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Abstract

A novel organic acid-modified starch and carboxymethyl cellulose (CMC) based films plasticized with
glycerol were prepared from unconventional tikhur starch (Curcuma angustifolia) by solution casting.
Wet milling was used in the laboratory to extract starch from the tikhur rhizome. Carboxymethyl
cellulose, at a concentration of (0.2 g™ starch dry basis) was blended with the starch to improve its
film-forming properties. Three different treatments with varying organic acids (lactic, citric, and acetic
acid) with a concentration of 5% w/w of starch (2 ppm) in a film-forming solution were given. The effect
of organic acid incorporation on the antibacterial, morphological, structural, thermal, and crystalline
properties of developed films was studied. The minimum inhibitory concentration values of the three
organic acids against gram-negative (E. coli) and gram-positive (S. aureus) bacteria were measured
using the tube dilution method. The MIC results revealed that lactic acid and citric acid are effective
against both gram-negative and gram-positive bacteria, while acetic acid showed more effectiveness
against gram-negative bacteria (E. coli). MBC results revealed that organic acids have potent bactericidal
activity. Citric acid resulted in higher inhibition for gram-positive bacteria (S. aureus) compared to
gram-negative bacteria (E. coli.). While acetic acid showed higher inhibition for E. coli. than S. aureus.
Lactic acid displayed similar inhibition against both S. aureus and E. coli. Among different organic acids,
lactic acid incorporation resulted in a more homogeneous, transparent, and thermally stable film. As
evidenced by the micrographs, the lactic acid incorporation resulted in a compact film structure without
any visible cracks. While X-ray diffraction showed an increase in crystalline properties due to organic
acid modification. In this study, it was indicated that modification with organic acids (polycarboxylic
acids) effectively improved the overall properties of developed films depending on the type of organic
acid used. The developed films have the potential to replace harmful synthetic films in food packaging.

Keywords: Curcuma angustifolia, Carboxymethyl Cellulose (CMC), Lactic Acid, Citric Acid, Acetic Acid, Minimum

Inhibitory Concentration (MIC)

INTRODUCTION

Plastics are now widely used in packaging
as a result of significant developments in the
petrochemical industry. The packaging industry
accounts for more than 42% of all plastic materials
used worldwide. The food packaging industry
is the major consumer of plastics due to their
good mechanical capabilities and low moisture
permeability."? However, synthetic plastics are
becoming a threat to the environment as they
are petroleum-derived products that lead to
the emission of CO, into the atmosphere®. Due
to its high chemical and mechanical durability,
plastic degradation in the environment is a
slow process, and it takes years to convert into
simple compounds. Biopolymers are now being
researched as a possible replacement for synthetic
polymers. The development of biodegradable
packaging materials sparked the search for novel
biodegradable film manufacturing sources.** To
address these concerns, renewable packaging
materials with similar properties that can be used

in food packaging must be developed. Numerous
studies have been published in the literature
utilising polysaccharides, primarily starch, for
biodegradable films development from various
sources, such as cereals (rice, corn, oats, etc.),®
tubers (tapioca, cassava, potato, yam, etc.),”®
and rhizomes (lotus, ginger)® because of their
ability to form an uninterrupted matrix, low
cost, nutritional value, biodegradability, and
edibility with functional qualities.’®! After grains
and legumes, rhizomes and tubers are the third
most important food crop, with starch as a key
component.'?13

Curcuma angustifolia (Tikhur), which has
around 50 types and 1000 species, is found in the
tropics of Australia, Africa, and Asia. It is one of the
less-known and valuable sources of starch, which
is also known as “East Indian arrowroot” or “white
turmeric”.** However, due to their brittleness,
strong hydrophilic character, limited stability under
high relative humidity conditions, poor mechanical
properties, poor water vapour permeability, and
retrogradation phenomena, starch-based films
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are challenging to use for food packaging on an
industrial scale.® Moreover, retrogradation
causes a change in crystallinity, thus a change in
texture, color, etc.” Several studies have attempted
to overcome this issue, such as blending of two or
more biopolymers, to maximise the benefits of
two or more ingredients,*® modifications of starch
and treatment combinations to improve starch
properties.’®?® Thus, incorporating alternative
natural and ecologically acceptable hydrophilic
polymers into the starch films is an interesting
way to improve their functional qualities.?!
Carboxymethyl cellulose (CMC) can be used as
a natural filler in a starch-based matrix due to
its polymeric structure, high transparency, high
molecular weight, high mechanical strength, non-
toxicity, biodegradability, and improved synergy
with the starch.?>?

