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KEYWORDS Abstract Present study reports a facile synthesis of surface-active antimicrobial hyperbranched
Boric acid; polyurethane coatings using oleo-ethers of boric acid (BA) as branching and biocidal moiety
Hyperbranched; (BHPU). The antimicrobial branching center was synthesized via polycondensation reaction of
Polyurethane; BA and vegetable oil-based diol. The structural characterization of synthesized BHPU and its linear
Antimicrobial coating; counterpart was investigated using Fourier-transform infrared (FTIR) and nuclear magnetic reso-
Sustainable polymers nance ('H, '3C, and '"B NMR) spectroscopy techniques. The cured coatings were examined by

physico-mechanical, thermogravimetric (TG) analysis and differential scanning calorimetry
(DSC). The antimicrobial behavior of these polymers against Gram-positive and Gram-negative
bacteria was carried out by well diffusion technique. The appearance of zone of inhibition (ZOI)
in case of BHPU confirmed its antimicrobial activity, which arisen due to the presence of cationic
moiety in its structure. These investigations showed that the utilization of oleo-ethers of BA as
branching agent in synthesis of BHPU coatings induced prominent effect on its physico-
mechanical, thermal, and biocidal properties. In addition, soil burial study for 210 days was con-
ducted on BHPU film to confirm its contact-killing mechanism against soil-borne bacteria. These
results suggest the potential scope of BHPU in various applications such as long-term antimicrobial
surface-active coatings for medical devices, packaging industry, paints, etc.
© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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techniques, application of antimicrobial coatings has played a
significant role in the prevention of growth as well as accumu-
lation of harmful microbes and bacteria on the substrate sur-
faces in medical and other industries (Nigel et al., 2016).
Generally antimicrobial coating materials are developed by
the incorporation of bactericidal agents, like antibiotics, silver
ions, etc., which results in the formation of hybrid or compos-
ite materials (Klassen, 2000; Sun et al, 2005; Potta et al., 2014,
[rfan et al., 2017). The antimicrobial activity of such systems is
mainly governed by the slow release/leaching of antimicrobial
agents into the surrounding environment over certain interval
of time (Worley et al., 2010). The approach has proved to be
effective, but the continuous application of such systems found
to be one of the main cause of bacterial resistance as leached
bactericides can get accumulated in environment which is
undesirable from environmental point of view (Sun et al.,
2010; Zhao et al., 2016).

Recently, these problems could be resolved to an extent by
development of surface-active antimicrobial polymers via
introducing cationic moieties in the polymer backbone
through covalent bonding (Popa et al., 2003; Coad et al.,
2016). This technique controls the growth of bacteria mostly
by contact killing mechanism. The concept of contact killing
by the introduction of cationic moiety has attracted more
attention to overcome above-mentioned issues due to their fast
biocidal action with much broader spectrum than that of com-
posites (Hancockl and Sahl, 2006; Mukherjee et al., 2008).
The cationic and amphiphilic properties of these materials
attract the anionic bacterial cell wall by electrostatic force of
attraction and disrupts their cell membrane that eventually
results in bacterial death (Bastarrachea and Goddard, 2015).
This method of contact killing mechanism by cell wall disrup-
tion does not induce the bacteria and microbes to development
resistance towards these materials (Mukherjee et al., 2008). But
the drawbacks associated with this method are the complexity
of the preparation process, the presence of limited compounds,
and their availability which inhibits their large-scale produc-
tion (Rajbir and Song, 2016). Therefore, the development of
new antimicrobial materials with enhanced biocidal properties
and ease of production is on demand.

Boron and its derivatives have attracted interest of scien-
tists and industrialists because of their biocidal properties,
low toxicity toward mammalian cells and their availability
(Haque et al., 2004; Sezen et al., 2016). Boron is capable of
forming complexes rapidly with aromatic and aliphatic —OH
containing compounds by interaction with their hydroxyl
groups (Donmez Cavdar et al., 2015). Literature reveals that
the incorporation of boron in the synthesis of petro-based
polymers having linear structure improves the thermal,
mechanical, flame retardancy, and biocidal activities than that
of their counterparts, resulting in the formulation of inorganic-
organic hybrid polymers (Kuo et al., 2016; Ali et al., 2014).

The application of highly branched polymers using natural
based precursors (like vegetable oils) induces unique properties
to the polymer compared to their linear ones (Deniz and
Baozhong, 2017; Obaid et al., 2017). Hyperbranched polymers
(HBPs) possess unique characteristics due to their special 3D
structures like low viscosity, high solubility and large number
of terminal groups which can be functionalized to enhance
the polymer properties (Enciso et al., 2015). Vegetable oils (lin-
seed, castor, sunflower, etc.) are extensively utilized in the syn-
thesis of different types of HBPs such as epoxies, alkyds,

polyurethanes, etc. that improves their biodegradability, bio-
compatibility and flexibility (Obaid et al., 2017; Suman and
Niranjan, 2013). Among these, hyperbranched polyurethanes
(HPUs) are widely used in various applications, due to their
high adhesion, good biocompatibility, mechanical and physical
properties and ease of chemical modification (Pion et al.,
2010).

