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Abstract

Sustainable poly(lactic acid) (PLA)/propylparaben (PPB) composite based films were fabricated via solution casting approach.
The assessment of PLA/PPB composite films in terms of active food packaging characteristics like thermal, mechanical,
UV-Vis, oxygen barrier, anti-bacterial as well as anti-oxidant effect is carried out. The PLA/PPB-5 composite film resulted
in three-fold (23%) increase of elongation-at-break while maintaining a tensile strength (42 MPa) in comparison with PLA
film. Consequently, the PLA/PPB-5 composite film displayed a 70% UV-B blockage and reduced the oxygen transmission
rate by 52% as compared to PLA film. Further, the PLA/PPB-5 composite film exhibited significant improvement (52%)
in the radical scavenging activity which can be really helpful to keep the food products fresh for longer periods. The PLA/
PPB filler showed good antibacterial activity against food-borne bacteria [Staphylococcus aureus and Escherichia coli].
The fabricated PLA/PPB composite films have shown desirable active food packaging characteristics and therefore may be
suitable for food packaging applications.
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Introduction

Conventional plastics have demonstrated high versatility
since their commercial introduction, as they are light in
weight and present suitable mechanical as well as barrier
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properties. Plastics have found a wide variety of use in food
and logistics packaging, medical equipment, construction,
and agriculture [1, 2]. Conventional plastics derived from
petrochemical resources are mostly non-biodegradable and
thus raise a serious environmental concern. This further led
to increased interest for biodegradable polymers based on
renewable sources for packaging applications [3, 4]. Poly
(lactic acid) (PLA) has emerged as a promising biopolymer
to replace petroleum-based polymers due to its compostabil-
ity, low carbon footprint, mechanical properties, easy pro-
cessability and inexpensive nature in comparison with other
polymers [5]. However, PLA still exhibits some drawbacks
such as high brittleness, poor elongation at break and oxygen
barrier properties, which will hinder its wide applicability
for food packaging applications [6, 7].

To address these issues, PLA has been combined with
other polymers [8], both organic and inorganic fillers [9],
plant and animal extracts [10], and incorporating with bio-
fillers [11] to improve active packaging film properties such
as UV-light blocking, antioxidant, and antimicrobial activ-
ity. Blown film extrusion process was used to prepare poly
(lactic acid)/poly (butylene-succinate-co-adipate) (PLA/
PBSA) blends containing 3 wt% and 6 wt% of thymol. The
PLA/PBSA/thymol blends were shown to exhibit in vitro
antifungal activity against Aspergillus spp. and Penicil-
lium spp. The antifungal activity of thymol is due to the
hydroxyl groups of volatile compound and presence of a
delocalized system allowing the hydroxyl group to release its
proton. The composite films were found to present effective
gas barrier properties by reducing the water vapor (33%),
oxygen (24.5%) and carbon dioxide (36.4%) permeation in
comparison with PLA. Studies on the effect of this com-
posite as packaging material for bread showed significant
improvement in active packaging property in comparison
with PLA [8]. In 2022, Santos et al., studied the antibacterial
capabilities of MXene (Ti;C,T,) to produce active contact
surfaces for food packaging based on PLA polymer. In this
work, PLA/MXene films were developed by solution casting
process and investigation on its antibacterial activity against
Listeria mono-cytogenes and Salmonella enterica (Gram-
positive and Gram-negative, respectively) was carried out.
For 0.5 wt% of MXene loading in PLA, 99.99% bactericidal
activity was shown against both Listeria and Salmonella by
the composite. Further, the non-cytotoxic nature of the PLA/
MXene (0.5 wt%) composite was also confirmed, which rec-
ommends its suitability for food packaging application [9].

A three-component filler composed of fumed silica (FS),
iron (fe), and tea polyphenols (TP) was integrated into PLA
for preparing active packaging-based composites. Using
this, release based active coating formulation was prepared
and shown to exhibit ~4-log reduction (99.99%) against
Gram-positive (S. aureus) and the Gram-negative (Pseu-
domonas aeruginosa and S. enterica) bacteria with just

10 wt% loadings of filler in the PLA matrix. This can be
related to the generation of noxious reactive oxygen spe-
cies (ROS) like hydroxyl radical (OH) by the Fe (II) ions
exerting antibacterial effects through the causing damage
and eventually inhibition. The PLA/FS/fe/TP composite
film also exhibited ~67% increase in antioxidant activity.
Green tea polyphenols have the capacity of radical stabili-
zation, which improves free radical scavenging activity [10].
In 2014, Hassan et al., synthesized bio-calcium carbonate
(bio-CaCOj3) through mechanochemical and ultrasonic irra-
diation techniques from waste eggshells. The bio-calcium
carbonates (1-3 wt%) were integrated into Bioplast GS
2189 (PLA/Starch) polymer matrix via solution mixing to
improve its mechanical and thermal properties. The Bio-
plast GS 2189/bio- CaCO; (2 wt%) exhibited improvement
in terms of mechanical characteristics. The flexural strength
and modulus were found to be enhanced by 35.3 and 30.5%,
respectively. The Bioplast GS 2189/bio-CaCO; composites
films also demonstrated 62% blockage in UV transmis-
sion, which signified its potential for active food packaging
[11]. PLA/clove essential oil/alkali-treated halloysite nano-
tube composite films exhibited significant improvement in
active packaging properties. The surface hydrophobicity
was found to be improved by 20.2%, which in turn reflected
enhancement in water vapor barrier by 42.1%. Tremendous
improvement in terms of flexibility (682%) was achieved as
compared to neat PLA [12].

