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Intrinsically Antibacterial Carbon Nanoparticles Optimally Entangle
into Polymeric Films to Produce Composite Packaging
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ABSTRACT: The quality of food, pharmaceutical, or sustainability
products is generally maintained through optimal storage conditions or
the use of packaging films. Herein, an intrinsically antibacterial and
improvised polylactic acid-based film (hpp-PLA-film) has been produced
by introducing a microwave-assisted synthesis process of carbon nano-
particles produced from hemp fibers (hf~CNPs). These high-performance
packaging (hpp-PLA) films were produced with different percentages of
loaded hf-CNPs, i.e., 0.05 and 0.5% (w/w), called hpp-PLA-0.05-film and
hpp-PLA-0.5-film, respectively. The chemical entangling of hf-CNPs in @:’:’ @
PLA films was probed by various physicochemical, thermal, and

mechanical characterization methods. The antibacterial properties of ” subtilis
hpp-PLA-films could inhibit bacterial growth and outperform kanamycin,
at least for longer time periods. Overall, it could be established that the
produced hpp-PLA-0.05-film not only was better in mechanical, antibacterial, dissolution, and physical impact sustainability but also
had biodegradation properties and may be a better alternative for regular PLA-based packaging composites in the near future.
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1. INTRODUCTION

Packaging is to help keep the objects inside fresh, sterile, clean,
and safe for the intended shelf life through physical protection
during transport, handling, and storage. It also protects from
humidity, light, heat, and other external factors, maintaining
information transmission about the product and its safety and
providing added convenience in distribution, stacking, and ease
of disposal." Petrochemical polymers, as materials to package
food, are often used due to their excellent mechanical
properties and low cost. However, these materials cause
substantial environmental difficulties, as they are difficult to
biodegrade, resulting in long-term waste and contamination. In
response to these environmental concerns, there has been
growing interest in producing packaging materials made of
blodegradable polymers and biodegradable polymer compo-
sites.”~* Most of the biodegradable polymers are derived from
natural sources,” have the advantage of decomposition through
natural processes including soil moisture, microorganisms,
oxygen, and are mineralized into carbon dioxide, nitrogen, and
water. The natural degradation is enabled by the nature of
these polymers, making them a more ecologically benign
option compared with their petrochemical counterparts.
Despite their environmental benefits, natural biodegradable
polymers tend to have inferior mechanical , barrier properties
and lower thermal stability than other petrochemical-based
alternatives.”™ ' These restrictions can impair their effective-
ness in packaging applications, where durability and protection
against external forces are critical. Thus, a new material with
good mechanical properties and biodegradability could be a
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better option. Polylactic acid (p-PLA) has emerged as a viable
answer to these difficulties. It is a biodegradable plastic that
offers a balance between environmental sustainability and
practical performance that is comparable to petroleum-derived
plastics in terms of cost, processing ease, and market
availability. Moreover, p-PLA is an aliphatic polyester noted
for its environment-friendly manufacturing along with better
biocompatibility and degradation properties.”™ The p-PLA is
produced from the condensation of lactic acid via ring-opening
polymerization."' ~*

Biodegradable packaging made from polymers, which
possess antibacterial properties too, either inherently or
through the integration of antibacterial components into
polymers, can provide enhanced benefits.'”">'® Such anti-
bacterial, polymeric packaging materials can be classified based
on the polymeric matrix and antibacterial agents used in the
preparation (Table S1). Earlier, different types of antibacterial
components like essential oils (e.g, cinnamon essential oil),
plant extracts (e.g,, lemon extract), bacteriocins (e.g., nisin),
enzymes (such as lysozyme), chitosan, organic acids (such as
lauric acid), metal nanocomposites (such as silver nano-
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particles), and chelating agents (such as EDTA) have been
used successfully.'”'*"” Antibacterial agents have distinct
inhibitory activity against certain microorganisms, and
determining the level that must be incorporated to effectively
inhibit the bacteria is paramount.'®" Further, depending on
the mechanism of action of the antibacterial agents, packaging
systems can be classified into three types—release, absorption,
and immobilization.'” The third type of antibacterial packaging
is preferred due to the long-term bacterial inhibition
possibility. Thus, to make an optimum packaging material, a
biodegradable polymer can be incorporated with natural
antibacterials with the immobilization method. The process
of producing natural antibacterial components generally
determines biocompatibility and degradability, but durability
and heat resistance remain limiting factors.””~>* To circumvent
these limitations, either antibacterial agents are incorporated
into nanomaterial systems or nanomaterials with inherent
antibacterial properties can be synthesized. Carbon nanoma-
terials (CNMs) could be such nanomaterials that can work as
performance enhancers for thermal, chemical, optical, and
mechanical properties of polymers,”~>* whereas intrinsic
antibacterial properties might be inculcated due to the source
material used in the process of synthesizing these CNPs. By
keeping these learnings in mind, to reinforce the concept of
environment-friendly packaging with enhanced performance
and intrinsic antibacterial properties, hf-CNPs have been
synthesized from natural hemp fibers.”” >

Hemp fibers are known to have antibacterial properties due
to phenolic acid and aldehyde components (vanillin,
syringaldehyde, vanillic acid, syringic acid, etc.),”” which
would remain intact if CNPs are produced from them by the
microwave method. Herein, we used the microwave method to
produce hf-CNPs, which were further optimally incorporated
in PLA films to generate high-performance polymeric PLA
films, named hpp-PLA-films. These films were characterized for
chemical, mechanical, thermal, morphological, surface, and
biological properties and compared with parent films of PLA,
named p-PLA. To show the efficiency of these hpp-PLA-films,
a model scenario of using a packaging film for essentials to
drop in flood-like situations was considered. A pocket water
filtration cartridge unit was used as a model essential for
packaging with hpp-PLA-films and demonstrating the efficiency
in simulated operational conditions.”

2. MATERIALS AND METHODS

2.1. Materials. The hemp fibers were supplied by Vruksha
Composites (India). Polylactic acid (Mw ~ 60,000) was
procured from Sigma-Aldrich (India). The chemicals used
were analytical grade and sourced locally. The chemicals
utilized during nanoparticle synthesis include sodium hydrox-
ide (NaOH), hydrogen peroxide (H,0,), sulfuric acid
(H,SO,), thiourea (NH,CSNH,), and ethanol (C,H;OH).
Chemical chloroform (CHCL;) was used to dissolve p-PLA
during film formation. The Luria—Bertani broth and
kanamycin for antibacterial studies were procured from
HiMedia (India) and Sigma-Aldrich (India), respectively.
The spin coater accessory was purchased from M/S Vision
Scientific (India).

