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Derived from renewable sources like corn starch or sugarcane, poly(lactic acid) (PLA) presents an eco-friendly
alternative to traditional petroleum-based plastics. PLA lacks inherent functional groups, posing a challenge
for certain applications. The modification and functionalization of PLA contribute to the facilitation of innovative
applications across diverse fields. To address this limitation, in this study a bioactive compound, caffeic acid,
strategically grafted the onto poly(D,L-lactide)-b-poly(2-hydroxyethyl methacrylate) block copolymer (PLA-b-
PHEMA). The resulting caffeic acid grafted copolymer (PLA-b-PHEMA-g-CA) was characterized by size exclusion
chromatography, NMR, UV-Vis and FT-IR spectroscopies, and then blended with commercial PLA to produce
films. The synthesis involves polymerizing 2-hydroxyethyl methacrylate with a poly(D,L-lactide) macroinitiator
via ATRP method, yielding PLA-b-PHEMA. Subsequent functionalization via Steglich esterification yields PLA-b-
PHEMA-g-CA. Characterization indicated a grafting ratio of 60.7%. Both grafted copolymer and films exhibited
antioxidant property and antimicrobial effect against S. aureus and E. coli, showcasing potential applications in

sustainable materials.

1. Introduction

In the context of growing environmental concerns and the impera-
tive to adopt sustainable practices, the utilization of poly(lactic acid)
(PLA) based materials has gained paramount importance in various in-
dustries. PLA, derived from renewable resources such as corn starch or
sugarcane, represents a promising alternative to traditional petroleum-
based plastics, contributing significantly to reducing carbon footprints.
Petroleum-based polymers (polyethylene, polypropylene, poly(ethylene
terephthalate), polystyrene, etc.) are widely used in various industries
due to their mechanical performance, ease of processing and low cost
[1]. Unfortunately, these conventional polymers are non-biodegradable
and have significant impact on environment [2]. With the growing
concern over environmental threats and ecological risks, there has been
an increasing awareness of the need to reduce plastic pollution. Several
waste managements are used to prevent and reduce the pollution such as
restrictions, regulations, recycling and incinerating [1,3]. However,
high-cost recycling process and low recycle rates have led to look for
new materials that can be alternative to conventional plastics. In this
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context, biopolymers gained more research attention due to their
biodegradable, nontoxic and renewable properties [2]. Biopolymers can
be obtained directly from biomass, synthesized by microorganisms, or
synthesized from bioderived monomer such as lactic acid [4]. PLA is one
of the important biopolymer that can be polymerized from lactic acid
and shows comparable physical properties to conventional plastics. Due
to biodegradability and biocompatibility features, PLA is preferred to be
used in many applications such as biomedical, packaging, textile etc.
[5-9]. PLA as a packaging material has a wide range of forms as films,
food containers, foams and coatings, and other types [10]. While PLA is
an elegant sustainable, nontoxic, biodegradable polymer obtained from
natural sources for food packaging materials, it is lack of chemical
handle to be modified [10].

The pervasive use of conventional plastics in the packaging industry,
which accounts for the largest share of global plastic consumption, has
significantly contributed to plastic pollution; adopting biobased poly-
mers derived from renewable sources is crucial for mitigating this
environmental impact [11]. In 2020, 40.5 % of the world’s total plastic
production was used in packaging applications [12]. Biopolymers could
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be engineered not only to replace petroleum-based polymers in the food
packaging industry but also to meet expectations for reducing food
spoilage by enabling the development of bioactive food packaging ma-
terials. The Food and Agriculture Organization of the United Nations
(FAO) reported that approximately one-third of global food production
is lost or wasted annually, primarily due to factors such as the expiration
of shelf life or deterioration induced by microbial activities [7]. As new
technologies continue to emerge and the demand for extended shelf life
of food products grows, material science approaches for reducing food
waste have gained increasing attention [13]. There is tremendous effort
for development of active packaging materials to increase its function-
ality in terms of protecting food [13-16]. Using biobased polymers
instead of conventional polymers and preventing food spoilage through
the use of bioactive materials would contribute to sustainability.