Recently, food additives are explored as reinforcements
in PLA matrix and investigation on their active food pack-
aging characteristics have received considerable attention
[13-15]. Bio-based packaging material with capabilities of
sensing ammonia vapor and food spoilage have been devel-
oped by integrating curcumin into a blend of PLA/poly-
propylene carbonate (PCC). The presence of curcumin in
the PLA matrix was reported to effectively block UV light
(98%) which can be attributed to the absorption of UV light
by phenolic groups in curcumin. The composites reported
excellent transparency as well. The hydrophobic PLA/PCC/
Curcumin composites films were shown to exhibit reduction
in oxygen permeability values (66% for 40 wt% of PCC).
PCC is generally known to exhibit lower oxygen perme-
ability compared to PLA. Hence, when they are blended,
the composites exhibit lower oxygen permeability. Further,
the PLA/PCC/Curcumin composite films showed better anti-
oxidant property (49.3 +£2.7% within 24 h) and displayed
colour change in response to ammonia vapor released dur-
ing food spoilage. Owing to the excellent UV blockage, O,
barrier, antioxidant, and ammonia sensitivity features, it was
concluded that PLA/PCC/curcumin composites could effec-
tively be used for active food packaging applications [15].

Parabens belong to the family of esters of para-hydroxy-
benzoic acid, which include methylparaben, ethyl paraben,
propylparaben, butylparaben. Parabens were reported to
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exhibit effective antifungal, antimicrobial and preservative
features. Among the paraben family, propylparaben (PPB)
is a naturally occurring compound found in some plants and
insects [16]. Propylparaben have been commonly used as
preservatives for several decades in wide range of products
like food stuffs, cosmetics, pharmaceuticals, and industrial
products [17, 18]. The effect of slow release of PPB from
styrene-acrylate polymer coating was used to understand its
effect on the inhibition of growth of Saccharomyces cer-
evisiae [19]. All these features speculate that PPB could be
explored as additive in the PLA matrix and envisage the
active food packaging properties of PLA/PPB composites
films, which has not been documented earlier.

In the current work, PLA/PPB composites with different
wt% loadings (1, 3, 5, and 10 wt%) of PPB were fabricated
using solution casting approach. The influence of wt% load-
ings of PPB on the physicochemical characteristics of PLA
is investigated. Further, thermal, mechanical and oxygen
barrier properties of PLA/PPB composite films were also
studied. To explore the active food packaging properties
of PLA/PPB composite films, examination of UV-Visible
light barrier properties, anti-oxidant potential, antibacterial
effect along with migration as well as release studies was
performed.

OO,

OH

Chemical Structure of PPB

Materials and Methods
Materials

The bio-polymer matrix poly (lactic acid) (Ingeo™ Biopoly-
mer 4043D) was supplied by NatureWorks LLC, USA [spe-
cific gravity of 1.24 g/cc and molecular weight: 160 g/mol].
Propyl-4-hydroxybenzoate or propyl paraben (PPB) was
used as an additive in the PLA matrix and supplied by Sigma
Aldrich. The organic solvent “chloroform” is used for solu-
bilization of PPB and PLA. For FTIR spectroscopy measure-
ments, potassium bromide (KBr) powder was used. Both the
chemicals were procured from Sisco Research Laboratories,
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India. The antioxidant activity reagent ‘2, 2-diphenyl- 1-pic-
rylhydrazyl (DPPH)” was supplied by Sigma Aldrich, USA.
For migration analysis, Tenax was used as the dry food sim-
ulant and supplied by Sigma Aldrich, USA.

Preparation of PLA/Propylparaben Composite Films

The solution casting method was used to fabricate the
PLA and PLA/PPB composite films. Under ambient cir-
cumstances, 1 g of PLA was dissolved in chloroform and
homogenized until a clear solution was formed. The result-
ing solution was then casted onto a flat petri dish and dried
at room temperature for 24 h. Following solvent evaporation,
the films were peeled off and dried at 40 °C under vacuum
for 24 h to allow for complete evaporation of solvent. To
fabricate PLA/PPB composite films, different concentra-
tions of PPB (1, 3, 5, and 10 wt% w.r.t. to PLA) were mixed
with 30 mL of chloroform and subjected to sonication. For
1 h, the homogenization procedure was continued until a
clear solution was achieved. PLA was similarly solubilized
with chloroform, as stated herein. Following by this, the two
solutions were combined and sonicated for 2 h to achieve
appropriate homogenization. The rest of the technique for
preparing PLA/PPB composite films is the same as PLA.
The as prepared PLA/PPB composite films were named as
PLA/PPB-1, PLA/PPB-3, PLA/PPB-5, and PLA/PPB-10,
respectively.

