,CH,0H), 4.13 (br, 2H, OCH,CH,0OH), 3.71
(br, COOCHj). 3C NMR (100.61 MHz, DMSO-d): § ppm 167.67,
167.16, 156.97, 139.85, 139.77, 136.92, 129.66, 126.61, 126.56,
125.95, 122.55, 122.16, 120.35, 120.27, 120.13, 114.66, 111.96, 67.48,
66.22, 52.00, 38.62.

P5b: brown solid (35% yield), '"H NMR (400.13 MHz, DMSO-
dg): 6 ppm 11.26 (br, 2H, NH), 8.06 (br, 2H, Ar), 7.70 (br, 2H, Ar),
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7.43 (br, 2H, Ar), 7.03 (br, 1H, Ar), 6.95—6.72 (br, 4H, Ar), 5.95 (br,
1H, CH), 4.44 (br, 2H, OCH,CH,0H), 4.17 (br, 2H,
OCH,CH,OH), 3.74 (br, COOCH,), 3.59 (br, OCH,). *C NMR
(100.61 MHz, DMSO-dy): § ppm 167.66, 167.21, 149.31, 146.53,
139.82, 139.75, 126.58, 125.94, 122.53, 122.19, 111.98, 67.32, 63.34,
55.96, 52.00, 39.11.

P5c: brown solid (40% yield), 'H NMR (400.13 MHz, DMSO-dy):
& ppm 11.23 (br, 2H, NH), 8.09 (br, 2H, Ar), 7.69 (br, 2H, Ar), 7.41
(br, 2H, Ar), 6.96 (br, 1H, Ar), 6.71 (br, 1H, Ar), 5.94 (br, 1H, CH),
4.34 (br, 2H, OCH,CH,0H), 4.08 (br, 2H, OCH,CH,0H), 3.69
(br, COOCH,), 3.52 (br, OCH,). *C NMR (100.61 MHz, DMSO-
ds): 6 ppm 167.66, 167.22, 153.16, 140.57, 139.72, 135.04, 126.58,
125.94, 122.52, 12233, 12223, 12049, 12027, 119.81, 112.00,
111.82, 106.32, 70.95, 63.89, 56.24, 51.97, 40.89.

2.3. 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 (FTIR) spectra were obtained with an
attenuated total reflection setup using a Bruker Alpha FTIR
spectrometer. Differential scanning calorimetry (DSC) measurements
were performed using a TA Instruments DSC Q2000. The samples
were studied with a heating rate of 10 °C min™" under nitrogen with a
purge rate of 50 mL min~". The T, 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
QS00) at a heating rate 10 °C/min. Gel permeation chromatography
(GPC) was carried out with 2xPL-Gel Mix-B LS column and
OmniSEC triple detectors (refractive index, viscosity, and light
scattering). All measurements were carried out at 35 °C at a
concentration of 3 mg mL™" using THF as the eluent, and at an
elution rate of 1 mL min~'. Calibration was performed with a
polystyrene standard sample (M, = 96 kg mol™' from Polymer
Laboratories). High-resolution mass spectrometry (HRMS) was
performed by direct infusion on a Water Xevo-G2 QTOF mass
spectrometer using electrospray ionization. The optical density (OD)
values were characterized by a microplate reader (MultiSkan, ND2k).
SEM measurements were performed by a field-emission-scanning
electron microscope (Hitachi SU8010). UV spectra were recorded by
an ultraviolet—visible spectrophotometer (HTH HB-7). The thick-
ness of coating was determined by the ellipsometry (SE-VM, Wuhan
Eoptics Technology Co., Ltd.).

2.4. Preparation of Monomer or HBP Coatings. Silicon wafers
(1 cm X 1 cm) were pre-treated with a piranha solution (98% sulfuric
acid and 30% hydrogen peroxide, 7:3 v/v) for 30 min, then rinsed
thoroughly with deionized water, and dried with nitrogen flow.
Monomer (5a—c) or HBP (PSa—c) coatings were prepared by spin-
coating (6000 rpm) from 20 uL of DMSO solutions (40 mg/mL)
onto the silicon substrates. All coating samples were dried in a
vacuum oven overnight at room temperature.

2.5. Antimicrobial Tests. The bactericidal potency of coatings
was determined by following a contact protocol.”*”®> Bacterial cells
were grown overnight at 37 °C in a TSB medium to a mid-log phase
and re-suspended in PBS to 1 X 10° colony forming units per mL
(CFU/mL). 10 uL of inoculum suspension was first spread on the
uncoated (control), monomer-, or HBP-coated silicon wafer, then
immediately covered with another piece of control or coated wafer.
After incubation at 37 °C for 24 h, the wafer samples were transferred
into 400 uL of the PBS solution bath and washed vigorously for 10
min. The surviving bacteria were plated on a TSA Petri dish with 100-
fold serial dilutions and incubated at 37 °C for another 24 h. By
counting the number of colonies on each plate, the survival numbers
of bacteria were presented as log (cfu/mL). Each experiment was
performed at least thrice.

Apart from this, the antibacterial performance of the coated silicon
wafers was retested (second cycle). Specifically, after the antibacterial
study against E. coli, the coated wafers were directly washed with PBS
and water and then dried in a vacuum oven overnight. The
antibacterial test against E. coli was again carried out as described
above. Each experiment was performed thrice.
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The leaching behavior of antibacterial agents from the coatings was
examined by the zone of inhibition test and UV—vis spectropho-
tometry. Filter disks (6 mm in diameter) were immersed in the
solutions of monomers or HBPs in DMSO (1 mg/mL) and then
placed onto the sterilized TSA plates which were inoculated with
bacterial cells (100 L, 1 X 10’ CFU/mL) in advance. The solution of
gentamycin in DMSO (1 mg/mL) and pure DMSO were used as
controls. After 24 h of incubation at 37 °C, the possible zone of
inhibition was recorded. The process was repeated three times to
ensure the accuracy. For the UV—vis measurement, the coated wafer
was immersed into a 1 mL H,O bath under shaking at 37 °C for §
days. The UV—vis spectra of the aqueous phase were then measured.
The control solutions were prepared by first dissolving the monomers
or HBP polymers in DMSO then diluting in water to fix the final
concentration at 0.1 mg/mL (DMSO/H,0 = 1:9 v/v). Each sample
was measured three times.

2.6. SEM Imaging. To observe the morphology of bacteria on
HBP coatings, PSc-coated wafer was used as the representative
sample and the uncoated wafer was used as the control. The
antibacterial test against E. coli was carried out as described before.
Afterward, the bacteria cells on PSc-coating were fixed in the
glutaraldehyde solution (pH 7.2, 2.5%) for 2 h at room temperature.
The bacterial cells were then dehydrated using gradient ethanol
solutions (20, 50, 70, 80, 90, and 100% v/v in water) and dried in a
vacuum oven. All samples were coated with gold using a Denton Dest
II Sputter-Coater for 1S5 s and observed by FE-SEM.

To evaluate the antibiofouling effect, 10 uL of the E. coli suspension
(1 X 10° CFU/mL) was first spread on the uncoated (control) or
HBP-coated wafers as described above. After incubation at 37 °C for
24 h, the wafers were simply washed by PBS and water and then dried
in a vacuum oven overnight at room temperature. The surface of the
coated wafers was examined using FE-SEM operated at 3 kV.

2.7. Thickness Analysis. The thickness of coatings was
determined by the ellipsometry, including the freshly prepared
coatings and the coated wafers after antibacterial tests. Four random
positions on each wafer were measured, and the results were averaged.
Each sample was measured three times.