The active ingredients are effective in preventing oxidation when co-
extruded with a packaging film, but they can diffuse from the packaging
material to the food matrix [17]. Migratory active packaging systems
pose a potential concern for regulatory authorities and consumers
looking for natural ingredients. However, most active packaging tech-
nologies rely on a time-released migration of active compounds from the
packaging material to the foodstuff [18]. Clean label term is referred to
intend minimizing preservatives and stabilizers in food and the use of
non-migratory packaging is one of the effective ways of this approach
[19]. Unlike migratory active packaging based on the release of the
active substance, non-migratory active packaging systems are used to
prolong the shelf life of the food product without releasing a substance
in food matrix [20]. Moreover, non-migratory active packaging systems
could offer some potential advantages for regulatory acceptance and
consumer demands. In these systems, the active substance is usually
covalently bonded to the polymer surface, or the functionalized polymer
with an active substance is used directly or by blending to form a film
[21,22]. Phenolic compounds can be used in material science to improve
the antioxidant or antimicrobial functionality of polymers. They can be
integrated to polymer matrix by covalently, by non-covalently and by
electrostatic interaction or hydrogen bonded [23-25]. 3,4-Dihydroxy-
cinnamic acid, known as caffeic acid, is a cinnamic acid derivate
phenolic which shows antimicrobial, antioxidant, antiviral, anti-
inflammatory and antitumoral activities [26]. Caffeic acid has poten-
tial to enhance or increase the antioxidant and antimicrobial properties
of materials when grafted onto polymer backbone.

In this study, we aimed to develop a well-defined and effective
approach for preparation of functional polymers potentially to be used
in active packaging. PLA is selected as parent material for its biode-
gradability, biocompatibility and sustainability. Since chemical modi-
fication of PLA is difficult due to lack of functional group on it, the
copolymerization method with 2-hydroxyethyl methacrylate (HEMA)
was chosen to graft the active substance on polymer chains. Caffeic acid
was selected as the active compound due to its bioactive properties and
its ability to undergo esterification reactions with hydroxyls through its
carboxylic acid groups. Covalent bonding of caffeic acid to the hydroxyl
units of PHEMA contributes to the non-migratory property of the grafted
copolymer. The grafted copolymer was then blended with high-
molecular-mass commercial PLA to prepare packaging films using the
solvent casting method, which is simple and suitable for small-scale
production.

2. Materials and methods

5-Amino-1-pentanol (Sigma), D,L-lactide (Acros Organics 99 %) tin
(II) 2-ethylhexanoate (Sn(Oct)2) (Sigma), a-bromoisobutyryl bromide
(Sigma) triethylamine (TEA) (Sigma), sodium bicarbonate (Merck),
magnesium sulphate (Merck), N,N,N,N",N’- pentamethyldiethylenetri-
amine (PMDETA) (Sigma), aluminum oxide (activated, neutral)
(Sigma), 4-dimethylamino pyridine (DMAP) (Sigma), N-(3-dimethyla-
minopropyl)-N-ethylcarbodiimide hydrochloride (EDC) (Sigma), caffeic
acid (Sigma Aldrich), Nutrient Broth (Merck 1.05443), Staphylococcus
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aureus (ATCC 25923), Escherichia coli (ATCC 2592), Mueller Hinton
Broth (Merck 1.10293), Mueller Hinton Agar (Merck 1.05437), 2,2-
diphenyl-1-picrylhydrazyl (DPPH) (Sigma- Aldrich), poly(ethylene gly-
col) (PEG, My: 1000 Da) (Sigma- Aldrich 8.07488) were used as sup-
plied. Tetrahydrofuran (THF) (Sigma) was dried by refluxing over
metallic sodium. Copper(I) bromide (Alfa Aesar) was purified by stirring
in glacial acetic acid, filtration and rinsing with diethyl ether and
ethanol, then dried under vacuum overnight. 2-Hydroxyethyl methac-
rylate (HEMA) (Sigma) was purified by passing over a short column of
activated basic alumina.

Nuclear Magnetic Resonance spectroscopy (*H NMR and 3C NMR)
measurements were conducted on an Agilent VNNMRS500 (500 MHz) in
DMSO-dg and CDCl.

FT-IR measurements were performed with a Perkin-Elmer FTIR
Spectrum One spectrometer. Spectra were collected with 6 scans in the
range of 450 — 4000 cm ™~

UV-Vis absorption spectra ranging from 250 to 800 nm were
collected using a Peak Instruments C-7000 UV-Vis spectrophotometer.
Antioxidant activities were analyzed using Thermo Scientific™ GENE-
SYsS™150 UV-Vis Spectrophotometer at 520 nm.

Gel permeation chromatography (GPC) measurement of PLA-Br was
performed by TOSOH EcoSEC GPC system with refractive index and
ultraviolet detectors. A TSK gel superhZ2000 (4.6 mm ID x 15 cm x 2
cm) column was used for separation and THF was used as eluent at a
flow rate of 1.0 mL min~! at 40 °C. Both detectors calibration was done
with polystyrene standards having narrow molecular-weight distribu-
tion. Molecular weights of block copolymer and grafted copolymer were
determined by Viscotek GPCmax (GPC) instrument equipped with an
autosampler system consisting of a pump, three ViscoGEL GPC columns
(G2000HHR, G3000HHR, and G4000HHR), a Viscotek differential
refractive index detector. Dimethylformamide (DMF) was used as eluent
at a flow rate of 1.0 mL min~'. The number-average molecular weights
were determined by using linear polystyrene standards.