Characterization
Thermogravimetric Analysis (TGA)

TG analyzer (NETZCH, Germany & Model: STA 2500)
was used to acquire the thermal decomposition profile for
PLA and PLA/PPB composite films. The PLA and PLA/
PPB composite films (5 +0.2 mg) were weighed, and ther-
mal analysis was carried out in the temperature range of 25
to 600 °C at a heating rate of 10 °C/min. The experiment
was carried out in a nitrogen (N,) atmosphere with a gas
flow rate of 100 mL/min.

Differential Scanning Calorimetry (DSC) Analysis

DSC analyser METTLER TOLEDO, Switzerland & Model:
DSC 1) was used to measure the glass transition tempera-
ture (Tg), cold crystallization temperature (7,,.), and melting
temperature (7,,) of PLA and PLA/PPB composite films.
Approximately, PLA and PLA/PPB composite films (5+0.2
mg) were weighed and hermetically sealed in aluminium.
pans for this study. The samples were then heated from 25
to 200 °C at a rate of 5 °C/min under N, atmosphere (flow
rate of 100 mL/min) and kept isothermally at 200 °C for 5
min to erase the thermal history. The second heating cycle
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was used to determine the thermal characteristics of PLA
and PLA/PPB composite films. The degree of crystallization
(X,) for PLA and PLA-PPB composites was thus calculated
from Eq. (1):

(AHm — AHc)

Xe(%) = [ AHmO

] x 100 (1)

where AH. is the enthalpy of crystallization and AH,,, is the
enthalpy of fusion, and AH,,, is the theoretical enthalpy of
100% crystalline PLA (93 J/g) [15].

X-ray Diffraction (XRD) Analysis

XRD analyzer (Bruker, Germany & Model: D8 Advance)
was used to obtain the diffraction pattern for PLA and PLA/
PPB composite films. The XRD data was acquired in the
26 range of 5-50° with slow scan rate of 10° s~!. Under
ambient conditions, the instrument was operated at 40 kV
and 30 mA.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectrometer (Bruker, Germany & Model: TENSOR
27) was used to obtain infrared spectra for PLA and PLA/
PPB composite films. The measurements were carried out
using attenuated total reflectance (ATR) mode. The IR meas-
urements for PLA and PLA/PPB composites samples were
performed in the wavenumber region of 4000—400 cm™!
with a resolution of 4 cm™'. Using KBr powder in pellet
mode, the IR spectrum for filler was obtained.

Morphological Analysis

Field emission Scanning electron microscopy (FE-SEM)
(Carl Zeiss, Germany and Model: 27 PerkinElmer Spec-
trum Two) was utilized to analyse surface and cross-section
morphology for PLA and PLA/PPB composite films, with
an accelerating voltage of 5 kV. SEM analysis was used to
examine the distribution of PPB in the PLA matrix. Prior to
imaging, the samples were gold sputtered for 120 s under
vacuum. To produce clear images of the cross-section, imag-
ing was performed utilising a customised sample holder.

UV-visible Spectrophotometry Analysis

UV-Visible spectrophotometer (SHIMADZU, Japan &
Model: UV-3600 plus) was employed to measure the UV-
blocking and visible light transparency measurement for
PLA and PLA/PPB composite films. The PLA and PLA/
PPB composite films were analysed in the wavelength range
of 200-700 nm.

Mechanical Analysis

Universal testing machine (Tinius Olsen, USA and Model:
H5K) was used to evaluate the mechanical characteristics
like tensile strength (TS) and elongation-at-break (EB %) for
PLA and PLA/PPB composite films. ASTM D882 standard
was followed for sample preparation and measurements. The
cross-head speed was kept at 20 mm/min, and the grip sepa-
ration was kept at 20 mm. The dimension of the sample used
for analysis was fixed to be 20X 10 0.05 mm. The measure-
ment was carried out in triplicate runs for each sample and
the mean values were reported.

Oxygen Transmission Rate (OTR) Analysis

Gas permeability tester (M/S Labthink, China & model:
PERME VAC-VBS) was used in order to obtain informa-
tion about oxygen permeation characteristics of PLA and
PLA/PPB composite films. The ASTM D1434 standard was
adopted, and the proportional mode was used. During the
analysis, temperature and relative humidity were maintained
to be 30 °C and 50%, respectively. For O,, an inlet pressure
of 5 bar was set, and the test regime ranged from 0.1 to
100,000 cm*/m? for 24 h. 0.1 MPa. The average OTR value
was obtained from the analyser directly by performing trip-
licate analysis for each sample.