Literature survey reveals that HBPs are synthesized via var-
ious techniques, such as step-growth polycondensation of AB,
monomers, self-condensing vinyl polymerization (SCVP), self-
condensing ring-opening polymerization (SC-ROP), A, + B,
(n >2), proton-Transfer polymerization (PTP), couple-
monomer methodology, etc. (Cook et al., 2016, Sudo et al.,
2018, Tundo et al., 2016, Gadwal, et al., 2014). For instance,
Kantheti et al., have fabricated hyperbranched polyurethane-
urea (HPUU) coatings via click chemistry approach
(Kantheti et al., 2014). They initially utilized ring-opening
polymerization technique to develop different chlorinated
polyols, which were converted to triazole-rich hyperbranched
polyethers upon treatment with sodium azide and propargyl
alcohol. These triazole-rich compounds were further reacted
with isocyanate containing moieties to attain the final product.
Later, Thakur et al. have reported a self-healable smart HPU
nanocomposite using vegetable oil (castor oil) branching cen-
ter and nano-hybrid (sulfur nanoparticles decorated reduced
graphene oxide) as fillers via A, + B; methodology (Thakur
et al., 2015). These HPU nanocomposites exhibited high flexi-
bility, mechanical, thermal and antimicrobial properties due to
the presence of oil based moiety and bioactive nano-hybrid
materials. On the other hand, Sathiyaraj et al., described the
synthesis of antimicrobial HPU using two synthetic AB,
blocked monomers, where A and B contain one —-OH and
two isocyanate groups, respectively. Based on their investiga-
tions, the synthesized HPUs showed less activity in contradic-
tion of Gram-negative bacteria (Sathiyaraja et al., 2017).
Recently, Bayan et al. reported the synthesis of bio-based
HPU nanocomposites via A, + Bz approach using castor oil
as branching agent and silica functionalized graphene oxide
as nano-fillers (Bayan and Karak, 2018). These nanocompos-
ites were fabricated by in situ incorporation of nano-fillers,
which enhanced their properties, while exhibiting hydrophobic
surface along with inherent self-healing behavior.

In view of this, present article reports a facile synthesis of
HPU using oleo-ethers of BA (polyol) as branching and
antimicrobial agent for the first time following A, + B, (n
> 2) methodology. The series of BHPUs were synthesized via
polycondensation reaction between different mole ratio of
BA and sunflower (SF) oil monoglyceride (SMG) for the gen-
eration of branching moieties followed by addition polymer-
ization using toluene diisocyanate (TDI). In addition, linear
polyurethane (LPU) was also synthesized (without BA) to
examine the effect of BA on the various properties of BHPUs.
The structural studies were performed by FT-IR and NMR
("H, "*C and ''B) spectroscopic techniques. The effect of BA
loading on physico-chemical, physico-mechanical, thermal sta-
bility (TG analysis and DSC) and antibacterial properties
against both class of bacteria (Gram positive and Gram nega-
tive) was examined. The functionalization of BA with SMG to
prepare a multifunctional core increased the degree of cross-
linking in BHPU structure. This induced hydrophobic charac-
teristic to the polymer, providing a good barrier property
against moisture that prevented the growth of bacteria and
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fungi. These features make BHPU a suitable candidate, having
high potential as an inherent antimicrobial coating material in
coatings of medical devices, paints and packaging industries.
It is worth stating that to the best of our knowledge, the
synthesis of HPU based on oleo-ethers of BA has not been
reported till date.

2. Materials and testing

Materials

SF oil was purchased from the local market, sodium
hydroxide (NaOH, Merck, India), sodium sulphate (Na,SOy,
Merck, India), sodium bicarbonate (NaHCOs3), glycerol
(98% purified), BA (Merck, India), xylene, TDI (Merck, Ger-
many) and dimethyl formamide (DMF). The chemicals
obtained were used as such without any further purification.