Organic acid modification of starches
can be another useful tool for adjusting the
overall properties of starch films, particularly
for maintaining or improving water stability
and preventing retrogradation, in addition to
imparting antibacterial functionality. Organic acids
can be found naturally in fruits and vegetables
or produced by biotechnological methods via
fermentation. Organic acids including lactic, citric,
acetic, malic, and ascorbic acids are inexpensive,
non-toxic, and low weight poly-carboxylic acids.
The antimicrobial properties of organic acid are
thought to be caused by the reduction of the
microbial cell's internal pH due to the ionisation
of undissociated acid molecules, reduction in
proton motive force or due to disruption of
substrate transport caused by changes in cell
membrane permeability.?>? Thus, organic acids
can be incorporated into the film to provide
antibacterial properties. It reduces the hydrophilic
property of thermoplastic starch and prevents
retrogradation by substituting hydrophobic ester
groups for the hydroxyl groups. In this study,
Curcuma angustifolia starch-CMC-based glycerol
plasticized biodegradable films were modified
with organic acids (lactic, citric, and acetic
acid) and their strength, flexibility, crystallinity,
morphology, thermal stability, biodegradability,
and antibacterial activity were examined.

MATERIALS AND METHODS

Materials

Curcuma angustifolia rhizomes for the
harvest year 2020 were acquired from Baster,
Chhattisgarh state of India. All the chemicals, viz.,
citric acid (C,H,O,), acetic acid (C,H,0,), and lactic
acid (C,H0,) (food grade), were obtained from
Merck India Limited. Carboxymethyl cellulose
(CMC), with a viscosity of 22,000, was purchased
from ACS India. Glycerol (C,H,0,), sodium chloride
(NaCl), potassium acetate (CH,COOK), and
anhydrous calcium chloride (CaCl,) were procured
from Rankem India Limited.

Bacterial strains, namely gram-negative
Escherichia coli (Strain ATCC: 0018) and gram-
positive Staphylococcus aureus (Strain ATCC: 0045)
were procured from the Department of Industrial
Microbiology, Sam Higginbottom University of
Agriculture Technology and Sciences, Prayagraj,
India, and preserved on Nutrient Agar slants
(Hi-Media, India) at 4°C which were regularly
subcultured at 15 days intervals.

Determination of the Minimum Inhibitory
Concentration (MIC) of Organic Acids

The MIC of lactic, citric, and acetic acid
against the test bacteria E. coli and S. aureus
was evaluated using the traditional tube dilution
method with nutritional broth as the growth
media. To allow enough bacterial development,
the test bacteria were transferred to the nutrient
broth and incubated for 24 hours at 37°C. On the
second day, 0.05 uL of the calibrated broth (10®
CFU/ml) was transferred into 5 ml nutrient broth
along with the decreasing order of organic acid
concentration from 50 mg/ml to 0.78 mg/ml.
The turbidity of the tubes was visualised, after
incubation to confirm the MIC value.

Determination of the Minimum Bactericidal
Concentration (MBC) of Organic Acids

MBC determination of the organic
acids was carried out by transferring, 0.05 pL of
suspension from the MIC tubes, which showed no
obvious bacterial growth on nutrient agar plates.
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Starch isolation

Starch from the Curcuma angustifolia
rhizome was isolated using a wet milling scheme
as described in literature®® with some modification.
For film formation, extracted starch with a water
content of 5.97%, protein of 0.92%, lipid of 0.54%,
ash of 0.52%, and amylose of 31.9% on a dry basis
was used.

Preparation of films

The solution casting of films was
performed utilising the method as described in
literature?” with suitable adaptations. Different
films were prepared as tikhur starch film (TS),
(Starch: CMC) film (SC), lactic acid modified films
(SCL), citric acid modified film (SCC), and acetic
acid modified film (SCAc).

For tikhur starch film (TS) preparation
pre-weighed Curcuma angustifolia (tikhur)
starch was stirred well with distilled water
using a mechanical stirrer for 15 min. Glycerol
(25% v/w of starch) was added and mixed by
stirring with a mechanical stirrer for 5 min. This
suspensionwasheatedat80°C for30minwithstirring.
The resulting viscous suspension was sonicated for
5 min at 40°C with an ultrasonic bath sonicator
(National Scientific, Varanasi, U.P., India). For
solution casting of the film, 150 ml of prepared
solution was transferred into the casting plate
(412 cm? area and 20 cm diameter) and dried for
16 hours in a hot air oven at 50°C.

