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ABSTRACT: Most macromolecular antimicrobials are ionic and thus lack miscibility/compatibility with nonionic substrate
materials. In this context, nonionic hyperbranched polyesters (HBPs) with indole or isatin functionality were rationally designed,
synthesized, and characterized. Antimicrobial disk diffusion assay indicated that these HBPs showed significant antibacterial activity
against 8 human pathogenic bacteria compared to small molecules with indole or isatin groups. According to DSC measurements, up
to 20% indole-based HBP is miscible with biodegradable polyesters (polyhydroxybutyrate or polycaprolactone), which can be
attributed to the favorable hydrogen bonding between the N—H moiety of indole and the C=0 of polyesters. HBPs with isatin or
methylindole were completely immiscible with the same matrices. None of the HBPs leaked out from plastic matrix after being
immersed in water for S days. The incorporation of indole into HBPs as well as small molecules facilitated their enzymatic
degradation with PETase from Ideonella sakaiensis, while isatin had a complex impact. Molecular docking simulations of monomeric
molecules with PETase revealed different orientations of the molecules at the active site due to the presence of indole or isatin
groups, which could be related to the observed different enzymatic degradation behavior. Finally, biocompatibility analysis with a
mammalian cell line showed the negligible cytotoxic effect of the fabricated HBPs.

1. INTRODUCTION ecotoxicity.”"~** These challenges can be potentially solved
by the development of nonionic AMPs.

Macromolecular antimicrobials (antimicrobial polymers,
Due to the lack of ionic interactions with microbials (as

AMPs) have received growing attention because of their

. Y ) 1-5 ioni ioni i
potential to overcome antimicrobial resistance, —~ as well as most ionic APMs do), nonionic AMPs need particular

other advantages like low leaching potential, high selectivity functional groups (e.g, chlorine, organotin, carbon-rich esters)
and efficacy, low skin permeation, and toxicity.6_11 In to endow antimicrobial properties.2’7’23 Considering the health
particular, the large size and low migration (leaching) potential and environmental impacts, those naturally existing antimicro-
of AMPs are desirable for the design of coatings or additives bial functional groups have received growing attention for the
for clinical materials (e.g., catheters, scaffold, stitches, im-

plants), of which microbial infection is a serious threat.'”~"” Received: March 18, 2021

Currently, most reported AMPs are ionic,"® which usually lack Revised:  April 16, 2021

compatibility (or miscibility) with a nonionic matrix (e.g, Published: April 26, 2021

polymers)."” This could lead to undesirable phase separation

and inferior mechanical properties. Furthermore, ionic AMPs
may suffer from undesirable high water solubility and
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design and synthesis of new nonionic AMPs (e.g, indole,
isatin, anisole, curcumin, astaxanthin, tropolone, aspirin,
limonene, etc.).”*”*> These naturally occurring functionalities
have been used and adapted by natural ecosystems, so they are
prone to be more biodegradable and less ecotoxic.

Dendrimers and hyperbranched polymers (HBPs) form a
particularly attractive class of AMPs™> ™" because of their
locally concentrated functionalities’® " and enhanced inter-
action with a bacterial membrane.*' ~** Today, most reported
antimicrobial dendrimers and HBPs are cationic.'” For
example, hyperbranched poly(amino-ester)s with quaternary
ammoniums showed antibacterial activity when blended with
polycaprolactone (PCL, a biodegradable polymer).*” Lucine-
based hyperbranched or star-shaped polymers also exhibited
remarkable antibacterial activity.”® Nonionic antimicrobial
dendrimers or HBPs have been rarely reported. For instance,
HBPs with indole and imidazole groups exhibited significant
antibacterial properties and have been investigated as surface
coating materials.”* Recently, our group reported that biobased
HBPs with nonionic isatin and anisole groups showed
antibacterial activity against 9 different pathogenic bacteria.”®
However, their rigid molecular structures and high glass
transition temperatures (T, > 200 °C) limited their miscibility
with low-T, biodegradable polymers (e.g, PLA, PHB, PBS,
etc.). In addition, these HBPs are nonbiodegradable, as many
aliphatic hyperbranched polyesters are.”">*

This work aims to enhance the biodegradability of nonionic
antibacterial HBPs as well as to improve their miscibility with
biodegradable plastic matrices. To achieve these goals, new
HBPs with flexible biobased aliphatic polyester backbones and
naturally existing antimicrobial functional groups (i.e., indole,
isatin) were designed. In particular, the presence of N—H as
hydrogen-bond donor in indole is expected to enhance the
miscibility with hydrogen-bond-accepting polyester matrices.
Herein, we report the synthesis of new nonionic HBPs by
grafting isatin or indole units onto a hydroxyl-terminated
commercially available polyester HBP, Boltorn.”>** The
molecular structures, thermal properties, antimicrobial effects,
enzymatic degradation,”>® cytotoxicity, leaching potential in
water, and miscibility with biodegradable polyesters were
evaluated. The impact of indole and isatin groups on enzymatic
degradation of aliphatic polyester backbones and small
molecules was investigated. To our knowledge, this is the
first report of nonionic dendritic AMPs that are plastics
miscible and biodegradable.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Boltorn H40 (98%) was
purchased from Perstorp AB, Sweden. Isatin, methyl bromoacetate,
potassium carbonate (K,CO;), 1-ethyl-3-(3'-dimethylaminopropyl)
carbodiimide-HCl (EDC-HCI), 4-dimethylaminopyridine (DMAP),
indole-3-acetic acid (2), N-methylindole-3-acetic acid, and methyl-
indole-3-acetate were purchased from Sigma-Aldrich. Tetrahydrofuran
(THF), N,N-dimethylformamide (DMF), N,N-dimethylacetamide
(DMAC), 1,4-dioxane, chloroform, dichloromethane (DCM), dimeth-
yl sulfoxide (DMSO), HCl, NaOH, ethanol, methanol, acetone,
acetonitrile, ethyl acetate, diethyl ether, sodium carbonate (Na,CO;),
NaHCO; (ACS, Reag. Ph. Eur.), and NaSO, were purchased from
VWR Chemicals. Poly(3-hydroxybutyrate) (PHB) powder was
supplied by BIOMER (Germany), which was washed with 0.001 N
aqueous HCI for 30 min, washed with deionized water, and dried at
50 °C under vacuum for 2 days before further use. The acid-treated
PHB had a weight-average molar mass (M,,) of 620 000 g mol™" and
polydispersity index (PDI) of 2.0. PCL was purchased from Sigma-
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Aldrich with a weight-average molar mass (M,,) of 14 000 g mol ™" and
polydispersity index (PDI) of 1.4.