2.8. Hemolysis Tests. Hemolytic activity was characterized with
sheep’s blood. Red blood cells (RBCs) were pelletized by centrifuging
1 mL of the blood and washing the pellet four times with PBS (pH =
7.4). A 10 uL of the RBC suspension was first spread on the uncoated
(control), monomer-, or HBP-coated silicon wafer, then immediately
covered with another piece of control or coated wafer. After
incubation at room temperature for 2 h, the wafer samples were
transferred into a 490 uL of PBS or deionized water solution bath and
washed vigorously for 10 min. For the uncoated wafers, the positive
control was washed with deionized water and the negative control was
washed with PBS. 100 uL of the diluted solution was transferred to a
new 96 well plate and the OD at 540 nm was measured. The
hemolysis percentage was calculated by following equation.

Hemolysis

ODy,, (sample) — ODj,, (negative control)

% =
OD;,, (positive control) — ODg,, (negative control)

X 100%

2.9. MTT Assay. The MG-63 osteoblast-like human cells were
cultured in Dulbecco’s modified Eagle media supplemented with 10%
fetal bovine serum, 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 get a
concentrated cell pellet when the confluence reached 80%. 1 X 10*
cells/well were seeded on a 96-well plate and cultured for 24 h before
adding the materials. Test compounds (negative control, Sa—c, and
PSa—c) dissolved in DMSO were then added to the cell culture at a
final DMSO concentration of 1% (v/v). Fresh culture medium
without the tested samples was used as a 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
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Scheme 1. Synthesis of AB, Monomers Sa—c and HBPs (PSa—c)

2 HO
o) \L
OH [ =0 o
Ry R, o R R,
K,CO3, DMF
CHO CHO
1a-c 3a-c

1a, 33, 53, P5a: R4=H, R,=H
1b, 3b, 5b, P5b: R4=H, R,=OMe
1c, 3¢, 5¢, P5c: R1=OMe, R,=OMe

e

AB, monomer

Ry
O COOme
| I
HN NH

5a-c

HO

I, ACN

phosphate buffer. The MTT working solution (0.5 mg/mL) was
added to the cells and incubated for 2 h at 37 °C, after which DMSO
(200 uL/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.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Monomers and HBPs. The three AB,-
type monomers (one OH and two COOMe groups) with a
bis-indole structure (Sa—c, Scheme 1) were synthesized in two
steps from lignin-derived aromatic aldehydes (la—c, Scheme
1). First, the phenolic groups of 1la—c were reacted under mild
basic conditions with ethylene carbonate (2), a green reagent,
yielding the corresponding primary alcohols 3a—c. Afterward,
the aldehyde groups of 3a—c were reacted with indole
carboxylate 4 at the three position on indole rings according
to an iodine-catalyzed protocol,”* yielding the corresponding
AB, monomers Sa—c in ~90% vyields and good purity
(according to 'H NMR spectra, Figure 1A,C,E).

The obtained AB, monomers Sa—c were polymerized b
bulk condensation using a DBTO catalyst at 165 °C,°*

S
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yielding HBPs PSa—c, respectively. A small amount of xylene
was added in the polymerization mixture to facilitate heat
transfer and removal of the condensed methanol.®® An
increased reaction temperature to 180 °C resulted in partial
insolubility in THF due to cross-linking. Even a higher
temperature (200 °C) led to coloration and char formation
during the polymerization. After the polymerization, two
straightforward precipitations of the crude polymer solution
dissolved in THF into n-heptane and then into chloroform
were carried out to yield pure polymers PSa—c. The obtained
HBPs generally showed good solubility in polar aprotic
solvents (e.g, DMSO, DMF, DMAc, and THF, Table S,
Supporting Information), which could facilitate their character-
ization and processing by spin-coating from their solutions.
3.2. Molecular Characterization. The molar masses of
PSa—c were desirable in the medium—low range (~3000—
4500 g mol™') according to the GPC results (Table 1). This
range of molecular weight is desirable for the intended
antimicrobial applications because a too high molecular weight
could lead to decreased antimicrobial activity.’® It was also
observed that upon an increased number of methoxy groups in
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Figure 1. '"H NMR spectra of (A) 5a, (B) PSa, (C) 5b, (D) P5b, (E) 5c, and (F) P5c in DMSO-dj.

Table 1. Molecular and Thermal Properties of HBPs (PSa—
c)”

M, M, T Ty T e CY

gmol™) (gmol™) PDI (°&) (°C) (C) (%)

PSa 4 494 14 435 3.2 223 354 290, 60
402

Psb 3 761 12 920 3.5 213 317 300, 50
406

PSc 3282 11 443 3.5 209 318 325, 50
422

“M,, M,, and PDI were determined by GPC in THF. T, (glass-
transition temperature) was measured from the second heating DSC
curve and Ty and Ty, are the temperatures for 10% weight loss and
maximum decomposition rates, respectively, according to the TGA
data. Char yield (CY) at 600 °C was measured by TGA.

the polymers (i.e., from PSa to PSc), the molecular weight
showed a slightly decreasing trend. This may suggest that the
presence of methoxy groups in monomers could lower their
reactivity under the polymerization conditions, likely due to
steric hindrance. In the meantime, the yields of these
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polymerizations were generally low (35—40%), which
indicated the occurrence of fractionation due to different
solubility of the crude products during purification. Such
fractionation may lead to a change of the observed molecular
weight after purification. Furthermore, the obtained monomers
and polymers were characterized by 'H NMR spectroscopy
(Figure 1). All the proton signals for the monomers (Sa—c)
were unambiguously assigned (Figure 1A,C,E), including the
NH signals (11.26, 11.25, and 11.28 ppm for Sa—c,
respectively), the aromatic signals (~8.10—6.75 ppm), the
signals for the central CH (5.95, 5.94, and 5.96 ppm for Sa—c,
respectively), the OH signals (4.87, 4.82, and 4.53 ppm for
Sa—c, respectively), the two ethylene “bridge” signals (3.94,
3.92, and 3.84 ppm next to aromatic ether unit and 3.70, 3.69,
and 3.60 ppm next to the OH group for Sa—c, respectively),
methyl ester signals (3.76, 3.77, and 3.78 ppm for Sa—c,
respectively), and the methoxy signals (3.60 ppm for Sb—c).
After polymerization, the '"H NMR spectra of the resulting
polymers displayed broadened signals (Figure 1B,D,F), which
indicated the formation of polymers. The OH signals in the "H
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Figure 2. 3C NMR spectra of (A) Sa, (B) PSa, (C) 5b, (D) P5b, (E) 5c, and (F) P5c in DMSO-d,.

NMR spectra of monomers were not observed, which
confirmed monomer consumption (note, there is only one
OH group present in PSa—c, which may be too small to be
observed). Furthermore, the ethylene “bridge” signals showed
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significant downfield shifts in the polymers compared to that of
the corresponding monomers, which was consistent with the
formation of electron-withdrawing ester bonds. All the other
signals (i.e., the NH signal, aromatic signals, CH, and OCHj,
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signals) remained after the polymerizations without a
significant change in the chemical shifts because they were
located relatively far away from the reaction sites (ester-
ification).

Next, *C NMR spectroscopy provided further structural
information about the synthesized monomers and polymers
(Figure 2). The carbon signals for all the monomers were
unambiguously assigned first (Figure 2A,C,E), including the
ester carbonyl carbon (167.67, 167.67, and 167.68 ppm for
Sa—c, respectively), the aromatic carbons (~153.15—106.48
ppm), the two ethylene “bridge” carbons (70.54, 69.81, and
74.52 ppm next to the aromatic ether unit and 60.07, 60.08,
and 60.67 ppm next to the OH group for Sa—c, respectively),
the methyl ester carbons (~52.05 ppm), the methoxy carbons
(55.91 and 56.43 ppm for Sb—c, respectively), and the signal
for the central CH (38.61, 38.86, and 39.96 ppm for 5a—c,
respectively, confirmed by their HMQC spectra (Figures S4,
S6, and S8, Supporting Information). After polymerizations,
the signals for unreacted (end) carbonyl carbons (~167.7
ppm), aromatic carbons, and the methyl carbons did not shift
noticeably. Interestingly, the two ethylene “bridge” carbon
signals showed the opposite trend of chemical shifts after the
polymerizations. The one close to ester groups shifted
downfield (by ~3.22—6.15 ppm), but the other bridge carbon
close to the phenoxy group shifted upfield (by ~2.33—3.57
ppm). Additionally, a new signal at ~167.2 ppm was observed
in the >C NMR spectra of the polymers, which corresponded
to the carbonyl carbons of ester groups, indicating the
formation of ester bonds in the polymers. The central CH
carbon signal of PSa was observed at 38.62 ppm, but the same
signal was not observed for PSb—c, due to overlapping with
the DMSO signal at ~40.61—39.36 ppm.

