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New biobased non-ionic hyperbranched polymers as
environmentally friendly antibacterial additives for biopolymers

Non-ionic hyperbranched polymers were prepared using
potentially bio-based molecules 2-phenylethanol, isatin and
anisole. These polymers strongly inhibited the growth of 9
pathogenic bacteria at low concentration, and they did not leak
from biopolymer films like cellulose or polyhydroxyalkanoates.
Such behaviour can be attributed to their dendritic polymeric
structures, represented by the umbrella frame in the artwork.
This artwork was designed by Baozhong Zhang and

Qian Zhao illustrating bioplastics for food protection by the green
hyperbranched polymers.
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1. Introduction

New biobased non-ionic hyperbranched polymers
as environmentally friendly antibacterial additives
for biopolymers+

Carlos R. Arza,® Sedef ilk,® Deniz Demircan® and Baozhong Zhang (2 *®

The aim of this research was to develop new biobased non-ionic polymeric additives with significant bac-
terial inhibition and low leaching potential, so that they can be used to produce biopolymer materials for
various applications such as biomedical devices, surgical textile, or food packaging. Two new non-ionic
hyperbranched polymers (HBPs) were prepared by a facile solvent-free polymerization of an AB,-
monomer derived from naturally existing molecular building blocks 2-phenylethanol, isatin, and anisole.
The molecular structures and thermal properties of the obtained HBPs were characterized by GPC, NMR,
FTIR, HRMS, MALDI-TOF, TGA and DSC analyses. Disk diffusion tests revealed that the two obtained HBPs
showed more significant antibacterial activity against 9 different food and human pathogenic bacteria,
compared with small molecular antibiotics. The maximal antibacterial effect of HBPs was achieved at 2 pug
per disk (or 0.1 mg mL™), which was significantly lower (~1/15) compared to the linear antibacterial
polymer chitosan. Such enhanced antibacterial properties can be attributed to the unique highly branched
structures and effectively amplified functionalities of HBPs. Finally, the prepared HBPs were added into
natural polymers cellulose and polyhydroxybutyrate (PHB), and the resulting biopolymer films showed no
significant leakage after being merged in water for 5 days. This was in sharp contrast to the biopolymer
films containing a small model compound, which leaked out significantly under the same conditions. To
our knowledge, this is the first report on non-ionic bio-based dendritic macromolecules with significant
bacteria inhibition and low leakage.

society and industry for the development of new biopolymer
materials with bacteria inhibition. The addition of small anti-

Today, the continuously growing fossil consumption of plastics
and the associated environmental challenges (e.g. plastic pol-
lution, greenhouse gas emission, toxic additives) have gained
enormous attention from society and academia. Currently,
plastics derived from sustainable resources (biopolymers) are
considered the most promising solution for such challenges.">
Among the large variety of biopolymers, those with good bio-
compatibility and biodegradability (e.g. PLA, PHAs, cellulose)
are of particular importance for the development of food
packaging materials, clinical textile, and biomedical
devices.”® A particular challenge for biopolymers in such
applications is bacterial contamination, which may cause
severe food contamination or bacterial infections for
patients.*” As such, there has been a strong demand from the
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bacterial agents (e.g. antibiotics, drugs, or metal nanoparticles)
into biopolymers is an industrially adopted strategy for water
sterilization and food preservation.* ' However, such bio-
polymer materials can suffer from the leakage of small anti-
bacterial agents, which can reduce the antibacterial effect and
threaten the environment.'’ Therefore, non-leachable green
additives for biopolymer materials with a strong antibacterial
effect are expected to greatly facilitate the development of bio-
polymers and benefit the society.

Covalently grafting antibacterial functionalities onto poly-
mers is a convenient strategy to achieve non-leachable antibac-
terial materials. Compared to the use of small molecular anti-
bacterial agents, polymers with covalently grafted antibacterial
functionalities have advantages like increased efficacy and
selectivity, lower eco-toxicity, longer lifetime, and lower risk of
skin permeation."* Such antibacterial polymers have great
potential in the production of sterile bandages, surgical cloth-
ing, food-contact plastic containers or films, or various anti-
biofouling medical implants. In the past decade, the number
of FDA-approved antibacterial polymers has increased signifi-
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cantly, which indicates the growing demand of such materials.
The state of the art antibacterial polymers have been summar-
ized in several recent reviews.">*°

Today, diversified synthetic and natural antibacterial poly-
mers have been reported, of which the majority are positively
charged polymers that can inhibit the bacterial growth by
ionic interactions with anionic bacterial membranes.?’>*
Anionic antibacterial polymers have also been reported, in
which the bacterial inhibition was endowed by the cationic
counter-ions of the polymers.>> However, ionic polymers are
not ideal additives for biopolymers, because they usually suffer
from poor miscibility with a non-ionic biopolymer matrix and
they have relatively high water solubility and eco-toxicity.>® On
the other hand, due to the lack of ionic interactions, non-ionic
polymers need to have specific functionalities to interact with
bacteria. It is known that toxic functionalities (e.g. chlorine,
organotin) can endow polymers with antibacterial properties,"®
but the use of such toxic groups are potentially dangerous for
the environment and people’s health. Meanwhile, non-
harmful antibacterial functionalities are abundant in nature
(e.g. isatin, anisole, curcumin, astaxanthin), and the incorpor-
ation of such naturally existing functional groups can provide
antibacterial polymers. An example of this kind of polymer
dates back to 1965, when Cornell and Donaruma reported the
enhanced antibacterial effect of tropolone-containing poly-
mers.”” More examples include aspirin-based non-ionic poly-
esters,”®>° curcumin-derived biopolymers,***! limonene-based
polycarbonates,®® and astaxanthin-based polymers.>* Today,
all the reported polymers with natural antibacterial functional-
ities have linear structures, with the functionalities being
incorporated in the backbone or on the pendant groups of
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polymers. Meanwhile, the recent advances in the polymer syn-
thesis allowed for the production of highly branched polymer
structures by “dendronization” or “hypergrafting” strat-
egies,*?** which can conveniently amplify or modify the
desired functionality.*® Such a new class of dendritic polymers
are of great interest in the context of antibacterial polymers,
because it is known that densely grafted positive charges on
dendritic polymers can significantly enhance their interactions
with the bacterial membrane.*”** However, it is unclear
whether the bacteria inhibition can be amplified by the localiz-
ation of the non-ionic antibacterial functionalities of dendritic
polymers. To date, non-ionic dendritic polymers have only
been investigated as anti-viral drugs,*>*® and we are unaware
of any investigation on antibacterial non-ionic dendritic
polymers.