2.2. Synthesis. Methyl Isatin-N-acetate (5). A solution of isatin 3
(5.30 g, 37.0 mmol, 1.0 equiv), methyl bromoacetate 4 (4.80 mL, 44.4
mmol, 1.2 equiv), and K,CO; (7.68 g, 55.6 mmol, 1.5 equiv) in 80
mL of DMF was added into a 250 mL round-bottom flask and stirred
at room temperature. After 16 h, the mixture was poured into ice—
water, and the obtained orange precipitate was filtered, washed with
water, and recrystallized from water to yield methyl isatin-N-acetate 5
as orange crystals (9.86 g, 76%). '"H NMR (400.13 MHz, DMSO-d,)
5, ppm: 7.69 (t, 1H, Ar), 7.62 (d, 1H, Ar), 7.22—7.16 (m, 2H, Ar),
4.64 (s, 2H, N—CH,—COOR), 3.71 (s, 3H, COOCH,). 3C NMR
(100.61 MHz, DMSO-ds) 8, ppm: 183.06, 168.48, 158.61, 150.81,
138.94, 125.13, 124.16, 117.81, 111.57, 52.93, 41.55. Mp (DSC):
120.6 °C.

Isatin-N-acetic Acid (1). To a well-stirred solution of 5 (0.50 g 23
mmol) in ethanol/water (40 mL/10 mL) was added 10% NaOH
solution (1.2 mL) dropwise in a 250 mL round-bottom flask equipped
with a reflux condenser. The reaction mixture was stirred at 60 °C for
3 h until the color changed to yellow. Afterward, concentrated HCI
was added dropwise, yielding an orange precipitate. The precipitate
was filtered, dissolved in saturated Na,COj; solution (100 mL), and
washed with ethyl acetate (4 X 50 mL). Concentrated HCI was added
into the collected aqueous phase to precipitate a yellow solid, isatin-
N-acetic acid 1 (0.35 g, 70%). 'H NMR (400.13 MHz, DMSO-d,) 6,
ppm: 7.69 (t, 1H, Ar), 7.61 (d, 1H, Ar), 7.22—7.14 (m, 2H, Ar), 4.53
(s, 2H, N—CH,—COOH). *C NMR (100.61 MHz, DMSO-d) §,
ppm: 183.47, 169.37, 158.60, 151.31, 138.95, 125.32, 124.05, 117.88,
111.54. Mp (DSC): 209.8 °C.

Isatin-Grafted BH40 (BISA). A solution of BH40 (0.18 g, 0.060
mmol, 1.0 equiv), 1 (0.33 g, 1.6 mmol, 1.1 equiv), EDC-HCI (0.31 g,
1.6 mmol, 1.1 equiv), and DMAP (0.01 g, S wt %) in DMF (5 mL) in
a capped 25 mL round-bottom flask was stirred at room temperature.
After 18 h, the reaction mixture was added to a saturated NaHCO,
solution (200 mL). The resulting yellow precipitate was dissolved in
acetone (2 mL), which was dropped into diethyl ether (100 mL) to
precipitate. The resulting precipitate was collected by gravity filtration
and dried at 50 °C under vacuum for 12 h to yield an orange solid as
BISA (0.21 g, 42%). "H NMR (400 MHz, DMSO-d;) 8, ppm: 7.70—
7.49 (m, 2H, Ar), 7.61 (d, 1H, Ar), 7.21-7.03 (m, 2H), 4.99 (s,
—OH), 461 (s, 2H, N—CH,—COOR), 4.30—-3.94 (m, CH,OR),
3.53-3.39 (m, CH,0OH), 1.25—0.87 (m, CH;R). 3*C NMR (100.61
MHz, DMSO-dg) 5, ppm: 182.89, 174.19—166.97, 167.41, 158.54,
150.60, 138.82, 125.11, 124.17, 117.76, 111.39, 66.89—63.76, 51.26—
45.79, 18.09—16.77.

Indole-Grafted BH40 (BIN). A solution of BH40 (0.18 g, 0.060
mmol, 1.0 equiv), 2 (0.31 g, 1.6 mmol, 1.1 equiv), EDC-HCI (0.31 g,
1.6 mmol 1.1 equiv), and DMAP (0.01 g, S wt %) in DMF (S mL) in
a capped 25 mL round-bottom flask was stirred at room temperature.
After 18 h, the reaction mixture was added to a saturated NaHCO,
solution (200 mL). The resulting brown precipitate was dissolved in
acetone (2 mL), which was added into diethyl ether (100 mL). The
resulting precipitate was collected by gravity filtration and dried at 50
°C under vacuum for 12 h to yield a brown solid as BIN (0.22 g,
45%). "H NMR (400.13 MHz, DMSO-d,) 8, ppm: 10.91 (s, 1H,
NH), 7.43(s, 1H, Ar), 7.32(s, 1H, Ar), 7.17(s, 1H, Ar), 7.04(s, 1H,
Ar), 6.94 (s, 1H, Ar), 4.99 (s, OH), 4.23—3.94 (m, CH,OR), 3.68(s,
2H, ArCH,COOR), 3.59—3.39 (m, CH,0H), 1.18—0.89 (m, CH;R).
BC NMR (100.61 MHz, DMSO-dg) 8, ppm: 171.54, 174.03—171.25,
136.50, 127.44, 124.46, 121.50, 118.95, 118.84, 111.83, 107.26,
107.11, 66.38—63.72, 49.13—46.03, 30.78, 17.80—16.76.

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 (FT-IR) spectra were obtained with an
attenuated 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 with a heating rate of 10 °C min™" under nitrogen with a
purge rate of SO mL min~". The T, was taken as the midpoint of the
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endothermic step change observed during the second heating run; the
cool crystallization temperature T, and melting temperature T}, were
taken as those of main exo- and endothermal peaks, respectively.
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 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 concentration of 3.0 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). A UV—vis spectrometer was
used in the wavelength range from 200 to 600 nm with a resolution of
2 nm, employing quartz cuvettes of 10 mm path length. High-
resolution mass spectrometry (HRMS) was performed by direct
infusion on a Water Xevo-G2 QTOF mass spectrometer using
electrospray ionization. Reversed phase liquid chromatography-mass
spectrometry (LC-MS) was performed on a XEVO-G2 ESI-QToF
mass spectrometer and Acquity UPLC equipped with an Acquity
CSH C18 column (1.7 ym, 2.1 X 100 mm), all from Waters. The
mobile phases contained 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B), and the gradient profile was 0.0—0.7
min 5% B, 0.7—8.0 min 5—99% B, followed by 99% B for 3 min. The
column was kept at 60 °C, and the flow rate was 0.5 mL/min. Diode-
array detection was performed between 190 and 300 nm, and the
mass spectra with m/z between 50 and 1200 were generated in
positive electrospray mode using a capillary voltage of 3 kV, cone
voltage of 40 V, source temperature of 120 °C, desolvation
temperature of 500 °C, cone gas of 50 L/h, and desolvation gas of
800 L/h (both N,). Lock mass correction was performed using
leucine enkephalin (according to Waters standard recommendations).
HPLC (high-performance liquid chromatography) measurements
were carried out according to a previously developed method.”” A
CMB-20A HPLC instrument (Shimadzu), with a UV—vis detector
(SPD-20A) was used. A C18 column Kinetex 1.7 ym XB-C18 100 A,
LC column SO X 2.1 mm was used with mobile phases A and B
consisting of acetonitrile and 0.1% formic acid solution, respectively.
The flow rate was fixed at 0.4 mL/min for 10 min.