2.1. Synthesis of caffeic acid grafted PLA-b-PHEMA polymer

2.1.1. Synthesis of 2-bromo-N-(5-hydroxypentyl)2-methylpropanamide
(BNMP) initiator

Dual initiator for ROP and ATRP was prepared according to previ-
ously reported methods [27,28]. Briefly, 5-amino-1-pentanol (500 mg,
4.85 mmol, 3 eq.), triethylamine (TEA) (270 pL, 1.94 mmol, 1.2 eq) and
10 mL of THF were added into two-necked round bottom flask under
nitrogen atmosphere. 2-Bromoisobutyryl bromide (200 pL, 1.61 mmol,
1 eq.) was added dropwise into reaction flask at 0 °C within 1 h. Reac-
tion was carried out at room temperature overnight-THF was evapo-
rated, residue was dissolved in ethyl acetate, transferred to separatory
funnel and washed with 10 ml of 0.1 N HCI solution. Organic phase was
separated and washed with saturated sodium bicarbonate solution.
Organic layers of extracts were collected, then dried over magnesium
sulphate and evaporated on a rotary evaporator. The initiator was dried
under high vacuum (221 mg; yield: 54 %).

'H NMR (500 MHz, CDClg, 8 (ppm)) 6.78 (s, 1H, ~CHy-NH-), 3.66 (t,
2H, -CH»-OH), 3.29 (q, 2H, -CH,-NH-), 1.96 (s, 6H, C(—Br)(CH3)3), 1.59
(m, 4H, ~CH,-CH,-CHz-), 1.43 (m, 2H, CHy-CH,-CHyo).

2.1.2. Synthesis of bromo end functional poly(D,L-lactide) (PLA-Br)

D,L-Lactide (6 g, 41.6 mmol, 72 eq.) and BNMP (0.145 g, 0.58 mmol,
1 eq., with minimal amount of toluene) were charged into 100 mL of two
necked round bottom flask and catalytic amount of tin(II) 2-ethylhexa-
noate (Sn(Oct);) was added under nitrogen atmosphere. Then flask
was immersed in oil bath heated to 132 °C, stirred for 24 h. The reaction
mixture was cooled to room temperature and dissolved with sufficient
amount of dichloromethane (DCM). Precipitation of polymer was car-
ried out in excess amount of methanol. The polymer was obtained after
drying under vacuum for two days. (5.59 g; conversion: 93 %; My theo =
9,650 g/mol; My nvr = 12,850 g/mol).
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'H NMR (500 MHz, CDCls, & (ppm)) 5.18 (m, 1H, —CH(CO)(CH3),
poly(lactide) chain); 4.31-4.42 (m, -OCH2CHj-); 1.95 (s, BrC(CH3)2);
1.57 (m, 3H, -CH(CO)(CH3), poly(lactide) chain); 3.27 (q, -NH-CHx-);
1.63-1.74 (m, -CH»-CH2-CH3-); 1.3 (m, —-CH,-CH>-CHy-).

2.1.3. Synthesis of poly(D,L-lactide)-b-poly(2-hydroxyethyl methacrylate)
(PLA-b-PHEMA)

Synthesis of the block copolymer was performed according to a
previous study with slight modifications [27]. PMDETA (52 pL, 0.25
mmol, 1.6 eq.), CuBr (30 mg, 0.2 mmol, 1.3 eq.), HEMA (0.86 mL, 7.1
mmol, 46 eq.) and PLA (2 g, 1.6x107* mol, 1 eq.) were dissolved with 6
mL of DMSO in a 25-mL Schlenk tube, respectively, under nitrogen at-
mosphere at room temperature. Mixture was degassed in three cycled
freeze-pump-thaw and immersed into oil bath at 80 °C. After 24-hour,
reaction mixture was quenched by immersing into an ice bath. The
resulting liquid mixture was diluted with THF and catalyst was removed
by using neutral aluminum oxide column. After THF was evaporated,
polymer was precipitated into excess amount of water, centrifuged and
freeze dried for two days (My,theo = 13,420 g/mol; My nvr = 17,700 g/
mol) (See Supplementary Material for calculation of the theoretical
molecular mass).

"H NMR (500 MHz, DMSO-ds, & (ppm)) 5.45 (d, HOCH-(CHs), poly
(lactide) terminal unit); 5.17 (m, CH(CHj3); poly(lactide) chain); 4.79 (s,
-COOCH,CH,0H); 4.20 (m, HOCH(CH3); poly(lactide) terminal unit);
3.89 (5,~COOCH2CH,0H); 3.57 (s,~COOCH3CH20H); 1.60-1.70 (m,
—CH,-CH3-CH2-); 1.45 (m, CHCH3, poly(lactide) chain); 1.28 (d, HOCH
(CHs)- poly(lactide) terminal unit); 0.77-0.94 (m, —C(CH3)
CH(COOCH2CH30H)-).