2.2. Synthesis and Characterization of Intrinsically
Antibacterial Carbon Nanoparticles Produced from
Hemp Fibers (hf-CNPs). Carbon nanoparticles are known
to be synthesized by microwave synthesis followed by
centrifugation from different carbon sources (e.g., su-

crose).”>*® We utilized the same process in a microwave
synthesizer to effectively control the input parameters. The
carbon source utilized was microcellulose extracted through
acid digestion from hemp fibers.

2.2.1. Extraction of Microcellulose. The acquired hemp
fibers were washed with Milli-Q water to remove residual dust
and dried for 12 h in a hot air oven at 80 °C to eradicate excess
moisture. The fibers were ground to a powder form before
being added to 20 mL of S M NaOH at 80 °C with vigorous
stirring for 4 h. After NaOH treatment, the fibers were washed
thoroughly with Milli-Q water to remove the remaining alkali.
The bleaching of fibers was carried out in 3 mg/mL of 147
mM H,0,, pH 10.5, for 1 h at 55 °C followed by washing.
Then, 35% H,SO, was added to bleached fibers and treated for
4 h at room temperature with high-speed stirring. Finally, the
fibers were washed until all acid residues were removed. The
obtained microcellulose (MC) residue was dried to produce a
powder form by the process of lyophilization.

2.2.2. Microwave Synthesis of Carbon Nanopatrticles. The
generated MC was then treated with 12% (w/w) thiourea at
room temperature for 1 h at 130 °C in a microwave
synthesizer. The synthesized nanoparticle suspension was
sonicated for 30 min before being centrifuged at 3000 rpm
for 10 min. The centrifuge was further sonicated to increase
the homogeneity of the nanoparticles. The suspension was
further centrifuged at different centrifugation speeds (5000,
10,000, and 15,000 rpm). The pellet was resuspended in
ethanol and sonicated multiple times along with centrifugation
at 10,000 rpm for 10 min. The nanoparticles produced from
hemp fibers (hf-CNPs) were stored at 4 °C. The hf-CNP
suspensions collected after 5000, 10,000, and 15,000 rpm were
used for particle size determination by using dynamic light
scattering.

2.3. Preparation and Characterization of Optimally
Entangling of hf~-CNPs in Polylactic Acid Solution to
Produce High-Performance Packaging (hpp-PLA) Films.
2.3.1. Preparation of hpp-PLA- Films. The procured PLA
(MW 60,000, Sigma-Aldrich, 10% w/v) was dissolved in
chloroform (10 mL) and poured into a glass Petri dish for
preparation of p-PLA-films. In another aliquot of 10 mL of
chloroform solution of PLA, S mL of an ethanol suspension of
hf-CNP was added drop by drop with continuous stirring to
form a homogeneous solution. The hf-CNP-PLA suspension
was then poured into a glass Petri dish and allowed to dry at
room temperature for the next 2 days. For safe handling,
chloroform was always used in a chemical fume hood with
appropriate protective gear to avoid contact with skin, eyes,
and clothing. In the event of spills or leaks, chloroform was
absorbed with an inert material and disposed of as hazardous
waste in a sealed container, ensuring it did not enter drains or
the environment.

2.3.2. Characterization of hpp-PLA-Films. A rectangular-
shaped sample of the hpp-PLA-film (thickness 0.1 + 0.02 mm,
base width 14 & 0.2 mm, and base length 17 + 0.2 mm) was
prepared. The tensile strength of these films was measured in
an Instron dynamometer (model 1195) at a crosshead speed of
S mm/min with an initial length of 20 mm. The
thermogravimetric measurements were performed in a TA-
TGA Q500 thermal analyzer. The experiments were performed
under a nitrogen atmosphere in dynamic mode. Each crucible
was heated from 25 to 800 °C at 10 °C/min. The primary
degradation temperatures (T,) were established at 8% weight
loss, whereas the maximum degradation rate (T,,) was
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analyzed from the first derivative of the TGA curves. The
optical transmittance spectra were measured in a UV/Visible
spectrophotometer. The spectra were quantified in the range of
200—800 nm. The wettability was measured by using an
optical tensiometer (DataPhysics OCA). The surface top-
ography and roughness of the hpp-PLA -film were measured
through atomic force microscopy (A.P.E. Research A100). The
scanning area was 10 ym X 10 pum, and the vertical range was 6
pum. The specimens were prepared to meet the specific imaging
criteria of AFM, affixed to the sample platform using double-
sided adhesive tape, and examined using non-contact scanning
mode. A sharpened cantilever was used to obtain images,
which were then processed into 3D images. In order to
maintain consistency, images were taken from the center
region of each surface. The roughness values of three distinct
zones of each sample were calculated by analyzing them offline
using Gwyddion software. The measured roughness character-
istics consisted of the average roughness (S,), root-mean-
square roughness (S,), and the slope for each point of the area,
except the edge points (Syy). The hpp-PLA-film samples were
further characterized by FTIR spectroscopy (Bruker Tensor)
at 23 °C. The spectra in the range of 4000—400 cm™' with
automatic signal gain were amassed at 1 cm™' spectral
resolution.

2.3.3. Dissolution Studies of hpp-PLA-Films in Aqueous
and Buffered Medium. 100 mg of the p-PLA-film and hpp-
PLA-films were submerged in Milli-Q water with stirring at
100 rpm for 7 days. The samples were collected at 1, 2, 3, 4,
and 8 h time intervals for short-term dissolution studies. In
long-term dissolution studies, the samples were collected from
the first day to the seventh day at intervals of 24 h. Absorbance
was recorded from 200 to 800 nm against Milli-Q water.>”** A
1X PBS solution was prepared with pH (8.5) where 100 mg of
p-PLA-films and hpp-PLA-films were submerged in PBS with
stirring at 100 rpm for 7 days. The samples were collected at 1,
2, 3, 4, and 8 h time intervals for short-term dissolution studies.
In long-term dissolution studies, the samples were collected
from the first day to the seventh day at intervals of 24 h.
Absorbance was recorded from 200 to 800 nm against 1X PBS
buffer.