In addition, the obtained HBPs were also characterized by
FTIR spectroscopy (Figure 3). The characteristic absorption

PSa_ | | NN

Transmittance

coi i

T T T T T
4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 3. FTIR spectra of PSa—c.

bands of PSa—c include indole N—H stretching (centered at
~3390 cm™'), aliphatic C—H stretching (centered at ~2952
cm™'), ester C=0 stretching (~1698 cm™"), C—O symmetric
stretching (~1239 cm™), asymmetric C—O stretching (1106
cm™), and aromatic C—H bending (~761 cm™) bands.
Similar absorption bands were also observed in the FTIR
spectra of the monomers Sa—c (Figure S9, Supporting
Information).

3.3. Thermal Properties. Thermal properties of PSa—c
were characterized by DSC and TGA analyses. As shown in
Figure 4, PSa—c showed high glass transition temperatures (T,
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Figure 4. DSC second heating curves of PSa—c.

= 223, 213, and 209 °C, respectively), which was consistent
with their rigid structures. The T, values for PSa—c decreased
upon the increasing number of methoxy groups in polymer
structures, which could be related to the flexibility and
plasticizing effect of the methoxy groups, as well as the slightly
decreased molecular weight from PSa to PSc. No melting
endotherm was observed, which revealed their fully amorphous
nature. According to the TGA results (Figure S), all the three
HBPs showed relatively high initial thermal decomposition
temperatures (T}, > 300 °C), which were higher than that of
the corresponding monomers (T, = 284, 283, and 286 °C for
Sa—c, respectively). Such enhanced thermal stability of
polymers compared to their monomers was commonly
observed for other HBPs.'””” The derivative TGA curves
showed multiple decomposition rate maxima. The first one at
~290-325 °C could be attributed to the monomeric
structures in the polymers, which was confirmed by the curves
of the monomers (Figure SB). The other decomposition rate
maxima were observed at higher temperatures, which could be
attributed to the degradation of the polyester backbones. The
high residual char yields (CYs) of PSa—c (60, 50 and 50%,
respectively) could be ascribed to the presence of aromatic
structures, which indicated a potential inherent flame
retardance.””®

3.4. Antibacterial Effects. To evaluate the antibacterial
activity, monomers Sa—c and HBPs PSa—c were spin-coated
on silicon substrates and tested against two Gram-negative (E.
coli and P. aeruginosa) and two Gram-positive bacteria (S.
aureus and E. faecalis) according to a conventional contact
protocol.”*~®* After confrontation with four pathogens for 24
h, the surviving bacteria were plated on a TSA Petri dish with
100-fold serial dilutions and incubated at 37 °C for another 24
h, as shown in Figure S10, Supporting Information. The
antibacterial effects of the polymers and monomers were
compared by calculating the number of viable bacterial
colonies. As presented in Figure 6, polymers generally showed
higher bactericidal activity compared to monomers (Sa—c),
which could be ascribed to their densely grafted functional
groups (ie., indole units) that can enhance their nonionic
interactions with bacterial membranes. Such an enhancement
of the antibacterial effect for HBPs was consistent with other
reported HBPs.®'®*’ Specifically, PSc coating showed a
significant antibacterial effect (~6-log reduction in colony
counts) against three of the selected bacteria (E. coli, S. aureus,
and E. faecalis) and moderate antibacterial effect (~2-log
reduction in colony counts) against P. aeruginosa. PSb coating

https://doi.org/10.1021/acs.biomac.1c01186
Biomacromolecules 2022, 23, 150—162


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01186/suppl_file/bm1c01186_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01186/suppl_file/bm1c01186_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01186/suppl_file/bm1c01186_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01186/suppl_file/bm1c01186_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig4&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

Residual weight (%)

300 400 500

Temperature (°C)

100 200

600

1.5

(B)

Derivative residual weight (%/°C)

300 400 500

Temperature (°C)

100 200 600

Figure S. TGA residual weight (A) and first derivative (B) curves of monomers and polymers.

8-

(A)

» o
N

Log (CFU/mL)
»

o

I
T

S P Q(.:p

O 0 O
P S °:°Q‘o

(€

Log (CFU/mL)

S P P P O
oo(\\& ‘QQQ) (OQQJ

(B) °

64

Log (CFU/mL)
N

o

2 @ O 0 <
@5 P 5 vf*q@

C)

Log (CFU/mL)

2 @ AV £
@ & P B ¢ &

Figure 6. Colonies of Gram-negative bacteria (A) E. coli and (B) P. aeruginosa and Gram-positive bacteria (C) S. aureus and (D) E. faecalis on the
surfaces coated with monomers (Sa—c) or polymers (PSa—c). The control is an uncoated silicon wafer.

also showed a significant antibacterial effect of (~6-log
reduction in colony counts) against E. coli and S. aureus but
a relatively low effect (~1-log reduction in colony counts)
against P. aeruginosa and E. faecalis. PSa coating exhibited only
a moderate antibacterial effect (~2-log reduction in colony
counts) against P. aeruginosa but a rather insignificant effect
(less than 1-log reduction in colony counts) against the other
three bacteria. Based on such an observation, the increased
number of methoxy substituents (PSc > PSb > PSa) on these
HBP structures showed a general enhancement on the
antibacterial effect. This was consistent with the observation
with other cationic AMPs, for which the mild hydrophobic
methoxy ether units could facilitate their interactions with
bacterial membranes.®’ However, there is still a general
knowledge gap regarding the antimicrobial mechanism for
nonionic AMPs, so the exact effect of methoxy ether units on
nonionic AMPs remained to be unravelled.

Next, the E. coli after contacting the PSc-coated surface was
subjected to SEM imaging. As shown in Figure 7B, the cells of
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Figure 7. SEM images of E. coli before (A) and after (B) contacting a
PSc-coated surface.

E. coli were clearly damaged after contacting PSc coating,
which indicated the ability of PSc to disrupt bacterial
membranes. This suggested a bactericidal mechanism, which
was consistent with that of the other widely studied cationic
AMPs./%7!

Furthermore, the coating thickness before and after the
antimicrobial experiments against E. coli was investigated by
ellipsometry. As shown in Table S2 (Supporting Information),
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the three polymer coatings were initially significantly thicker
than the monomer coatings, which could be attributed to the
superior film-forming ability of polymers compared to small
molecules. It was also noted that PSa coating was thicker than
the other two polymer coatings, which could be ascribed to its
less hydrophobic structure (without hydrophobic methoxy
units) and thus high affinity to the hydrophilic surface of
silicon wafer. After the antimicrobial experiments against E.
coli, the film thickness of polymers was only slightly reduced by
approximately 1—6 nm, which indicated desirable film stability
under the measurement conditions. SEM images of the
polymer-coated surfaces before and after the antimicrobial
experiments against E. coli indicated no observable difference
(Figure S11, Supporting Information), which further con-
firmed the stability of the polymer coatings. Interestingly, no
bacteria (no matter live or dead) was found in the SEM images
of any polymer-coated surfaces after the antimicrobial
experiments followed by simple water washing, which
suggested the anti-fouling effect of these coatings.