For (starch: CMC) film (SC) preparation
starch suspension containing glycerol was prepared
as described above. CMC solution was prepared
separately by dissolving CMC powder (0.2 g* starch
dry basis) in distilled water at 90°C for 10 min with
mechanical stirring at 900 rpm. Prepared starch
and CMC solutions were homogenised with a
mechanical stirrer at 500 rpm for 30 min at 80°C.

A modified starch filmogenic solution was
prepared by incorporating citric acid, acetic acid,
and, lactic acid 5% w/w starch into the starch: CMC
solution after cooling to room temperature.

Film characterization
Mechanical Properties

The thickness of the developed films
was measured by using a digital micrometre with
a sensitivity of £ 0.01 mm. The films' mechanical

properties were evaluated with a texture analyzer
(Stable microsystem with exponent software),
according to ASTM D882-12. Tensile strength and
percent elongation at break were determined for
each conditioned film sample (9 cm x 2 cm) by
determining the force and deformation during
extension at 50 mm/min. The initial distance of
80 mm was maintained between the grips during
measurement.

Moisture content (MC)

The Moisture content of preconditioned
(23% RH, 25°C) film samples was measured
according to the ASTM D644-99 (ASTM, 1999).

(Mi-M#i)

Moisture Content = Vi X 100 ..(1)

where Mi and Mfi refer to the initial and
final weight of the film samples, respectively.

Moisture Absorption

Moisture absorption was performed
according to*® with modifications. Dried film
samples (2 cm?) were conditioned to 0% RH using
a saturated solution of CaSO,. After weighing,
the films were conditioned to 75% RH containing
a saturated solution of NaCl as a desiccant. The
samples were weighed hourly for the first 12
hours; after that, they were weighed every 12
hours until equilibrium was attained. MA was
obtained from the following equation.

s o

MA (%) = —s

X 100 -(2)

Where Ws represents the weight of
the film sample at 75% RH and Wo represents
the initial weight of the film sample at 0% RH,
respectively.

Water vapour permeability (WVP)

Water vapour permeability was
performed according to ASTM E 96-95 with
modifications. Samples were cut into a square
shape (3 cm?) and their thickness was measured.
Films were conditioned in saturated potassium
acetate solution for 24 h (RH = 23%) at 25 £+ 0.2°C.
3 g of dry CaSO, (RH = 0%) powder was kept in
the vials (4.5 cm x 2.5 cm) and conditioned film
pieces were kept over the outlet head of the
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vials and sealed with the help of silicon grease
tightly to prevent leakage of water vapour. After
determining the initial weight of the vials along
with CaSO, and film, they were kept in a desiccator
containing saturated NaCl solution at 25 + 0.2°C
(RH = 75%). An increase in the weight of the vials
due to the absorption of moisture that permeated
through the film by CaSO, was recorded every
1 h for 8 h and their curves were plotted and
then the slope was calculated. The water vapour
transmission rate (g./m2h) and water vapour
permeability (g.mm/KPa.m2.h) were obtained by
using the following equations.

(Slope (g/h))

WVTR= (Film transfer area (m?)) ~(3)
_ [WVTR
WVP= SRR xT .(4)

Where P represents the saturated vapour
pressure of water at test temperature (25°C),
R1 represents the RH in a desiccator (75 %), R2
represents the RH in the vial (0%), and T is the film
thickness (mm).

Water solubility (WS)

Film samples (4 cm?) were conditioned
at 0% RH using dry calcium sulphate as desiccant
till the constant weight was obtained and weighed
(W1). Conditioned film samples were mixed
in 50ml of distilled water for 24 h at 4, 25 and
50°C+0.5°Cin a shaker at 150 rpm. After 24 hours,
the samples of film that didn't dissolve in water
were taken back and put in a desiccator until they
reached a constant weight (W2).

(W1-W2)

o/ —
WS% = Wi

X 100 .(5)

Internal transmittance and opacity

The internal transmittance and opacity of
the films of the film samples were determined using
a Shimadzu UV-visible spectrophotometer model
UV2250 by measuring percent transmittance at a
wavelength of 600 and 280 nm, respectively. Air
was taken as a reference.