2.3.4. Antibacterial Properties of hpp-PLA Films. E. coli
and B. subtilis were used to assess the antibacterial activity of
these hpp-PLA films. Bacteria were grown aerobically in LB
media at 37 °C with shaking (120 rpm) to an optical density of
0.2 at 600 nm. The p-PLA and hpp-PLA films (200 mg/mL)
were added to the bacterial culture. The bacterial culture
without any addition was taken as a negative control, whereas
kanamycin was used as a positive control. The bacterial culture
with p-PLA and hpp-PLA-films was aerobically incubated at 37
°C with continuous shaking (120 rpm). The samples were
collected from the incubated bacterial culture at 0, 0.5, 1, 1.5,
2,25,3,35,4,5,6,7, 8,10, 12, 24, 48, 72, 96, 120, 144, and
168 h after incubation.’ The optical density was recorded at
600 nm to compute bacterial growth. The changed
morphology of bacteria after coming in contact with the hpp-
PLAfilm was imaged by SEM (Zeiss EVO 18) after 8 h of
incubation. For sample imaging, the p-PLA-film and hpp-PLA-
films with growing bacteria were washed twice with phosphate-
buffered saline (PBS). The films were further immersed in a
3.5% formaldehyde solution for 15 min to affix the bacterial
cells. Then, film samples were dipped serially in 30, 50, 70, 90,
and 100% ethanol, respectively to eliminate water from the

samples. A Quorum sputter coater was used to coat a 15 nm
gold thin layer to evade the charging effect.

2.3.5. Wrapping Feasibility and Drop Test. A model object
of a pocket water filtration cartridge unit with air-droppable
characteristics was used to study the wrapping feasibility of
produced films and the effect of hf-CNP incorporation in p-
PLA-films. Objects of higher weight (500 g) and dimension
(0.5 L capacity) were wrapped with the p-PLA film and hpp-
PLA-films and used for the drop test. The wrapped objects are
oriented vertically, facing upward, which is the most
challenging position for object testing, and dropped from 80
feet height on the cement floor. The impact on objects was
analyzed through photographic images captured before and
after the drop test.

2.3.6. Biodegradation Study. Two simulated conditions
were used to study the biodegradability of the produced films.
Triplicate samples of p-PLA and hpp-PLA-films, each weighing
50 mg, were buried at a depth of 4—6 cm in perforated plastic
boxes containing microbially active soil with a humus content
of 2% and a water content of 22—24%. The samples were then
incubated at 37 °C under aerobic conditions and recovered
after 1, 2, 3, 6, 8, 10, 15, and 30 days of disintegration.“o’41
Following each extraction, all samples were washed, dried, and
weighed to qualitatively assess the degree of physical
degradation in the compost as a function of time. This system
was developed to imitate the natural composting conditions
that plastics normally meet, including crucial elements such as
temperature, moisture, and aeration, assuring an accurate
reproduction of real-world composting situations. Alterna-
tively, p-PLA and hpp-PLA-films (25 mg) were kept in glass
vials and immersed in the enzyme lipase solution or TRIS
buffer, as required. Following that, samples in the vials were
stirred at 200 rpm and 37 °C. Furthermore, the evaluation of
the degradation process included the measurement of the
principal degradation product, lactic acid, in addition to
tracking weight loss. The monomer reacts with iron(III)
chloride hexahydrate to form a complex that exhibits a peak
absorption at 390 nm in the UV—vis spectrum. A solution of
the reagent (3 mg/mL) was made, and 2 mL of this solution
was combined with 50 4L of the degradation medium to create
the complex. The initial measurement was conducted by
combining 2 mL of the reagent with 50 yuL of buffer. The
device scanned between 230 and 800 nm with a resolution of 1
nm. The p-PLA and hpp-PLA-films were removed from the vial
at predetermined intervals, washed with water, dried, weighed,
and then reimmersed in the same solution. This enzyme-based
degradation investigation was conducted continuously for 300
days at 37 °C with consistent stirring to achieve uniform
conditions. The same set of samples were utilized throughout
the experiment, as shown in Figure 6, to maintain
homogeneity. The samples were incubated under controlled
conditions at 37 °C with regular monitoring to prevent any
degradation beyond the experimental settings. In addition to
the measurement of weight loss, enzymatic degradation was
determined through the main degradation product, lactic acid.
Lactic acid is known to form a complex with iron(III) chloride
hexahydrate with an adsorption peak at 390 nm. The complex
was formed when 3 mL of the reagent solution (1 mg/mL)
was mixed with 75 yL of the degradation medium. The control
was measured using 3 mL of the reagent and 75 uL of buffer.
The absorbance spectra were collected in a quartz cuvette of 1
cm path length and 1 nm resolution in a wavelength range of
230—800 nm."**!
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Figure 1. Characterization of carbon nanocomposite films with varying percentages of carbon nanoparticles. Representative (a) FTIR, (b) TGA,
(c) derivative of TGA, (d) stress—strain curves, (e) UV—vis transmittance spectra, and (f) water contact angles of p-PLA-film and hpp-PLA-film
samples. An ANOVA-based statistical analysis was performed among different samples to observe p< 0.0S.

3. RESULTS AND DISCUSSION

Retaining the quality of food, pharmaceutical, or sustainability
products for a longer timespan generally requires either
optimum storing conditions or improvised packaging materials.
The latter strategy has been endorsed superiorly in cases of
sustainability products, which can be protected against natural
harshness and physical, chemical, or radiational damages by
using optimal packaging. Polymers, especially p-PLA, have
been known for long to generate packaging films, but the lack
of intrinsic antimicrobial properties, requirement of further
strength, and need for improved biodegradability hamper their
widespread use. Herein, we have developed intrinsically
antibacterial polylactic acid films for high-performance pack-
aging with optimally entangled carbon nanoparticles of
biological origin. The synthesis methodologies are focused
on the synthesis of hf-CNP from a carbon source, hemp fibers.
Hemp is a fast-growing crop and is cost-effective due to its
high output per acre and the capacity to grow in varied
environments.”” The common chemicals and compounds used
are well-known for their efficacy in digesting cellulose, ensuring
the high-quality manufacture of microcellulose. Many of these
substances, such as hydrogen peroxide and ethanol, offer more
environmentally friendly choices compared to harsher
chemicals, lessening the environmental impact. The chemicals
and compounds are readily available and cost-effective, making
them ideal for industrial-scale uses. High-speed centrifugation
is particularly advantageous in nanoparticle synthesis and
purification due to numerous main features by successfully
isolating nanoparticles based on size and density and effectively
removing bigger aggregates or clusters. This technique also

increases the quality of the final product by isolating
nanoparticles from unreacted components, byproducts, and
residual chemicals, leading to a pure and more consistent
sample. Our goal is to create a commercially viable process that
can be scaled up to industrial levels.