2.1. Characterization

The structural determination of LPU and BHPU was investi-
gated by FT-IR and NMR spectroscopic (‘H, '*C and ''B)
techniques. FT-IR spectra of SMG, LPU and BHPU were
analyzed using Perkin Elmer1750 FT-IR spectrometer (Perki-
nElmer Cetus Instrument, Norwalk, CT) by means of NaCl
cell. The NMR ('H and '*C) spectra of LPU and BHPU were
recorded on A JEOL GSX 300 MHz FX-100, while the ''B
NMR spectra was analyzed using Bruker AVANCE III 500
MHz (AV 500) using deuterated dimethyl sulphoxide (DMSO)
as solvent in all the NMR spectroscopies. The BHPU solutions
of different mole ratios (1:0.5, 1:1, 1:2 and 1:3) were applied by
brush technique on glass slides and polished metal strips (MS)
having size of 70 mm x 25 mm X 1 mm using SiC papers of
fine grade (120-500 G) to prepare the polymer coatings. These
coated specimens were dried at room temperature and used for
physico-mechanical and contact angle measurements by Drop
Shape Analysis System (model DSA10MK?2, Kriiss GmbH,
Germany). Specific gravity (SG) [ASTM D891-09], refractive
index (RI) [ASTM D1218, by Abbe’s refractometer via yellow
sodium light at 25 °C], bending test (BT) [Conical Mendrel,
ASTM-D3281-84], impact resistance (IRt) [IS; 101 part 5/sec-3,
1998], scratch hardness (SH) [BS 3900], thickness [Elcometer,
model 345, Manchester, UK) specular gloss (at 45°), solvent
resistance test using methyl ethyl ketone(MEK) [ASTM
D5402], drying time (DT), cross-hatch test [ASTM D3359],
inherent viscosity (IV) of LPU and BHPU [(1.0 g/100 ml) at
25°C using a Ubbelhode viscometer taking MEK as solvent]
were recorded. The degree of cross-linking (C,) of polymers
was evaluated by solution extraction method using chloroform
as the solvent. The C, (%) was calculated using [C; (%) =
W¢Wq x 100%] equation, where W, is the weight of dry films
extracted in chloroform after 12 h and W, is the initial weight
of polymers (Zhang et al., 2018). The thermal properties of
LPU and BHPU-0.5 was evaluated by TG analysis using
EXSTAR TG/DTA 6000 under a N, atmosphere at 10 °C/min
up to 900 °C. The glass transition temperature (T,) of these
polymers was studied by DSC on SII EXSTAR 6000, DSC620,
Japan under N, atmosphere at temperature range of 25-900 °C
with heating and cooling rate of 10 °C/min.

The antimicrobial properties of synthesized LPU and
BHPU were investigated against two classes of bacteria viz,
Gram positive (Staphylococcus aureus, MTCC 902) and Gram

negative (Pseudomonas aeruginosa, MTCC 2453, Klebsiella
pneumoniae, ATCC 700603 and Escherichia coli, ATCC
25922) by well diffusion method. In brief, suspensions of these
bacteria were prepared and spread on plates containing Muel-
ler Hinton Agar (MHA). On these plates wells of 6 mm diam-
eter were made by a cork borer and polymer samples were
loaded. The different dilution of LPU and BHPU polymer
samples in DMF were prepared by ultra-sonication followed
by continuous agitation. The different concentrations of
LPU and BHPU-0.5 solutions (60, 120, 250 and 500 pg) were
made on dilution by DMF to increase the diffusion of polymer
samples in the media and then loaded into each well and incu-
bated overnight at 37 °C. At the same time sample-free solvent
(DMF alone) was used as negative control. The bactericidal
behavior of polymers reported by the appearance of clear
ZOI around well after overnight incubation. The soil burial
degradability test was established on LPU and BHPU-0.5 films
for period of 210 days to evaluate environmental stability and
surface-active character of fabricated films. The soil with pH:
6.7 was used during the course of investigation collected from
Indian Agricultural Research Institute (IARI, PUSA, New
Delhi, India). The soil characteristics were as: Organic Carbon:
33 gkg™!, Ultisol (loamy type), average phosphorus: 5mg
kg™!, CEC: 16.2c mol kg™', average nitrogen: 151.4 mgkg™"'.
The test specimens (2cm x 1 cm) of LPU and BHPU-0.5 were
buried in separate petri dishes containing soil. The soil mois-
ture was maintained at approximately 30% by spraying the
doubled distilled water at regular interval of time throughout
the course of study. The weight loss of the samples was care-
fully measured using Sartorius balance of +0.0001 sensitivity.
The average weight change was calculated. The petri dishes
containing samples were placed in a well-ventilated place at
room temperature (30 °C).

3. Experimental section

3.1. Synthesis and purification of sunflower oil monoglyceride
(SMG) via trans-esterification reaction

SMG was synthesized following the previously reported proce-
dure (Scheme 1) (Obaid et al., 2017). In brief, SF oil and glyc-
erol in 1:2 ratios were taken in a three necked round bottom
(r.b) flask which was fitted with thermometer, nitrogen gas
inlet and magnetic stirrer. NaOH (0.1 wt% of sunflower oil)
was used to catalyze the reaction and temperature of the reac-
tion vessel was raised to 180 °C, which was maintained for 2 h
under continuous stirring. The reaction progress was moni-
tored by solubility test of the reaction product in 1:3 SMG
with methanol at room temperature. Completion of the reac-
tion was further confirmed by determining the solubility of
the reaction product in 1:3 SMG with methanol. The synthe-
sized SMG, was cooled to room temperature and taken for
the purification step.