Morphological characteristics:

FESEM was used to get the results of the
morphological characteristics of the developed
films. Film samples were fixed on FESEM stubs
covered with double-sided carbon adhesive tape
with a gold layer in an ion sputter to increase their
electrical conductivity. The samples were then
scanned in a FESEM (Zeiss Gemini 300) at 50x
magnification and 20 kV acceleration voltage.

Fourier transform infrared spectroscopy

FTIR spectra were recorded by a (Bruker,
ATR-FTIR) spectrometer in attenuated total
reflectance mode. Films were scanned in the 4000-
700 cm™ range with 32 scans per sample and a 4
cm™ spectral resolution.

X-ray diffraction (XRD)

The crystalline nature of the films was
verified with the help of an X-ray diffraction pattern
(Smartlab, Rigaku Technologies, Japan) at a step
width of 1.2°/min over the 20 between 5 to 40°.
The experiment was carried out at 23 + 2°C.

Thermal properties

The thermal profile of the samples was
obtained on an (EXSTAR TG/DTA, model 6300).
Samples weighing about 10 mg were heated from
25°C to 650°C at a rate of 10°C/min in a standard

Table 1. Minimum inhibitory concentration for different organic acids

Pathogenic Organic acid Concentration (ppm)
Microorganism
50 25 125 6.25 3.12 156 0.78
S. aureus Lactic acid - - + + + + +
Citric acid - - + + + + +
Acetic acid - - + + + + +
E. coli Lactic acid - - + + + + +
Citric acid - - + + + + +
Acetic acid - - + + + + +
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alumina crucible. The measurements were
performed under nitrogen with a flow rate of 100
ml/min, which had previously been calibrated with
an alumina standard. The TGA curve was used to
measure the amount of char and the percentage of
weight loss. The maximum temperature at which
the films decompose was determined using the
DTG curve.

Biodegradability test

The biodegradability of developed films
was determined using the soil burial method
reported by?® with slight modifications. The film
samples (2 cm?) were buried at a depth of 5
cm in the soil. After every two days, water was
sprinkled on the soil to maintain a humidity of
40-45%. The degradation of film samples was
conducted at intervals of 5 days by carefully
removing the samples, brushing them gently to
remove soil, drying them at 50°C for 10 h, and
measuring the final weight. The weight loss of
the film sample during degradation was used

to indicate the degradation rate. The percentage
weight loss during degradation was calculated as:
(m0-m1)

Weight loss (%)= 0

X 100 ...(6)

Where mO0 is the initial film weight, and
m1 is post degradation weight.

Table 2. Minimum Bactericidal Concentrations for
different organic acids

Pathogenic Organic Concentration (ppm)
Microorganism acid
50 25

S. aureus Lactic acid - -

Citric acid - -

Acetic acid - -
E. coli Lactic acid - -

Citric acid - -

Acetic acid - -

The positive (+) sign indicates growth while the Negative (—)
indicates an absence of growth

Figure 1. Photographs of Antibacterial test of organic acids (lactic, citric, and acetic acid) on gram-negative
(Escherichia coli) and gram-positive (Staphylococcus aureus) bacteria (a) MIC by tube dilution method (b) MBC by

Disk diffusion method
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Antibacterial effect of developed films

The antibacterial effect of developed
films was determined according to*® with slight
modifications. A 0.1 mL aliquot of pathogenic
strain suspension was transferred to a pre-
prepared agar surface, spread uniformly, and kept
for drying. Film discs of 0.5 cm in diameter, with or
without organic acid, were placed on the surface
of a dried plate to determine antibacterial activity.

RESULTS AND DISCUSSION
Antibacterial assay of organic acids

The MIC and MBC results displayed
that organic acids have effective antibacterial

Table 3. Mechanical Properties and Thickness of films

properties against tested bacteria (Table 1 and
2). The MIC value was 12.5 ppm both against
E. coli and S. aureus for lactic, citric, and acetic
acid. As shown by the zone of inhibition, organic
acids have potent bactericidal activity in Figure 1.
Citric acid resulted in higher inhibition for gram-
positive bacteria (S. aureus) compared to gram-
negative bacteria (E. coli.) bacteria. While acetic
acid showed higher inhibition for E. coli. than S.
aureus. Lactic acid displayed similar inhibition
against both S. aureus and E. coli. Because weak
organic acids are lipophilic and can easily enter
the plasma membrane, as well as intracellular
acidification, they are more inhibitory than strong
mineral acids.?"*