In addition, the PSc-coated substrate was washed and dried
overnight after the antimicrobial experiment (first cycle), and
the obtained coating was again subjected to antimicrobial
investigations against E. coli (second cycle). As shown in
Figure S12, Supporting Information, no significant difference
between the results of the two cycles was observed, which
indicated the desirable stability and durability of P5c coating.
On the contrary, no monomer formed stable films on the
substrate, of which the film thickness or antimicrobial effect
became immeasurable after the first cycle antimicrobial
experiments.

It should be noted that the impact of different molecular
weights on the observed antimicrobial effects was not
investigated in this work. The molecular weights of the three
obtained polymers were all in a similar range (they were
polydisperse and not identical); so for these polymers, we
consider the impact of different molecular weights insignif-
icant. In addition, it has also been reported that the impact of
the molecular weight of highly branched polymers on their
antimicrobial effect was less significant due to their more
compact globular structures compared to linear polymers.*® In
the future, synthetic investigations on the methodologies to
control the molecular weight and distributions are expected to
facilitate a deeper understanding on the molecular weight
effects.

3.5. Evaluation of Leaching. The release of antimicrobial
agents from coatings may be hazardous to human health and
environment, so antibacterial coatings without significant
leaching will be desired.””*””* First, the prepared coatings
were immersed in water for 5 days, and the aqueous phase was
subjected to UV—vis measurements (Figure 8). As a result,
negligible UV—vis absorbance was observed for the aqueous
phase in which all three polymer coatings were immersed for §
days. On the contrary, more significant UV—vis absorbance
was observed for the aqueous phase with monomer coatings.
These observations indicated a low leaching potential of
polymers into the aqueous environment in 5 days.

The general nonleaching nature of the HBP into aqueous
environment was also demonstrated by disk diffusion measure-
ments against S. aureus and E. coli. As a result (Figure 9), no
zone of inhibition was observed around the disks containing
monomers Sa—c or polymers PSa—c, which indicated that
these agents (when adsorbed on filter papers, not as coatings)
did not leach out into the aqueous environment. Such a
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Figure 8. UV—vis absorbance spectra of the aqueous phase after the
silicon wafers coated with monomers (Sa—c) or HBPs (PSa—c) were
immersed in deionized water for 5 days. The UV—vis spectra of the
solutions of monomers and polymers in DMSO/H,0 (1:9 v/v) were
measured as references (Figure S13).
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Figure 9. Photos of disk diffusion measurements of monomers (Sa—
c¢) and HBPs (PSa—c) in (A) E. coli- and (B) S. aureus-cultured lawns.
Gentamycin and DMSO were used as controls. No zone of inhibition
was observed around the disks containing monomers or polymers.

nonleaching nature could be attributed to the hydrophobicity
of monomers and polymers, as well as the large size and low
diffusion rate of polymers. In contrast, a significant zone of
inhibition was clearly observed around the antibiotic
gentamycin.

3.6. Hemotoxicity. Hemocompatibility of monomers Sa—
¢ and HBPs PSa—c was evaluated. A hemolysis test is a
method to evaluate in vitro toxicity of materials on RBCs,
which is important for any biomedically applied materi-
als.””>”* As shown in Figure 10, the hemolysis rate of all the
monomers and polymers were negligible (less than 0.1%) after
2 h of cultivation, demonstrating the hemocompatibility of
these monomers and the corresponding HBPs and suitableness
for potential biomedical applications. A similar effect for
cationic polymers to selectively kill bacteria cells without killing
RBCs has been reported before, which could be attributed to
the different structures of bacterial and mammalian mem-
branes.”’

3.7. Cytotoxicity. The biocompatibility of monomers Sa—
¢ and polymers PSa—c to MG-63 osteoblast-like human cells
was further evaluated according to a standard MTT assay
method. The results were presented as a relative percentage of
the negative control (100% of cell viability). As illustrated in
Figure 11, more than 30% of reduction of cell viability was
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Figure 10. Hemolytic activity of monomers (Sa—c) and HBPs (PSa—
c). RBCs lysed with distilled water were used as the positive control.
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Figure 11. Cytotoxicity of monomers (Sa—c) and polymers (PSa—c)
against osteoblast-like human cells at three concentrations (100, 500,
and 1000 pg/mL). The results were presented as the relative percent
viability of the treated cells compared to that of the untreated control

(100% of cell viability, not shown in the graph).

observed for all the tested samples except for the two polymers
with methoxy groups (PSb and PS5c), which indicated that
only PSb and PSc were noncytotoxic according to the ISO
10993-5 standard.”> This suggested that the methoxy ether
groups improved the biocompatibility of the indole-based
HBPs, which was consistent with other reported polymers.””°

4. CONCLUSIONS

An indole carboxylate and three lignin-based monomeric
aromatic aldehydes were used to synthesize a series of AB,
monomers with varied numbers of methoxy substituents.
These monomers were polymerized to yield three nonionic
HBP with a medium—low-molecular weight. The obtained
nonionic polymers showed relatively high glass transition
temperatures (T, > 200 °C), good thermal stability (T}, > 300
°C), and desirable solubility in organic solvents. Furthermore,
these polymers were conveniently coated on the silicon
substrate by a solution spin-coating process, and the resulting
polymer coatings showed significant bactericidal effects against
two Gram-positive and two Gram-negative bacteria, as well as
negligible leaching into an aqueous environment. Interestingly,
we discovered that the antibacterial effect was enhanced with
the increased number of methoxy ether units. Moreover,
hemolysis and MTT assays revealed that the resulting
polymers with methoxy groups showed desirable biocompat-
ibility with RBCs and osteoblast-like human cells, indicating
their potential in biomedical applications.

159

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186.

Solubility data of PSa—c; analytical data of grafting
agents 3a—c ("H NMR and "C NMR spectra);
analytical data of monomers Sa—c (COSY spectra,
HMQC spectra, and FTIR spectra), antibacterial images
of PSa—c; antibacterial data of two cycles of tests of PSc
against E. coli, SEM images, and thickness of PSa—c
coatings before and after antibacterial experiments
against E. coli (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Jingyi Rao — Hubei Key Laboratory of Material Chemistry
and Service Failure, Hubei Engineering Research Centre for
Biomaterials and Medical Protective Materials, School of
Chemistry and Chemical Engineering, Huazhong University
of Science and Technology, Wuhan, Hubei 430074, People’s
Republic of China; ® orcid.org/0000-0002-3203-1579;
Email: jrao@hust.edu.cn

Baozhong Zhang — Centre for Analysis and Synthesis,
Department of Chemistry, Lund University, SE-22100 Lund,
Sweden; ® orcid.org/0000-0002-7308-1572;
Email: baozhong.zhang@chem.lu.se

Authors

Xiaoya Li — Centre for Analysis and Synthesis, Department of

Chemistry, Lund University, SE-22100 Lund, Sweden;
orcid.org/0000-0003-1797-7398

Xiao Wang — Hubei Key Laboratory of Material Chemistry
and Service Failure, Hubei Engineering Research Centre for
Biomaterials and Medical Protective Materials, School of
Chemistry and Chemical Engineering, Huazhong University
of Science and Technology, Wuhan, Hubei 430074, People’s
Republic of China; © orcid.org/0000-0001-9545-9284

Sathiyaraj Subramaniyan — Centre for Analysis and Synthesis,
Department of Chemistry, Lund University, SE-22100 Lund,
Sweden

Yang Liu — Faculty of Medicine, Department of Clinical
Sciences, Orthopedics, Lund University, 221 84 Lund, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biomac.1c01186

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by the Mistra Foundation
(the “STEPS” project, no. 2016/1489), Carl-Trygger Founda-
tion (no. 18:435), Guangzhou Elite Education Program,
National Natural Science Foundation of China (52003096),
Fundamental Research Funds for the Central Universities
(2020kfyX]JJS061), Research Core Facilities for Life Science
(HUST), and Royal Physiographic Society in Lund.