3.2. Synthesis of hydroxyl terminated SMG-ethers of boric acid
(BSMG polyol)

Synthesis of BSMG involves the polycondensation reaction
between BA and SMG without using catalyst, resulted in
the formation of oleo-ethers of BA containing terminal
hydroxyl groups. Different mole percent of SMG and BA
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Scheme 1

(1:1, 1:0.5 and 1:0.25) were charged in four-necked r.b flask
(Table 1) equipped with a dean stark apparatus, thermometer
and nitrogen gas inlet. The temperature of the reaction mix-
ture was raised up to 120-140 °C under continuous stirring in
an inert atmosphere until the expected amount of water was
trapped in dean stark apparatus. The reaction progress was
recorded by FT-IR spectroscopy by observing the increase
in intensity of —OH peak at 3417.86 cm™' and appearance
of peaks at 1386.81 and 650.01 cm™' for —B—O stretching
and bending vibrations respectively. The increase in intensity
of color and viscosity was observed, the end product
obtained was a viscous, dark russet color solution at room
temperature.

3.3. Synthesis of linear polyurethane and antimicrobial BHPUs

The prepared BSMG polyol was cooled and dissolved in 10 ml
xylene, transferred in to a four-necked r.b flask fitted with ther-
mometer, nitrogen gas inlet, dropping funnel and mechanical
stirrer on ice bath. To this exact required amount of TDI solu-
tion (Table 1) was added drop wise under an inert atmosphere.
After the addition, the reaction mixture was allowed to react at
70 + 2 °C for 4 h until a viscous mass was obtained under a
controlled reaction condition to prevent the gelation of the
final product. The same procedure was followed in the absence
of BA for the synthesis of LPU. During the course of reaction
the NCO/OH ratio was maintained as | in the synthesis of
LPU and BHPU. Small portion of these products was precip-
itated in water separately for NMR analysis.

4. Results and discussion

Series of BHPUs were successfully synthesized via A, + B,
methodology by varying the mole ratio of BA: SMG
(BHPU-1, BHPU-0.5 and BHPU-0.25) in two steps (Scheme 2).
The first step involves the synthesis of biocidal multifunctional
BSMG pre-polymer (polyol) by polycondensation reaction
between BA and SMG. Here the —OH groups of SMG reacts

Synthesis of sunflower monoglyceride (SMG) via trans-esterification.

with the —OH functionalities of BA and forms C-O-B linkage
that results in the formation of multifunctional branching cen-
ter. The second step involves the addition polymerization of
BSMG polyol with TDI (maintaining 1:1 OH/NCO ratio).
In this step the formation of urethane linkage (—NH—COO—)
takes place by the reaction between —OH groups of BSMG
polyol and —NCO moiety of TDI that ultimately results in
the formation of BHPU. In addition, LPU was synthesized
without BA to examine the effect of inorganic branching unit
in various properties of fabricated BHPU.

4.1. Physico-chemical analysis of LPU and BHPUs

The physico-chemical tests were carried out to investigate the
effect of BA on the synthesized HPUs (Table 2). According
to this study, LPU and various BHPU exhibits a continuous
increase in InV and RI values, while a linear decrease in SG
values. The increase in InV can be attributed to the increase
in molecular weight of the resin with the increase in the con-
centration of BA (branching agent) while a linear decrease in
SG suggests that due to the increase in the branching of resin
with the increased concentration of branching agent lower
mass occupies the higher volume which revealed in the lower-
ing of SG and also suggests the branching of polyurethane
(Martin et al., 20006).

4.2. Physico-mechanical performance and degree of crosslinking
(C,) of LPU and BHPU

The polymer coatings having thickness of =130 um were
prepared by applying LPU and BHPUs on cleaned MS with
70 mm x 25 mm X 1 mm dimensions using brush technique
which further subjected to various physico-mechanical tests
(Table 3) after drying at room temperature. Their correspond-
ing films were also prepared by solution casting method using
Teflon sheet. These films were further used to determine the
degree of cross-linking (C,). The tests were conducted in tripli-
cate to ensure the reproducibility of the results.

Table 1 Reactant composition (mmol) in synthesis of hyperbranched polyurethanes.

Code” MG BA TDI NCO/OH ratio Branching unit (mol)
BHPU-1 1 1 1.5 1 1

BHPU-0.5 1 0.5 1 1 0.5

BHPU-0.25 1 0.25 0.5 1 0.25

LPU 1 0.0 1 1 0.0

% Numbers designate the mole percentage of BA (branching unit).
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Synthesis of (a) hydroxyl terminated BSMG pre-polymer polyol via polycondensation reaction; and (b) BHPU through
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Table 2 Physico-chemical analysis of LPU and BHPUs.