2.1.4. Grafting caffeic acid onto PLA-b-PHEMA (PLA-b-PHEMA-g-CA)

Caffeic acid (220 mg, 1.22 mmol, 31 eq.), 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC) (200 mg, 1.04 mmol, 26 eq.), 4-dimethy-
laminopyridine (DMAP) (180 mg, 0.15 mmol, 4 eq.) were added into a
25-mL Schlenk tube and dissolved in 10 mL of dry THF. The reaction
mixture was vigorously stirred at 0 °C for 2 h. PLA-b-PHEMA copolymer
(0.7 g, 3.95x107° mol, 1 eq.) was dissolved in THF, added to the Schlenk
tube, and then reaction mixture was switched to room temperature
slowly. After 24 h, the reaction mixture was filtered, precipitated into
excess amount of water, centrifuged and freeze dried for two days.
(grafting degree: 60.7 % confirmed by UV-Vis spectroscopy) (Mp, theo =
16,270 g/mol; My nvr = 21,260 g/mol).

1TH NMR (500 MHz, DMSO-dg, 6 (ppm)) 6.55 — 8.58 (m, aromatic and
olefinic protons of caffeic acid); 5.18 (m, CH(CH3); poly(lactide) chain;
4.19 (m, HOCH(CH3); poly(lactide) terminal unit); 3.88 (s,~-COOCH2.
CH,0H); 3.55 (s,-COOCH,CH;OH); 1.62-1.98 (m, -CH>C(CHjs)
(COOCH,CH20H)); 1.45 (m, 3 J = 7.0 Hz CHCHg3s, poly(lactide) chain);
1.28 (d, HOCH(CH3) poly(lactide) terminal unit); 0.77-0.94 (m, C(CH3)
(COOCH,CH,0H)).

2.2. Preparation of PLA-b-PHEMA-g-CA/PLA films

All film samples were prepared by solvent casting method. For this
purpose, commercial high molecular mass PLA (Natureworks Ingeo
2500HP) [29] was dissolved in CHCl3 by using magnetic stirrer and
blended with PLA-b-PHEMA-g-CA polymer at different concentrations as
given in Table 1 using homogenizer (Bandelin Sonopuls HD 2200).
Overall, 0.75 g of each sample was dissolved in CHCls, poured onto petri
dishes with 8 cm of diameter and dried in fume hood for 48 h at room
temperature. PEG (5 % by mass) was physically incorporated into PLA
films to enhance flexibility, mitigating the inherent brittleness of PLA
while improving its processability.
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Table 1
Composition of PLA films blended with PLA-b-PHEMA-g-CA by mass.

Sample PLA (% by Poly(ethylene glycol) (%  PLA-b-PHEMA-g-CA
mass) by mass) % (PHC)
Neat PLA 100 0 0
PLA-0 % 95 5 0
PHC
PLA-3 % 92 5 3
PHC
PLA-5 % 90 5 5
PHC
PLA-7 % 88 5 7
PHC
PLA-10 % 85 5 10
PHC

2.3. Bioactivity tests of grafted block copolymer (PLA-b-PHEMA-g-CA)
and film samples (PLA-b-PHEMA-g-CA/PLA)

2.3.1. Antioxidant capacity of PLA-b-PHEMA-g-CA by DPPHe method

Briefly, DPPHe (0.60 mM) solution in methanol and sample solutions
at different concentrations were mixed according to Table 2 and left in
dark at room temperature. After 30 min, absorbance values were read at
517 nm. Methanol was used as blank and DPPHe solution without
sample prepared immediately before readings was used for sample
blank. Results were given as ECs( value (concentration that eliminates of
50 % DPPHe radical).

2.3.2. Antioxidant capacity of film samples by DPPHe method

The antioxidant capacities of film samples were conducted according
to a previous study with slight modification [30]. Firstly, the film
samples (1 cm x 1 cm) were soaked in 10 mL of DPPH solution (0.1 mM
in ethanol) and incubated for 3 h in the dark at room temperature. For
blank measurement, the same procedures were performed without a
sample. Absorbances were read at 517 nm. The DPPH radical scavenging
activity of the films was calculated according to Eq. (1).

control

Asam &
Scavenging activity on DPPH radical (%) = (1 ——p])x100 0

where Acontrol and Asample are the absorbance of the control (DPPH so-
lution) and sample (DPPH of the sample), respectively. All measure-
ments were performed in triplicate.

2.3.3. Antimicrobial activity of PLA-b-PHEMA-g-CA

Strains of the bacteria (Staphylococcus aureus ATCC 25923 and
Escherichia coli 0157 ATCC 700728) used for the antimicrobial tests
were obtained from the American Type Culture Collection. The in vitro
inhibitory activities of extracts were investigated by the disc diffusion
method. They were inoculated at nutrient agar at 37 °C for 24 h. The
bacterial suspensions were adjusted to a concentration of 10% CFU/mL

Table 2
Concentrations of sample and volumes of solutions in antioxidant capacity
assay.