B REFERENCES

(1) Munoz-Bonilla, A,; Fernindez-Garcia, M. Polymeric Materials
with Antimicrobial Activity. Prog. Polym. Sci. 2012, 37, 281—339.

https://doi.org/10.1021/acs.biomac.1c01186
Biomacromolecules 2022, 23, 150—162


https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01186/suppl_file/bm1c01186_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingyi+Rao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3203-1579
mailto:jrao@hust.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baozhong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7308-1572
mailto:baozhong.zhang@chem.lu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoya+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1797-7398
https://orcid.org/0000-0003-1797-7398
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9545-9284
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sathiyaraj+Subramaniyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?ref=pdf
https://doi.org/10.1016/j.progpolymsci.2011.08.005
https://doi.org/10.1016/j.progpolymsci.2011.08.005
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01186?fig=fig11&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

(2) Kenawy, E.-R.; Worley, S. D.; Broughton, R. The Chemistry and
Applications of Antimicrobial Polymers: A State-of-the-Art Review.
Biomacromolecules 2007, 8, 1359—1384.

(3) Santos, M.; Fonseca, A.; Mendonga, P.; Branco, R.; Serra, A.;
Morais, P.; Coelho, J. Recent Developments in Antimicrobial
Polymers: A Review. Materials 2016, 9, 599.

(4) Bilal, M.; Rasheed, T.; Igbal, H. M. N.; Hu, H.; Wang, W,;
Zhang, X. Macromolecular Agents with Antimicrobial Potentialities: A
Drive to Combat Antimicrobial Resistance. Int. J. Biol. Macromol.
2017, 103, $54—574.

(5) Zhao, P.; Mecozzi, F.; Wessel, S.; Fieten, B.; Driesse, M,;
Woudstra, W.; Busscher, H. J.; Van Der Mei, H. C.; Loontjens, T. J.
A. Preparation and Evaluation of Antimicrobial Hyperbranched
Emulsifiers for Waterborne Coatings. Langmuir 2019, 35, 5779—
5786.

(6) Zainul Abid, C. K. V,; Chattopadhyay, S. Synthesis and
Characterization of Quaternary Ammonium PEGDA Dendritic
Copolymer Networks for Water Disinfection. J. Appl. Polym. Sci.
2010, 116, 1640—1649.

(7) Bakhshi, H.; Agarwal, S. Hyperbranched Polyesters as
Biodegradable and Antibacterial Additives. J. Mater. Chem. B 2017,
S, 6827—6834.

(8) Chen, C. Z.; Cooper, S. L. Interactions between Dendrimer
Biocides and Bacterial Membranes. Biomaterials 2002, 23, 3359—
3368.

(9) Chiloeches, A.; Funes, A.; Cuervo-Rodriguez, R.; Lopez-Fabal,
F.; Fernandez-Garcia, M.; Echeverria, C.; Munoz-Bonilla, A. Biobased
Polymers Derived from Itaconic Acid Bearing Clickable Groups with
Potent Antibacterial Activity and Negligible Hemolytic Activity.
Polym. Chem. 2021, 12, 3190—3200.

(10) Costa, R.; Pereira, J. L.; Gomes, J.; Gongalves, F.; Hunkeler, D.;
Rasteiro, M. G. The Effects of Acrylamide Polyelectrolytes on Aquatic
Organisms: Relating Toxicity to Chain Architecture. Chemosphere
2014, 112, 177—184.

(11) Liber, K.;; Weber, L.; Lévesque, C. Sublethal Toxicity of Two
Wastewater Treatment Polymers to Lake Trout Fry (Salvelinus
Namaycush). Chemosphere 2005, 61, 1123—1133.

(12) Cumming, J. L.; Hawker, D. W.; Matthews, C.; Chapman, H.
F.; Nugent, K. Analysis of Polymeric Quaternary Ammonium Salts as
Found in Cosmetics by Metachromatic Polyelectrolyte Titration.
Toxicol. Environ. Chem. 2010, 92, 1595—1608.

(13) Hung, Y.-T.; McLandsborough, L. A; Goddard, ]J. M,;
Bastarrachea, L. J. Antimicrobial Polymer Coatings with Efficacy
against Pathogenic and Spoilage Microorganisms. Lwt 2018, 97, 546—
554.

(14) Bastarrachea, L. J.; Goddard, J. M. Self-Healing Antimicrobial
Polymer Coating with Efficacy in the Presence of Organic Matter.
Appl. Surf. Sci. 2016, 378, 479—488.

(15) Bastarrachea, L. J.; Denis-Rohr, A.; Goddard, J. M.
Antimicrobial Food Equipment Coatings: Applications and Chal-
lenges. Annu. Rev. Food Sci. Technol. 2015, 6, 97—118.

(16) Arza, C. R; 1k, S.; Demircan, D.; Zhang, B. New Biobased
Non-Ionic Hyperbranched Polymers as Environmentally Friendly
Antibacterial Additives for Biopolymers. Green Chem 2018, 20, 1238—
1249.

(17) Nonaka, T.; Uemura, Y.; Ohse, K; Jyono, K; Kurihara, S.
Preparation of Resins Containing Phenol Derivatives from Chlor-
omethylstyrene-Tetraethyleneglycol Dimethacrylate Copolymer
Beads and Antibacterial Activity of Resins. J. Appl. Polym. Sci. 1997,
66, 1621—1630.

(18) Demircan, D.; Zhang, B. Facile Synthesis of Novel Soluble
Cellulose-Grafted Hyperbranched Polymers as Potential Natural
Antimicrobial Materials. Carbohydr. Polym. 2017, 157, 1913—1921.

(19) Mocan, T.; Matea, C. T.; Pop, T.; Mosteanu, O.; Buzoianu, A.
D.; Suciy, S.; Puia, C.; Zdrehus, C.; Iancu, C.; Mocan, L. Carbon
Nanotubes as Anti-Bacterial Agents. Cell. Mol. Life Sci. 2017, 74,
3467—-3479.

(20) Centurion, F.; Namivandi-Zangeneh, R.; Flores, N.; Tajik, M.;
Merhebj, S.; Abbasi, R.; Mayyas, M.; Allioux, F.-M.; Tang, J.; Donald,

160

W. A, et al. Liquid Metal-Triggered Assembly of Phenolic
Nanocoatings with Antioxidant and Antibacterial Properties. ACS
Appl. Nano Mater. 2021, 4, 2987—2998.

(21) Nagaraja, A.; Puttaiahgowda, Y. M.; Kulal, A.; Parambil, A. M.;
Varadavenkatesan, T. Synthesis, Characterization, and Fabrication of
Hydrophilic Antimicrobial Polymer Thin Film Coatings. Macromol.
Res. 2019, 27, 301—309.

(22) Justino de AraGjo, A. C.; Freitas, P. R.; Rodrigues dos Santos
Barbosa, C.; Muniz, D. F,; Rocha, J. E.; Albuquerque da Silva, A. C,;
Datiane de Morais Oliveira-Tintino, C.; Ribeiro-Filho, J.; Everson da
Silva, L.; Confortin, C.; et al. GC-MS-FID Characterization and
Antibacterial Activity of the Mikania Cordifolia Essential Oil and
Limonene against MDR Strains. Food Chem. Toxicol. 2020, 136,
111023.

(23) El-Mowafy, S. A; Abd El Galil, K. H,; El-Messery, S. M.;
Shaaban, M. L. Aspirin Is an Efficient Inhibitor of Quorum Sensing,
Virulence and Toxins in Pseudomonas Aeruginosa. Microb. Pathog.
2014, 74, 25-32.

(24) Song, F.; Li, Z.; Bian, Y.; Huo, X; Fang, J.; Shao, L.; Zhou, M.
Indole/Isatin-Containing Hybrids as Potential Antibacterial Agents.
Arch. Pharm. 2020, 353, 2000143.

(25) Ciulla, M. G.; Kumar, K. The Natural and Synthetic Indole
Weaponry against Bacteria. Tetrahedron Lett 2018, 59, 3223—3233.