This work aims to prepare non-ionic dendritic polymers
derived from bio-based resources, and to use such new poly-
mers as non-leachable additives for matrix biopolymers to
achieve desirable antibacterial properties. Such new antibacter-
ial dendritic polymers are expected to have three main advan-
tages: (1) an enhanced antibacterial effect by the amplified
natural functional groups, (2) reduced toxicity and improved
compatibility with matrix biopolymers due to the non-ionic
nature of such polymers, and (3) eco-friendliness due to the
low leaching potential. For this aim, 3 key bio-based building
blocks (1-3, Scheme 1) were selected for the construction of
bio-based dendritic functional polymers. 2-Phenylethanol (1)
is widely present in essential oils,*” which can be produced by
bio-fermentation of tobacco waste.*® Isatin (2) is well known
for its biological activities in plants such as bacteria
inhibition.**>* Anisole (3) and its derivatives (e.g. anethole or

. Ol

N

Scheme 1 Synthesis of AB, monomer 4, HBPs 5 and 6, and a model compound 7. The biomass origins of the building blocks are geranium oil for

phenylethanol (1), isatis flower for isatin (2), and anise seeds for anisole (3).
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butylated hydroxyanisole) are effective antioxidant and anti-
microbial agents that can be used in the food industry.>®
Anisole is also a naturally occurring molecule that has been
recommended by academia and the pharmaceutical industry
as a green solvent.>® Herein, we report on a facile and green
synthetic protocol to prepare two new non-ionic dendritic poly-
mers (specifically, hyperbranched polymers or HBPs*” %) from
bio-based building blocks 1-3, and the evaluations of their
thermal properties, bacteria inhibition, and leaching potential
as additives for biopolymers (ie. polyhydroxybutyrate and
regenerated cellulose). Compared to small molecular agents
(model compounds or commercial antibiotics), the new macro-
molecular green additives showed significantly enhanced anti-
bacterial activities and negligible leakage in water.

2. Experimental section

2.1. Chemicals and materials

Cellulose (microcrystalline, powder), 2,5-dihydroxybenzoic acid
(DHB)  (>99%(HPLC)),  N,N-dimethylacetamide (DMAc)
(ReagentPlus, >99%), isatin, lithium chloride (LiCl) (BioXtra,
>99.0%), 2-phenylethanol (>99.0%), potassium carbonate
(K,CO3) (puriss, p.a., ACS reagent, anhydrous, >99.0%),
p-toluenesulfonyl chloride (>98%), and trimethylamine
(>99%) were purchased from Sigma-Aldrich. Acetonitrile
(MeCN) (HPLC grade) and chloroform (Analytical grade, stabil-
ized with ethanol) were purchased from Scharlau.
Dichloromethane (DCM) (Reag. Ph. Eur., ACS), NaHCO; (ACS,
Reag. Ph. Eur.), and MgSO, were purchased from VWR
Chemicals. Trifluoromethanesulfonic acid (TFSA) (99%) and
anisole (99%) were purchased from Acros Organics.
2-Bromoethylbenzene (>97%) was purchased from Fluka.
Methanol was purchased from Honeywell. Ethanol (99.7%)
was purchased from Solveco. All chemicals and reagents were
used as received. 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 a polydispersity index (PDI) of 2.0.

2.2. Synthesis

Monomer 4 (1-phenethylindoline-2,3-dione). To a 250 mL
round-bottom flask equipped with a magnetic stirrer and a
reflux condenser, isatin (5.30 g, 37.0 mmol, 1.0 eq.), 2-bromo-
ethylbenzene (6.14 mL, 44.4 mmol, 1.2 eq.), K,CO;3 (7.68 g,
55.6 mmol, 1.5 eq.), and 100 mL acetonitrile were added and
stirred at 83 °C. After 15 h, the reaction mixture was cooled to
room temperature, and the solvent was removed under
reduced pressure. The mixture was dissolved in 200 mL DCM,
washed with water (50 mL x 3), dried over MgSO,, and concen-
trated under reduced pressure. The crude product was purified
by recrystallization from ethanol to afford orange needle-like
crystals in 40% yield. "H-NMR (400.13 MHz, CDCl;) 8, ppm:
7.57 (dq, 1H, (H9)), 7.52 (td, 1H, (H8)), 7.30-7.19 (Ar, 5H, H5,
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He6, (H7)), 7.08 (td, 1H, (H4)), 6.75 (dt, 1H, (H3)), 3.94 (t, 2H,
(H1)), 2.99 (t, 1H, (H2)). "C-NMR (100.61 MHz, CDCl,).
o, ppm: 183.48, 158.13, 150.96, 138.37, 137.65, 128.89, 128.87,
127.07, 125.51, 123.70, 117.56, 110.19, 41.88, and 33.74. FT-IR
y(em™): 1745 (C=O str.), 1727 (C=0O str.), 1613 (Ar C-C str.),
1470 (Ar C-CH in-plane bend. + Ar C-C str.), 1325 (Ar CCH in-
plane bend. + C-N str. + Ar C-C str.), 1095 (Ar C-C str. +
Ar C-CH in-plane bend. + Ar C-C str.), 751 (Ar C-H out-of-
plane bend.). HRMS (ESI+) exact mass calcd for C;sH;4NO,
252.1025, found 252.1024.