3.1. Preparation and Characterization of hf~-CNPs and
hpp-PLA-Films. Carbon nanoparticles were synthesized from
hemp fibers using microwave-assisted hydrothermal synthesis
and named hf-CNPs. The microwave hydrothermal method is
preferred over the conventional hydrothermal method due to
its attributes of a rapid heating rate, a sensitive reaction, and a
uniform heating system.*’ The synthesized nanoparticles (hf-
CNPs) were characterized by using dynamic light scattering to
determine the distribution of hydrous particle size. The
hydrodynamic diameter of hf-CNPs was found to be ~104
nm with a polydispersity index of 0.2. The UV—visible spectra
of hf-CNPs revealed a characteristic peak at around 350 nm,
corresponding to n—7z* transitions, which might have been
generated due to the graphitic components of the carbon
nanoparticles. The increase in the centrifugation speed had an
impact on the average hydrodynamic diameter of the produced
population of hf-CNPs. Probably, at a higher speed, lower
diameter hf-CNPs were settled down and could be
resuspended in ethanol, which was finally used for the
preparation of packaging films (Figure $1).**7*° Ethanol
suspension of hf-CNPs was mixed with the chloroform
solution of p-PLA and allowed to air-dry in controlled
conditions at room temperature for 2 days to prepare p-
PLA-films, hpp-PLA-0.05-film, and hpp-PLA-0.5-film, which
were named based on the loaded percentage of hf-CNPs as 0,
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0.05, and 0.5% (w/w), respectively. Prepared films were
characterized by various physiochemical techniques to evaluate
the enhanced properties after the entangling of hf-CNPs in p-
PLA-films. The FTIR was used to study the molecular
interaction between p-PLA and hf-CNPs in prepared hpp-
PLA-films. In Figure la, peaks at 1748, 1359, and 870 cm™
can be observed due to the vibrational stretching of C=0,
0CH, symmetric bending, vC—COO stretching, respectively,
in the control p-PLA-film and produced samples of hpp-PLA-
films. The peaks at 1455, 1130, and 1042 cm™" represent that
asymmetric 0CH; deformation, rCHj; rocking, and the vC—
CH; stretching mode in the p-PLA-film shift to lower
wavenumbers of 1453, 1125, and 1041 cm™' in hpp-PLA-
films, respectively.

The peaks at 1082 and 754 cm™" could be assigned to C—
O—C stretching peaks and 6C=O in-plane bending, which
shifted to 1080 and 753 cm™" in hpp-PLA-film, whereas the
peak at 691 cm™" depicting yC=O out-of-plane bendin% in p-
PLA-film disappeared in hpp-PLA-film (Table S3).*”*® The
absence of any additional peaks in the FTIR spectra of hpp-
PLA-film compared to the p-PLA-film suggests that the
chemical structure of p-PLA stays mostly unaltered following
the incorporation of hf-CNPs and does not create any
additional functional groups, thus preserving the original
polymer structure. Further, the changes detected in specific
peaks, such as the C=0 stretching, )CH; bending, and vC—
COO stretching modes, moving toward lower wavenumbers,
suggest a modification in the molecular surroundings with the
weakening of the bonds. The probable cause could be the
interplay between p-PLA and the hf-CNPs. Shifts like these
typically indicate alterations in chemical interactions, such as
hydrogen bonding, which can impact the strength of the bond
and the frequency of vibration. The observed changes in peak
positions, particularly those associated with carbonyl and ester
functional groups, indicate that hf~-CNPs may be forming
hydrogen bonds with p-PLA.

The thermal properties of packaging materials are generally
examined to understand the robustness of packaging during
the transport and storage processes. The thermal decom-
position of hpp-PLA-films was studied by TGA and the
derivative of TGA (Figure 1b,c). The p-PLA-film and hpp-
PLA-films were found to be thermally degraded in a two-step
process. The addition of hf-CNPs was found to not affect the
onset degradation temperature (100 °C) with an 8% weight
loss. The second degradation step resulted in ~85, 78.25, and
82% weight loss in p-PLA-film, hpp-PLA-0.05-film, and hpp-
PLA-0.5-film, respectively. It was noticed that hpp-PLA-films
degraded at lower temperatures (302 and 311 °C) than p-PLA-
film (348 °C). This decline in T,,,, probably occurred due to
the high specific surface area (SSA) of hfCNPs entangled in
hpp-PLA-films. High SSA is generally associated with the
existing active sites and functional groups, which have the
ability to interact with the polymer macromolecules, thereby
causing a decrease in the thermal degradation temperature.
Thus, the ability of hf-CNPs to act as a nucleating agent is
probably responsible for this reduction, along with improved
orderedness of p-PLA-film.*’ Plausibly, during the nucleation
process, p-PLA chains interact with the hf-CNP surface with
CH-r interactions, followed by successive deposition of p-
PLA polymer chains covering the surface of hf-CNP.”° These
interactions could vary for a lower loading amount of 0.05% hf-
CNPs, where polymer chains in p-PLA are just perturbed with
fewer nucleation centers. A higher loading amount of 0.5%

results in the formation of agglomerates, causing significant
structural disruptions to show considerable variation in various
physical properties including thermal properties. Thus, the
increased degradation temperature in hpp-PLA-0.5-film
compared to hpp-PLA-0.05-film was due to these large
agglomerates of hf-CNPs in p-PLA.>" Overall, the decrease in
the degradation temperature with the addition of hf-CNPs
could be beneficial for the industrial thermal decomposition of
the packaging material without any significant effect on the
processing temperature range of hpp-PLA-films.