Characterization of Films
Thickness

The thickness of the starch, starch/CMC,
and modified starch/CMC films was shown in
Table 3. Since thickness has an impact on barrier
qualities like WVP, it is a crucial aspect of food
packing. Due to variations in the water vapour
pressure and the accumulation of moisture on
the film-air interface, the film thickness has a
special impact on the water vapour permeability.
The thickness increased with the blending of CMC

85
80
75
70

65

60

Elongation at break %

55

Thickness  Tensile strength Elongation at
mm Mega pascals break %
(MPa)
TS 0.170+0.013 6.15+ 0.59 58.87+1.34
SC 0.181+0.020 8.8010.31 77.97+1.72
SCL  0.167+0.031 10.61+0.94 80.03+2.76
SCC  0.171+0.031 8.9610.89 82.01+1.27
SCAc 0.174+0.011 9.2140.23 71.49+1.31
13
- 12
a
11
2
£ 10
)
&
o 9
S
e
n g
9
‘»
5 7
= 6
5
TS SC SCL

50

SCC SCAc

Film Samples

—¢=—Tensile strength Mpa

—#-—Elongation at break %

Figure 2. Tensile strength with Elongation at the break of films
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due to the higher molecular weight and viscosity
of CMC.?* While acid incorporation leads to a
decrease in the thickness due to the hydrolysis
of starch with acid and a reduction in molecular
weight.?

Mechanical properties

Mechanical properties of starch-based
bioactive films were revealed in Table 3 and Figure
2. The tensile strength of films improved slightly
from 6.15 MPa (TS) to 8.8 MPa (SC), whereas
elongation at break increased significantly from
58.87% (TS) to 77.97% (SC) by incorporating CMC
into the starch matrix. The above results shows
that the incorporation of CMC not only improved
the strength of starch-based films but also reduced

Table 4. Water vapour permeability, Moisture content
and Moisture absorption of films

their brittleness while improving flexibility. This
was possibly due to the chemical similarity of
starch and CMC. Depending on their unique
nature and impact on the film microstructure,
different organic acids exhibited varying effects on
mechanical parameters. Lactic acid (SCL) enhanced
the mechanical properties of the films and also
increased their stretchability. Acetic acid (SCAc)
incorporation also strengthens the film, along
with an improvement in elongation. While the
incorporation of citric acid (SCC) led to an increase
in the elongation at break but a decrease in the
tensile strength compared to other organic acid-
modified starch films. As a result of citric acid's
plasticizing effect, as described earlier, this may
occur.?* Acid treatment caused polymer chains to

Table 5. Internal transmittance and opacity of films

Film WVP MC (%) MA (%) Film Tr280 (%) Tr600 (%) Opacity
type (g.mm/kPa.m?2.h) type
TS 1.15+0.12 9.32+0.19 9.71+0.28 TS 15.56+0.35 44.61+0.07 2.06+0.06
SC 1.42+0.01 7.70+0.14 13.86%0.18 SC 14.89+0.45 36.67+0.31 1.89+0.31
SCL 1.27+0.18 9.88+0.15 13.63+0.37 SCL 18.86+0.86 60.74+0.49 1.374£0.49
SCC 2.72+0.21 9.39+0.13 17.31+0.24 Scc 17.15+0.13 44.95+0.8 0.96+0.8
SCAc 2.61+0.11 10.63+0.25 16.70+0.22 SCAc 19.51+0.79 60.02+0.62 0.83+0.62

12 20

11 18

10

16
R o X
o 14 o
s 8 S
12

7

6 10

5 8

TS SC SCL SCC SCAc
Film type

——=MC (%) =l=MA (%)

Figure 3. Films Moisture content & Moisture absorption
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hydrolyze, lowering the average molecular weight
of linear chains.* These properties are required for
the easy handling of the starch suspension in the
development of starch films.3¢-38

Physico-chemical properties
Moisture content (MC) and Moisture absorption
(MA)

