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Proteins extracted from Pongamia pinnata oil meal have been converted
into completely biodegradable films, transparent packaging boxes, and
containers with inherent antimicrobial and antioxidant properties
required for medical, food, biotechnology, and other applications. A
simple crosslinking using citric acid can provide the necessary strength
and stability to the protein bioproducts. Proteins are preferred over other
Abstract: | biopolymers for various end-uses and are ideally suited for direct
consumption, also to develop bioproducts for packaging applications. In
this research, proteins are obtained from pongamia oil meal and
subsequently converted into films and compression molded into various
packaging products. Films with a maximum tensile strength of 1.9 MPa
were obtained when 10% citric acid was used as the crosslinker. The
pongamia protein-based bioproducts showed good activity against
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Bacillus cereus and Aspergillus niger. Unique properties, low cost, and
large availability make pongamia proteins an ideal biopolymer for the
development of green and sustainable materials and bioproducts.
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Extraction and Characterisation of Bioactive Proteins from
Pongamia pinnata and their Conversion into Bioproducts for

Food Packaging Applications

Abstract

In this research, proteins were obtained from Pongamia pinnata oil meal and subsequently
converted into films and compression moulded into various packaging products. Films with a
maximum tensile strength of 1.9 MPa were obtained when 15% citric acid was used as the
crosslinker. Minimum swelling of 120% was seen in 20% citric acid crosslinked film whereas
the uncrosslinked films readily disintegrated in water. The protein films had excellent
antioxidant properties with an IC50 value of 14.6 pg/mL compared to 26.9 ug/mL for the
standard ascorbic acid. The pongamia protein-based bioproducts showed good activity
against Bacillus cereus and Aspergillus niger. Unique properties, low cost, and large
availability make pongamia proteins an ideal biopolymer for the development of green and

sustainable materials and bioproducts.

Keywords: Pongamia pinnata, proteins, citric acid (CA), crosslinking, films, packaging,

bioproducts
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1. INTRODUCTION

Substantial efforts are being pursued towards developing greener materials using renewable
resources as substitutes for petroleum-based materials. Among the various renewable
resources, the by-products generated during the cultivation of crops are economical and
widely available with rather restricted applications. Similarly, plant proteins like pongamia,
soy, and zein are produced as coproducts of oil extraction but are mainly used for low-value
applications such as fertilizer or animal feed '-°.

Plant proteins have several advantages including easy biodegradability,
biocompatibility, cytocompatibility, availability of amino and carboxylic groups for chemical
modifications, etc *~. Hence, a variety of plant proteins have been converted into films,
hydrogels, fibers, micro and nanoparticles, and scaffolds for a range of applications .
However, compared to many other synthetic materials, the properties of protein films are
inferior. Specifically, plant protein-based biomaterials have inferior mechanical
characteristics along with inadequate water resistance due to the considerably high
hydrophilicity of the proteins '°. These drawbacks limit the use of plant proteins for various
applications.

Proteins contain several functional groups including amines, alcohols thiols, etc.
Chemical modification of these functional groups changes the physical properties and
reactivities of the proteins making them suitable for specific applications. Researchers have
implemented numerous types of chemical modification techniques including crosslinking,
esterification, acetylation, etc to improve the performance properties and usability of proteins
711,12,

Crosslinking using chemical, physical, and/or enzymatic approaches are commonly
employed to enhance the properties of protein and other biopolymer-based materials. When

proteins react with specific molecules called crosslinkers, interlinks are formed between the
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crosslinker and the protein functional groups. Such interconnections improve the mechanical
strength of the proteins as a result of the formation of tough and resilient intermolecular
covalent bonds between the crosslinks, whereas a decrease in mobility of the polymers and
hence elongation of the fibers is noticed. For example, polymers such as soy proteins were
crosslinked with transglutaminase for the enhancement of hardness, transparency, and
strength for drug release and tissue engineering applications '* 4. Similarly, proteins obtained
from soybeans and cotton seeds were crosslinked using various aldehydes, glyoxal, and other
chemicals for different applications !¢,

Although many crosslinkers have been used to modify the properties of films, most
of the crosslinkers reported are toxic to cells and hence not preferable for health-related
applications. Carboxylic acids such as citric acid (CA) helps in cross-linking the polymer
without compromising the cytocompatibility '°. CA is a weak acid with three carboxylic
groups, organic and non-toxic as certified by the Food and Drug Administration of the United
States of America *°. The carboxylic functional groups of CA are greatly responsive and
proliferate the active sites on the proteins. Enhanced functionality along with ester bond
formation can be achieved by CA crosslinking. Also, several reactive groups (-COOH and —
OH) existing in CA allow the adhesion of multiple biomolecules and aids in achieving the
desired extent of crosslinking *'.

Pongamia pinnata is a non-GMO crop and nitrogen-fixing tree that grows in a
varied range of geographical regions. The seed yields non-edible oil which is of medicinal
value. The seeds contain lipids (33%), proteins (43%), sugar (20%), and free amino acids
(10%)22-23,