Model compound 7 (3,3-bis(4-methoxyphenyl)-1-phenethyl-
indolin-2-one). To a well-stirred solution of 4 (0.300 g,
1.20 mmol) and anisole (1.29 g, 10.2 mmol) in DCM (1 mL) in
a 10 mL round-bottom flask was added TFSA (2.15 mL) at
room temperature. The reaction was capped and stirred over-
night at room temperature. Afterward, the reaction mixture
was added to a saturated NaHCOj; solution (200 mL), and
extracted with DCM (25 mL x 3). The combined organic phase
was washed with water (200 mL) and brine (100 mL), dried
over MgSO,, and concentrated in vacuo to yield the crude
product, which was further purified by recrystallization from
methanol yielding the product 7 as white crystals (0.41 g,
76%). "H-NMR (400.13 MHz, CDCl;) 6, ppm: 7.28-6.77 (Ar,
7H), 4.04 (t, 2H, N-CH,-CH,), 3.77 (s, 6H, ArO-CH;), 3.03 (t,
2H, CH,-CH,-Ar). C-NMR (100.61 MHz, CDCl;). §, ppm:
177.96, 158.80, 142.25, 138.12, 134.33, 133.66, 129.59, 129.16,
128.72, 128.13, 126.74, 126.15, 122.70, 113.86, 108.76, 61.08,
55.38, 41.73, and 33.75. FT-IR y(cm™"): 1697 (C=O str.), 1608
(Ar C-C str.), 1507 (Ar C-CH in-plane bend. + Ar C-C str.),
1350 (Ar CCH in-plane bend. + C-N str. + Ar C-C str.), 1246
(ArO-C sym. str.), 1037 (ArO-C asym. str.), 745 (Ar C-H out-of-
plane bend.). HRMS (ESI+) exact mass calcd for CzoH,sNO;
450.2069, found 450.2069.

HBP 5. A solution of monomer 4 (0.546 g, 2.17 mmol) and
TFSA (1.95 mL) in a capped 10 mL round-bottom flask was
stirred at 50 °C for 72 h. After the reaction, half of the reaction
mixture was directly quenched with methanol (200 mL). The
resulting brown precipitate was collected by gravity filtration,
washed with methanol (2 x 100 mL) at 50 °C, and dried under
vacuum to yield HBP 5 as a dark brown powder (0.150 g). GPC,
M, = 3200 g mol™*, M,, = 6800 g mol™*, PDI = 2.13. "H-NMR
(400.13 MHz, CDCl;) 5, ppm: 7.62-6.42 (br. 9H), 4.19-3.67 (br.
4H), 3.46 (br. 3H), and 2.92 (br. 4H). ">C-NMR (100.61 MHz,
CDCly). 8, ppm: 183.48, 177.35, 158.19, 150.95, 142.22, 140.73,
138.38, 136.91, 130.71, 129.04, 128.72, 126.77, 126.17, 125.45,
124.94, 123.67, 122.84, 117.55, 110.22, 61.85, 50.94, 41.84, and
33.43. FT-IR y(cm™): 1737, 1712, 1609, 1467, 1351, and 1169.

HBP 6. The preparation of HBP 6 was carried out using half
of the reaction mixture for the synthesis of HBP 5. To half of
the added anisole (0.350 mL,
3.22 mmol), and the new reaction mixture was stirred at 50 °C
for 24 h and cooled to room temperature. Afterward, the reac-
tion was quenched with methanol (200 mL). The resulting
dark brown precipitate was collected by gravity filtration,
washed with methanol (2 x 100 mL) at 50 °C, and dried under
vacuum to yield a dark-brown solid HBP 6 (0.260 g). GPC,

reaction mixture was

This journal is © The Royal Society of Chemistry 2018
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M, = 2000 g mol™', M,, = 3400 g mol™', PDI = 1.70. "H-NMR
(400.13 MHz, CDCl;) 6, ppm: 7.42-3.78 (br. 17H), 3.71 (br, 4H),
3.44 (br. 6H), 3.44 (br. 3H), and 2.90 (br. 4H). "*C-NMR
(100.61 MHz, CDCl;) , ppm: 158.80, 142.11, 134.16, 134.16,
129.57, 129.09, 128.69, 126.06, 122.86, 115.52, 113.88, 108.74,
61.10, 55.33, 41.90, and 33.37. FT-IR v(cm™'): 1708, 1606, 1508,
1486, 1465, 1350, 1248, 1171, and 1024.

2.3. Preparation of biopolymer films for leaching tests

Cellulose solution (4.3 wt%) was prepared according to a pre-
viously described procedure.®® > A suspension of dry cellulose
(10.1 g, 59.4 mmol) in DMAc (235 mL) was kept at 160 °C for
1 h under constant stirring. The volume of DMAc was reduced
to ~20 mL by vacuum distillation under nitrogen. The result-
ing slurry was cooled to 100 °C, and anhydrous LiCl (20.0 g)
was added. The mixture was further cooled to room tempera-
ture with vigorous stirring to yield a clear, viscous cellulose
solution. Films of cellulose with or without 5 wt% additive
(small molecules or HBPs) were prepared by casting their
respective solutions onto a Petri dish and dried at 60 °C for
3 days. PHB solutions with or without additives (95/5 PHB/
additive in weight) were prepared by dissolution at 100 °C for
5 min in a sealed vessel, followed by 5 h standing at room
temperature. PHB films were prepared by casting the corres-
ponding PHB solutions in chloroform in a Petri dish at room
temperature.