Antioxidant Activity

The free radical scavenging activity (RSA) of PLA and PLA/
PPB composite films was determined using 2, 2-diphenyl-
1-picrylhydrazyl (DPPH). The sample was incubated for 24
h by immersing ~100 mg of PLA and PLA/PPB composite
films in 10 mL of DPPH/methanol solution [20]. The con-
trol solution was made with pure DPPH. After incubation,
absorbance (at 517 nm) was measured with a UV-Visible
spectrophotometer (SHIMADZU, Japan, Model: UV-3600
plus). The following formula (2) was used to corroborate the
antioxidant activity of the samples.

[(Ac - As)] o

Ac

RSA(%) = 100 2

where, A, and A, corresponds to absorbance readings for
control and test film DPPH solution, respectively. For each
sample, the antioxidant activity was evaluated in triplicate
runs.

Antibacterial Studies

The antibacterial activity of PLA and PLA/PPB composites
was evaluated using a modified turbidity assay method, as

@ Springer



3302

Journal of Polymers and the Environment (2024) 32:3298-3312

described by Zhang et al., 2014 [21]. The bacterial suspen-
sions based on Gram-positive S. aureus and Gram-negative
E. coli were prepared with the concentration of ~10°~10°
CFU/mL. About 200 mg of PLA and PLA/PPB films were
added to the bacteria-containing Luria Broth (LB) medium
[1.0 g tryptone, 0.5 g yeast extract powder, 1 g NaCl mixed
in 100 mL deionized water]. The suspension was incubated
at 37 °C with gentle shaking (200 rpm). The optical density
(OD600) of the samples at 600 nm was measured every 3 h
over a period of 12 h. The bacterial activity of test films as
compared to control was reported.

Migration Analysis

Migration studies for PLA and PLA/PPB composite films
were performed in accordance with EU FCM Regulation
(EU) 10/2011, using Tenax as a dry food simulant [22]. The
PLA and PLA/PPB composite film samples were cut to 20
mm in diameter and sandwiched between 40 mg of Tenax
on each side. The samples were then placed in a clean petri
dish and heated at 70 °C for 2 h. Following this, samples
were weighed to determine the overall migration of PPB
into Tenax. For the migration analysis, the following Eq.
(3) was utilized.

(m, — mf)
S

x 1000 3)

where ‘M ‘corresponds to overall migration (mg/dm?), my
(mg) and m, (mg) corresponds to the initial and final mass of
Tenax, respectively. ‘S’ represents the surface area of com-
posite films (dm?). For each sample, measurements were
taken in triplicate runs.

Propylparaben Release Test

The propylparaben release test for PLA/PPB composite films
was performed according to the procedure published by Roy
and Rhim et al. [20]. Test samples (2.5 X 2.5 cm) were incu-
bated for 24 h at 37 °C in a conical flask containing 20 mL of
distilled water. At regular intervals (0, 24, 48, 72, and 96 h),
the absorbance at 420 nm was determined using 2 mL of the
collected solution and data was recorded using a UV—Visible
spectrophotometer (SHIMADZU, Japan & Model: UV-3600
plus). The amount of PPB release was determined as ug
PPB/mm? of film using a standard curve.

Statistical Analysis

The mean + standard deviation (S.D.) was reported for all
analyses performed in triplicate runs. For the statistical anal-
ysis, GraphPad prism® version 7.0 software was used. To
examine the statistical significance of the data, the one-way
ANOVA test was utilised. *p 0.05, **p 0.01, ***p 0.001, and
**#%%p (0.0001 were judged significant (when n=3). Values
with *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001
were thought out as significant (where, n=3).

Results and Discussion
TGA

The thermal degradation profile for PPB and PLA/PPB com-
posites are presented in Fig. 1. In Fig. 1a, it can be noticed
that the degradation of PPB occurs in the temperature
regime of 150-240 °C. In this region, ~95% of weight loss
is recorded for PPB. The thermal analysis results obtained

——PLA
——PLA/PPB-1
——PLA/PPB-3 357 °C
80+ —— PLA/PPB-5 235°C
- ——PLA/PPB-10 — | —PLA
N A
S ——PPB 5 | —PLA/PPB-1
= 60 - . | —pPLAPPB-3
= 8 | —PLaAPPB5
<)) = | —pLarPB-10
© B | —rprB
; 0
< 40 3 - 353°C
~ 348 °C
204 — 358 °C
360 °C
1@
I S — " mse 100 200 300 460 560 v 600
100 200 300 400 500 600
Temperature (°C) Temperature (°C)
Fig.1 a TGA and b DTG curves for PPB, PLA and PLA/PPB composites
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Table 1 TGA results for PPB, PLA and PLA/PPB composites

Samples Tioq, CC)  Tspq (°C)  Tpay (°C)  Residue (%)

PPB 180 219 235 3
PLA 317 351 357 0.3
PLA/PPB-1 303 341 348 5
PLA/PPB-3 304 346 353 6
PLA/PPB-5 321 354 358 9
PLA/PPB-10 323 355 360 10

for PPB also revealed the formation of char residue, which
corresponds to 4 wt%. It can be seen from Fig. 1a that the
PLA undergoes two stage degradation process. The first
stage of degradation (below 120 °C) is mainly due to the
loss of absorbed moisture. The second stage of degradation
(300-380 °C) is associated to the breaking up of the PLA
backbone via trans-esterification reaction [23].