Further, the mechanical properties of hpp-PLA-films were
examined using tensile tests (Figure 1d). The test showed that
the incorporation of hf-CNPs in p-PLA (hpp-PLA-film) could
reduce the brittleness, which was evident by the improved
tensile strength and young modulus values. The advantageous
interaction of hydrophilic functional groups in p-PLA and hf-
CNPs probably improved the overall mechanical properties of
the hpp-PLA-films. These improved mechanical properties
were probably due to systematic load transfer between hf-
CNPs to polymeric chains of p-PLA. It was observed that the
tensile strength of hpp-PLA-0.5-film decreased compared to
that of hpp-PLA-0.05-film from 28.7 to 24.6 MPa, which was
still higher than the tensile strength of p-PLA-film (23.6 MPa,
Table S2). As recorded, Young’s modulus of hpp-PLA-0.0S-
film was 16.11 MPa, which was ~66% higher than that of p-
PLA-film and ~47.4% higher than that of hpp-PLA-0.5-film.”*
These trends indicate that tensile and moduli increase with the
entangling of hf-CNPs in the p-PLA-film but are not linear to
the loaded % of hf-CNPs.>® This indicates an increase in the
brittleness of the p-PLA matrix at higher amounts of hf-CNPs
with a decrease in mechanical strength, so probably higher
loadir}% might have led to a microstructural defect in hpp-PLA-
films.>" As increased tensile strength contributes toward
maintaining the integrity of the packaging material to resist
the stress condition during transport and storage, hpp-PLA-
0.05-film might be the better packaging film compared to
conventional p-PLA-films. The UV-vis radiation in the
wavelength range of 280—315 nm is generally responsible for
the photochemical degradation of materials of human use due
to the high energy associated with it.”> It has been reported
that the p-PLA-film allows ~28% of light to be transmitted in
the visible range and ~10% in the UV range, which can be
significantly damaging to the products packaged inside and
needs to be reduced further to make it a better packaging
material. To improve packaging effectiveness, it is important to
restrict this light transmission to a further significantly
decreased level. It was found that incorporating hf-CNPs
into p-PLA sheets moderately impaired light transmission.
Specifically, hpp-PLA-0.05-ilm and hpp-PLA-0.5-ilm could
reduce visible light transmission to 11% and 16%, respectively,
compared to 28% in the p-PLA-film. The UV light trans-
mission was also markedly reduced by these films, where hpp-
PLA-0.05-film and hpp-PLA-0.5-film allowed only 2% and 6%
transmission, respectively, which were significantly lower than
the 10% transmission found through the p-PLA-film (Figure
le). This reduction in transmitted radiation due to entangled
hf-CNPs incorporated in the p-PLA-film might be due to
optical absorption properties in the UV—vis range.”*' The
incorporation of carbonaceous fillers like if-CNPs can partially
block the light transmission over the UV—vis spectrum because
hf-CNTs decrease the effective depth of UV penetration,
thereby reducing the extent of polymer degradation.’* >
Interestingly, 0.05% hf-CNPs were more effective at suppress-
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Figure 2. Surface topography of the p-PLA film and the impact of hf-CNP incorporation in hpp-PLA-0.05-film and hpp-PLA-0.5-film. The SEM
images showcase the surface characteristics of (a) p-PLA-film, (d) hpp-PLA-0.05-film, and (g) hpp-PLA-0.5-film with a scale bar of 2 ym.
Additionally, AFM images provide surface roughness details, displaying both 2D and 3D representations for each film: (b) and (c) p-PLA, (e) and

(f) hpp-PLA-0.0S, and (h) and (i) hpp-PLA-0.S.

ing visible light than 0.5% hf-CNPs. This may be because 0.5%
hf-CNPs are less uniformly distributed, resulting in a larger
fraction of the hpp-PLA-0.5-film remaining as unaffected PLA.

The aqueous wettability of packaging materials is another
important parameter to establish its superiority.”” " This
property can be evaluated by calculating the water contact
angle of the films. As depicted in Figure 1f, the p-PLA-film
surface was hydrophilic with a contact angle of 73.7°, whereas
the addition of 0.05 and 0.5% hf-CNPs slightly increased it to
~77° and 75° respectively, with increased hydrophobicity.
The ANOVA-based statistical analysis results indicated that
there was no statistically significant difference in the water
contact angles between the hpp-PLA-0.05-film and hpp-PLA-
0.5-film when compared with the p-PLA-film, with P <0.0S.
This shows that the integration of hf-CNPs at these
percentages did not noticeably modify the surface hydro-
phobicity of the hpp-PLA-films in comparison to that of the p-
PLA-film samples (Figure 1f)

Scanning electron microscopy images revealed surface
topographical differences between the p-PLA-film and hpp-
PLA-films into which hf-CNPs were incorporated (Figure 2).
The p-PLA-film (Figure 2a) exhibited a relatively uneven
surface, while hpp-PLA-0.05-films (Figure 2d) modified with a
lower amount of hf-CNPs improved the evenness but in hpp-
PLA-0.5-film, and unevenness was improved further, probably
due to agglomerations (Figure 2g) of a higher percentage of hf-

CNPs loaded in this film.°>°" The AFM method was used to
determine the dimensions and texture of hpp-PLA-films,
concentrating on the interaction between surface morphology
and surface chemistry and giving rise to surface effects.”” The
uneven surface texture observed in the p-PLA-film can be
attributed to the intrinsic properties of p-PLA and the
conditions under which it is processed. Variability in surface
texture in the p-PLA-film is often influenced by factors such as
the film’s thickness, cooling rates during production, and
residual stresses from the manufacturing process. The AFM
approach offered measurements of roughness metrics,
including S, (average roughness), S, (root-mean-square
roughness), and Sy, (surface slope). The roughness parameters
for p-PLA, specifically S,, S, and Sy, were recorded at 614.2
nm, 732 nm, and 0.395, respectively. The experiment revealed
the impact of adding hf-CNPs into p-PLA, testing two
percentages (0.05 and 0.5%). The addition of 0.05% hf-
CNPs considerably lowered the roughness values to 380.3 nm,
462.8 nm, and 0.233, respectively, showing a much smoother
surface compared to p-PLA. However, with 0.5%, the
roughness values increased to 594.6 nm, 760 nm, and 0.308,
respectively, considerably higher than those in the case of
0.05% and still lower than those of p-PLA. These results imply
that adding hf-CNsP can affect the surface roughness of hpp-
PLA-films, with the lower percentage being more efficient in
producing smoothness. A balanced hf-CNP content appears to
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Figure 3. Dissolution study of hipp-PLA-films at different time intervals in water: (a) short-term (24 h) and (b) long-term (7 days) and in PBS
buffer at pH = 8.5 with (c) short-term (24 h) and (d) long-term (7 days).

be important to maximize surface qualities. Thus, these
findings exhibit that surface roughness decreases in hpp-PLA-
films (Figure 2e,£h,i) in comparison to the p-PLA-film (Figure
2b,c). The surface roughness is lower in hpp-PLA-0.05-film
than that in hpp-PLA-0.5-film. Probably, the inclusion of hf-
CNPs in p-PLA facilitated surface smoothness.