For the evaluation of the leaching potential, the prepared
biopolymer films (ca. 100 mg) were merged in distilled water:
10 mL water for cellulose films, and 3 mL water for PHB films.
After 5 days, the UV-absorbance of the water phase was
measured.

2.4. Analytical methods

Nuclear magnetic resonance (NMR) measurements were
carried out on a Bruker DRX400 spectrometer at the proton fre-
quency of 400.13 MHz and a carbon frequency of 100.61 MHz.
Fourier transform infrared (FTIR) spectra were obtained with
an attenuated total reflection (ATR) setup using a Bruker Alpha
FT-IR spectrometer. Twenty-four scans were co-added using a
resolution of 4 cm™'. 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 tem-
perature at a concentration of 10 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). 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 sequence consisted of a heating ramp from 40 to 300 °C
and held at that temperature for 30 s, followed by a cooling
ramp to —50 °C and held at that temperature for 3 min, and
finally a heating ramp to 300 °C, which was employed to deter-

This journal is © The Royal Society of Chemistry 2018
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mine the glass transition temperature (7). Thermogravimetric
analysis (TGA) was performed with a thermogravimetric analy-
ser TA Instruments Q500 at a heating rate of 10 °C min™"
under nitrogen with a purge rate of 50 mL min~'. UV-visible
absorption measurements were carried using a Varian Cary 1E
UV-visible spectrometer in the wavelength range from 200 to
700 nm with a resolution of 1 nm, employing quartz cuvettes
of 10 mm path length. High resolution mass spectrometry
(HRMS) was performed by direct infusion on a Water Xero-G2
QTOF mass spectrometer using electrospray ionization.
MALDI-TOF measurements were carried out using a 4700
Proteomics Analyzer (Applied Biosystems/MDSSCIEX, USA) in
a positive reflector mode with DHB as the matrix.

2.5. Antimicrobial bioassay

Bacteria culture. Food borne and human pathogenic micro-
organisms Escherichia coli ATCC 25922 (Ea), Staphylococcus
aureus ATCC 25923 (Sa), Proteus microbilis ATCC 14153 (Pm),
Proteus vulgaris ATCC13315 (Pv), Pseudomonas aeruginosa ATCC
27853 (Pa), Enterobacter aerogenes ATCC13048 (Ea), Bacillus
thuringiensis (Bt), Salmonella enterica serotype typhmurium SL
1344 (St) and Streptococcus mutans ATCC 25175 (Sm) were
employed to evaluate the antibacterial properties of HBPs
(5 and 6) and small molecular reagents (4, 7, and gentamicin).
All bacteria strains were sub-cultured on (Luria Bertoni) LB
agar culture at 37 °C for 24 h.

Disk diffusion assay. Disk-diffusion assay according to the
modified standard method was applied to evaluate the anti-
bacterial properties.®® First, the tested solid samples (HBPs or
small molecular agents) were dissolved in chloroform with
four different concentrations (1, 0.5, 0.25 and 0.1 mg mL™’,
w/v). Microorganisms’ susceptibility was adjusted with 0.5
McFarland as a reference standard. The prepared solutions
were sterilized under UV light for 5 min before test.
Microorganism culture suspension (100 uL, 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 pL of the prepared
sample solutions were loaded on the sterile disks. Afterward,
bacteria cultures were incubated at 37 °C for 24 h. Disks con-
taining gentamicin (10 pg per disk) or chloroform (pure
solvent) were used as a positive or negative control, respect-
ively. All experiments were performed in triplicate. The results
are expressed as the mean diameter of inhibition zone in mm
+ standard deviation (mean + SD).

3. Results and discussion

3.1. Synthesis of HBPs

The synthesis started from a commercially available molecule
2-bromoethylbenzene, which can be conveniently prepared by
a clean bromination in an aqueous medium of 2-phenyletha-
nol (1).°* A biobased AB,-monomer (4) was obtained by a
simple Sx2 reaction of 2-bromoethylbenzene and 2 (Scheme 1),
which yielded monomer 4 as orange needle-like crystals with

Green Chem:., 2018, 20, 12381249 | 1241
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40% yield after crystallization in ethanol. The same monomer
4 could also be prepared by tosylation of 1 in a green solvent
anisole, followed by in situ Sy2 reaction with 2. However, this
latter procedure produced monomer 4 with a lower yield
(30%). Solvent-free Friedel-Crafts polymerization of monomer
4 at 50 °C for 72 h yielded a brown solid as the crude product,
which was washed with hot methanol to afford pure HBP 5. It
was noticed that similar polymerization was usually carried
out at room temperature according to the literature.®®
However, polymerization of monomer 4 at room temperature
yielded only oligomers with low conversion (>10%) after 3
days. This can be attributed to the low reactivity of the methyl-
ated isatin and alkylated benzene of monomer 4, which can
retard the Friedel-Crafts polymerization.®> Therefore, the reac-
tion temperature was carefully investigated and it was found
that 50 °C was the optimum temperature, and even higher
temperature led to the formation of an insoluble gel. The
anisole-functionalized HBP 6 was prepared from the same
batch of reaction for the preparation of HBP 5. After the
polymerization of monomer 4, half of the crude reaction
mixture was quenched with methanol to produce HBP 5, and
the other half was quenched with excess anisole followed by
methanol. Such a procedure would allow for both HBP 5 and
HBP 6 to have comparable molecular weights and degrees of
branching. A model compound 7 with two anisole groups was
synthesized by reacting excess anisole with 4 in TFSA, and the
product was characterized by 'H- and "*C-NMR spectroscopy
(ESI, Fig. S2 and Sé6t).