Code IV (dL/g) RI Specific gravity
LPU 0.585 1.303 0.994
BHPU-0.25 0.655 1.502 0.965
BHPU-0.5 0.674 1.502 0.957
BHPU-1 1.450 1.506 0.946

These tests were performed to ascertain the optimal amount
of BA required for the formulation of BHPU coatings, which
revealed that the BHPU-0.5 showed superior SH performance
as it increases from 6 to 12 kg by the incorporation of BA up
to the load ratio of 1:0.5 SMG:BA, beyond this ratio, causing
bristliness within the coatings. This can be attributed to the
increase of inorganic moiety that causes reduction in the flex-
ibility of polymer coatings. The DT decreases upon increasing
the BA content, while gloss value increases up to BHPU-0.5
beyond which decreases, this can be due to decrease in opaque-
ness of the coating surface. The increase in gloss value from
LPU to BHPU-0.5 can be attributed to increase in branch-
ing/cross linking, which results in the increase in reflection of
light by BHPU-0.5 coating surface. The physico-mechanical
analysis exhibited improved performance on comparison with
our earlier reported work (Alam et al., 2004) that the incorpo-
ration of BA as branching moiety in synthesis of HPUs
induces remarkable increase in IRt (15 kg/m) and BT (1/18”
of Conical Mendrel) values for BHPU-0.5 (Fig. lc and d).
The excellent physico-mechanical performance of BHPU-0.5
coatings can be attributed to the presence of flexible long fatty
acid chains of SF oil (Uday and Niranjan, 2011) that can bear
the stress loaded on coating surface due to the presence of
strong covalent linkages with BA. The enhancement in SH val-
ues (Fig. 1b) from LPU to BHPU-0.5 can be elucidated by the
increase in the functionality that improves the adhesion of
BHPU-0.5 to metal substrate, limiting the indentation of poly-
mer coatings. Subsequently, the CH test (Fig. la) also con-
firmed the outstanding adhesion of polymer coatings. In
addition, the increase in C, upon incorporation of BA further
confirmed the formation of compact and dense structure along
with chain entanglement within BHPU structure. Although,
extend of cross-linking determines the flexibility and barrier
property of coatings (Zhang et al., 2018). This study revealed
that the higher C,; of BHPU-1 is correlated with its brittle nat-
ure and least adhesion property as it is obtained by IRt test.
Furthermore, it was found that BHPU-1 exhibited highest C;
(%) of 93%, while BHPU-0.25 and BHPU-0.5 showed lesser
C; (%) of 52% and 71%, respectively. Moreover, the insoluble
potion of BHPU-0.5 in chloroform (solvent) was increased
upon incorporation of BA as branching unit, which supports
the formation of compact and branched structure, having
some extent of crosslinking.

Table 3 Physico-mechanical analysis of LPU and BHPUs.

4.3. Structural analysis

The structural investigation of fabricated LPU and BHPU-0.5
was carried out using FT-IR and NMR (‘H, '*C, and ''B)
spectroscopy techniques. The FT-IR spectra (Fig. 2) of
SMG, BSMG, and BHPU-0.5 shows band at 3429.43 cm ™!
which is ascribes to hydroxyl group in monoglyceride. The
appearance of same band with higher intensity at 3454.35
ecm™!' for BSMG was observed due to the increase in —OH
functionality, while in case of BHPU-0.5 the peak at
3323.34cm™! confirms the formation of —N—H bond of
urethane linkage. The broadening of this peak in case of
BHPU-0.5 and LPU may be due to the overlapping of stretch-
ing vibrations of hydroxyl (—OH) and —NH functionality.
The higher intensity of broadening in case of BHPU-0.5 may
be due to the occurrence of large number of these functional
groups (Uday and Niranjan, 2011). Bands at 1747.50 cm™"
2924.08 cm™' and 2852.71 cm™! ascribe to ester linkages, sym-
metric and asymmetric stretching of —C—H functionalities
present in long chain of fatty acid in SMG respectively
(Obaid et al., 2017). The appearance of typical bands at,
1386.81 cm™' (—B—O stretching) and 650.01 cm™' (—B—O
bending) are evidence for the presence of BA in backbone of
BSMG pre-polymer and BHPU-0.5 polymer. Besides, bands
at 1556.55cm ™! and 1068.56 cm™! are due to —NH bend-
ing/—CN stretching and —O—C=0 stretching vibrations of
BHPU-0.5 respectively. In this investigation, shifting of
absorption band 1745.04 cm™' in BHPU-0.5 and 1727.54
em™"' in LPU FT-IR spectra indicates an increase in —C—0
group of BHPU-0.5 polymer (Beauty et al., 2013). On the basis
of these data synthesis of BHPU-0.5 by the reaction of —OH
groups of BSMG pre-polymer and —NCO groups of TDI
was conformed.

"H NMR (Fig. 3a) characteristic peaks of BHPU-0.5 are
mentioned. The peaks at 6 = 0.852 ppm and é = 1.516 ppm
are ascribed to the protons of methyl group present at terminal
position and protons attached directly to this group in the fatty
acid chains, while the peaks at 6 = 1.241 ppm and § = 5.315
ppm are assigned to the protons of all internal —CH,— groups
and protons of unsaturated carbon in the fatty acid chains
respectively. The peak at 6 = 7.046-7.509 ppm are due to
the presence of aromatic protons present in TDI (Cao and
Liu, 2006). In addition, the signals at § = 5.924-5.951 ppm
corresponded to the —B—OH proton which are absent in
Fig. 3b and peaks at 5.208 ppm represents unsubstituted
—OH proton of SMG present in the backbone of the
BHPU-0.5 polymer, which is an evidence for successful
incorporation of BA in synthesis of BHPU through covalent
bond formation with SMG. The presence of an intense peak
was observed at 3.324 ppm which corresponds to the protons
of —CH, group attached to unsubstituted -OH group of
monoglyceride while the peak at 6 = 3.293 ppm in 'H NMR