The PLA/PPB composites also undergo double stage deg-
radation process like PLA. In order to understand the ther-
mal degradation behaviour of PLA/PPB composites, T,
(thermal decomposition when 10% weight loss occurs), Tsyq,
(temperature at which 50% weight loss occurs) and 7,,,,
(temperature at which maximum degradation occurs) are
derived from the thermal degradation profile and presented
in Table 1. It can be observed from Table 1 that the PLA
exhibits T, at 317 °C. The T, T5qq and T, for PLA/
PPB composites tends to decrease till 3 wt% loadings of PPB
in the PLA matrix. With further increase in the wt% load-
ings (5 and 10 wt%) of PPB in the PLA matrix, the thermal
stability of the composites is observed to shoot up. This may
be associated with the formation of char residue in the case
of PLA/PPB (5 and 10 wt%) composites. This may be due
to the formation of thermally resistive char on the surface
of PLA/PPB composites. This in turn leads to the protection
of bulk material during the thermal degradation process.
Similar results have been reported by Liu et al. in which the
increase in wt% of filler concentration led to an increase in
the wt% of thermally resistive char formation [24].

DSC Analysis

The DSC thermographs for PLA and PLA/PPB compos-
ites obtained during the second heating cycle are shown
in Fig. 2 and the values for thermal characteristics are
summarized in Table 2. From Table 2, it can be observed
that the glass transition temperature (7,) for PLA occurs
at 62 °C. The T, of the PLA/PPB composites show gradual
reduction with respect to wt% loadings of PPB in PLA

IPLAIPPB-10 | T._=110°C
l 1
T =53°C

g

|

|
—— PLA/PPB-5 T,=174°C
T

PLA/PPB-3

—— PLA/PPB-1

T, =173°C

40 60 80 100 120 140 160 180
Temperature (°C)

Fig.2 DSC thermographs for PLA and PLA/PPB composites

matrix. The decline in 7, observed for the composites
can be attributed to the plasticizing impact of PPB in the
PLA matrix. The cold crystallization (7.) for PLA film is
recorded at 97.5 °C, while PLA/PPB composites exhibit
increase in the T, with respect to wt% loadings of PPB.
The decrement in the intensity and widening of T, peak
for PLA/PPB composites is observed with increase in
the wt% of PPB in the PLA matrix. This indicates slower
crystallisation process for PLA in the presence of PPB
additive. It can be seen from Table 2, that PLA/PPB com-
posites demonstrate an increase in the % crystallinity (10.9
to 18.7%) in comparison with PLA. The PLA/PPB-3 and
PLA/PPB-5 exhibit slight decrease in the %X_ followed by
PLA/PPB-1 composite. Among all the composites, PLA/
PPB-10 records the lowest %X, value. The shift in T,
towards higher temperature side observed for all the PLA/
PPB composites and decrement in %X w.r.t wt% loadings
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Table 2 DSC results for PLA

and PLA/PPB composites Samples T CO 1 (O T O Al Aty X
PLA 62 975 173 5.26 15.40 10.9
PLA/PPB-1 56 106 173 36.58 19.04 18.74
PLA/PPB-3 56 106 174 4177 25.63 17.24
PLA/PPB-5 53 109 174 42.66 2679 16.94
PLA/PPB-10 53 110 174 21.09 16.23 13.73

of PPB correspond to slower diffusion rate of PLA towards
the surface of the nucleus during crystallization process.
The T, for PLA occurs at 173 °C, while the PLA/PPB-1,
PLA/PPB-5 and PLA/PPB-10 composite registers T, at
173 °C, 174 °C and 174 °C, respectively.

XRD Analysis

The XRD pattern for PLA and PLA/PPB composite films are
shown in Fig. 3. The XRD pattern obtained for PPB is iden-
tical with the JCPDS file [25]. It can be observed from Fig-
ure 3 that the PLA presents a dominant peak at 26 = 16.8°,
which is attributed to the reflections obtained from (1 1 0)/
(2 0 0) planes and confirms the orthorhombic a-crystalline
phase. The less intense peaks which appear at 260 = 14.9°,
19.2° and 22.6° are attributed to the reflections obtained from
(010),(203)and (2 10) planes, respectively. This in turn

——PPB
PPB
l"

- S —— PLA/PPB-10
=
©
N
> —— PLA/PPB-5
-
7
(=
[
b= —— PLA/PPB-3

— PLA/PPB-1

|1 | T T NN T U N R R

10 15 20 25 30 35 40 45 50
20 (degree)

Fig. 3 XRD pattern for PPB, PLA and PLA/PPB composites
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confirms the a-phase of PLA biopolymer. The XRD pattern
obtained for neat PLA represents the a-crystalline structure
[23, 26]. The PLA/PPB composites show predominant peak
for PLA at 20 =16.8° and this remains unchanged which
indicates that the lattice parameters as well as overall crystal
structure are not significantly affected by presence of PPB.
Further, the PLA/PPB-10 composite exhibits two additional
peaks at 20 = 24.4° and 25.8°, which corresponds to the
presence of PPB in the PLA matrix. In the case of other
PLA composites, the characteristic peaks representing PPB
are missing. This may be due to the lower wt.% loadings of
PPB in the PLA matrix.