3.2. Characterization of HBPs

The molar masses of the obtained HBPs were measured by
GPC as ~2000-3000 g mol™" (Table 1). Such values are in the
range for most reported dendritic polymers to be blended with
matrix biopolymers.®®®® According to the GPC results, the
apparent molar mass of 6 (M, = 2000) is lower than that of 5
(M,, = 3200). Such an apparent counter-intuitive result can be
attributed to the fact that the anisole groups at the periphery
of HBP 6 are softer and much less polar compared to the isatin
groups in HBP 5. It is assumed that during the GPC measure-
ments in chloroform, HBP 6 adopted a more “collapsed” con-
formation compared with HBP 5, so it showed a smaller hydro-
dynamic volume and lower apparent molar mass.

The chemical structures of HBPs were characterized by
"H-NMR spectroscopy (Fig. 1). First, the signals for monomer 4
were unambiguously assigned (Fig. 1a). The signals at 2.99
and 3.94 ppm (peaks 1 and 2, respectively) corresponded to
the methylene protons (-CH,-). The four aromatic signals
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observed at 6.75, 7.08, 7.52, and 7.57 ppm corresponded to the
four protons on the isatin group (peaks 3, 4, 8, 9, respectively).
The signals for the phenyl groups (peaks 5, 6, 7) overlapped at
7.19-7.30 ppm. In the "H-NMR spectrum of HBP 5 (Fig. 1b), all
the sharp signals of monomer 4 disappeared, and only broad
signals were observed, which indicated the formation of poly-
mers. The broad signals at ~4.00 and 2.90 ppm corresponded
to the protons on the ethylene bridges (Fig. 1b). The new
signal appeared at 3.47 ppm was assigned to the OCHj;
protons of the linear structures caused by partial reaction
(structure 5b in Scheme 2).”° These linear structures formed
due to the partial reaction during the polymerization, which
led to the formation of intermediate 5a with tertiary OH
groups. After the polymerization, the unreacted tertiary OH
groups (of 5a) were converted into OCH; groups (of 5b) by
methanol quenching. The partial reaction of monomer 4 was
consistent with the observed low reactivity of monomer 4.
Since the 'H-NMR signals for the OH groups of 5a and the
OCHj; groups of 5b are expected to appear both at ~3.4 ppm,
we measured the "H-NMR spectrum of 5 in CDCl; with an
added drop of D,O. As a result, the intensity of the signal at
3.47 ppm did not change after the D,O addition, which indi-
cated that this signal at 3.47 ppm corresponded to the non-
active methoxy groups (5b). The existence of linear structure
5b was corroborated by mass spectrometrical analyses (ESI,
Fig. S161). When HBP 5 was converted to 6, two new signals
appeared at 6.80 and 3.71 ppm (Fig. 1c), which corresponded
to the protons of the grafted anisole units. Meanwhile, Fig. 1c
shows a small signal at 3.47 ppm (OCH; protons on the linear
structure of HBP 6b), which has a much lower intensity com-
pared to that of HBP 5 (Fig. 1b). This is consistent with the
fact that HBP 6 was prepared by quenching intermediate 5a
with anisole and methanol so the resulting HBP 6 contained
two types of linear structures 6a (anisole quenched) and 6b
(methanol quenched) (highlighted in Scheme 2). The ratio of
6a to 6b was estimated as 4.0: 6.0, by examining the reduced
intensity of the "H-NMR signal at 3.47 ppm (for details see
Fig. S137). The presence of the linear structural units in HBPs
5 and 6 indicated that the degree of branching (DB)""”* of
these polymers is not 100%, as some previously reported HBPs
with isatin structures.”>’* We therefore evaluated the DB
values of the new HBPs based on the "H-NMR signal intensi-
ties corresponding to the linear, dendritic, and terminal units
(ESI, Fig. S12%). As summarized in Table 1, the DB value of
HBP 5 was calculated as 0.55 (calculations shown in the ESIT).
Such DB values are consistent with the theoretically most prob-
able value (DB = 0.5) for the polymerization of AB,-monomers

Table 1 Molecular information and physical properties of the obtained green HBPs. M,,, M,,, and PDI were determined by GPC. Ts, T1o, and T4 are
the temperatures for 5% and 10% weight loss and the temperature for the maximum decomposition rates, respectively, according to the TGA data.

Char yield was obtained by TGA

HBP M, (g mol™) M,, (g mol™) PDI T, (°C) Ts (°C) Ty (°C) T4 (°C) Char yield (%)
5 3200 6800 2.13 220 355 435 498 57
6 2000 3400 1.70 205 370 392 405, 465 42
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Fig. 1 'H-NMR spectra of (a) monomer 4, (b) HBP 5, and (c) HBP 6.