The TEM images offer compelling visual evidence indicating
the uniform dispersion of hf~-CNPs within the polymer matrix
of p-PLA in the prepared hpp-PLA-0.05-film. This even
distribution is apparent at various magnification levels, which
shows the consistency of nanoparticle integration across the
polymer layer (Figure S3). At lower magnifications, the TEM
pictures offer a comprehensive overview of the polymer matrix
(Figure S3a) and distribution hf-CNPs across hpp-PLA-0.05-
film (Figure S3b), indicating a homogeneous distribution of hf-
CNPs in PLA. At higher magnification levels, the spheroidal
morphology of individual hf-CNPs could also be seen and
realized for being conveniently entangled within the p-PLA
matrix (Figure S3d), while the p-PLA-film showed no sign of
hf-CNPs (Figure S3c).

3.2. Dissolution Studies of hpp-PLA-Films in Water
and Regulated pH Conditions. The release of efficiency-
improving contents like nanodopants from packaging films has
always been a concern for the quality of packaged materials, as
released dopants can get integrated into packaged materials
and contaminate the material or contaminate the surrounding.
Thus, a no-to-lower or nonconsequential release of dopants
would be a preferential property for a better packaging film. To
investigate these possibilities, produced hpp-PLA-films were
investigated for dissolution in water or other possible pH
conditions. During the dissolution study under water and pH
conditions, the p-PLA-film and hpp-PLA-films were tested in
triplicate to ensure the reliability and reproducibility of the
results. Here, dissolution studies were carried out to evaluate
the probable release of hf-CNPs from hpp-PLA-films in normal
water and different pH conditions.*”*® Phosphate-buffered
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saline (PBS) was chosen to imitate a stable, biologically
relevant environment because it maintains a steady pH value
and ionic strength. This selection ensures proper assessment of
the material’s dissolution behavior, making the results credible
and comparable to biological system conditions. The release
was estimated by recording the absorption spectra between
200 to 800 nm after submerging the films in water and a pH
8.5 buffer to replicate the conditions where hpp-PLA-films
would be exposed to floodwater. The short- and long-term
dissolution up to 24 h (Figure 3a) and 7 days (Figure 3b),
respectively, for p-PLA-film and hpp-PLA-films in water was
found to be comparable with no added effects from hf-CNPs
loaded either in a lower amount (hpp-PLA-0.05-film) or in a
higher amount (hpp-PLA-0.5-films; Figure 3b). Similarly, the
short- and long-term dissolution of films in PBS at pH 8.5
(Figure 3c,d) did not show any clear difference in the
absorption pattern. However, it was noticeable that overall
dissolution for the p-PLA-film itself was considerably higher in
water compared to the buffer of pH 8.5, which was not affected
by the inclusion of hf-CNPs either in lower or higher
percentages. Thus, it can be concluded that hf~-CNPs leached
from hpp-PLA-films while being submerged in water and buffer
(pH 8.5) even up to 7 days were insignificant, and thus,
produced hpp-PLA-films are comparatively good packaging
films.

3.3. Antibacterial Properties of hpp-PLA-Films. The
antibacterial properties of hpp-PLA-films were measured
against Gram-positive Bacillus subtilis and Gram-negative E.
coli. Escherichia coli and Bacillus subtilis were chosen for this
investigation to contain both Gram-negative (E. coli) and
Gram-positive (B. subtilis) bacteria in the spectrum of
antibacterial studies. Moreover, their ubiquitous presence in
nature makes them extremely important and useful for such
study. This work aims to assess the antimicrobial properties of
hpp-PLA sheets against commonly found bacteria and
investigate the underlying processes responsible for their
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Gram-positive B. subtilis and (b, d) Gram-negative E. coli with varying percentages of if-CNPs. The antibiotic kanamycin was used as a positive

control.

antibacterial activity. The ability of hpp-PLA-films to reduce
the growth of bacteria in optimum conditions was analyzed for
10 days at different intervals (Figure 4). As p-PLA-films are
known to have no antibacterial properties, any decrease in
bacterial growth could be associated with the incorporation of
hf-CNPs. The antibacterial characteristics of hf-CNPs are
derived from their starting material, hemp fibers. The
antibacterial properties of hemp may be associated with
alkaloids and phenolic compounds present in lignin.**~®" The
optical density of bacterial suspensions in the presence of p-
PLA-film and hpp-PLA-films at different intervals depicts the
antibacterial effect of hf-CNPs on the growth of the bacteria.
Probably, the intrinsic property of hf-CNPs caused the growth
inhibition in both used experimental microorganisms, E. coli
and B. subtilis. It was noticed that films were more effective
against E. coli and B. subtilis, especially for long-term
antibacterial studies. More interestingly, even when the
positive control of kanamycin started losing its antibacterial
effect at longer time points, hf-CNPs kept inhibiting the
growth of both organism types, ie., E. coli and B. subtilis. The
percentage errors in the optical density measurement for E. coli
and B. subtilis are 1.87 and 1.90, respectively.