The film's ability to absorb moisture
from the environment over time is measured by
its moisture absorption. SC film showed a lower
moisture content than starch film while still
having substantial water absorption as shown

in Figure 3 and Table 4. Due to the development
of a compact structure, the moisture content is
reduced when CMC is added to the starch matrix,
as can be seen from FESEM images (Figure 6).
But due to the hydrophilicity of CMC, it leads to
higher water affinity compared to pure starch film.
While the water affinity of the films diminished
with the addition of lactic acid. The decrease of
water affinity in lactic acid-treated films (SCL)
may be due to crosslinking and the consequential
decrease of free OH groups.>>*° On the other hand,
the incorporation of citric acid and acetic acid
increases the moisture content along with the

WATER SOLUBILITY OF FILMS

e e
© Rk W U N L

~

(%2

SC

scL
FILM TYPE

FILM SOLUBILITY IN WATER WS (%)

%4°C =25°C 50°C

Figure 4. Water solubility of Films

Internal transmittance and opacity of

films
21 - 65
20 . [ - 60 —
X 19 X L L 55 X
18
(=) L o
g - s 8
~ 16 | u i et
= 15 !\-— 40 F
14 . = . . . 35
TS sC scL scc SCAC
Film Type

=u=Tr280 (%)

Figure 5. Internal transmittance and opacity of Films

=s=Tr600 (%)

Journal of Pure and Applied Microbiology

249

www.microbiologyjournal.org



Kaur et al. | J Pure Appl Microbiol. 2023;17(1):241-257. https://doi.org/10.22207/JPAM.17.1.14

moisture absorption of films. The multi-carboxyl
structure of citric acid allows it to possibly function
as a plasticizing agent. Plasticizing of starch
macromolecules weakened the intermolecular
hydrogen bonding that complements natural
intermolecular amylose bonding to increase the
water affinity. It may also be due to the porous
nature of the films, which is evidenced by the
FESEM images (Figure 6).

Water vapour permeability (WVP)

The film should reduce or prevent
moisture transfer between food and the
environment in applications involving food

Table 6. Crystallinity Index of films

Sample Crystallinity
name index
TS 56.23
SC 37.85
SCAc 53.04
ScC 52.22
SCL 54.9

EHT= 300AV Moo= J000KX  WO=GAmmM  SignaA=inions

packing. As shown in Table 4, the WVP of the
SC film without organic acid was 1.42 + 0.01
g.mm/kPa.m2.h and the incorporation of lactic
acid resulted in a reduction in the water vapour
permeability (WVP) of the films. This may be
associated with the replacement of the hydrophilic
hydroxyl group with hydrophobic ester groups.
Since a more compact structure was created by
the addition of lactic acid, the water molecules'
ability to transport through it was likely made
more difficult. In addition to high crystallinity,
which results in reduced intermolecular space,
lactic acid-treated films may have lower water
vapour permeability. Conversely, the incorporation
of citric acid and acetic acid increased the water
vapour permeability due to the formation of the
porous structure, as evidenced by the FESEM
images.

Film solubility in water (WS)

The water solubility of developed films
plays a significant part in improving film integrity,
biodegradability, shelf life, and resistance to water
for food packaging applications. Low solubility

EnT = s00Av Mag= Z0.00KX  WO=Gimm  SinofA=ieiens

Figure 6. Field emission scanning electron microscopy(FESEM) micrographs of developed films at 50,000

magnification
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percentages are required for water resistance
and food integrity. The water solubility results
are presented in Figure 4. The water solubility of
films was lowest in Curcuma angustifolia starch
films, which increased significantly with the
incorporation of CMC. The incorporation of organic
acids had variable effects on water solubility, which
depended on the type of organic acid and its
interaction with the base matrix. The incorporation
of lactic acid and acetic acid was able to decrease
the water solubility of the control films. By forming
hydrogen bonds between the hydroxyl groups on
starch and the carboxylic acid groups on lactic acid,
molecular interactions are enhanced and water
solubility is reduced.*

Internal transmittance and opacity
Film translucency is determined by the
spectral distribution of its internal transmittance.

Table 7. Weight loss percentage of developed films
during TGA analysis

°C TS SC SCL  SCAc SCC
23-100 5.6 9.6 9.3 6.9 9.5
100-200 6.3 6.4 7 6.5 6.6
200-300 427 444 437 417 504
300-400 147 139 138 161 6.6
400-500 3.9 3.8 3.8 5.1 3.9
500-650 1.3 1.3 11 1.7 14

—Ts

Due to the incorporation of organic acids (lactic,
citric, and acetic acid) into the base matrix, the
internal transmittance was increased as shown in
Figure 5 and Table 5. This was due to changes in
the refractive index of the film structure caused
by the creation of a more homogeneous structure
with acid hydrolysis. As transparency is correlated
with internal transmittance.*” Due to an increase
in internal transmittance, the opacity of the acid-
modified films was decreased.