2.4. Leaching Potential from PHB Films. First, films of pure
PHB or PHB with 5 wt % HBP (BISA or BIN) or small molecules
(isatin or indole-3-acetic acid) were prepared according to a solution-
casting protocol.”**® Pure PHB powder or mixtures of PHB powder
with HBPs or small molecules were dissolved in chloroform at 100 °C
for S min in a sealed vessel, followed by S h standing at room
temperature without agitation. Afterward, the solutions were cast at
room temperature in a Petri dish and dried for 24 h. For the
evaluation of the leaching potential, the prepared PHB films (ca. 100
mg) were immersed in distilled water (10 mL). After S days, the UV
absorbance of the water phase was measured.

2.5. PHB/HBP and PCL/HBP Blends Preparation. A powder of
PCL with or without HBP additives (5—20 wt %) was dissolved in
THF in a sealed vessel. The resulting homogeneous solutions stand
for S h without any agitation. A powder of PHB with or without HBP
additives (5—20 wt %) was dissolved in chloroform with a few drops
of DMF at 100 °C for 5 min in a sealed vessel. The resulting
homogeneous solutions were cooled to room temperature and
allowed to stand for S h without any agitation. Afterward, the PCL
or PHB solutions were cast at room temperate on a glass Petri dish
and dried at 50 °C under vacuum for 48 h. The films were kept at
room temperature until DSC measurements.

2.6. Production and Purification of Enzymes. PETase from
Ideonella sakaiensis was produced in a recombinant strain of
Escherichia coli as described in our previous work.””®" Synthetic
genes encoding the enzyme were chemically synthesized (GenScript
USA Inc. Piscataway, NJ) with optimized codons for E. coli. PETase
gene was inserted in a frame with an N-terminal histidine tag encoded
by the backbone of the vector pET28b. The resulting construct was
named pET28b::PETase and introduced into chemically competent
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E. coli 21(DE3) by thermic shock. The strain harboring
pET28b::PETase was cultivated in LB medium with 34 ug/mL
kanamycin. The recombinant strains were grown in 300 mL at 37 °C
until an optical density of 0.6 was measured at a 600 nm wavelength.
Thereafter, the production of recombinant enzyme was induced with
1 mM isopropyl -p-1-thiogalactopyranoside at 25 °C for 12 h. The
enzyme was purified by immobilized metal ion affinity chromatog-
raphy (IMAC) according to the protocol previously reported.” The
purity of the prepared enzyme was analyzed by SDS-PAGE, and its
concentration was determined spectrophotometrically at a 280 nm
wavelength.

2.7. Enzymatic Reactions. Enzymatic Reactions with Polymers.
Degradation reactions of polymers, BISA and BIN, with PETase were
conducted according to our previously reported protocol.’’ The
polymers were soaked in a mixture of phosphate buffer (1000 L, pH
7.0), water (750 uL), DMSO (200 L), and PETase (S0 uL, 2.10 mg
mL™"). The reaction mixtures were incubated at 37 °C with shaking at
200 rpm for 72 h. In the meantime, nonenzymatic degradation of
BISA and BIN was carried out by a negative control under identical
conditions (no enzyme). After incubation, the samples were
centrifuged at 13000g for 10 min, and the supernatants were
analyzed with LC-MS.

Enzymatic Reactions with Monomer. For the enzymatic reactions
of monomers, methyl isatin-N-acetate (EISA) and methylindole-3-
acetate (EIN), the monomers were soaked in a mixture of phosphate
buffer (1000 pL, pH 7.0), water (700 uL), DMSO (200 uL), and
PETase (100 L, 0.62 mg mL™'). The reaction mixtures were
incubated at 37 °C with shaking at 200 rpm. In the meantime,
nonenzymatic degradation of EISA and EIN was determined by a
negative control under identical conditions (without enzyme). The
reactions were stopped at appropriate time intervals spread over 6 h
by being kept at —80 °C until HPLC analysis, and the concentrations
of the hydrolysis products were calculated.

Calibration. Standard solutions of EISA and EIN with six
concentrations were used (0.25, 0.5, 1.0, 1.5, 2.0, and 2.5 g/L in
DMSO) for calibration of the HPLC peak areas. A plot of the peak
area versus the concentration of the standard solutions was made.
Regression analysis was carried out. The correlation coefficient (r*),
the slope of the line, the Y intercept, and line equation were
calculated.

2.8. Molecular Docking. Molecular structures of ligands, EIN
and EISA, were generated using the Avogadro program.’’ Their
geometries were optimized at the molecular-mechanics level with the
force field MMFF94 and the algorithm Steepest Descend using 1000
steps and convergence of 1077, The receptor was a crystallographic
structure®® of PETase from I sakaiensis available in the Protein Data
Bank (PDB: SXJH). Docking was performed thorough AutoDock®®
implemented in YASARA v19.12.14 software.* The molecular
models were analyzed with Chimera.®®

2.9. Bacteria Culture. Food-borne and human pathogenic
microorganisms Escherichia coli ATCC 25922 (Ec), Staphylococcus
aureus ATCC 25923 (Sa), Proteus mirabilis ATCC 14153 (Pm),
Proteus vulgaris ATCC1331S (Pv), Pseudomonas aeruginosa
ATCC27853 (Pa), Enterobacter aerogenes ATCC13048 (Ea), Bacillus
thuringiensis (Bt), and Streptococcus mutans ATCC 25175 (Sm) were
employed to evaluate the antibacterial properties of HBPs (BISA and
BIN) and small molecular reagents (isatin or indole derivatives and
gentamicin). All bacteria strains were subcultured on (Luria—Bertani)
LB agar culture at 37 °C for 24 h.

2.10. Antimicrobial Disk Diffusion Assay. Disk-diffusion assay
according to the modified standard method was applied to evaluate
the antibacterial properties.”>® First, the tested solid samples (HBPs
or small molecular agents) were dissolved in DMF with four different
concentrations (1, 0.5, 0.25, and 0.1 mg mL™"). Microorganisms’
susceptibility was adjusted with 0.5 McFarland as a reference
standard. The prepared solutions were sterilized under UV light for
5 min before testing. Microorganism culture suspension (100 gL, 10°
cells per mL) was swabbed onto a plate within Miiller—Hinton agar.
Filter disks with a diameter of 6 mm were placed on the Petri plate
inoculated with microorganisms, and 20 uL of the prepared sample
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Scheme 1. Synthesis of Isatin-Grafted HBP (BISA) and Indole-Grafted HBP (BIN) from Commercially Available HBP
(BH40)"

BISA

i
O’i*u A

| (a) EDC, DMAP * /
| (b) EDC, DMAP  Ho~

“Only schematic structures of the polymers are presented, and the number of OH groups and the grafted isatin and indole groups are not real.