To further establish the role of #f-CNPs as an antibacterial
component of hpp-PLA-films, the samples were tested with E.
coli and B. subtilis. The bacterial cells were incubated with hpp-
PLA-films with different percentages of hf-CNPs, and the
reduction in cell number was compared along with cells treated
with kanamycin as a positive control (Figure S4). After 20 h of
treatment with hpp-PLA-0.05-film, E. coli cell counts were
reduced by 0.22 + 0.003 log. A similar but somewhat smaller
reduction was seen with the hpp-PLA-0.5-film, which resulted
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in a 0.13 # 0.015 log reduction (Figure S4a). In comparison,
treatment with kanamycin resulted in much reduced E. coli cell
counts, with a drop of 0.54 + 0.009 log. There was no
substantial antibacterial impact detected with p-PLA-film
alone, which supports the notion that hf-CNPs are responsible
for the observed antibacterial activity. In an extended
treatment of 212 h, both hpp-PLA-0.05-film and hpp-PLA-
0.5-film demonstrated significantly higher reductions in E. coli
cell counts. The hpp-PLA-0.05-film achieved a reduction of
0.29 + 0.003 log, while the hpp-PLA-0.5-film resulted in a 0.19
+ 6.05 X 107 log reduction, both of which exceeded the
reduction seen with kanamycin treatment (0.19 + 0.03 log,
Figure S4c).

After 20 hrs of treatment with hpp-PLA-0.05-film, B. subtilis
cell counts were reduced by 0.23 + 0.001 log. A smaller
reduction was seen with the hpp-PLA-0.5-film, which resulted
in a 0.020 + 0.003 log reduction (Figure S4b). In comparison,
treatment with kanamycin resulted in much reduced B. subtilis
cell counts, with a drop of 0.36 + 0.0007 log. There was no
substantial antibacterial impact detected with p-PLA-film
alone, which supports the notion that hf-CNPs are responsible
for the observed antibacterial activity. In an extended
treatment of 212 h, both hpp-PLA-0.05-film and hpp-PLA-
0.5-film demonstrated significantly higher reductions in B.
subtilis cell counts. The hpp-PLA-0.05-film achieved a
reduction of 0.67 + 0.003 log, while the hpp-PLA-0.5-film
resulted in a 0.35 + 0.003 log reduction, both of which
exceeded the reduction seen with kanamycin treatment (0.17
+ 0.003 log, Figure S4d). These findings demonstrate that the
presence of hf-CNPs in hpp-PLA-films is necessary for their
antibacterial action. Over an extended period, the antibacterial
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Figure 5. Scanning electron microscopy images of bacteria E. coli (a—c) and B. subtilis (d—f) on p-PLA and hpp-PLA-films. Arrows point to the
damaged areas of cell walls on bacterial cells. Here, bacterial cells were incubated on (a, d) p-PLA-film, (b, e) hpp-PLA-0.05-film, and (c, ) hpp-

PLA-0.5-film (scale bar: 2 um).

effectiveness of hpp-PLA-films surpasses that of kanamycin,
demonstrating the potential of hpp-PLA-films as a potent
antibacterial material.”®

To understand the effect of hpp-PLA-films on the bacterial
population, electron microscopy was performed to scan the
film surfaces. Collected scanning electron microscopy images
revealed the changed morphology of bacteria on interaction
with hpp-PLA-films (Figure S). Figure Sa,d shows unmarred
cells (E. coli and B. subtilis) on the p-PLA-film surface. As a
result of incubation, the cell wall deformation in E. coli on hpp-
PLA-0.05-films (Figure Sb) and hpp-PLA-0.5-films (Figure Sc)
was observed, whereas B. subtilis were observed with deep
indentations on hpp-PLA-0.05-film (Figure Se) and hpp-PLA-
0.5-film (Figure Sf). The size reduction was also observed in
bacteria exposed to hipp-PLA-films.*”~"> These results indicate
that hpp-PLA-0.05-film is better than p-PLA-film in damaging
the morphology of the microbial cells, probably due to the
presence of hf-CNPs, which are intrinsically antibacterial due
to their origin from hemp fibers. In addition to morphological
alterations, there was also a noticeable reduction in bacterial
size for both E. coli and B. subtilis when exposed to hpp-PLA-
films.”~7* These data indicate that the hpp-PLA-films not only
limit bacterial growth but also actively alter bacterial cell
structures, resulting in considerable physical damage.”” These
observations show that probably contact-based antibacterial
action is at play, as the antibacterial agent directly interacts
with the bacterial cell membrane, affecting its structure and
physiological functioning. The hpp-PLA-films, therefore,
appear to efficiently degrade bacterial morphology and viability
through direct contact, underlining their potential as effective
antibacterial packaging materials.””

Scanning electron microscopy images were further analyzed
with fluorescence mapping, revealing changed shape, size, and
topography of bacterial cells upon interaction with hpp-PLA-
films (Figure SS). Figure SSa,d represents the intact cells of E.
coli and B. subtilis on the p-PLA-film surface, respectively.
However, after incubation, cell wall deformation was detected
in E. coli on hpp-PLA-0.05-film (Figure SSb) and hpp-PLA-0.5-
film (Figure SSc), whereas B. subtilis exhibited deep
indentations on hpp-PLA-0.05-film (Figure SSe) and hpp-

PLA-0.5-film (Figure S5f). In addition to these morphological
changes, a reduction in the bacterial size was reported for both
E. coli and B. subtilis when exposed to hpp-PLA-films (Figure
S6). These findings indicate that hpp-PLA-films not only limit
bacterial growth (Figure S) but also cause severe physical
damage and a reduction in cell size (Figure S6). This shows
that the films exhibit a contact-based antibacterial activity,
physically engaging with the bacterial cell wall membrane and
altering its structure and physiological processes.

It is important to study the feasibility of using these films in
wrapping sophisticated shapes of various objects without
breaking or creating permanent folds. Interestingly, all of the
film samples (p-PLA-film, hpp-PLA-0.05-film, and hpp-PLA-
0.5-film) were equally easy to wrap a model product, pocket
water filtration cartridge (Figure S2), without any visible
deformity. The only noticeable change was in transparency,
where the inclusion of hf-CNPs had reduced the transparency
of hpp-PLA-0.05-film and hpp-PLA-0.5-film.

Further, it was important to evaluate the cushioning
efficiency of produced hpp-PLA-films.”*”> The drop test can
facilitate observing such efficiency where damages on the body
of the object are observed after it is exposed to a heavy physical
impact. To simulate the drop condition, a sand-filled
transparent plastic bottle-like object of around 0.5 kg was
wrapped in different film samples before they were dropped
from a height of 80 feet. It was found that hpp-PLA-films
impede the damage caused by the fall of the wrapped object
compared to p-PLA-film (Figure 6ab). This effect was more
prominent in the wrapping of hpp-PLA-0.05-film than in the
wrapping of hpp-PLA-0.5-film. It was probably possible due to
the higher modulus and tensile strength of hpp-PLA-0.05-film,
which allowed it to sustain more physical impact than both
hpp-PLA-0.5-film and p-PLA-film.