0] 3 rsa

(i) methanol

Scheme 2 Linear structural units (5a) caused by partial reaction of the
monomer 4. Direct methanol quenching of 5a yielded HBP 5b, which
was the structure of product HBP 5. Quenching 5a with anisole followed
by methanol yielded two different linear structures 6a and 6b, which
were both present in the product HBP 6. The ratio of 6a: 6b was esti-
mated by *H NMR spectroscopic analyses as 4.0 : 6.0.

with two equal “B” groups.”' This suggested that for the

polymerization of monomer 4, the tertiary OH groups in inter-
mediate 5a did not have higher reactivity compared to the car-
bonyl groups in the monomer, as reported for some other

This journal is © The Royal Society of Chemistry 2018

7374 Our observation is consistent

isatin-containing monomers.
with the low reactivity of monomer 4, which had to be poly-
merized at elevated temperature (50 °C), while other more
reactive isatin-containing AB, monomers (e.g. monomers with
alkoxy benzene) could be polymerized at room temperature.
Since the focus of this work was to develop new eco-friendly
HBP additives for biopolymers, no further synthetic investi-
gation was made toward HBPs with varied DB values. Due to
signal overlapping, it is difficult to directly calculate the DB of
HBP 6. However, HBP 5 and HBP 6 were prepared from the
same intermediate 5a, so we assume that the DB values of
both HBPs are the same. MALDI-TOF analyses of HBP 6 con-
firmed the existence of polymers (oligomers) with different DB
values (ESI, Fig. S177).

The chemical structures of HBPs were further characterized
by "*C-NMR spectroscopy (Fig. 2). For monomer 4, the signals
observed at 33.74 and 41.88 ppm corresponded to the carbons
of the ethylene bridges (Fig. 2a). For both HBPs, the two
corresponding ethylene “bridge” carbons appeared at 33.43
and 41.85 ppm. For HBP 5, two new signals at 61.85 and
50.94 ppm were observed (Fig. 2b), which corresponded to
quaternary carbons of the 3,3-diphenyloxindoles and the
OCH; groups due to partial reaction, respectively. For HBP 6,
two carbon signals observed at 61.90 and 61.10 ppm corre-
sponded to the quaternary carbons of 3,3'-diphenyloxindole
structures at the “interior” and “periphery” of the HBP 6,

Green Chem., 2018, 20, 1238-1249 | 1243


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7gc03401f

Open Access Article. Published on 01 February 2018. Downloaded on 10/25/2025 9:17:17 PM.

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

(cc)

Paper

{ “Periphery”

(a)

70 65 60 55 50 45 40 35 30 25
ppm

Fig. 2 Aliphatic region of the *C-NMR spectra of (a) monomer 4,
(b) HBP 5, and (c) HBP 6. Full spectra are provided in the ESI.{

respectively. In addition, a new signal at 55.33 ppm also
appeared, corresponding to the OCH; groups in the “periph-
ery”. It was noted that for HBP 6, no signal was observed
corresponding to the OCH; groups (6b, Scheme 2), which was
consistent with the reduced amount of the methanol-
quenched linear structure 6b according to the previously dis-
cussed "H-NMR results.

The conversion of HBP 5 into 6 was confirmed by FTIR
spectroscopy (Fig. 3). For HBP 5, the symmetric stretching of
the two carbonyl groups 1 and 2 (Fig. 3A) on the isatin units
were discerned at 1737 and 1712 cm ™", respectively.”> For HBP
6, the band at 1737 cm™" disappeared, and only a broad band
at ~1708 cm™ " was observed, which indicated that the terminal
isatin groups of 5 were all consumed. Furthermore, in Fig. 3B,
two new absorption bands at 1248 and 1024 cm™' were
observed (marked with 3 in Fig. 3B), corresponding to the sym-
metric and asymmetric C-O stretching of anisole moieties,
respectively. This confirmed the formation of HBP 6 with
anisole structures.

Thermal properties of HBPs were characterized by DSC and
TGA analyses. As shown in Fig. 4a, HBPs 5 and 6 both showed
high glass transition temperatures (T, = 220 and 205 °C,

3
) 3 ®)HBP6  ~ )
o5 NRod
. 3 "2
3 i be 0
e UV N
g ok
5 .
2 1 o 3
< 2
(A)HBP 5 o1
N C %
QT
Y ‘:1
)
0.0= . . : : o§
1800 1600 1400 1200 1000 °
Wavenumber (cm™)
Fig. 3 FTIR spectra of HBPs 5 (A) and 6 (B).
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Fig. 4 DSC curves of (a) 5 (blue line) and 6 (black line) (second heating),
and (b) 4 (blue line), and 7 (black line) (first heating).

respectively). Such a high T, was due to their highly rigid mole-
cular structures, which was consistent with the previously
reported polymers based on isatin or other 1,2-qui-
nones.”>”*7® It was also noted that HBP 5 showed higher T,
compared with 6, which was ascribed to the strong polar inter-
actions of the isatin units in 5, as well as the increased free
volume of 6 caused by the flexible methoxy end-groups.””
HBPs 5 and 6 are both amorphous without a melting
endotherm, which is clearly different from the small molecules
4 and 7 (melting points of 105 and 144 °C, respectively).
Furthermore, according to the TGA data (Fig. 5 and Table 1),
HBPs 5 and 6 are thermally more stable than monomer 4 and
model compound 7, and their thermal stability is comparable
to that of other high performance HBPs published before.”® It
was noted that HBP 6 was thermally less stable compared with 5,
which was attributed to the degradation of anisole end-groups.
The high char yields of 5 and 6 were also noticed (57% and
42%, respectively), which was consistent with other reported
rigid polymers containing high carbon contents.””*® Such
high char yields may provide an additional advantage for these
HBPs as additives for biopolymers in terms of flame retar-
dation, because high char yields can lower the formation of
flammable gases upon heating. Such a phenomenon has been
widely observed in rigid aromatic polymers with heterocyclic

(b)

Residual weight (%)
@
3
Derivative residual weight (%/°C)

200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C)

Fig. 5 Residual weight (a) and its derivative (b) as a function of temp-
erature for HBP 5 (blue solid), HBP 6 (black solid), 4 (blue dashed), and
7 (black dashed).
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rings (e.g. polyimide, polybenzoxazole, polybenzimidazole,
polybenzothiazoles, or polybenzoxazoles), which can be used
as halogen-free flame-retardant polymer materials.®!