—— PPB
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Fig.4 FITR spectra for PPB, PLA and PLA/PPB composites
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FTIR Analysis

The FTIR spectra for PPB, PLA and PLA/PPB compos-
ites are shown in Fig. 4. In the case of PPB, broad peak
observed at 3271 cm™! is attributed to O—H stretching. The
characteristic peaks recorded at 2980 and 2893 cm™! are
associated with asymmetric and symmetric C—H stretch-
ing of methyl groups. The peak at 1677 cm™' can be attrib-
uted to the stretching of C=0 functional group. The peaks
observed at 1280 and 1224 cm™' correspond to the presence
of C-O stretching [27]. It is also clear from Fig. 4 that the
characteristic peak for PLA appears at 1750 cm™! which
corresponds to the stretching of ester group in backbone
of PLA [28]. The peak observed at 1450 cm™! is associ-
ated to the bending of methyl groups in PLA. The asym-
metric bending of —-CH- groups in PLA correlates to the
occurrence of band position at 1361 cm™!. The presence of
peak at 1182 cm™! relates to the asymmetric stretching of
—C-O-C. The peaks at 1087 and 866 cm™' are associated

Fig.5 FE-SEM images ofa
surface morphology b) cross-
section morphology for PLA
and PLA/PPB composites

PLA/PPB-1

with the stretching behaviour of =C—0 and —C—C functional
groups of PLA [29]. Furthermore, an additional peak that
appears at 750 cm™~! corresponds to —-C—C— stretching in
the semi-crystalline phase of PLA biopolymer [30]. All the
characteristic peaks of PLA can be evidenced for PLA/PPB
composites. The predominant characteristic peak of PLA
observed at 1750 cm™! is shifted to a lower wavelength 1748
cm™! and the intensity of the peak is reduced for PLA/PPB
composites. The shift towards a lower wavelength might be
possible due to the interaction between C=0 group in the
ester linkage of PLA and the hydroxyl group of propylpa-
raben [31]. Furthermore, PLA/PPB composite has a small
peak at 1602 cm™! which corresponds to the C=C aromatic
stretching of PPB.

Morphology

The surface morphology of PPB, PLA and PLA/PPB com-
posite films were observed using FE-SEM analysis and their

’
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Fig.5 (continued)
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Table3 UV and Visible light analysis results for PLA and PLA/PPB
composites films

Samples UV @ Visible
320 nm @
(Blockage) 660 nm
(Trans-
parency)
PLA 48 81
PLA/PPB-1 60 47
PLA/PPB-3 58 43
PLA/PPB-5 70 40
PLA/PPB-10 85 30

representative images are shown in Fig. 5. The morphology
of PPB resembles like a bean shaped structure. In the case of
PLA, the surface of the film seems to be smooth and free from
cavities. Similar, observations were made from the cross-sec-
tion morphology images as well. The presence of PPB in the
PLA matrix is evident from the FE-SEM morphology of PLA/
PPB composites. In the case of PLA/PPB-10, agglomeration
could be visible, which may be due to higher wt% loadings.
The SEM analysis clearly shows that as the wt% loading of
PPB increases in the film, there is more agglomeration and
aggregation of the filler within the polymer matrix.

Transparency Analysis

The UV-Visible and contact transparency images for
PLA and PLA/PPB composites are shown in Fig. 6. The
UV-visible transmission is an important parameter to be
considered for prospective packaging material. In general,
UV blockage property is necessary to avoid discoloration,
nutrient loss and UV degradation [32]. Likewise, high vis-
ible transparency is also important to be achieved for see
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through packaging. It can be seen from Fig. 6a that the
PLA seems to block ~40% UV-B light at A=280 nm and
transmit ~82% of visible light at A="700 nm. In comparison
with PLA, the PLA/PPB composites show an increment in
UV blocking characterization and reduction in visible light
transmission. It can be seen from the Fig. 6a that the PLA/
PPB-10 composite exhibits ~85% UV-B blockage at A=320
nm. However, the highest UV-B blockage demonstrated by
PLA/PPB-10 is at the expense of significant reduction in
visible light transmission at A=660 nm. Therefore, PLA/
PPB-5 composite seems to be promising for food packag-
ing application, as it exhibits ~70% of UV-B blockage and
allows ~40% transmission of visible light. Further, it can be
observed from Fig. 6b that the PLA/PPB composites show
similar contact transparency like neat PLA (Table 3).