(26) Moghadamtousi, S. Z.; Kadir, H. A,; Hassandarvish, P.; Tajik,
H.; Abubakar, S.; Zandi, K. A Review on Antibacterial, Antiviral, and
Antifungal Activity of Curcumin. Biomed Res. Int. 2014, 2014, 186864.

(27) Weintraub, S.; Shpigel, T.; Harris, L. G; Schuster, R.; Lewis, E.
C.; Lewitus, D. Y. Astaxanthin-Based Polymers as New Antimicrobial
Compounds. Polym. Chem. 2017, 8, 4182—4189.

(28) Erdmann, L; Uhrich, K. E. Synthesis and Degradation
Characteristics of Salicylic Acid-Derived Poly(Anhydride-Esters).
Biomaterials 2000, 21, 1941—1946.

(29) Hauenstein, O.; Agarwal, S.; Greiner, A. Bio-Based Poly-
carbonate as Synthetic Toolbox. Nat. Commun. 2016, 7, 11862.

(30) Du, M.-Q.; Peng, Y.-Z.; Ma, Y.-C,; Yang, L.; Zhou, Y.-L.; Zeng,
F.-K; Wang, X.-K; Song, M.-L,; Chang, G.-J. Selective Carbon
Dioxide Capture in Antifouling Indole-Based Microporous Organic
Polymers. Chinese J. Polym. Sci 2020, 38, 187—194.

(31) Karpagam, S.; Guhanathan, S. Phosphorus Based Indole and
Imidazole Functionalized Hyperbranched Polyester as Antimicrobial
Surface Coating Materials. Prog. Org. Coatings 2014, 77, 1901—1910.

(32) Srivastava, A.; Singh, P.; Kumar, R;; Verma, S. K; Kharwar, R.
N. Indole-Based Polymer and Its Silver Nanocomposite as Advanced
Antibacterial Agents: Synthetic Path, Kinetics of Polymerization and
Applications. Polym. Int. 2013, 62, 210—218.

(33) Ortega, P; Cobaleda, B. M.; Herndndez-Ros, J. M.; Fuentes-
Paniagua, E.; Sdnchez-Nieves, J.; Tarazona, M. P.; Copa-Patino, J. L.;
Soliveri, J.; De La Mata, F. J.; Gémez, R. Hyperbranched Polymers
versus Dendrimers Containing a Carbosilane Framework and
Terminal Ammonium Groups as Antimicrobial Agents. Org. Biomol.
Chem. 2011, 9, 5238—5248.

(34) Zhisheng Chen, C.; Cooper, S. L; Beck Tan, N. C.
Incorporation of Dimethyldodecylammonium Chloride Functional-
ities onto Poly(Propylene Imine) Dendrimers Significantly Enhances
Their Antibacterial Properties. Chem. Commun. 1999, 16, 1585—1586.

(35) Chen, C. Z.; Cooper, S. L. Recent Advances in Antimicrobial
Dendrimers. Adv. Mater. 2000, 12, 843—846.

(36) Chen, C. Z.; Beck-Tan, N. C.; Dhurjati, P.; Van Dyk, T. K;
LaRossa, R. A.; Cooper, S. L. Quaternary Ammonium Functionalized
Poly(Propylene Imine) Dendrimers as Effective Antimicrobials:
Structure-Activity Studies. Biomacromolecules 2000, 1, 473—480.

(37) Li, X; Ik, S; Linares-Pastén, J. A; Liu, Y,; Raina, D. B,
Demircan, D.; Zhang, B. Synthesis, Enzymatic Degradation, and
Polymer-Miscibility Evaluation of Nonionic Antimicrobial Hyper-
branched Polyesters with Indole or Isatin Functionalities. Biomacro-
molecules 2021, 22, 2256—2271.

(38) Pinho, A. C.; Piedade, A. P. Polymeric Coatings with
Antimicrobial Activity: A Short Review. Polymers 2020, 12, 2469.

https://doi.org/10.1021/acs.biomac.1c01186
Biomacromolecules 2022, 23, 150—162


https://doi.org/10.1021/bm061150q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm061150q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ma9070599
https://doi.org/10.3390/ma9070599
https://doi.org/10.1016/j.ijbiomac.2017.05.071
https://doi.org/10.1016/j.ijbiomac.2017.05.071
https://doi.org/10.1021/acs.langmuir.8b03584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b03584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/app.31510
https://doi.org/10.1002/app.31510
https://doi.org/10.1002/app.31510
https://doi.org/10.1039/c7tb01301a
https://doi.org/10.1039/c7tb01301a
https://doi.org/10.1016/s0142-9612(02)00036-4
https://doi.org/10.1016/s0142-9612(02)00036-4
https://doi.org/10.1039/d1py00098e
https://doi.org/10.1039/d1py00098e
https://doi.org/10.1039/d1py00098e
https://doi.org/10.1016/j.chemosphere.2014.03.096
https://doi.org/10.1016/j.chemosphere.2014.03.096
https://doi.org/10.1016/j.chemosphere.2005.03.004
https://doi.org/10.1016/j.chemosphere.2005.03.004
https://doi.org/10.1016/j.chemosphere.2005.03.004
https://doi.org/10.1080/02772248.2010.482062
https://doi.org/10.1080/02772248.2010.482062
https://doi.org/10.1016/j.lwt.2018.07.046
https://doi.org/10.1016/j.lwt.2018.07.046
https://doi.org/10.1016/j.apsusc.2016.03.198
https://doi.org/10.1016/j.apsusc.2016.03.198
https://doi.org/10.1146/annurev-food-022814-015453
https://doi.org/10.1146/annurev-food-022814-015453
https://doi.org/10.1039/c7gc03401f
https://doi.org/10.1039/c7gc03401f
https://doi.org/10.1039/c7gc03401f
https://doi.org/10.1002/(sici)1097-4628(19971121)66:8<1621::aid-app24>3.0.co;2-4
https://doi.org/10.1002/(sici)1097-4628(19971121)66:8<1621::aid-app24>3.0.co;2-4
https://doi.org/10.1002/(sici)1097-4628(19971121)66:8<1621::aid-app24>3.0.co;2-4
https://doi.org/10.1016/j.carbpol.2016.11.076
https://doi.org/10.1016/j.carbpol.2016.11.076
https://doi.org/10.1016/j.carbpol.2016.11.076
https://doi.org/10.1007/s00018-017-2532-y
https://doi.org/10.1007/s00018-017-2532-y
https://doi.org/10.1021/acsanm.1c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13233-019-7040-5
https://doi.org/10.1007/s13233-019-7040-5
https://doi.org/10.1016/j.fct.2019.111023
https://doi.org/10.1016/j.fct.2019.111023
https://doi.org/10.1016/j.fct.2019.111023
https://doi.org/10.1016/j.micpath.2014.07.008
https://doi.org/10.1016/j.micpath.2014.07.008
https://doi.org/10.1002/ardp.202000143
https://doi.org/10.1016/j.tetlet.2018.07.045
https://doi.org/10.1016/j.tetlet.2018.07.045
https://doi.org/10.1155/2014/186864
https://doi.org/10.1155/2014/186864
https://doi.org/10.1039/c7py00663b
https://doi.org/10.1039/c7py00663b
https://doi.org/10.1016/s0142-9612(00)00073-9
https://doi.org/10.1016/s0142-9612(00)00073-9
https://doi.org/10.1038/ncomms11862
https://doi.org/10.1038/ncomms11862
https://doi.org/10.1007/s10118-019-2326-9
https://doi.org/10.1007/s10118-019-2326-9
https://doi.org/10.1007/s10118-019-2326-9
https://doi.org/10.1016/j.porgcoat.2014.06.022
https://doi.org/10.1016/j.porgcoat.2014.06.022
https://doi.org/10.1016/j.porgcoat.2014.06.022
https://doi.org/10.1002/pi.4283
https://doi.org/10.1002/pi.4283
https://doi.org/10.1002/pi.4283
https://doi.org/10.1039/c1ob05321c
https://doi.org/10.1039/c1ob05321c
https://doi.org/10.1039/c1ob05321c
https://doi.org/10.1039/a904662c
https://doi.org/10.1039/a904662c
https://doi.org/10.1039/a904662c
https://doi.org/10.1002/(sici)1521-4095(200006)12:11<843::aid-adma843>3.0.co;2-t
https://doi.org/10.1002/(sici)1521-4095(200006)12:11<843::aid-adma843>3.0.co;2-t
https://doi.org/10.1021/bm0055495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm0055495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm0055495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/polym12112469
https://doi.org/10.3390/polym12112469
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

(39) Hook, A. L.; Chang, C.-Y.; Yang, J.; Luckett, J.; Cockayne, A.;
Atkinson, S.; Mei, Y.; Bayston, R,; Irvine, D. J.; Langer, R,; et al.
Combinatorial Discovery of Polymers Resistant to Bacterial Attach-
ment. Nat. Biotechnol. 2012, 30, 868—875.