solutions was loaded on the sterile disks. Afterward, bacteria cultures 3. RESULTS AND DISCUSSION

were }ncubated at 37 °C for 24 h. Disks containing geflfamlcm (10 Hg 3.1. Synthesis of HBPs. Isatin- and indole-grafted HBPs
per disk) or DMF (pure solvent) were used as a positive or negative ) . L
: . e (BISA and BIN) were synthesized by reacting carboxylic acid
control, respectively. All experiments were performed in triplicate. derivati £ isati 3 indol q «h BH
The results are expressed as the mean diameter of the inhibition zone er1vat1ve.s o 1S%t1n and 1ndole (1 and 2) wit 40, a
in mm =+ standard deviation (mean + SD). Significant differences commercially available aliphatic polyester from Perstorp AB,
Scheme 1. Indole-based grafting agent 2 is commercially

between the two groups were evaluated as p values by t test using

Microsoft Excel software. p < 0.05 indicates a significant difference, available, and isatin-based grafting agent 1 was synthesized
while p > 0.05 indicates an insignificant difference. from isatin according to a modified 2-step synthetic protocol

2.11. Anti-Quorum Sensing (Anti-QS). Disc diffusion assay was (Scheme S1, ESI).®”%® First, methyl isatin-N-acetate (5) was
performed to evaluate the anti-QS property of HBP and small obtained by a convenient Sy2 reaction between isatin (3) and
molecules.® Choromobacterium violaceum CV026 as the reporter a primary bromide (4) under mild basic condition. Hydrolysis
strain was used to determine the anti-QS activity of HBPs (BISA and of § gave 1 with ~50% yield (over two steps). Trans-
BIN) and two small molecules (EISA and EIN). Before the assay, the esterification of 5 with ethanol (the solvent) was a side
suspension of bacteria culture was incubated in Luria—Bertani (LB) reaction during this step, which yielded an ethyl ester (Figure

broth at 30 °C for 24 h. For the anti-QS assay, the bacteria culture S2, ESI) that could be completely removed by a straightfor-

was swabbed onto the surface of LB soft agar (100 mL) containing ward precipitation (according to the 11 NMR results in Figure
signal molecule N-hexanoyl-L-homoserine lactone (HSL) (0.25 ug/ $3, ESI)
) .

mL) of CV026. Afterward, sterile discs loaded with solutions (20 uL)
of the prepared samples (10 pg/mL) were placed on the Petri plates
and incubated at 30 °C for 24 h. A commercial antibiotic gentamicin
(10 pg per disc) and the pure solvent (DMF) were evaluated as a
positive or negative control, respectively. The anti-QS activity was
measured by the size of the formed turbid halo around the disc (in

Grafting isatin or indole groups onto BH40 was achieved by

a mild Steglich esterification using EDC and DMAP at room
69 p o1: o .

temperature.”” A slight excess (10 mol % excess with respect to

the OH groups of BH40) of the grafting agents (1 or 2) was

used. The corresponding polymers, BISA and BIN, were

contrast to the purple background). obtained in moderate yields after purification (42% and 45%,

2.12. MTT Assay. The MG-63 osteoblast-like human cells were respectively). The grafting density, GD (i.e., the percentage of
cultured in Dulbecco’s Modified Eagle Media (DMEM) supple- OH groups in BH40 that is consumed during the
mented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% modification), of BISA and BIN was ~78% and ~81%,
streptomycin in a humidified incubator at 37 °C. The medium was respectively, according to their '"H NMR spectra (Figures S4
replaced every 2 days. Cells were trypsinized and centrifuged at 400g and S5, Table S1, ESI). Further increasing the GD to ~100%
for 4 min to get a concentrated cell pellet when the confluence usually requires a large excess of grafting agents.”’ In our case,
reached 80%; 1 X10* cells/well were seeded on a 96-well plate and synthesis of BISA and BIN with higher GD values has been
cultured for 24 h before adding the materials. Test compounds ((1. attempted (Figures S6 and S7, ESI). As shown in Table SI
C) control group; (2) BH40; (3) BISA; (4) BIN; (5) EISA; (6) EIN) (ESI), the GD value of BISA remained almost unchanged

dissolved in DMSO were added to the cell culture at a final DMSO
concentration of 1% (v/v). Fresh culture medium without samples
was used as positive control, and each sample was replicated in five
wells. After being cultured for 24 h with materials from each group,
the cell culture medium was discarded and the cells were washed with
phosphate buffer once. MTT working solution (0.5 mg/mL) was

(~81%) using a S0% excess of 1 but was increased to 93% by
the use of a 200% excess of 1. For BIN, GD was increased to
94% by using a 50% excess of 2 but was not further increased
even with a 200% excess of 2. However, the isolated yields of
BISA and BIN unavoidably decreased when a large amount of

added to the cells and incubated for 2 h at 37 °C, after which DMSO the grafting agents was used (Table S1, ESI), which could be

was added to the reaction products followed by further incubation for attributed to the mass loss during purification.

10 min. The solubilized contents were pipetted and transferred into a It should be clarified that the presence of ~20% unreacted

clear bottom 96-well plate. Absorbance was determined by OH groups (i.e, GD =~ 80%) in BISA and BIN is desirable for

spectrophotometry at a 600 nm wavelength. Plain DMSO was used our investigations because these hydrogen-bond donors are

for blank subtraction. expected to enhance the interactions with the C=0 groups in
2259 https://doi.org/10.1021/acs.biomac.1c00343
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polyesters. In this article, we will focus only on the evaluation
of the HBPs with ~80% GD values.

3.2. Characterization of HBPs. The solubility of the
obtained HBPs (BISA and BIN) and the precursor (BH40)
was evaluated by examining whether 10 mg of polymer powder
could be dissolved in a particular solvent (1 mL). As a result
(Table 1), BISA is soluble in all of the tested aprotic solvents

Table 1. Solubility of BH40, BISA, and BIN“

solvent BH40 BISA BIN
aprotic solvents chloroform — + (®)
DCM - + (®)

1,4-dioxane (+) + +

THEF + + +

acetone + + +

acetonitrile (®) + +

DMF + + +

DMSO + + +

DMAc + + +
protic solvents ethanol (@) () (®)
methanol (+) (®) (®)

water (+) - -

“Legend: + means soluble at room temperature, (+) means soluble
after heating up to 60 °C, (@) means partially soluble after heating up
to 60 °C, — means completely insoluble at 60 °C.

with a wide range of polarity. BIN also showed good solubility
in aprotic solvents, except for the two least polar ones
(chloroform and DCM). However, in protic solvents (ethanol,
methanol, and water), both polymers are insoluble or only
partially soluble. In general, the enhanced solubility of BISA
and BIN in aprotic solvents was consistent with their decreased
number of OH groups.