Morphological characteristics

The microstructure of the films was
qualitatively determined, to observe the effect
of different organic acids on the morphology of
the film (Figure 6). FESEM micrographs of the
film surface without organic acids TS and SC
showed an ordered, compact, and homogeneous
structure, which shows that tikhur starch and CMC
are compatible polymers.?*#?? The modification of
starch with organic acids, which represent almost
5% w/w of the starch used, brought about some
structural modifications due to the nature of
organic acids. With the addition of lactic acid into
the base matrix, the surface smoothed down and
became more uniform with fewer bumps. The
acetic acid films (SCAc) had a surface with a small
area of agglomerates that might be attributed
to the crosslinking between starch and acetic
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Figure 7. Fourier transform infrared spectroscopy (FTIR) spectra of developed films
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acid. The granular structures on the surface of
the SCAc film can also be due to the presence of
recrystallized particles formed by acidolysis. In
films containing citric acid (SCC), phase separation
was observed due to its plasticizing properties.
Thus, citric acid promoted the fragmentation
and plasticization of starch granules. According
to,* the roughness of the cross-linked potato
starch/chitosan composite films with citric acid
was higher than that of the uncross-linked films
because of the plasticizing effect of the acid.

Fourier transform infrared spectroscopy

In Figure 7, FTIR spectra are shown for
different films, including TS films containing pure
starch. TS film showed prominent absorption

25000

peaks at 669 (C-H bending) of 1, 2, 3-trisubstituted
alkene, 989 (C=C bending) alkene, and 1651 cm™
(C=C sstretching) alkene. With starch/CMC (SC) film,
a prominent peak at 2934 cm™ that corresponded
to C—H stretching due to the presence of CMC was
shown, but there is no such peak in TS film that
indicates the change in surface morphology. Bands
observed at 3300 cm™ correspond to stretching
modes of the different -OH groups. It is known
that a strong hydrogen bond shifts the band to a
higher wavenumber. The addition of organic acid
to the starch/CMC matrix resulted in the shifting
of bands associated with hydroxyl groups. It was
observed in lactic acid (3300 cm™) containing films.
A broader hydroxyl peak was observed in citric
acid (SCC) and acetic acid (SCAc) films, indicating
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higher water affinity of citric acid (3302 cm™) and
acetic acid (3310 cm™®) containing films.

X-Ray Diffraction (XRD) Analysis

The percentage crystallinity of the
film samples was investigated using the X-ray
diffraction technique. XRD can characterise the
compatibility of films. The amorphous section
of starch is made up of amylose molecules with
long branches, while the crystalline region is
made up of amylopectin molecules with short
branches. As higher crystallinity is associated
with higher amylopectin content in starch
granules, consequently tikhur starch films are
more crystalline than starch/CMC blend films
(Table 6 and Figure 8). The peak at 17.02° could be
assigned to amylose, while the peak at 21.94° to
Vh crystallinity. Because of interactions between
starch and CMC, the blend peaks have shifted
slightly. The CMC structure is linked to the low
crystallinity that has been reported previously
by.? Tikhur starch-CMC mix films had a broad peak
at 22.79°. This means that there was not much
crystalline structure left in the starch-CMC mix
film.

CMC damaged the tikhur starch film's
original crystalline domains, lowering the
crystallinity percentage from 56.23 to 37.85.
The crystallinity of two biopolymer ingredients
in the films becomes lower than that of a single-
crystalline ingredient when they have good
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Weight Loss (%)

miscibility. New diffraction peaks occurred at
26=14.90°, demonstrating that starch and CMC are
miscible at the molecular level. The cross-linking
process between starch and lactic acid stopped
molecular chains from moving and improved
crystallinity. While in the case of citric acid and
acetic acid, hydrolysis caused the accumulated
short-chain fragments to recrystallize and create a
quasi-crystalline structure, increasing crystallinity.
Similarly, in starch-chitosan ferulic acid-containing
films, a more amorphous pattern appeared,
indicating the miscibility of film components and
delaying the occurrence of retrogradation.®