(40) Richter, A. P.; Brown, J. S.; Bharti, B.; Wang, A.; Gangwal, S.;
Houck, K; Cohen Hubal, E. A; Paunov, V. N,; Stoyanov, S. D,;
Velev, O. D. An Environmentally Benign Antimicrobial Nanoparticle
Based on a Silver-Infused Lignin Core. Nat. Nanotechnol. 2018, 10,
817—823.

(41) Slavin, Y. N.; Ivanova, K;; Hoyo, J.; Perelshtein, I.; Owen, G;
Haegert, A,; Lin, Y.-Y,; Lebihan, S.; Gedanken, A.; Hifeli, U. O; et al.
Novel Lignin-Capped Silver Nanoparticles against Multidrug-
Resistant Bacteria. ACS Appl. Mater. Interfaces 2021, 13, 22098—
22109.

(42) Page, K; Wilson, M.; Parkin, I. P. Antimicrobial Surfaces and
Their Potential in Reducing the Role of the Inanimate Environment
in the Incidence of Hospital-Acquired Infections. J. Mater. Chem.
2009, 19, 3819—3831.

(43) Phoungtawee, P.; Seidi, F.; Treetong, A.; Warin, C,;
Klamchuen, A.; Crespy, D. Polymers with Hemiaminal Ether Linkages
for PH-Responsive Antibacterial Materials. ACS Macro Lett 2021, 10,
365—369.

(44) Lemire, J. A,; Harrison, J. J.; Turner, R. J. Antimicrobial Activity
of Metals: Mechanisms, Molecular Targets and Applications. Nat. Rev.
Microbiol. 2013, 11, 371—384.

(45) Xie, Q; Xie, Q; Pan, J; Ma, C.; Zhang, G. Biodegradable
Polymer with Hydrolysis-Induced Zwitterions for Antibiofouling. ACS
Appl. Mater. Interfaces 2018, 10, 11213—11220.

(46) Kim, S.; Gim, T,; Jeong, Y.; Ryu, J. H.; Kang, S. M. Facile
Construction of Robust Multilayered PEG Films on Polydopamine-
Coated Solid Substrates for Marine Antifouling Applications. ACS
Appl. Mater. Interfaces 2018, 10, 7626—7631.

(47) Schlenoff, J. B. Zwitteration: Coating Surfaces with Zwitterionic
Functionality to Reduce Nonspecific Adsorption. Langmuir 2014, 30,
9625—9636.

(48) Peng, W,; Liu, P.; Zhang, X,; Peng, J.; Gu, Y.; Dong, X.; Ma, Z.;
Liu, P.; Shen, J. Multi-Functional Zwitterionic Coating for Silicone-
Based Biomedical Devices. Chem. Eng. ]. 2020, 398, 125663.

(49) Wei, T.; Tang, Z; Yu, Q; Chen, H. Smart Antibacterial
Surfaces with Switchable Bacteria-Killing and Bacteria-Releasing
Capabilities. ACS Appl. Mater. Interfaces 2017, 9, 37511—37523.

(50) Song, B.; Zhang, E; Han, X; Zhu, H; Shi, Y,; Cao, Z.
Engineering and Application Perspectives on Designing an Anti-
microbial Surface. ACS Appl. Mater. Interfaces 2020, 12, 21330—
21341.

(51) Hasan, J.; Crawford, R. J.; Ivanova, E. P. Antibacterial Surfaces:
The Quest for a New Generation of Biomaterials. Trends Biotechnol
2013, 31, 295—304.

(52) Hoque, J.; Akkapeddi, P.; Ghosh, C.; Uppu, D. S. S. M.; Haldar,
J. A Biodegradable Polycationic Paint That Kills Bacteria in Vitro and
in Vivo. ACS Appl. Mater. Interfaces 2016, 8, 29298—29309.

(53) Cheng, X,; Ma, K; Li, R; Ren, X;; Huang, T. S. Antimicrobial
Coating of Modified Chitosan onto Cotton Fabrics. Appl. Surf. Sci.
2014, 309, 138—143.

(54) Peng, W,; Yin, H,; Liu, P.; Peng, J.; Sun, J.; Zhang, X; Gu, Y,;
Dong, X; Ma, Z; Shen, J; et al. Covalently Construction of
Poly(Hexamethylene Biguanide) as High-Efficiency Antibacterial
Coating for Silicone Rubber. Chem. Eng. J. 2021, 412, 128707.

(55) Zhao, J; Ma, L; Millians, W.; Wu, T.; Ming, W. Dual-
Functional Antifogging/Antimicrobial Polymer Coating. ACS Appl.
Mater. Interfaces 2016, 8, 8737—8742.

(56) Cheng, Q.; Asha, A. B; Liu, Y.; Peng, Y.-Y.; Diaz-Dussan, D.;
Shi, Z.; Cui, Z.; Narain, R. Antifouling and Antibacterial Polymer-
Coated Surfaces Based on the Combined Effect of Zwitterions and
the Natural Borneol. ACS Appl. Mater. Interfaces 2021, 13, 9006—
9014.

(57) Dai, G.; Ai, X;; Mei, L; Ma, C.; Zhang, G. Kill-Resist-Renew
Trinity: Hyperbranched Polymer with Self-Regenerating Attack and

161

Defense for Antifouling Coatings. ACS Appl. Mater. Interfaces 2021,
13, 13735—13743.

(58) Ding, X.; Yang, C; Lim, T. P; Hsu, L. Y,; Engler, A. C;
Hedrick, J. L.; Yang, Y.-Y. Antibacterial and Antifouling Catheter
Coatings Using Surface Grafted PEG-b-Cationic Polycarbonate
Diblock Copolymers. Biomaterials 2012, 33, 6593—6603.

(59) Dong, J. J.; Muszanska, A.; Xiang, F.; Falkenberg, R.; Van De
Belt-Gritter, B.; Loontjens, T. Contact Killing of Gram-Positive and
Gram-Negative Bacteria on PDMS Provided with Immobilized
Hyperbranched Antibacterial Coatings. Langmuir 2019, 35, 14108—
14116.

(60) Zhao, J.; Millians, W.; Tang, S.; Wy, T.; Zhu, L.; Ming, W. Self-
Stratified Antimicrobial Acrylic Coatings via One-Step UV Curing.
ACS Appl. Mater. Interfaces 2015, 7, 18467—18472.

(61) Standard, D. 1. Plastics—Measurement of Antibacterial Action on
Plastic; International Organization for Standardization, ISO/DIS
22196 2006.

(62) Kikkawa, J. Antibacterial Products— Test for Antibacterial Activity
and Efficacy; Japanese Industrial Standard, 2010, October, 28—30. JIS
Z 2801.