Code DT (min) Gloss (45°) SH (kg) IRt (150 1b/in.) Bending (1/8 in) CHT Ci (%)
LPU 45 50 6 Pass Pass Pass 13
BHPU-0.25 50 60 8 Pass Pass Pass 52
BHPU-0.5 30 69 12 Pass Pass Pass 71
BHPU-1 25 65 Fail Fail Fail Fail 93
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Fig. 1
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Fig. 2 FTIR spectra of SMG, LPU, BSMG, and BHPU-0.5.

spectra of LPU (Fig. 3b) corresponds to the same protons with
low intensity which indicates low presence of these type of pro-
tons (Beauty et al., 2013).

Fig. 4 shows the '>*C NMR spectrum of BHPU-0.5. The ter-
minal methyl carbon and all internal —CH, groups of SMG
segment appeared at 14.35 ppm and 17.285 ppm respectively.
Peaks at 24.840 ppm, 67.699 ppm and 68.650 ppm are associ-
ated with methyl group of TDI, —CH,— groups that are adja-
cent to urethane linkage and BA respectively, while the peak at
61.066 ppm is assigned to those soft-segment carbons that are
adjacent to —OH group. The peak at 40.254—40.808 ppm are
attributed to methylene carbons of monoglyceride. Peaks pre-

Digital images of BHPU-0.5 after physico-mechanical tests; (a) cross hatch, (b) scratch hardness, (c) impact resistant, and (d)

sent for aromatic group of TDI are at 128.18-137.20 ppm. The
peaks appeared at 144.25 ppm and 168.65 ppm for carbonyl
carbon of urethane linkage and ester linkage of SMG respec-
tively (Cao and Liu, 2006). These information evidenced the
presence of BA as building-block in the structure of BHPU-
0.5 through covalent bonding.

Fig. 5 shows ''B NMR spectra of BHPU-0.5 with all the
characteristic peaks that confirmed the formation of branching
centers in synthesized polymers. The appearance of the peak at
20.728 ppm is due to the B atom in tri-coordinated state with
sp> hybridization in which BA formed at least one urethane
linkage (Wrackmeyer, 1988). The peak at 1.675 ppm corre-
sponds to the presence of B-O-C (BA-ether) containing resid-
ual —OH groups substituted with an alkoxy group of SMG
in which B atom is in sp> hybridization. Shielding of this spe-
cies arises due to the presence of strong p-m interaction
between empty p orbital of B atom and free electron pair of
the substituent (oxygen atom) which makes orbital electrons
to resemble the D3, symmetry (Hermanek, 1992). Thus, tri-
coordinate species approached the signal of related anions of
tetra-coordinate species. This p-m interaction can further be
reinforced due to the presence of electron releasing fatty acid
chain of SMG, which results in the formation of partial
positive charge on O atom and negative charge on B atom
(—B™—O"—). The peak at —3.559 ppm ascribed for the tetra-
hedral structure of B atom having sp® hybridization with tetra-
coordinate state. Shielding of this species arises due to presence
of four electron rich substituents, which increases the electron
density around the B atom and produces a negatively charged
moiety in BHPU-0.5 structure (Wrackmeyer, 1988). The pres-
ence of tri- and tetra-coordinated B atoms in BHPU-0.5 back-
bone confirms the formation of branching sites, favoring the
successful incorporation of BA as branching center in develop-
ment of BHPU. Further, the occurrence of ionic moieties in
the BHPU-0.5 structure suggests the formation of biocidal
sites that induces the antimicrobial property to these polymers.
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4.4. Thermal properties of BHPU-0.5 and LPU

o
— 1478
388
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Thermal stability of synthesized BHPU-0.5 and LPU was stud-
ied under N, atmosphere with heating rate of 10 °C/min up to
900 °C. These results revealed that the utilization of BA in fab-
rication of BHPU-0.5 has direct impact on improvement of its
thermal stability. Fig. 6a shows the three steps thermal degra-
dation of BHPU-0.5, and onset degradations of LPU after the
first degradation in 220-290 °C, which is attributed to the pro-
cess of depolymerization in its structure (Patel and Patel,