Thermal properties

The results of the thermal properties of
developed films were studied, and the Figure 9 and
Table 7 shows the TGA/DTG analysis of developed
films in the range of 25—650°C under a nitrogen

Table 8. Inhibitory activity of different biofilm against
selected bacterial pathogens

No. Samples Zone of Inhibition (mm diameter) *
E. coli S. aureus

1. TS - -

2. SC - -

3. SCL 8 12

4. ScC 7 9

5. SCAc 7 8

* Includes disk diameter of 5 mm
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Figure 10. Weight loss percentage of films during biodegradation in the soil as a function of time
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Figure 11. Photographs of disk-diffusion Antibacterial test of organic acids (lactic, citric, and acetic acid) modified

starch/CMC film samples on E. coli and S. aureus bacteria

atmosphere. The developed films went through
three stages of thermal disintegration in the form
of weight loss, similar to other thermoplastic
starch-based films. The evaporation of water and
glycerol causes an initial steady-state weight loss
between 25 and 150°C. Thermal pyrolysis of the
starch backbone at 300°C caused a sudden weight
loss of 41-50% in the second stage between
200 — 380°C. At 300°C, the final stage of fast
depolymerization of carbon residues was caused
by the breakdown of amylopectin.**** At 650°C,
films had a higher char content and decomposed
only by 73-79% in the nitrogen atmosphere.

Biodegradability

The weight loss during the degradation of
bioactive starch-based films in the soil is shown in
(Figure 10). A variety of bacteria may easily break
down starch to produce fermentation products
like ethanol and methane. When it is buried in soil,
microbes attack it swiftly. Increased water sorption
encourages soil microorganisms to enter, which
utilise the starch films for their growth as a source
of energy. There is consensus in the literature
that crosslinking modifies water sorption.*® The
delayed breakdown rate of citric acid cross-linked
starch films was also observed by. ¥ Although it is
anticipated that citric acid cross-linked or esterified
starch does not break down excessively slowly, no
research has examined this issue. All starch-based
films showed altered tonality and breakdowns
after 5-day storage, indicating hydrolysis reactions
that take place during early deterioration. In
general, the use of lactic acid led to the longest
degradation times (>55 days) compared to films

produced with citric acid and acetic acid. The
highest percentage of weight loss was observed for
TS film, followed by SC. Lactic acid incorporation
in the starch/CMC matrix not only improves the
film's water insolubility but also enhances the
film's resistance to degradation.

Antibacterial activity

A comparison of the antibacterial
activities of organic acid-modified films and
controls (without organic acid) of gram-positive
(Staphylococcus aureus) and gram-negative
(E. coli) organisms is shown in Figure 11 and
Table 8. TS and SC films without organic acid
showed no antibacterial activity against test
organisms, but the films with organic acid showed
potent antibacterial activity against both gram-
positive and gram-negative bacteria. In general,
the effect of lactic acid was more pronounced
than that of citric and acetic acid. Staphylococcus
aureus, a gram-positive bacteria, was more
vulnerable to the organic acid-modified films than
gram-negative bacteria (E. coli). However, because
gram-positive and gram-negative bacteria have
different cell walls, the antibacterial action may
change across the two types of bacteria. It has
been recognised that the antibacterial action of
organic acids is due to damage to the bacterial
cell membrane caused by failure of the synthesis
system between protein and cellmembrane, which
inhibits the propagation of bacteria and releases
cytoplasmic contents, resulting in the bacterium's
death. In addition, organic acid provides an acidity
that has anti-bacterial properties.
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CONCLUSION

Non-conventional starch from Curcuma
angustifolia (tikhur) rhizome was extracted
through wet milling and used for the development
of biodegradable films. The CMC was incorporated
into the starch-based matrix to improve the
physicochemical properties of the blended film.
Organic acids (lactic, citric, and acetic acid) were
incorporated to modify the starch/CMC blended
film. Organic acid incorporation affected the
functional properties of the starch/CMC matrix.
The addition of organic acids produced films with
better qualities that might potentially replace
non-biodegradable films in addition to displaying
antibacterial properties both against gram-positive
and gram-negative bacteria. Lactic acid films led
to the longest degradation times (> 55 days)
compared to films produced with citric acid and
acetic acid. The study found that organic acids can
be used to change the properties of starch-based
bioplastics for food packaging applications.
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