Tube Final concentration Volume of Volume of Volume of
No of PLA-b-PHEMA-g- methanol sample DPPH stock
CA (ng/mL)* (uL) solution solution (uL)
(uL)

0 0 1000 0 1000

1 2 960 40 1000

2 4 920 80 1000

3 6 880 120 1000

4 8 840 160 1000

5 10 800 200 1000

6 12 760 240 1000

7 14 720 280 1000

8 16 680 320 1000
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against 0.5 Mc Farland. Sterilized discs with diameter of 6 mm (Bio-
analyse Antimicrobial susceptibility test discs) were impregnated with
15 uL of sample solutions (0.5 mg/mL in DMSO) and placed on Muller
Hilton agar plates. The plates were incubated at 37 °C for 24 h. Inhibi-
tion zones on the medium were evaluated in mm. All tests were per-
formed in duplicate. DMSO (blank) was used as reference disc and the
inhibition zones of tested materials were checked against with those
reference discs. The susceptibility of the microorganisms was also tested
with chloramphenicol disc (HIMEDIA Chloramphenicol C300 SD006-
SCT) as a positive control.

2.3.4. Antimicrobial activity of film samples

Antimicrobial activity of films were investigated according to a
previous study [31]. Escherica coli and Staphylacoccus aureus bacteria
were studied. Firstly, bacterial suspensions of Escherica coli and Staph-
ylacoccus aureus were obtained by culturing the bacteria in nutrient agar
at 37 °C for 24 h. Then, bacterial suspensions were adjusted to a con-
centration of 10% CFU/mL against 0.5 Mc Farland and diluted to 10°
CFU/mL with nutrient broth. 100 mg of each film samples were added to
5 mL of bacterial suspensions and shaken in Memmert water bath for 2 h
at 37 °C. The bacterial suspensions with film samples were further
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diluted to 102 CFU/mL and 100 pL of them were inoculated onto Muller
Hinton Agar and incubated at 37 °C for 24 h. A control sample, without
the addition of film samples, was also tested using the same procedure.
This procedure was performed separately for both types of bacteria.

2.4. Characterization of films

Tensile tests such as tensile modulus, elastic modulus and elongation
at break were applied by using a Zwick Roell Z 020 tensile testing ma-
chine with 25 kN load cell model drawing cell and the pulling with a
speed of 1 mm/min. The all tests were carried out at room temperature.

Water contact angle measurements were conducted using a Nano-
Linker Contact Angle Measurement System (CA-500A) in combination
with a Hamilton microsyringe equipped with a 22-gauge needle,
employing the sessile drop mode. A 5 pL water droplet was carefully
applied to the glass surface, and the image of the water droplet was
captured 10 s after it contacted the sample surface. Differential scanning
calorimetry (DSC) analyses were performed on PerkinElmer Diamond
DSC from 30 °C to 200 °C with a heating rate of 10 oC min~ ! under
nitrogen flow.

/
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Fig. 1. Synthetic route for fabrication of PLA-b-PHEMA-g-CA.
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3. Results and discussions
3.1. Synthesis of PLA-g-PHEMA-g-CA

Synthetic route for the fabrication of caffeic acid grafted block
copolymer includes four steps as illustrated in Fig. 1. In the first step,
dual initiator was synthesized to ensure the ring opening polymerization
of D,L-lactide first and then atom transfer radical polymerization (ATRP)
of HEMA. Secondly, PLA-Br was prepared from ROP of the monomer
lactide initiated by hydroxyl group of the dual initiator and then used as
macroinitiator in block copolymerization with HEMA monomer via
ATRP in the third step. Finally, esterification reaction was carried out
between the hydroxyl groups of PHEMA in block copolymer and car-
boxylic acid groups of caffeic acid.

In the first step, 2-bromo-N-(5-hydroxypentyl)2-methyl-
propanamide) (BNMP) was chosen as bifunctional initiator and suc-
cessfully synthesized via amidation reaction between 5-amino-1-
pentanol and 2-bromoisobutyryl bromide in the presence of triethyl
amine. The structure of dual initiator was confirmed by using 'H NMR
spectroscopy (Figure S1). The characteristic peaks of the both pre-
cursors, 2-bromoisobutyryl bromide and 5-amino-1-pentanol, were
observed at 1.96 ppm, and 3.29 and 3.66 ppm, respectively.