2015).
The weight loss of samples at 100-155.8 °C is due to evap-
= » = » A * : . 3 e s e oration of water and solvent molecules trapped in polymer

coatings. The first thermal degradation of BHPU-0.5 at 188.
Fig. 5 ''B NMR spectra of BHPU. 11-298.11 °C is attributed to the removal of ether, ester and
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water molecules by decomposition of unreacted —OH groups
of B atom and SMG in polymer structure. The final decompo-
sition of BHPU-0.5 occurs at 330.90-510.18 °C, which does
not degrade further on higher temperature with final weight
loss of 80.4% that proves the higher stability of fabricated
BHPU-0.5. The higher weight loss at 330.90 °C in BHPU-0.5
is due to presence of large number of -OH groups that result
in formation of water molecules on heating. The TG analysis
of LPU revealed its rapid weight loss, which indicated its
low thermal stability with total weight loss of 93.6%. The
DSC results (Fig. 6b) reveals that the utilization of BA in syn-
thesis of BHPU-0.5 increases the crosslinking/branching in
polymer matrix that inhibits the chain mobility, which leads
to an increase in T, value (Deewan et al., 2008). The DSC ther-
mogram of BHPU-0.5 shows three endotherm, the first arises
between 139 °C and 300 °C, the second one in 300-380 °C
range and the third sharp endotherm occurs at 480-510 °C
where TG thermogram shows weight loss in same temperature
ranges. These endotherms could be ascribed to the melting of
polymer, the release of internal strain by decomposition of
—B—O—C— linkages, resulting in relaxation of polymer
chains and decomposition of BHPU-0.5 (Deewan et al.,
2008). The broad endotherms occurred above this range could
be due to the decomposition of other components present in
BHPU-0.5. Over all the thermal stability of BHPU-0.5 has
increased compared to LPU and our previously reported sys-
tems (Haque et al., 2004), which is because of increase in chain
entanglement in BHPU-0.5 structure revealing in its compact
structure. These results are in well agreement with those of
physico-mechanical studies and crosslinking density.

4.5. Contact angle measurement

The contact angle measurements of BHPU-0.5 and LPU coat-
ings (Fig. 7) revealed that presence of BA as branching agent in
BHPU-0.5 enhances the contact angle values from 50.4° to 90°
This can be assigned to the increase in degree of crosslinking
and branching in polymer chains that introduces hydrophobic
character to the polymer coatings resulting in low wettability.
The intermediate hydrophobicity of BHPU-0.5 might be due
to the presence of ionic moieties in polymer structure that

Temperature (°C)

(a) TG analysis thermogram and (b) DSC plots of BHPU-0.5 and LPU under N, atmosphere.

has reduced the hydrophobic effect induced by crosslinking/
and or branching of BA. The improved hydrophobic nature
of the BHPU-0.5 coating minimizes the growth and accumula-
tion of bacteria on the surface of the polymer coating as the
main criteria for the growth of bacteria is water. According
to literatures most of the antimicrobial polymers are hydrophi-
lic in nature, as a result water gets attracted on their surface,
providing a suitable media for the growth of bacteria and
fungi. Subsequently, the steric hindrance formed on the surface
of the coatings led to the adsorption of microorganisms or pro-
teins to the coatings (Chamsaz et al., 2017). Hence, the
hydrophobicity of BHPU-0.5 increases the barrier property
of polymer against the diffusion of electrolytes and bacteria
through the polymer matrix, improving the antimicrobial
activity of coatings.

4.6. Antimicrobial property and action mechanism of BHPU-0.5

The antimicrobial activities of synthesized LPU and BHPU-
0.5 were examined in contradiction of both Gram negative
and Gram-positive bacteria by well diffusion method. After
overnight incubation of polymer solutions samples with differ-
ent dilution (60, 120, 250, 500 pg) in MHA culture media a
clear ZOI (Fig. 8) around the sample wells of BHPU-0.5 was
observed while LPU did not show any activity. This indicates
significant antimicrobial activity of BHPU-0.5 against Pseu-
domonas aeruginosa, MTCC 2453, Escherichia coli, ATCC
25922, and Klebsiella pneumoniae ATCC 700603, Staphylococ-
cus aureus, MTCC 902 bacteria even at low concentration.
The mechanism of action of BA on bacteria is not clearly
understood and it is still hypothetical (Becker et al., 2011).
However, the antimicrobial studies evidences that, after the
successful synthesis of HPU using BA as branching agent in
the polymeric backbone, antimicrobial BHPU was fabricated.
The exhibition of biocidal activity by BHPU-0.5 may be gov-
erned by the cationic moiety present in the BHPU matrix
(Mukherjee et al., 2008; Chamsaz et al., 2017). This cationic
moiety is generated as a result of strong p-w interaction of lone
pair of electrons of O-atom with empty p-orbital of B-atom
(Fig. 9), which is confirmed by "B NMR (Fig. 5) that results
in formation of O®". The partial donation of lone pair of
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Fig. 7 Contact angle measurements of; (a) LPU and (b) BHPU-0.5.

Fig. 8 Antibacterial activity of BHPU-0.5 against (a) Staphylococcus aureus (b) Klebsiella pneumoniae (c) Escherichia coli (d)

Pseudomonas aeruginosa.

electrons by oxygen atom is further enhanced by the increase
in electron density around the oxygen atom due to the presence
of electron releasing alkyl groups in the fatty acid chains of
SMG. The appearance of ZOI by BHPU-0.5 may be due to
the rupturing of the bacterial cell wall by the action of these
cationic moieties. The presence of this moiety at peripheral
position of the BHPU-0.5 chains can attract the bacteria
towards itself by the electrostatic force of attraction because
of the negatively charged bacterial cell wall, which causes the
death of bacteria by rupturing its cell wall (Mukherjee et al.,
2008).