The molar masses of BISA and BIN were measured by GPC
in chloroform. As shown in Table 2, the measured molar

Table 2. Molecular Information and Thermal Properties of
HBPs”

M, M, T T Tax CY
HBP (gmol™) (gmol™") PDI (°¢) (°C) (°C) (%)
BH40 2833 5100 1.80 28 298 400 2.2
BISA 5740 7276 1.27 90 289 361 18.1
BIN 5002 6641 1.33 64 300 364 13.9

“M,, M,,, and PDI were determined by GPC in chloroform. T, (glass
transition temperature) was measured from the DSC second heating
curve; T, and T, are the temperature for 10% weight loss and the
temperature for the maximum decomposition rate, respectively,
according to the TGA data. Char yield (CY) was measured by TGA.

masses of BISA (M, = 5740 g/mol) and BIN (M, = 5002 g/
mol) were higher than that of BH40 (M, = 2833 g/mol,
according to the supplier, Perstorp), which was consistent with
grafting. The PDI values of BISA and BIN were lower than that
of BH40, which could be attributed to the fractionation during
purification by precipitation. This is consistent with the mass
loss after grafting and purification (~40% yields of BISA and
BIN).

The chemical structures of BISA and BIN were charac-
terized by "H NMR spectroscopy. In the 'H NMR spectrum of
BH40 (Figure 1A), the signals corresponding to the methyl
protons (a), the methylene protons (b and c), and the OH
groups (d and e for terminal and linear units, respectively)
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were clearly discernible. After grafting (Figure 1B and 1C), the
signal for the terminal OH groups disappeared while the signal
for the linear OH groups remained (with significantly reduced
intensity). This indicated that the terminal hydroxyl groups
had higher reactivity for grafting and were completely
consumed, but the linear hydroxyl groups were only partially
grafted. All of the other characteristic signals for BH40 were
observed in the spectra of BISA and BIN without significant
changes in chemical shifts. In addition, two new aromatic
signals of the isatin groups (g and /) and a new methylene
signal at 4.61 ppm (f) were observed in the 'H NMR spectrum
of BISA (Figure 1B). Similarly, five new aromatic signals at
7.42—6.94 ppm (g—k) and a new signal at 3.68 ppm
(methylene proton close to the indole ring, f) were observed
in the spectrum of BIN (Figure 1C). These new signals further
confirmed the success of grafting. A comparison of the
integrals of the OH signal, the aromatic signals, the indole N—
H signal, and the backbone methyl signal was used to estimate
the GD values (~78% and ~81% for BISA and BIN,
respectively, Figures S4 and S5, ESI), as discussed earlier.

The chemical structures of BISA and BIN were further
characterized by *C NMR spectroscopy (Figure 2). As shown
in the expanded region of the quaternary carbons (45—52
ppm), discernible signals corresponding to the quaternary
carbons of the terminal (T), linear (L), and dendritic (D)
structural units of BH40 were observed at 50.7, 48.7, and 46.6
ppm, respectively, consistent with the literature (Figure 2A).”"
The signal of the terminal (T) quaternary carbon completely
disappeared in the spectra of BISA (Figure 2B) and BIN
(Figure 2C), which confirmed the consumption of the terminal
OH groups. In the meantime, the relative intensity of the
signals of the linear quaternary carbons (L) with respect to that
of the signals of dendritic carbons (D) significantly decreased
after grafting (Figure 2 B and 2C compared with Figure 2A).
This indicated that the hydroxyl groups on the linear units of
BH40 partially reacted, which was consistent with the 'H
NMR results discussed earlier.

The chemical structures of BISA and BIN were further
confirmed by FT-IR spectra (Figure 3). The broad O—H
stretching band (centered at ~3346 cm™') of BH40 (Figure
3A) was almost invisible in the spectra of BISA (Figure 3B)
and BIN (Figure 3C). In addition, a new band at ~3395 cm™
was observed in the FTIR spectrum of BIN (Figure 3C), which
was attributed to the N—H stretching of indole. The strong
characteristic ester C=0O stretching band was observed in the
spectra of all HBPs (1721, 1732, and 1729 cm™ for BH40,
BISA and BIN, respectively). In addition, a strong band at
1608 cm ™! in the spectrum of BISA (Figure 3B) corresponded
to the aromatic C=C stretching, which was consistent with
the FT-IR spectrum of the isatin-based grafting agent 1 (Figure
S9, ESI). This band was not observed in the FT-IR spectra of
BIN and grafting agent 2 (Figure 3C and Figure S9, ESI).
Finally, the out-of-plane bending vibrations of aromatic C—H
for BISA (753 cm™') and BIN (746 cm™') were observed,
which confirmed the presence of isatin and indole groups in
the polymers.””

The thermal properties of BISA and BIN were characterized
by DSC and TGA analyses. According to the DSC results
(Figure 4), the glass transition temperatures (T,) of BISA and
BIN are 90 and 64 °C, respectively, which are significantly
higher than that of BH40 (T, ~ 28 °C). This can be attributed
to the incorporation of cyclic aryl groups (indole or isatin),
which can increase the overall structural rigidity (and Tg) of
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Figure 1. 'H NMR spectra of BH40 (A), BISA (B), and BIN (C) in DMSO-dy. OH groups on the “terminal” or “linear” structural units are shown
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Figure 2. *C NMR spectra of BH40 (A), BISA (B), and BIN (C) with the expansion in the range of 45—52 ppm. Quaternary carbons for the
terminal (T), linear (L), and dendritic (D) structural units are designated by the arrows.

linear and dendritic polymers.”””*”* Furthermore, BISA
showed a higher T, than BIN, which could be due to the
stronger dipole 1nteract1ons of BISA (dipole moment of ~5.65
D for isatin and ~2.07-2.38 D for indole groups).”””®
Furthermore, the second heating curve of BH40 displayed a
broad exotherm at ~70 °C and a broad endotherm at ~115
°C, which could be attributed to the formation and cleavage of
hydrogen bonds by the OH groups in BH40.”” These exo- and
endothermic events were not observed for BISA and BIN,
which indicated that the remaining OH groups (~20%) did
not form significant hydrogen bonds. According to the TGA
results (Figure S and Table 2), the decomposition onset
temperature T, (the temperature for 10% mass loss) was
similar for BISA, BIN, and BH40. However, the temperatures
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for the maximal rate of weight loss (T,,,) for BISA and BIN
were ~30—40 °C lower compared with that of BH40, which
could be attributed to thermal decomposition of the isatin and
indole groups (confirmed by the thermal decomposition
patterns of grafting agents 1 and 2, Figure S10, ESI). Finally,
BISA and BIN also showed higher residual char yields (CY)
than BH40, which could be attributed to their aromatic

3.3. Leakage Assessment of BISA and BIN from PHB
Films. The short-time leaching potential of BISA and BIN
from biodegradable plastic PHB films into water was evaluated
by measuring the UV—vis spectra of the aqueous phase after
PHB films with BISA or BIN (5%) were immersed for 5 days.
As shown in Figure 6, the UV—vis absorbance of the aqueous
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Figure 4. DSC second heating curves of BH40, BISA, and BIN.

phase was negligible after PHB film with or without HBP
additives were immersed. On the contrary, a significant UV—
vis absorbance was observed in the aqueous phase after the
PHB films containing small molecular agents (ISA or INA)
were immersed for 5 days. This revealed the low short-time
leaching potential of BISA and BIN from the PHB matrix into
the aqueous environment, which was consistent with our

previously reported isatin-based nonionic HBPs.”® The low
leaching potential of BISA or BIN was also confirmed by the
low coloration of the aqueous phases after the PHB films
containing BISA and BIN were immersed (Figure S11, ESI),
while the aqueous phase for immersing the films containing
small molecules (ISA or INA) was colored. It should be
clarified that since a zone of inhibition was observed in the disk
diffusion antimicrobial assay (see later discussions), it is
expected that a small quantity of the HBPs should be able to
migrate out from the cellulose paper matrix in that case
(different from the PHB matrix in the leaching tests here), but
the quantity is expected to be low.