ROP of the lactide was carried out in a bulk polymerization initiated
by the dual initiator (BNMP) in the presence of Sn(Oct),. Poly(D,L-
lactide) macroinitiator bearing alkyl bromide end group (PLA-Br) was
obtained with high yield (93 %). Subsequently, ATRP of HEMA resulted
in PLA-b-PHEMA. Finally, caffeic acid was grafted to hydroxyl group of
HEMA residues through a typical esterification reaction. Structure of all
polymers were confirmed by FT-IR and NMR spectroscopies. As can be
seen in Fig. 2, all FT-IR spectra of the all polymers showed 2945 cm™!
and 2994 cm ™! bands due to C-H stretching. PLA, PLA-b-PHEMA and
PLA-b-PHEMA-g-CA displayed a distinctive vibration band at 1750
cm™due to the ester carbonyl of PLA. Both spectra of PLA-b-PHEMA and
PLA-b-PHEMA-g-CA showed shoulder peaks at 1720 cm™' due to the
ester group of HEMA segment. Unlike the case of PLA and PLA-b-
PHEMA, only PLA-b-PHEMA-g-CA displayed C = C stretching bands at
1593 cm ™}, 1633 cm ™! and 1637 ecm™! which were attributed to the
aromatic and olefin groups of caffeic acid. The band at 3507 cm ™! in the
spectra of PLA-b-PHEMA and PLA-b-PHEMA-g-CA was ascribed to the
—OH groups of HEMA and caffeic acid. Due to C-H bending of PLA, a
band at 1452 cm ™! was observed in all products. The bands at 1452
em ™! 1185 cm™! and 1082 cm ™! were ascribed to C-H bending, C-O
bending and C-O-C alkoxy group of PLA respectively.

The chemical structures of the polymers were also confirmed by 'H

PLA
"2l
=
8 PLA-b-PHEMA
o
o [
c 3510
8
= PLA-b-PHEMA-g-CA
5
E I T
o 3508
-
2004 2945
— T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 2. Overlay of FTIR spectra of the polymers.
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NMR spectroscopy (Fig. 3, S2 and S3). The number average molecular
mass (Mp) of polymers was determined by end group analysis. Thus, My,
of PLA-Br was calculated by integration of methine proton signal
(Figure S2, proton 1) from the repeating unit versus w-bromo ester
dimethyl proton signal (Figure S2, proton d) from end group. By using
the ratio of polymer to end group integration, repeating unit of PLA-Br
(DP = 88; 2n = 175) was calculated. Similarly, the repeating unit of
PHEMA (m = 37) in the block copolymer was calculated by determining
the ratio of the methine (—~CH) proton (Figure S3, proton d) of PLA-Br
repeating unit to -CH, proton (Figure S3, proton 4 or 5) of PHEMA.
Molecular masses of the polymers were determined theoretically and by
GPC; the results were given in Table 3. Since PLA-Br was soluble in THF
and the block copolymers in DMF, two different GPC systems were used.
Although there were some differences, the theoretical molecular masses
were comparable with those determined from NMR analysis. The dif-
ferences between theoretical molecular masses and NMR results were
probably due to the errors from integration of very small peaks such as
proton d in Figure S2. When the molecular masses obtained from GPC
were compared to the others, the differences were acceptable for PLA-Br
and PLA-b-PHEMA. However, molecular mass of PLA-b-PHEMA-g-CA
was determined as 21.26 kDa and 89.00 kDa by NMR and GPC,
respectively. This “pseudo” high molecular mass in GPC can be resulted
from aggregation of the polymer chains due to interchain hydrogen
bonding as reported MacDiarmid and coworkers [32]. Caffeic acid
moiety of PLA-b-PHEMA-g-CA may be involved in interchain hydrogen
bonding and caused similar “pseudo” high molecular mass in GPC. In
addition to ‘pseudo’ high molecular mass in GPC, the difference between
hydrodynamic volumes of polystyrene (PS) standards used for calibra-
tion and PLA-b-PHEMA-g-CA may result in higher molecular masses than
expected ones. In a previous study, molecular mass differences between
GPC results and theoretical values for some biopolymers, such as PLA
and PCL were reported. In such cases, correction coefficient (ranged
from 0.40 to 0.87) may be used to evaluate absolute molecular masses
[33].

The UV-Vis absorption spectra of PLA-b-PHMEA and PLA-b-PHEMA-
g-CA are shown in Fig. 4A. The spectrum of PLA-b-PHEMA-g-CA dem-
onstrates characteristic absorption band between 375 nm — 275 nm due
to grafted caffeic acid. PLA-b-PHMEA showed no absorption around this
region due to the lack of chromophore group. This result supports
conjugation of caffeic acid to the block copolymer.

A linear calibration curve (Fig. 4B) was generated by using a set of
standard solutions with known concentrations of caffeic acid, in order to
calculate the grafting degree of caffeic acid onto the polymer chain (% =
0.993). The results of the calculation showed that the grafting degree
was found to be 60.7 %.