Mechanical Properties

The tensile strength (TS), elongation at break (EB) and
Young’s modulus (EM) obtained for PLA and PLA/PPB
composites are shown in Fig. 7. The TS of PLA is recorded
at 26 MPa, while the composites demonstrate slightly better
performance. The tensile strength of PLA/PPB-1 is recorded
at 42 MPa, which is the highest among all the composites.
The PLA/PPB-3 exhibits a slight decrease in TS (38 MPa)
which is closely followed by PLA/PPB-5 (39 MPa), respec-
tively. The least improvement in TS (32 MPa) is noticed for
PLA/PPB-10 compared to neat PLA. However, all the PPB
composites exhibit increasing in TS, which might be due to
the interaction between the C=0 group in the ester linkage of
PLA and the hydroxyl group of propylparaben as shown in the
FTIR analysis. The EB (flexibility) is a key feature to evaluate
the viability of any polymer composites in the food pack-
aging industry [33]. The EB value for PLA is 3.2%, which
shows PLA is brittle, and inflexible making it difficult to be

(a) (b)

Fig.6 a UV-Visible light transmission analysis and b contact transparency images for PLA and PLA/PPB composites
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Fig. 7 a stress-strain curve, b tensile strength, ¢ elongation at break and d Young’s modulus for PLA and PLA/PPB composite films. [*p < 0.05,
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employed in the food packaging industry. The presence of
PPB in the PLA matrix significantly improved the EB value.
The EB values for PLA/PPB-1 and PLA/PPB-3 are recorded
at 8.5% as compared to PLA. Among all the composites,
PLA/PPB-5 exhibits the highest EB value (12.8%), which
is an almost four-fold increase as compared to PLA with a
significant increase of (p <0.0001). Further, PLA/PPB-10
composites show drastic reduction in EB%, which might be
due to increased agglomeration at higher wt% loadings. This
indicates that the incorporation of PPB in the PLA matrix
significantly improved its flexibility while reducing its brit-
tleness. The best performance in terms of Young’s modulus

@ Springer

is exhibited by PLA/PPB-1 composite with the significance
of (P<0.01), which is then closely followed by PLA/PPB-3
and PLA/PPB-5 in comparison with neat PLA. Among all the
samples, PLA/PPB-10 records the lowest Young’s modulus
value than PLA films. These results indicate that the compos-
ites at lower wt% loading of PPB can withstand more stretch-
ing pressure without deforming unlike PLA.

Oxygen Transmission Rate (OTR) Analysis

The OTR is an important parameter required for food pack-
aging films in order to prevent the food from oxidative
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Fig.9 Antioxidant activity for PLA and PLA/PPB composite films.
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spoilage. Reduction in OTR helps in prevention of transmis-
sion from external environment through the films, such that
shelf-life of stored food can be extended. Figure 8 shows the
oxygen transmission rate (OTR) property for PLA and PLA/
PPB composites. It can be seen from Fig. 8 that PLA exhib-
its the highest permeation of O, through the film, which
indicates its poor O, barrier property. The addition of PPB in
the PLA matrix seems to achieve reduction in O, permeation
through the films. The maximum reduction in O, permeation
is exhibited by PLA/PPB-5 composites in comparison with
PLA. The reduction in OTR is associated with tortuous path
effect created by the presence of PPB in the PLA matrix. At
higher wt% loadings (10 wt%) of PPB in the PLA matrix,
the OTR tends to slightly increase, which may be due to the
agglomeration phenomenon. Yu et al., 2021, developed a

PLA based composite film reinforced with acetylated cellu-
lose nanocrystals and ZnO for active food packaging appli-
cation. Notably, PLA/ACNC/5%ZnO composite exhibits a
43% decrease in the OTR. Similarly, PLA/PPB-5 composite
demonstrates a 50% decrease in the OTR property which is
more suitable for the active food packaging application [31].

Antioxidant Activity

Antioxidant activity is an important property required for
packaging films in order to prevent the food from spoilage
due to oxidation process. The antioxidant activity of PLA
and PLA/PPB composite films were measured using the
DPPH radical scavenging activity, and the results are shown
in Fig. 9. The antioxidant activity of PLA seems to be sig-
nificantly higher with respect to the addition of PPB in PLA
matrix. The antioxidant activity exhibited by PLA/PPB com-
posites fall in the range of 67-73%. The antioxidant activity
of PPB can be attributed to the donation of hydrogen atom
present in the phenolic group of PPB. Similar, phenomenon
has been reported by PLA/Curcumin composite film for
active packaging films [20]. The improvement in terms of
anti-oxidant activity exhibited by PLA/PPB composite sug-
gests that this formulation could be effective for packaging
food products that are susceptible to oxidative stress during
storage. Yang et al. [34], recently developed PLA/ethylene-
vinylacetate-glycidyl methacrylate (NPG)/1LMP (lignin
microparticles) with high antioxidant properties (RSA 81%)
[34]. The PLA/PPB composites developed in the current
work also exhibits similar results in terms of antioxidant
properties.