3.4. Miscibility of HBP with Biodegradable Poly-
esters. The miscibility of up to 20 wt % HBPs (BISA and
BIN) with two different biodegradable and biomedically
relevant polyesters (PHB and PCL)”**" was evaluated by
DSC. For PHB/BISA blends (Figure 7A), the two T, values
corresponding to PHB- and BISA-rich phases were clearly
observed for the 80/20 and 90/10 blends, which indicated that
they were immiscible. For 95/5 blend, only one T, value was
observed (~5.1 °C), but it was very close to the T, of the
PHB-rich phase of 80/20 and 90/10 blends. This suggested
that the blend was immiscible, but the T, of the BISA-rich
phase was not observed due to the low BISA content in the
blend. For PHB/BIN blends (Figure 7B), only one T, was
observed with all three compositions (S, 10, and 20 wt %), and
the T, value increased as the increased BIN content. This
indicated that PHB/BIN blends with up to 20 wt % BIN were
miscible.

A similar observation was made in the case of PCL-based
blends (Figure 7C and 7D). All of the PCL/BISA blends
showed similar T}, values as pure PCL (Figure 7C). For 80/20
and 90/10 blends, the T, for the BISA-rich phase was visible,
while the T, for the 95/S blend was not observed (due to the
low content of BISA). These observations indicated that BISA
was immiscible with PCL in the measured composition range.
However, all PCL/BIN blends exhibited only a single T, over
the entire blend compositions, and their T, values shifted to
higher temperatures with increasing BIN contents (Figure
7D). This indicated that these blends were miscible with up to
20 wt % BIN.

DSC data also provided valuable information regarding the
crystallization behavior of the miscible blends of BIN with
biodegradable polyester matrices (Table 3). Both PHB and
PCL matrices showed similar results. The melting endotherm
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Figure S. TGA residual weight (A) and derivative weight loss (B) curves of BH40, BISA, and BIN.
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(in the second cycle heating curves, Figure SI2A and S12C,
ESI) and crystallization exotherms (in the first cycle cooling
DSC curves, Figure S12B and D, ESI) of the blends became
broader and shifted toward lower temperature as the BIN
content increased in the blends, which indicated that the
presence of BIN retarded the crystallization of PHB or PCL.
This observation could be attributed to the favorable
intermolecular hydrogen-bond interactions between BIN and
the carbonyl groups of the polyester matrix (Figure S13, ESI),
which is consistent with other reported miscible blends with
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hydrogen bonds (e.g, PHB blends with cellulose acetate
butyrate or chitosan).”"*

In addition, the impact of blending on the crystallinity was
also revealed by DSC results. The degree of crystallinity (y.) of
PHB and PCL blends with BIN was calculated using the areas
of the melting endotherms (Figure S12, ESI), taking the AH;
values of 100% crystalline PHB and PCL as 146 and 139 J/g,
respectively.”~* For PHB/BIN blends, the crystallinity (y.
values) increased slightly upon blending with 5—10% BIN
(Table 3), which could be due to the plasticizing effect of BIN
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Table 3. Thermal Properties of PHB/BIN and PCL/BIN
Blends According to DSC Measurements®

T, AH; Xe

samples T, (°C) T, (°C) (°C) 0/g) (%)

PHB 3.1 174.8 120.2 99.6 68.2
PHB/BIN (95/5) 81 1678 1170 970 699
PHB/BIN (90/10) 161 1626 1148 930 708
PHB/BIN (80/20) 252  158.8/148.8 1076  73.5 629
PCL —62.6 54.5/57.0 26.2 74.6 54.0
PCL/BIN (95/5) =569  $3.9/56.5 261 748 536
PCL/BIN (90/10) =502  53.3/56.4 260 766 548
PCL/BIN (80/20) —37.1  53.2/56.0 24 796 557

“Tg (glass transition temperature) and T, (melting temperature)
were measured from the second DSC heating curve; T, (crystal-
lization temperature) was measured from the first DSC cooling curve.
AH; (enthalpy of crystallization) and y, (degree of crystallinity) were
measured by DSC.

in the blend that increased the chain mobility of PHB.*~¢ A

similar observation has been reported for PHB blends with 5—
7% Lapol (a commercial polyester plasticizer).”” When 20 wt
% of BIN was blended with PHB matrix, two melting
endotherms were observed (Figure S12A), indicating two
different crystalline structures in the blend. The y. value
decreased significantly, which indicated that the plasticizing
effect of BIN was counteracted by its disruption in the
crystallization of PHB, as for other reported PHB blends.”*”
For PCL/BIN blends, the crystallinity (y.) and melting
enthalpy were insignificantly influenced by blending, which
could be attributed to the opposite plasticizing and nucleating
effects” ™ of the blended BIN that canceled each other to a
large extent.

The miscibility of BIN-based blends and immiscibility of
BISA-based blends can be attributed to their molecular
structures, which can or cannot induce hydrogen-bonding
interactions.”* BIN contains indole N—H as a hydrogen donor
that can form hydrogen bonds with the oxygen atoms in PHB
and PCL (PHB/BIN as an example in Figure S13, ESI). On

the contrary, BISA contains no active hydrogen donor, so it has
relatively poor interactions with PHB and PCL. To further
confirm this explanation, a methyl-modified indole-based HBP
(namely, m-BIN) without active H donor was synthesized for
comparison (Figure S14 and Scheme S2, ESI). In order to
exclude the influence from the remaining OH groups, the GD
value of m-BIN was carefully controlled (~82%) to be
consistent with that of BIN (~80%). As a result (Figure
S15A, ESI), two T, values were clearly discernible for PHB/m-
BIN blends with 90/10 and 80/20 compositions, which
indicated that they were immiscible. For PHB/m-BIN-95/5
blend, only one T, was observed at 7.1 °C, which was close to
the Tg values for 90/10 and 80/20 blends. This observation
was consistent with the PHB/BISA blends discussed earlier
(Figure 7A) and was significantly different from the PHB/BIN
miscible blends (Figure 7B). Similarly, PCL/m-BIN blends
(Figure S15B, ESI) showed similar behavior as PCL/BISA
blends but different from PCL/BIN blends. These observa-
tions confirmed that the observed miscibility between BIN and
biodegradable aliphatic polyesters could be attributed to the
presence of indole N—H as hydrogen-bond donors.”