3.2. Antioxidant capacity and antimicrobial activity of polymers

The DPPH radical scavenging activities, calculated according to
Equation (1), were plotted against the sample concentrations at eight
different levels for antioxidant capacity determination. By using the
linear regression line (y = ax + b) antioxidant activity of PLA-b-PHEMA-
g-CA polymer was calculated by substituting the value of y with value of
50 in the regression equation as given Fig. 5. Result was defined as ECsg
value (concentration that eliminates of 50 % DPPHe radical). While
PLA-b-PHEMA showed no antioxidant activity, the PLA-b-PHEMA-g-CA
polymer exhibited significant antioxidant activity with a DPPH radical
scavenging capacity of 10.9 pg/mL (ECs).

The results of our study showed that the DPPH radical scavenging
activity of PLA-b-PHEMA-g-CA was comparable to that of well-known
positive controls such as ascorbic acid and butylated hydroxyanisol,
which have reported activities of 1.09 ug/mL and 3.74 ug/mL, respec-
tively, in existing literature [34].

In a previous study reported from Damasceno et al., one of the
antioxidant mechanisms of the caffeic acid molecule is through the
reduction of hydroxyls attached to the benzene ring by radicals. The
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resulting radical becomes stable by ring resonance [35]. In this study,
Table 3 . . . o . X
caffeic acid was linked to the polymer chain via the carboxylic acid
Molecular masses of the polymers. o . . . -
group, and unmodified hydroxyl groups participate in this antioxidant
Polymer My, theo M, nmr M, crc PDI GPC Eluent mechanism.
(kDa) (kDa) (kDa) The antimicrobial activities of the polymers were evaluated using
PLA-Br 9.65 12.85 18.19 1.80  THF E. coli and S. aureus bacteria. Inhibition zones of disks containing the
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Fig. 5. Linear regression curve of PLA-b-PHEMA-g-CA.

antimicrobial activity with a small inhibition zone against S. aureus and
E. coli when compared to positive control (chloramphenicol). This may
be due to the low water solubility and, in turn, the diffusion difficulties
of PLA-b-PHEMA-g-CA. The PLA-b-PHEMA-g-CA was designed as non-
immigratory agent; thus, the small inhibition zone was not surprising.
On the other hand, as can be seen in Figure S5, inhibition zone of PLA-b-
PHEMA-g-CA demonstrate that material has antimicrobial activity
against E. coli and S. aureus.

3.3. Characterization of films prepared from blends of PLA/PLA-b-
PHEMA-g-CA

Films with different compositions were obtained by blending regular
PLA and caffeic acid containing PLA copolymers (Table 5). The water
contact angle measurements were employed to evaluate the surface
hydrophilicity of PLA films, as shown in Fig. 6. The neat PLA film and the
film with 3 % PLA-b-PHEMA-g-CA had similar contact angles around
60.95° and 62.77 °, respectively. Further increase in content of PLA-b-
PHEMA-g-CA resulted in decrease in water contact angles (Table 5),
since PLA-b-PHEMA-g-CA is relatively hydrophilic compared to neat
PLA.

Young’s modulus, tensile strength and elongation at break of the film
samples were determined by stress-strain test and summarized in
Table 6. The results indicate that addition of PLA-b-PHMEA-g-CA
decreased both the modulus and elongation at break in comparison to
PLA-0 % PHC film. The decrease Young’s moduli can be concluded that
the block copolymer has plasticizer effect and the material becomes
more flexible. This is beneficiary for PLA films since commercial PLA is
too rigid for packaging materials because of high crystallinity and re-
quires plasticizer. This result is consistent with literature examples
[36,37]. However, surprisingly the tensile strength and elongation at
break were lower than those of neat PLA. Relatively higher hydrophilic
nature of the block copolymer may cause phase separation and, in turn,
decrease in the mechanical properties. The main purpose of the study is
to fabricate a PLA material with antioxidant and antibacterial properties
instead of improving mechanical properties.

Table 4
Antimicrobial activity of block copolymers against E. coli and S. Aureus.

Average Inhibition Zones (mm)

Samples Escherichia coli Staphylococcus aureus
PLA-b-PHEMA 8.1 —

PLA-b-PHEMA-g-CA 8.8 9.1

Chloramphenicol 26.2 24

Blank (DMSO) 8.0 -

Table 5
Water contact angle measurements of the PLA films.