The advantage associated with the present system over
other reported antimicrobial composite coatings (governed

by leaching mechanism) is the contact killing of bacteria
through inherent antibacterial activity of BHPU-0.5 in which
the antibacterial active compound (BA) does not leach out
to the environment, thus enables the polymer to be used as
long-term coating material. Fig. 8 represents the probable
action mechanism of BHPU-0.5 on bacteria by cell wall
disruption.

The antimicrobial activity of various reported antimicrobial
agents against Gram positive and Gram negative bacteria are
given in Table 4. The comparison of the size of ZOI in present
manuscript with the reported systems revealed that the BHPU-
0.5 coatings exhibits superior antimicrobial activity towards
both classes of bacteria.
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Fig. 9 The proposed action mechanism of BHPU-0.5 leading to distortion of bacterial cell wall.

Table 4 Comparative study of antimicrobial activity of
various antimicrobial agents with present study.

Name of bacteria Antimicrobial agent ZOI  References
(mm)

S. aureus BA <8 Haque et al.

E. coli BA <14 (2004)

P. aeruginosa BA <8

S. aureus Ag NPs 12 Peter et al.

P. aeruginosa Ag NPs (2015)

E. coli Ag NPs 8

S. aureus 20

No significant effect  Hyaluronic acid Isabelle

on Gram negative et al. (2014)

bacteria

E. coli Essential oils 10.7  Afia et al.
mixtures (2013)
(formulations A and
B)

E. coli Coccinia grandis <10 Giriprasath

S. aureus extract <18 etal. (2015)

S. aureus Boric Acid 18 This work

K. pneumoniae 15

E. coli 14

P. aeruginosa 19

4.7. Soil burial test (environmental stability study)

The stability of LPU and BHPU-0.5 films against soil-borne
bacteria was determined by soil burial method for 210 days
under humid condition. This technique performed to examine
the environmental stability and the actual effect of bacteria
present in soil on these coatings. Bacteria and fungi present
in the soil are mainly responsible for the degradation of these

polymer films (Sullivan et al., 2017). Fig. 10 shows the negative
effect of these microorganisms on the LPU film during the per-
iod of 210 days, which caused the loss of its physical and chem-
ical properties. However, in case of BHPU-0.5 soil media
either did not show any effect/ negligible effect on its film.
The weight loss of LPU and BHPU-0.5 samples were recorded
every 30 days to monitor the effect of microorganisms present
in soil media on their structure. Fig. 10 insets show the physi-
cal changes caused by these microorganisms to LPU and
BHPU-0.5 after completion of study. These results showed
that the weight loss of BHPU-0.5 film was only —0.05% com-
pared to that of LPU films —23.17%. It can be attributed to
the antimicrobial effect of cationic moiety present at peripheral
site of the chain which causes the leakage in bacterial cell mem-
brane and results in inherent antimicrobial activity of BHPU-
0.5 coating. This study ascertained the inhibitory effect of

0.6635
0.7891
0.7887

o
N
0.5098

Weight (gram)

000000
oRrNWBhdULO

Initial 1 2 3 4 5 6 7
Time (month)

Fig. 10  Biodegradability of LPU and BHPU-0.5 after 210 days
(7 months). The inserts show the images of LPU and BHPU-0.5
films after completion of the course of study.
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BHPU-0.5 on the growth of soil-borne bacteria and fungi,
which prevents their negative effects on chemical and physical
properties of these films, enabling long-term application of
such coatings.

5. Conclusion

The nonleaching surface-active antimicrobial HPU was suc-
cessfully formulated via one-pot A, + B, methodology using
low-cost oil based precursor and BA as branching and antimi-
crobial agent via polycondensation reaction followed by addi-
tion polymerization. The LPU and BHPUs were characterized
for structural, physico-mechanical and thermal (TG analysis
and DSC) properties that revealed outstanding results about
bending ability (flexibility), adhesion, CHT and thermal stabil-
ity of BHPU-0.5. The antimicrobial activity of LPU and
BHPU-0.5 was examined against Staphylococcus aureus,
MTCC 902, Pseudomonas aeruginosa, MTCC 2453, Escheri-
chia coli, ATCC 25922 and Klebsiella pneumoniae, ATCC
700603, where BHPU-0.5 showed remarkable biocidal action
against these bacteria via contact killing, while LPU did not
show any antimicrobial activity. The biocidal activity of the
synthesized BHPU-0.5 might be due to the presence of charged
(cationic) moieties within /or at peripheral site of the polymer
that ruptures the bacterial cell wall on coming in contact with
polymer surface. The soil burial test conducted for 210 days
revealed that the antimicrobial agent (BA) present in the
BHPU-0.5 backbone do not leach out through the polymer
matrix to the surrounding environment, which enables the
polymer for its long-term application. These studies suggest
the potential scope for applications in the field of antimicrobial
surface-active coatings for medical instruments and devices,
packaging industry, etc.
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