3.5. Antibacterial Activity. Disk diffusion assay was
carried out to evaluate the antibacterial activity of HBPs and
two small molecules (EISA and EIN) against eight human
pathogens, including five Gram-negative (Ec, Pm, Py, Pa, and
Ea) and three Gram-positive bacteria (Sa, Sm, and Bt). As
shown in Figure S17, both BISA and BIN with 10 ug per disk
loading showed a significant zone of inhibition (~14—20 mm)
against all of the tested bacteria (example images shown in
Figure S16, ESI), and there was no significant difference
between their effects (p > 0.0S, entry 1, Table S2, ESI). The
difference in the zone of inhibition between the polymers
(BISA and EISA) and their corresponding small molecules
(EISA and EIN) is presented in Figure 8 (full data set shown
in Figure S17, ESI). Compared to the corresponding small
molecules with isatin and indole functions (EISA and EIN)
with the same sample loading (10 pg per disk), polymeric
BISA and BIN showed a larger zone of inhibition against all of

12 4 (] A0y | H
[ 1ADgg, p
10 ) OMe
O
8 EIN
m 0
o 0
Q 4- | .
N OMe
o m A
o]
0 - : EISA
-2 T T T T T T T
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Figure 8. Comparison of the zones of inhibition of polymeric antimicrobials with the corresponding small molecular agents with the same
functional groups. ADgp = Dgisp — Dgisa) ADgiy = Daiw — Dve Daisa Dersay D and Dgpy are the diameters of the inhibition zones of BISA,

EISA, BIN, and EIN, respectively.
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Figure 10. Base peak chromatograms (LC-MS) of the aqueous phase after BIN was reacted with PETase for 3 days. All 14 new signals (not present
in the negative control, see Figure S22, ESI) are marked as a—n in the spectrum. Corresponding MS spectra of a—n are presented in Figure $23,
ESI The unassigned peaks are all present in the negative control (Figure S22, ESI).

the tested bacteria (significantly different for most bacteria
except for Pa for BISA/EISA and Pa, Sm for BIN/EIN, entries
2 and 3, Table S2, ESI), which could be attributed to the
intensified interactions between the locally concentrated
functional groups (isatin or indole) and bacteria, as another
reported isatin-based HBP with more rigid structure.”®
Moreover, ABIN were generally greater than ABISA except
for Sm, which suggested that hyperbranched architectures were
more effective for indole-based structures. In addition,
compared to gentamicin (a commercial antibiotic), BISA and
BIN were significantly more effective for three tested bacteria
(Ec, Sa, Sm), comparable for two bacteria (Pm and Bt), and
significantly less effective for two Gram-negative bacteria (Pa

and Ea). For bactrium Py, BIN was significantly more effective
than gentamicin and BISA was comparable to gentamicin
(confirmed with p values, entries 4 and S, Table S2, ESI).
Finally, the effect of the sample loading was investigated
(Figure 9 and Figure S18, ESI). In general, both HBPs (BISA
and BIN) showed higher antibacterial activity with higher
sample loading in the range of 2.5—20 ug per disk with only
two exceptions. For Sm (G+) with BISA and Pa (G-) with
BIN, the largest zone of inhibition was observed at 10 ug per
disk (Figure 9).

It should be noted that BISA and BIN (and their
corresponding small molecular agents EISA and EIN) all
contain ester groups, which may also interact with bacteria.”
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Figure 11. PETase reaction rates. Formation of pro-EIN (A) and pro-EISA (B). Concentration values were calculated based on the integrals of the

HPLC peaks.

To gain insight into the structure—function relationship, we
measured the antibacterial properties of four small functional
molecules with (EISA and EIN) or without (isatin and indole)
ester bonds (with ester groups). For all of the tested bacteria
except for Ec for EISA/ISA (Figures S19 and S20, ESI), isatin
(ISA) and indole (IN) did not show a significantly different
antibacterial effect compared to EISA and EIN, respectively (p
> 0.0S, entries 6 and 7, Table S2, ESI). This suggests that the
ester groups did not play a major role in the antimicrobial
function in our cases, and the observed antibacterial effect of
EISA and EIN was mainly due to the effects of isatin or indole
groups. For macromolecular agents BISA and BIN, further
investigations will be needed to understand their similarity/
difference with small molecular agents in terms of the
antibacterial mechanism.

3.6. Anti-Quorum Sensing (Anti-QS). Quorum sensing
(QS) is an important biological process for bacteria, which is
usually mediated by certain small signal molecules such as
acylated homoserine lactones (AHLs). This process regulates
the production of important compounds such as virulence
molecules for biofilm formation. QS is considered to have a
close relationship with biofilm formation and development of
antibacterial resistance. Therefore, inhibition of QS may have
promising potential to prevent or retard these processes.”*™%
In this study, we determined the disruption activity of HBPs
(BISA and BIN) and small molecules (EISA and EIN) for
AHL-regulated QS response against CV026. The anti-QS
property was measured by the zone of a halo formation, which
illustrates the inhibition of purple violacein production during
bacterial growth around the disc. According to the results
(Figure S21, ESI), the HBPs and small molecules inhibited the
quorum sensing of CV026, which was regulated by the signal
molecule N-hexanoyl-L-homoserine lactone, HSL. The disc
with pure solvent (negative control) showed no significant
effect on pigment inhibition, and the disc containing
gentamicin (positive control) showed a smaller inhibition
zone (12.3 + 0.6 mm) than HBPs (BIN and BISA) and small
molecule EIN at the same loading amount (10 yg/mL). The
measured HBPs (BISA and BIN) exhibited larger inhibition
zones of pigment compared with their corresponding small
molecules (i.e., 15.6 + 1.9, 13.9 + 0.8, 13.8 + 0.4, and 12.0 +
0.5 mm for BIN, BISA, EIN, and EISA, respectively).
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According to our results, the isatin- and indole-based nonionic
HBPs and the small molecules all exhibited a significant anti-
QS effect, so they may have potential to act as antibiofilm
agents.

3.7. Enzymatic Degradation. The backbones of BISA
and BIN are hyperbranched aliphatic polyester (BH40)
structures, which are in principle biodegradable.54 However,
it is unknown how the grafted isatin or indole units will affect
the biodegradation. In this work, enzymatic degradation of
BISA and BIN using PETase was investigated according to a
previously reported method.””®” The powders of BISA and
BIN were treated with PETase from Ideonella sakaiensis™ for 3
days. Reaction with a longer time was not carried out due to
the reduced enzyme activity. The aqueous phase was analyzed
by LC-MS. Negative control (without enzyme) was carried out
for each degradation experiment.

For BIN, the ion chromatograms displayed 14 additional
signals (marked as a—n, Figure 10) after the reaction with
PETase, which were absent in the negative control experiment
(Figure S22, ESI). These new signals are clearly due to the
reaction with PETase, and thus, they were carefully examined
by mass spectrometry. In the corresponding mass spectra of
the 14 new ion signals (Figure S23, ESI), various monomer
and oligomer structures could be identified (Figure S24, ESI),
which indicated that BIN was degraded by PETase under the
experimental conditions. For BISA, the ion chromatograms
showed only one new signal (at 3.56 min, absent in negative
control) after the reaction with PETase (Figure S2SA and
S25B, ESI). However, the corresponding mass spectrum
(Figure S25C, ESI) only displayed a group of signals in the
range of 600—1200 m/z with increasing intervals, which was
due to multiple-charged species related to enzyme denaturing
in the presence of DMSO," but not enzymatic degradation of
BISA. For comparison, the nongrafted BH40 was also
subjected to the same degradation conditions, which showed
no significant difference with the negative control in the ion
chromatograms (Figure S26, ESI). This preliminary result
suggested that the grafted isatin groups may have a negative
impact on the enzymatic degradation of hyperbranched
polyester structures, while the grafted indole units could
facilitate such biodegradation.
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Figure 12. Molecular docking of monomers into the PETase active site: (A) EIN and (B) EISA. Catalytic amino acids are labeled in dark red.
Predicted hydrogen bonds are represented by red dashed lines.