Name PLA PEG PLA-b-PHEMA-g-CA Water contact
% % (PHC) angle (°)

PLA-0 % 95 5 0 61.0
PHC

PLA-3 % 92 5 3 62.8
PHC

PLA-5 % 90 5 5 56.3
PHC

PLA-7 % 88 5 7 54.2
PHC

PLA-10 % 85 5 10 41.2
PHC

To gain further insight, thermal properties of the films were evalu-
ated with DSC measurements. As no Ty, was observed in its thermogram,
PLA-b-PHEMA-g-CA is considered as non-crystalline. On the other hand,
the neat PLA and the films exhibited melting temperature ranging be-
tween 167-177 °C. There is a slightly decline trend in the T}, values with
increasing block copolymer content as can be seen in Fig. 7. This is
because the presence of the block copolymer affects arrangement of PLA
polymer chains and the packing density of PLA yielding slight decrease
in Typ. Similar behavior was observed by others when PLA was grafted
with maleic acid [38].

3.4. Bioactivity of films

The antioxidant properties of the film samples were investigated by
assessing its ability to scavenge the stable DPPH radical. While the PLA-
b-PHEMA block copolymer initially lacked inherent antioxidant prop-
erties, grafting of caffeic acid enhance the antioxidant capability of
block copolymer. The PLA-b-PHEMA-g-CA polymer was blended with
commercial PLA to impart antioxidant properties to the film samples,
and it was found that the antioxidant activity increased with the
increasing ratio of this bioactive polymer in films, according to the re-
sults as given in Table 7. The hydroxyl groups attached to the benzene
ring of caffeic acid were identified as having the capacity to reduce the
stable DPPH radical [39]. Caffeic acid donates electrons or hydrogen to
free radicals, converting them into more stable forms. The resulting form
of caffeic acid is also stable, thanks to the resonance effect of the aro-
matic ring. In this study, caffeic acid was covalently grafted from the
carboxyl group to the polymer, and the available hydroxyl groups in the
molecule interacted with radicals, demonstrating antioxidant properties
without diffusion into the environment.

The incorporation of grafted copolymer in PLA films (PLA-b-PHEMA-
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Fig. 6. Water contact angle measurements of PLA films blended with various amount of PLA-b-PHEMA-g-CA.

Table 7
Antioxidant activity of film samples.

G. Diiz et al.
PLA 61.74°/60.15°
PLLA_ % 7PHC 56.86° / 51.57°
Table 6
Tensile test results of films.
Sample Young’s modulus Tensile strength Elongation @ break
(MPa) (MPa) (%)
PLA-0 % 1900 30.1 5.29
PHC
PLA-3 % 1007 29.42 3.96
PHC
PLA-5 % 720 14.71 1.79
PHC
PLA-7 % 661 15.89 2.76
PHC
PLA-10 % 606 7.32 1.1
PHC
T =177°C
S5
8 Neat PLA
Q.
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Fig. 7. Second heating DSC thermograms of film samples and precur-
sor polymers.

Sample Scavenging activity on DPPHe (%)
Blank 0,737 + 0,004

PLA-3 % PHC 6,248 + 0,008

PLA-5 % PHC 50,851 + 0,752

PLA-7 % PHC 55,55 + 0,812

PLA-10 % PHC 84,989 + 0,432

g-CA) has been shown to decrease S. aureus bacterial growth with
increasing concentration as shown in Figure S6. The number of colonies
of S. aureus were 69x107, 28x102% 13x102, 5x102, 3x10? for blank, 3 %,
5 %, 7 % and 10 % PHC, respectively. The plates were too many colonies
to count (TNCC) the cultures of E. coli, however, it appeared that the
density of colonies on the plates had slightly decreased. These results
suggest that the films exhibited stronger antimicrobial activity against
S. aureus than E. coli, likely due to the differences in cell wall structure
between gram-positive and gram-negative bacteria.

4. Conclusions

The present study describes the synthesis and characterization of a
caffeic acid grafted poly(lactide)-block-poly(2-hydroxyethyl methacry-
late) copolymer (PLA-b-PHEMA). Additionally, the study investigates
the mechanical and bioactive properties of films produced by blending
various amounts of the grafted copolymer with commercial PLA. The
study began with the successful synthesis of a dual initiator, BNMP, that
contains both a hydroxyl group for ring-opening polymerization (ROP)
and an alkyl bromide for atom transfer radical polymerization (ATRP).
ROP of lactide was achieved exclusively through chain growth initiated
from the hydroxyl group of the initiator. Then, 2-hydroxyethyl meth-
acrylate (HEMA) was polymerized by controlled radical polymerization.
Eventually, caffeic acid was grafted onto PHEMA segments of the
copolymer via Steglich esterification reaction. The synthesized com-
pounds were characterized using NMR, IR, and UV-Vis spectroscopies,
and their bioactivities, including anti-oxidant capacity and antibacterial
effect, were investigated. The caffeic acid grafted copolymer (PLA-b-
PHEMA-g-CA) exhibited antimicrobial activity against E. coli and S.
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aureus in in-vitro tests. The approach developed in the current work can
be extended by utilizing various polymer backbones and bioactive
pendant groups. The resulting polymer can then be blended with other
types of polymers to create new materials with new properties for not
only packaging and but also many other applications.
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