(63) Ko, S.; Lin, C.; Tu, Z.; Wang, Y.-F.; Wang, C.-C.; Yao, C.-F.
CAN and Iodine-Catalyzed Reaction of Indole or 1-Methylindole
with @,f-Unsaturated Ketone or Aldehyde. Tetrahedron Lett 2006, 47,
487—492.

(64) Warlin, N.; Garcia Gonzalez, M. N.; Mankar, S.; Valsange, N.
G.; Sayed, M,; Pyo, S.-H.; Rehnberg, N.; Lundmark, S.; Hatti-Kaul,
R.; Jannasch, P.; et al. A Rigid Spirocyclic Diol from Fructose-Based
5-Hydroxymethylfurfural: Synthesis, Life-Cycle Assessment, and
Polymerization for Renewable Polyesters and Poly(Urethane-
Urea)S. Green Chem 2019, 21, 6667—6684.

(65) Terzopoulou, Z.; Karakatsianopoulou, E.; Kasmi, N.;
Tsanaktsis, V.; Nikolaidis, N.; Kostoglou, M.; Papageorgiou, G. Z,;
Lambropoulou, D. A,; Bikiaris, D. N. Effect of Catalyst Type on
Molecular Weight Increase and Coloration of Poly(Ethylene
Furanoate) Biobased Polyester during Melt Polycondensation.
Polym. Chem. 2017, 8, 6895—6908.

(66) Wang, P.; Arza, C. R;; Zhang, B. Indole as a New Sustainable
Aromatic Unit for High Quality Biopolyesters. Polym. Chem. 2018, 9,
4706—4710.

(67) Fu, T.; Wang, X. L.; Guo, D. M.; Wy, J. N.; Wang, X. L.; Chen,
L; Wang, Y. Z. Inherent Flame Retardation of Semi-Aromatic
Polyesters via Binding Small-Molecule Free Radicals and Charring.
Polym. Chem. 2016, 7, 1584—1592.

(68) van Krevelen, D. W. Some Basic Aspects of Flame Resistance of
Polymeric Materials. Polymer 1975, 16, 615—620.

(69) Fukushima, K.; Kishi, K; Saito, K.; Takakuwa, K.; Hakozaki, S.;
Yano, S. Modulating Bioactivities of Primary Ammonium-Tagged
Antimicrobial Aliphatic Polycarbonates by Varying Length, Sequence
and Hydrophobic Side Chain Structure. Biomater. Sci. 2019, 7, 2288—
2296.

(70) Lam, S. J.; O’Brien-Simpson, N. M.; Pantarat, N.; Sulistio, A.;
Wong, E. H. H,; Chen, Y.-Y,; Lenzo, J. C.; Holden, ]J. A; Blencowe,
A.; Reynolds, E. C,; et al. Combating Multidrug-Resistant Gram-
Negative Bacteria with Structurally Nanoengineered Antimicrobial
Peptide Polymers. Nat. Microbiol. 2016, 1, 16162.

(71) Ergene, C.; Yasuhara, K; Palermo, E. F. Biomimetic
Antimicrobial Polymers: Recent Advances in Molecular Design.
Polym. Chem. 2018, 9, 2407—2427.

(72) Jiao, Y; Niu, L.-n; Ma, S.; Li, J,; Tay, F. R; Chen, J.-h.
Quaternary Ammonium-Based Biomedical Materials: State-of-the-Art,
Toxicological Aspects and Antimicrobial Resistance. Prog. Polym. Sci.
2017, 71, 53—90.

(73) Qiu, W.; Wang, J; Li, L. Preparation and Biological
Performance of Poly(Vinyl Alcohol)/Hydroxyapatite Porous Compo-
sites Used for Cartilage Repair. RSC Adv 2016, 6, 99940—99947.

(74) Kainthan, R. K; Gnanamani, M.; Ganguli M.; Ghosh, T,
Brooks, D. E.; Maiti, S.; Kizhakkedathu, J. N. Blood Compatibility of
Novel Water Soluble Hyperbranched Polyglycerol-Based Multivalent

https://doi.org/10.1021/acs.biomac.1c01186
Biomacromolecules 2022, 23, 150—162


https://doi.org/10.1038/nbt.2316
https://doi.org/10.1038/nbt.2316
https://doi.org/10.1038/nnano.2015.141
https://doi.org/10.1038/nnano.2015.141
https://doi.org/10.1021/acsami.0c16921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c16921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b818698g
https://doi.org/10.1039/b818698g
https://doi.org/10.1039/b818698g
https://doi.org/10.1021/acsmacrolett.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrmicro3028
https://doi.org/10.1038/nrmicro3028
https://doi.org/10.1021/acsami.8b00962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b00962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b07199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b07199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b07199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500057j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500057j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2020.125663
https://doi.org/10.1016/j.cej.2020.125663
https://doi.org/10.1021/acsami.7b13565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b13565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b13565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b19992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b19992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tibtech.2013.01.017
https://doi.org/10.1016/j.tibtech.2013.01.017
https://doi.org/10.1021/acsami.6b09804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b09804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2014.04.206
https://doi.org/10.1016/j.apsusc.2014.04.206
https://doi.org/10.1016/j.cej.2021.128707
https://doi.org/10.1016/j.cej.2021.128707
https://doi.org/10.1016/j.cej.2021.128707
https://doi.org/10.1021/acsami.6b00748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b00748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c22658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c22658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c22658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2012.06.001
https://doi.org/10.1016/j.biomaterials.2012.06.001
https://doi.org/10.1016/j.biomaterials.2012.06.001
https://doi.org/10.1021/acs.langmuir.9b02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b04633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b04633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2005.11.058
https://doi.org/10.1016/j.tetlet.2005.11.058
https://doi.org/10.1039/c9gc03055g
https://doi.org/10.1039/c9gc03055g
https://doi.org/10.1039/c9gc03055g
https://doi.org/10.1039/c9gc03055g
https://doi.org/10.1039/c7py01171g
https://doi.org/10.1039/c7py01171g
https://doi.org/10.1039/c7py01171g
https://doi.org/10.1039/c8py00962g
https://doi.org/10.1039/c8py00962g
https://doi.org/10.1039/c5py01938a
https://doi.org/10.1039/c5py01938a
https://doi.org/10.1016/0032-3861(75)90157-3
https://doi.org/10.1016/0032-3861(75)90157-3
https://doi.org/10.1039/c9bm00440h
https://doi.org/10.1039/c9bm00440h
https://doi.org/10.1039/c9bm00440h
https://doi.org/10.1038/nmicrobiol.2016.162
https://doi.org/10.1038/nmicrobiol.2016.162
https://doi.org/10.1038/nmicrobiol.2016.162
https://doi.org/10.1039/c8py00012c
https://doi.org/10.1039/c8py00012c
https://doi.org/10.1016/j.progpolymsci.2017.03.001
https://doi.org/10.1016/j.progpolymsci.2017.03.001
https://doi.org/10.1039/c6ra22929h
https://doi.org/10.1039/c6ra22929h
https://doi.org/10.1039/c6ra22929h
https://doi.org/10.1016/j.biomaterials.2006.06.021
https://doi.org/10.1016/j.biomaterials.2006.06.021
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

Cationic Polymers and Their Interaction with DNA. Biomaterials
2006, 27, 5377—5390.

(75) Standard 11266. International Standard; International Standard.
61010-1 Iec2001 2014, 2014; p 13.

(76) Fukushima, K.; Inoue, Y.; Haga, Y.; Ota, T.; Honda, K,; Sato,
C.; Tanaka, M. Monoether-Tagged Biodegradable Polycarbonate
Preventing Platelet Adhesion and Demonstrating Vascular Cell
Adhesion: A Promising Material for Resorbable Vascular Grafts and
Stents. Biomacromolecules 2017, 18, 3834—3843.

162

https://doi.org/10.1021/acs.biomac.1c01186
Biomacromolecules 2022, 23, 150—162


https://doi.org/10.1016/j.biomaterials.2006.06.021
https://doi.org/10.1021/acs.biomac.7b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b01210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