To further understand the impact of isatin or indole on the
enzymatic degradation of ester bonds, the two corresponding
monomers (EISA and EIN, structures see Figure 8) were
subjected to the same enzymatic degradation with PETase.
The initial hydrolysis kinetics were investigated by HPLC
analysis of the supernatant after calibration of the HPLC peak
area and analyte concentration using standard solutions of
isatin-N-acetic acid and indole-3-acetic acid (Figure S27, ESI).
During the enzymatic reactions, EISA and EIN were consumed
and the intensity of the hydrolysis products (namely, pro-EISA
and pro-EIN at retention times t = 0.69 and 1.80 min,
respectively) was growing during the reaction time, as
indicated by the chromatograms of the reactions (Figure
§28—S31). The kinetics of pro-EIN and pro-EISA formation
with and without PETase are plotted in Figure 11. For EIN
(Figure 11A), the formation of pro-EIN clearly followed
pseudo-first-order kinetics (k ~ 6.74 X 107> g L™' h™"), which
is consistent with other re1:2>orted ester hydrolyses with PETase
or other enzymes.'””'> The negative control showed
insignificant hydrolysis, which confirmed the effect of PETase.
This result revealed that the hydrolysis of ester bonds could be
facilitated by the presence of the indole functionality, which
corroborated the results of enzymatic degradation of polymer
BIN (discussed earlier). On the contrary, the presence of isatin
showed a complex impact on the enzymatic degradation
(Figure 11B). Pseudo-first-order kinetics were observed
regardless of the presence of PETase, and the rate constant
for negative control was slightly higher (k ~ 9.23 x 107> g L™
h™") than that of the reaction with PETase (k ~ 7.89 X 10> g
L™' h™"). This indicates that the presence of isatin groups may
inhibit the function of PETase but can promote the hydrolysis
of ester bonds through a nonenzymatic mechanism. This
observation was generally in agreement with the reported
inhibition of similar enzymes, carboxylesterases, by isatin.'"*
The degradation results from monomeric model compounds
are in general consistent with the observations for polymer
biodegradation, although in the latter case the steric effect of
the densely grafted functional groups in polymers may also
have an impact on the enzymatic degradation process.

3.8. Molecular Docking. Molecular docking simulation of
monomeric molecules (EIN and EISA) provided more insights
into the impacts of indole or isatin groups on the PETase-
catalyzed degradation of ester bonds. The docking simulation
has shown that EIN and EISA both bind into the active site of
PETase but in different orientations (Figure 12). The indole
ring of EIN interacts with Trp185 (Figure 12A), while in EISA,
the isatin ring oriented oppositely, interacting with Trp159
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(Figure 12B). The carbonyl at position 3 of the isatin ring in
EISA forms two hydrogen bonds (=O--H—N) with the
PETase backbone at positions Tyr87 and Metl61. These
interactions could contribute to stronger binding of EISA than
EIN with a difference of 1.1 kcal/mol. Thus, the carbonyl
group could also be determinant for the ligand orientation into
the active site. EIN bonded in an opposite orientation, with a
hydrogen bond between the carbonyl of the ester bond and the
hydroxyl group of Thr88 (red dashed line in Figure 12A).
Despite the relatively weaker binding of EIN into PETase
(compared to EISA), the ester bond is oriented closer to the
catalytic amino acids (Serl6 and His273), which could
facilitate its enzymatic degradation.

3.9. Cytotoxicity. The cytotoxicities of three HBPs (BH40,
BISA, and BIN) and two small molecules (EISA and EIN)
were assessed against MG-63 osteoblast-like cells using MTT
assay. The cell viability results are summarized in Figure 13.

140+

2 120- Il Con
§ A0 100 ug/ml
2 B3 500 ug/ml
2 3 1000 ug/ml
E 60—
> 401
S 201

o_

&‘s e‘%v & &v &

Figure 13. Cytotoxicity of BH40, BISA, BIN, EISA, and EIN at three
concentrations (100, 500, and 1000 yg/mL). Results are presented as
percent viability of treated cells compared to that of untreated control
(shown as Con in the graph).

For the three tested HBPs, the results demonstrated that the
cell toxicities (below 1000 ug/mL) are negligible to the MG-
63 osteoblast-like cells in the evaluated period, confirming they
are nontoxic and would not inhibit the growth of the cells.
However, the corresponding small molecules EISA and EIN
showed cytotoxicity potency and could inhibit cell proliferation
at all concentrations except for EIN at 100 yg/mL. A 24 h
incubation with 1000 pg/mL of EISA and EIN inflicted severe
cell death in the MG-63 osteoblast-like cells. Moreover, a dose-
dependent cytotoxic effect was observed for small molecules
EISA and EIN under the experimental conditions. For EISA,
cell viability started to decrease under the lowest tested dose
(100 pug/mL), which was significantly lower under S00 and
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1000 pg/mL with doses (11.15% and 10.53% respectively).
For EIN, there was no significant influence of the cell viability
under a 100 pg/mL dose, but consistently cell viability
decreased when higher doses were applied. From these
observations, it was concluded that the grafting of isatin and
indole groups on the BH40 polymer backbone did not lead to
a significant cytotoxic effect to MG-63 osteoblast-like cells.

4. CONCLUSIONS

This study presents the synthesis and evaluation of new
biodegradable hyperbranched nonionic polyesters with indole
and isatin groups as nonleachable antibacterial agents, which
could potentially be used as additives or coatings. A key finding
is that while both isatin and indole groups can endow strong
antibacterial properties to the hyperbranched polyesters, the
presence of a hydrogen-bond donor (i.e, N—H) in indole
remarkably enhanced the miscibility of the resulting polymers
with biodegradable polyester matrices (PHB, PCL). Further-
more, we discovered that the presence of indole groups
facilitated the enzymatic degradation of ester bonds in both
HBP and its monomeric model compound, while the presence
of isatin groups had a complex impact on the PETase-catalyzed
hydrolysis. Molecular docking simulations showed that the
presence of indole and isatin rings could form hydrogen bonds
with the PETase backbone, thus promoting different
orientations of the molecules at the active site. MTT assay
revealed that the obtained polymeric antimicrobials showed
negligible cytotoxicity, while small molecular analogs showed a
significant cytotoxic effect. We also observed anti-quorum
sensing effects for the obtained nonionic polymers, which may
suggest investigations toward an antibiofilm effect in the future.
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