Environmental remediation of polymeric products has
always been the main goal for researchers and manufacturers.
Establishing the improvised degradation of packaging films
with certain control due to added dopants can be of high
importance. Among many of the possible degradation modes,
biodegradation carries high significance due to its less complex
procedure, economical arrangements, and functional suitabil-
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Figure 6. Physical impact and biodegradation response of the prepared films. The photographic images of wrapped objects (a) before and (b) after
the drop. Biodegradation of films evaluated as (c) loss of weight under composting conditions; (d) weight loss and (e) relative weight loss
percentage measured during enzymatic degradation in the presence of lipase. The statistical significance between p-PLA- and hpp-PLA-films was
analyzed through ANOVA analysis (* = P < 0.05; ** = P < 0.01). (f) Evaluation of enzymatic biodegradation by relative lactic acid concentration

measurement using UV—vis absorption against incubation time.

ity. Hence, we evaluated the biodegradability of developed
films under more than one possible scenario, i.e., in compost
and enzymatic suspension, mimicking the condition of an
uncontrolled discard site and controlled degradation plant. It
was found that for up to 30 days, no significant change in the
weight of PLA films was seen in compost conditions, which did
not get affected by the addition of hf-CNPs, indicating a
reasonably stable nature of the films (Figure 6c).

The enzymatic degradation of hpp-PLA-films was followed
by weight measurement and weight loss determination (Figure
6d). Though, at shorter time points, there was no noticeable
weight loss in the lipase-degraded p-PLA- and hpp-PLA-films,
time points of 7, 10, and 20 days revealed the incremental loss
of films. It was interesting to note that the weight loss of hpp-
PLA-0.05-film was around 2-fold higher than p-PLA-film with
p = 0.0505 on performing an ANOVA test, whereas hpp-PLA-
0.5-film degraded to a lesser extent on a longer time point of
20 days (Figure 6e). The experiment spanned 300 days, and
the weight loss was recorded after 30, 60, 90, 120, 241, and 300

45113

days. The results show that a modest amount of hf-CNPs can
efficiently expedite the breakdown of the polymer matrix,
whereas a higher percentage of hf-CNPs (0.5%) resulted in
reduced deterioration of hpp-PLA-films. This implies that an
excessive amount of nanoparticles may delay the degrading
process, possibly due to changes in the film’s structure, such as
nanoparticle aggregation or altered physical properties. The
enhanced degradation at a lower hf-CNP percentage shows
that a more uniform dispersion of nanoparticles inside the
polymer matrix is desirable. In contrast, a higher percentage
may lead to less effective dispersion and reduced degradation
efficiency (Figure 6e). The statistical significance between p-
PLA- and hpp-PLA-films was analyzed through ANOVA
analysis, which revealed that weight loss was significantly
greater in hpp-PLA-0.05-film compared to those in hpp-PLA-
0.5-film and p-PLA-film. It was interesting to note that the
weight loss of hpp-PLA-0.05-film was around 2-fold higher
than that of p-PLA-film with p = 0.0505 on performing a t-test,
whereas hpp-PLA-0.5-film degraded to a lesser extent in a
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longer time point of 20 days (Figure 6e). The results show that
weight loss was improved with addition of 0.05% of hf-CNPs,
while a higher percentage slowed down the overall
degradation. Alternatively, degradation was followed by
estimating the released amount of lactic acid from films
being incubated with lipase enzyme. After calibration (€399 pm =
17.611 dm® mol™" cm™), the generated lactic acid could be
translated into weight loss, and this computed weight loss was
displayed versus degradation time (Figure 6f). The method
relies on the reaction between iron(III) chloride and lactate
ions, which are components of lactic acid. This interaction
produces a colored product of iron lactate. The results show
that the inclusion of hf-CNPs increased the degradation of hpp-
PLA-0.05-film compared to p-PLA-film. However, a higher hf-
CNP content in hpp-PLA-0.5-film did not facilitate the process
and reduced the extent of degradation. Probably, the better
distribution of the lower percentage of hf~-CNPs in hpp-PLA-
0.05-film was responsible for higher degradation than lower
degradation in the case of a 10-fold higher concentration in
hpp-PLA-0.5-film, whereas the absence of hf-CNPs makes it
less degradable, as expected.

4. CONCLUSIONS

Storage conditions and packaging materials are optimized to
preserve the integrity of food, drugs, or sustainable products.
The latter approach is preferred by sustainable products
because it protects them from the external environment.
Although polymers such as p-PLA have been used in packaging
applications due to some biodegradability, their susceptibility
to bacterial contamination raises serious concerns. In this
study, carbon nanoparticles of biological origin have been used
to create high-performance polylactic acid films that are
inherently antibacterial with higher biodegradability. Here, the
properties of p-PLA have been improved by using hf-CNPs, an
inherently antibacterial agent synthesized from hemp fibers.
The prepared hf-CNPs could be successfully used as nucleating
agents in hpp-PLA-films. This ultimately leads to a decreased
T e and improved load sharing. It was also found to be better
in terms of UV—visible radiation absorption and increased
surface smoothness. The limited leaching of hf~-CNPs from the
films under varied situations established it as a low-risk
packaging for contaminating the packaged products or the
surrounding environment. Despite the fact that p-PLA-films
have no antibacterial properties, hpp-PLA-films showed
antibacterial effects based on contact-based inhibition in
cases of E. coli and B. subtilis, with long-lasting effects
surpassing even kanamycin at longer time points. Further, a
successful drop test reveals that hpp-PLA-films could offer
adequate cushioning, making them suitable for protecting
contents during handling and transit. Additionally, the
improved biodegradability of hpp-PLA-films compared to p-
PLA- films, especially with a 0.05% hf-CNP loading, suggests
that these films are suitable for environmental sustainability
while giving an enhanced packaging performance. Based on the
obtained results, it can be concluded that hpp-PLA-0.05-film
could be a better alternative for PLA-based packaging films and
can be used in the packaging industry.
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