Antibacterial Activity

The antibacterial activity for PLA and PLA/PPB films were
assessed using turbidity assay and the results are presented
in Fig. 10. It can be seen from Fig. 10 that the PLA exhibits
similar OD value like the control, which indicates the lack
of antibacterial activity in PLA. It was observed that incor-
poration of PPB in the PLA matrix hinders the growth rate
for bacteria in the suspension. The PLA/PPB-1 composite
shows slightly better antibacterial activity in both E. coli
and S. aureus suspensions in comparison with the control
sample. The antibacterial activity increases with the wt%
loadings of PPB incorporated in the PLA matrix. As com-
pared to control and PLA, PLA/PPB-5 and PLA/PPB-10
exhibits drastic increase in anti-bacterial activity (52 and
75%, respectively). The antibacterial activity of PPB is due
to the alteration of cell membrane properties through potas-
sium efflux which is aligned to the porin expression in the
membrane of the bacterial target, thereby hindering growth
and multiplication [18].
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Fig. 10 Antibacterial activity assessment for PLA/PPB composites using turbidity assay

Migration Studies

The overall migration (OM) studies for PLA and PLA/
PPB composites were carried out using Tenax as dry food
simulant. This study was performed to quantify the non-
volatile constituent amount present in the films which may
migrate during dry food storage and the results are shown
in Fig. 11. The migration test was carried out in accord-
ance with the European Union Commission Legislation
(EU) No. 10/2011 regulations and the acceptable limit
is set to be 10 mg/dm?. It can be seen from Fig. 11 that
the PLA records the least migration of ~2 mg/dm?. On
the other hand, the overall migration value for PLA/PPB
composites is found to be in the range of 2-9 mg/dm?.
The OM values obtained for all the PLA/PPB composites

-
o
1

Overal Migration (mg/dmz)

L L S I
I :

*

*

*

PLA PLAIPPB-1 PLA/PPB-3 PLA/PPB-5 PLAIPPB 10

Fig. 11 Migration analysis for PLA and PLA/PPB composite films
using tenax as dry food simulant. [*p < 0.05, **p < 0.01,¥**p <
0.001 and ****p < 0.0001 (one-way ANOVA)]
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films fall below the limit set by (EU) No. 10/2011 regula-
tions, which suggest their suitability for dry food packag-
ing application.

Propylparaben Release Test

The propyl paraben release profile for PLA/PPB compos-
ites are shown in Fig. 12. In the beginning, the release was
found to be slower and not noticeable. It can be seen from
Fig. 12 that increasing trend in release profile is observed
with respect to wt% loadings of PPB in the PLA matrix
throughout the analysis period (4 days). The slowest release
(3.0 ug/mm?) is exhibited by PLA/PPB-1 whereas the PLA/
PPB-10 composite is found to exhibit the highest release (5.6
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Fig. 12 Propylparaben release profile for PLA/PPB composites films.
[*p < 0.05, **p < 0.01,***p < 0.001 and ****p < 0.0001 (one-way
ANOVA)]
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ug/mm?) throughout the analysis period. The slow release of
PPB can be attributed to the poor water solubility of PLA in
the first instance and also the low solubility of PPB in water
which limits its diffusion into the distilled water medium.
The pore structures of polymer matrixes and their solubil-
ity in water are important factors in the nature of release of
bioactive fillers from their composites [35, 36].

Conclusions

In the current work, propylparaben “PPB” is used as an
additive in the PLA matrix and its active food packaging
characteristics are envisaged. The incorporation of PPB in
the PLA matrix shows reduction in the 7},,, value as com-
pared to PLA film. From the DSC analysis, increment in the
T,. value for PLA/PPB composite reveals that the presence
of PPB in the PLA matrix suppresses the diffusion rate of
PLA chains to the surface of the nucleus and hence slows
down the rate of crystallization process. The PLA/PPB-5
composite films showed 70% blockage of UV-B light at 320
nm while maintaining 40% transparency at 660 nm. The
reinforcement of 5 wt% loading of PPB in the PLA matrix
significantly improved the elongation-at-break by almost
four-fold increase with a significance of (p <0.0001) in
comparison with PLA film. The PLA/PPB composite films
are found to be effective in controlling the growth of food
borne pathogenic bacteria (E. coli and S. aureus). The
PLA/PPB composites have shown significant improvement
(70%) in the DPPH scavenging activity with significance of
(p<0.0001). The migration analysis carried out for PLA/
PPB composites revealed that the quantified OM values are
found to be within the set limit of 10 mg/dm? as per EU
regulation. The PLA/PPB-5 composite film shows promis-
ing feature in terms of UV-blockage, antioxidant property,
enhanced ductility, as well as antibacterial characteristics,
and therefore can find potential application as active food
packaging material.
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