3.3. Leakage of HBPs from biopolymer films

Plastic materials containing small molecular additives (e.g.
antibacterial agents) often suffer from the leakage of harmful
chemicals into the environment. Although it is generally
accepted (or hypothesized) that macromolecular additives can
have lower leakage, there has been surprisingly little effort in
the evaluation of such leakage. We in this study evaluated the
leakage of HBPs from two biopolymer films based on regener-
ated cellulose and PHB matrices. As shown in Fig. 6, after
5 days merging in distilled water, the UV-vis spectra of biopoly-
mers containing 5% HBP 5 did not show an observable absor-
bance corresponding to HBP 5. In contrast, under the same
conditions, the biopolymer films containing small molecule 4
showed a significant UV-vis absorbance of 4 in the water
phase, which indicated significant leaching after 5 days. The
leakage of the additives in the biopolymer films was also evalu-
ated by the appearance of the films. For cellulose films (ESI,
Fig. S97), it was observed that the film containing 5% HBP 5
did not change significantly, and the aqueous phase remained
colourless. However, the cellulose film containing 5%
monomer 4 changed significantly after being merged in water
for 5 days. Discolouration of the film and yellow colouration of
the solution were clearly observed. PHB films (ESI, Fig. S10
and S111) did not change the appearance as significantly as
cellulose films did, possibly due to their lower hydrophilicity
that could retard the leakage in aqueous medium. Finally, the
leakage of monomer 4 into the aqueous phase was quantitat-
ively determined by UV-vis measurements according to the
Lambert-Beer law (ESI, Fig. S187). We found that 4.7 and 2.5%
of monomer 4 was leaked into the aqueous media from cell-
ulose and PHB films, respectively. The same quantification
method showed that the leakage of HBP 5 was effectively zero
for both films.

3.4. Antibacterial activity

The antibacterial activity of HBPs was evaluated by simple disk
diffusion assay (images shown in the ESI, Fig. S14f). The
tested bacteria include six Gram-negative G(—) bacteria

——PHB

(b) ~ = -PHB + Monomer 4

---- PHB+HBP 5
Monomer 4in H,0
HBP 5in CHCI,

1 —— Cellulose

\ (a) ~ - ~Cellulose + Monomer 4
] -+ Cellulose + HBP §

' Mornomer 4 in H,0

1 HBP 5 in CHCI,

]

05

Absorbance
Absorbance

Wavelength (nm)

Wavelength (nm)

Fig. 6 UV-visible absorbance spectra of the aqueous phase after
(a) cellulose films and (b) PHB films were merged in deionized water for
5 days. The arrows indicate the maximum absorbance at 304 nm used
for quantitative analyses.
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(Proteus microbilis, Pseudomonas aeruginosa, Proteus vulgaris,
Enterobacter aerogenes, and Salmonella typhmurium, and
Escherichia coli) and three Gram-positive G(+) bacteria
(Staphylococcus aureus, Bacillus thuringiensis and Streptococcus
mutans). First, the effect of the sample loading was evaluated.
In the range of 1-20 pg per disk (Fig. 7a and b), both HBPs
showed a larger zone of inhibition with lower sample loading.
The strongest antibacterial activity was observed when 2 pg
HBP was loaded per disk. Further reduction of the sample
loading (0.5-0.05 pg per disk) led to a decreased antibacterial
activity (ESI, Fig. S157). The existence of a maximal antibacter-
ial effect at 2 pg per disk for the obtained HBPs was clearly
different from the behaviour of small molecular antibiotics,
which usually have a positive correlation between the loading
amount of antibiotics and the antibacterial effects.*>® It was
noted that the maximal antibacterial effect was reported for
linear polymers with a much higher concentration. For
example, chitosan was reported to exhibit the maximum anti-
bacterial effect at 1.5 mg mL™" (corresponding to 30 ug per
disk),®* which was 15 times higher than our new HBPs. Such a
powerful antibacterial effect of HBPs could be ascribed to the
dendritic structures and high local concentration of the func-
tional groups of the HBPs.

Furthermore, the different antibacterial effects of two HBPs
were compared by calculating the difference in the zones of
inhibitions (AD) of HBPs 5 and 6. AD values for each bacter-
ium at four loading amounts (2-20 pg per disk) are shown in
Fig. 7c. Interestingly, the 9 tested bacteria exhibited 3 types of
AD values. For two bacteria Sa and Pa, clear positive AD were

501 o (a) (b)
a
404 7 R z
1 N o3
ESO- § . 5 g 5
9 S 3 § 5
£ ] 3 ’ i § ;
) 3 r
§2°‘ g g g I Tem o 3 8
3 o Sa
S g ¢ o Bt 3
= - g 4 Sm 5
2 2 0 3 5
=10 $ 2 o Eo g
A °o Pm $
é 4 Pa
§ v Pv
© Ea
4 St
5 T :
1 10 1 10
Loading (ng) Loading (ng)

(c)

AD (mm)

Sa Pa Bt Sm Ec Pm Pv Ea St

Fig. 7 Zone of inhibition of (a) 5 and (b) 6, as a function of the loading
amount (ug per disk), and (c) the differences in the zones of inhibition
(AD = Ds — Dg). Ds and Dg are the diameters of the inhibition zones of
HBPs 5 and 6, respectively.
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observed, which indicated that HBP 5 was more effective to
inhibit these two bacteria. For three bacteria Bt, Sm and Ec,
large negative AD values were observed, which indicated that
HBP 6 was significantly more effective for these three bacteria.
For the rest of the 4 bacteria (Pm, Pv, Ea, St), AD values were
effectively zero within the experimental error range, which
indicated that there was no significant difference between the
antibacterial effects of the 2 HBPs. It was noted that AD values
showed no apparent correlation with whether a bacterium is
G(+) or G(-). Such different antibacterial behaviour of the two
HBPs could be ascribed to the higher polarity of 5 compared
with 6 (the dipole moments of isatin and anisole are 5.65 and
1.38 D, respectively),*>®® which could significantly influence
the interactions between HBPs and bacterial cell membranes.
In addition, the rigidity of the HBPs may also play a role in
their interactions with bacteria.

In order to assess the effect of the dendritic structures of
HBPs, the antibacterial effects of two small molecules with the
same functional groups (4 and 7) were measured and com-
pared with that of HBPs. As shown in Fig. 8, for all the bacteria
tested, 4 and 7 exhibited significantly lower antibacterial
effects compared with those of HBP 5 and 6, respectively. The
enhanced antibacterial behaviour of HBPs can be attributed to
the dendritic structures and high local concentration of the
functional groups,®”’*® which may intensify the interactions of
the bioactive functionalities with the bacterial membranes.

Furthermore, we compared the antibacterial effects of the
two HBPs (5, 6) and two small model molecules (4, 7) with that
of a commercial antibiotic (gentamicin). For consistency, we
compared the antibacterial effects for all the tested molecules
or polymers at 10 pg per disk (Fig. 8). For the six tested G(—)
bacteria, gentamicin was always less effective than the two
small molecules (4 and 7) and the two HBPs (5 and 6). This is
attributed to the great antibacterial effects of the isatin or
anisole groups, compared to that of gentamicin. For the tested

G(+) G(-) [ 1HBP5
] HBP 6
[_IMonomer 4
40 [ Model 7 |
. [ ] Gentamicin
E & [ Chloroform
Py
c
o
N
S
= 20+ H
2
<
£
0_ 1 1 - B
Sa Bt Sm Ec Pm Pa Pv Ea St

Fig. 8 Comparison of the antibacterial effects of HBPs and small mole-
cular antibiotics (4, 7 and gentamicin) at the loading level of 10 pg per
disk. In the negative control experiments, pure chloroform was used to
treat the samples.
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Fig. 9 Comparison of the antibacterial effects of HBPs and gentamicin
at their most effective loading amounts (2 pg per disk for HBPs, 10 pg
per disk for gentamicin). In the negative control experiments, pure
chloroform was used to treat the samples.

three G(+) bacteria, the results were more complex, and the
difference between the antibacterial effects of gentamicin and
small molecules (4 and 7) are less significant. For bacteria Sa
and Bt, gentamicin is slightly more effective than 4 and 7. For
bacterium Sm, gentamicin is less effective than compound 7,
but more effective than monomer 4. Comparison between gen-
tamicin and HBPs suggested that for Sa gentamicin was more
effective than HBP 6, but less effective than HBP 5. For Bt, gen-
tamicin is more effective than HBP 5, but less effective than
HBP 6. For Sm, gentamicin is significantly less effective than
HBP 6, but similar to HBP 5. In general, the new non-ionic
HBPs showed more significant inhibition against G(—) bacteria
compared to G(+) bacteria. This characteristic makes the new
HBPs particularly attractive, due to the strong demand from
the society and medical units searching for new effective anti-
biotics against drug-resistant G(—) bacteria.** ' It should be
mentioned that in Fig. 8 the antibacterial properties of
different compounds were compared at the same loading level
(10 pg per disk). This loading level was the one at which genta-
micin showed the highest antibacterial effect. However, this
loading level was not the one at which HBPs are most effective.
As shown in Fig. 7a and b, more significant antibacterial
effects of HBPs could be achieved at a lower loading level. A
comparison of the antibacterial effects of HBPs and gentami-
cin at their most effective loading levels (2 pg per disk for
HBPs, and 10 pg per disk for gentamicin) is presented in
Fig. 9, from which significantly stronger antibacterial effects of
HBPs were observed, compared with that of gentamicin.

4. Conclusions

Isatin and anisole based hyperbranched polymers (HBPs) have
been prepared by a facile solvent-free polymerization with an
acidic catalyst. Both HBPs are non-ionic, and they have rigid
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structures, high glass transition temperatures (>200 °C), and
good thermal stability. The antibacterial effect of the new
green HBPs was much more powerful compared with the small
molecular antibiotic gentamicin, and the maximal bacterial
inhibition of the HBPs was achieved at very low concentrations
(loading amount per disk). Such an enhanced antibacterial
effect can be attributed to the unique dendritic structures and
densely packed functionalities of HBPs, which may enhance
the adsorption of HBPs on the bacteria cell membrane and
thus change the permeability and fluidity of the lipid bilayer.
In addition, the biological activity of isatin or anisole groups
may also be enhanced by the dendritic structures.
Furthermore, the two HBPs have different sensitivities for the
tested bacteria, which can be attributed to the different
polarity and flexibility of isatin and the anisole terminal
groups. In addition, the obtained green HBPs were blended
with biopolymers PHB and cellulose and cast into films. The
leakage tests of HBPs from the biopolymer films indicated that
such macromolecular additives are non-leachable in water and
thus environmentally friendly. The new green HBP additives
are expected to have great potential in the development of bio-
based polymers or plastics that can be used under bacteria-
free conditions, such as biomedical applications or food
packaging.
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