Pongamia produces oilseeds that are used for various applications like oil for
biofuel applications, biogas, for electricity production. Once the oil is removed from the

seeds, the deoiled seed cake contains a high amount of crude proteins (30%) which can be
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utilized as poultry and cattle feed . This paper for the first time reports the extraction of
crude proteins from Pongamia pinnnata oil meal and conversion of the proteins into value-
added bioproducts.
2. EXPERIMENTAL SECTION
2.1 Materials
Pongamia oil meal was procured from Gandhi Krishi Vignan Kendra, Bangalore, India.
Chemicals sodium hydroxide (NaOH) manufactured by Thomas Baker private limited,
sodium hypophosphite (SHP) produced by Rolex chemicals private limited, citric acid (CA)
from HiMedia laboratories private limited. Acetic acid and hydrochloric acid from Nice
chemicals private limited, L-proline, and ninhydrin reagent (2% solution) were purchased
from Sigma Aldrich private limited.
Methods
2.2. Extraction of pongamia proteins from the meal
Unfractionated pongamia meal was added into NaOH solution (1% w/v) under continuous
stirring for an h at 70 °C. The meal to alkali solution was at a ratio of 1:4 (w/v). Later, the
solution was centrifuged at 8000 rpm for 15 minutes. Around 30 ml of 50% v/v acetic acid
was added to 400 ml of the supernatant for the protein precipitation to take place. Proteins
were obtained after the centrifugation of the precipitated solution. Further, this protein was
dried for 24 h at 60 °C 7> ', These proteins were used for the preparation of the films. The
procedure followed for the protein extraction is schematically shown in Scheme 1.

[insert Scheme 1]
Scheme 1: Schematic representation of the method employed for protein extraction
2.3. Amino acid analysis
The proteins extracted were examined for the various amino acids present in them. A Hitachi

L-8900 automatic amino acid analyzer was used for the analysis. Different weights of the
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protein (174 mg, 260 mg, and 369 mg) were taken, hydrolyzed at 110+1 °C in 6 mol/L HCl
for around 22 h, and later was cooled to room temperature. Nitrogen atmosphere was used to
dry the samples for the removal of HCI and was further the amino acids were reconstituted in
5 ml distilled water. Next, the solution was allowed to pass through a 0.22 um pore size
membrane. During the analysis the column temperature was 57 °C, detection wavelength was
570 nm (proline @ 440 nm); buffer flow rate (0.35 ml/minute), and the unit temperature
during testing was controlled at 135 °C. The final concentration of amino acids was taken as

100% and the proportion of each type of amino acid was reported.

2.4. Preparation of crosslinked protein films

Pongamia protein (6%w/v) was added into NaOH (0.2 N) solution preheated to 70 °C under
continuous stirring for 30 minutes. Different percentages of CA (0 to 20% to the weight of
the protein) and catalyst, SHP (50% to the weight of CA) was added to the above solution.
Heating along with stirring was sustained for the next 20 minutes. This solution was then
poured onto the metal plates and dried at ambient temperatures until the film was formed. For
the crosslinking reaction to take place, the dried films were treated at 150 °C for 15 minutes
in a vacuum oven ’. The length and width of the film were multiplied with each other to

obtain the area of the film. The dimensions of the developed films was 100mm x 100mm.

2.5. Water sorption studies

The protein films whose initial weights were designated as WI were made into smaller parts
(1*1 cm). These smaller portions of the film were immersed in distilled water (around 15
minutes) for the absorption to occur and centrifuged for 10 minutes at 5000 rpm to remove
excess water. The final weights (W) were calculated. The % water sorption was calculated

through the below formula (Equation 1):
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WE-WI » 100
Wi

% Water sorption =

2.6. Determining mechanical properties

The tensile characteristics of the pongamia protein films were estimated in the dry state
(ASTM standards D 882-02) utilizing a universal tensile tester (Model UTM- G-312C,
Shantha engineering, Mumbai). Protein films measuring 10 x 1 cm were prepared. The
samples were maintained at room temperature before measurement. The crosshead speed was
30 mm/minute and a load cell with a capacity of 100N was used throughout the analysis.

Fifteen specimens for each condition were considered and three replications were done.

2.7. Swelling studies

The pongamia protein films (of uniform thickness) were made into smaller strips having
dimensions of 2*2.5 cm and treated in distilled water for 10 minutes. Subsequent changes in
the dimension of the films were analyzed. The % increase in the area of the film after

swelling (A¢) was calculated using the formula in equation 2:

, Af-Al
% Increase in area = Al ¥ 100

2.8. Fourier transform infrared studies

The FTIR spectrum of the films was determined on a Shimadzu IRAffinity-1S FTIR
spectrophotometer. The spectrum was recorded in total attenuated reflectance mode with the
aid of a diamond cell. The range of scanning was 400 - 4000 cm! and 64 scans were done for

each sample. Lab solutions series software was employed to examine the obtained spectra.

http://http://mc.manuscriptcentral.com/jbcp



oNOYTULT D WN =

Journal of Bioactive and Compatible Polymers

2.9. Scanning electron microscope images

The surface features of the films were captured using a scanning electron microscope
(Hitachi SU3500). The protein samples were coated with gold particles using an ion sputter
(Hitachi Ion Sputter MC1000) for 60 seconds since they were nonconducting. The current

maintained was 1.8 mA and the images were captured at an operating voltage of 5kV.

2.10. Thermo Gravimetric Studies

Changes in the thermal behavior of pongamia protein powder and the crosslinked films were
studied with the help of a Thermo Gravimetric Analyser (Mettler Toledo, Model 822e¢).
Sealed aluminium pans were used to place the samples and heating was carried out at a rate

of 10 °C/min starting from 25 °C to 600 °C under nitrogen atmosphere.

2.11. Antioxidant studies

The antioxidant properties in terms of the scavenging activity of the films were obtained
using ABTS+ (2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical decolorization
assay. The ABTS+ cation radicals were produced by reaction between 7 mM ABTS and 2.45
mM ammonium persulfate by incubating in dark for 16h to obtain ABTS+. The standard
antioxidant compound used was ascorbic acid (Img/mL).A stock solution of pongamia
protein (Img/mL) was prepared by dissolving in DMSO (Di Methyl Sulphoxide). Different
aliquots (10pug/ml to 50pg/ml) of this stock was taken and the volume was adjusted to 500 pL
using DMSO. To all the tubes 2500 pL of ethanol was added followed by 300 uL of ABTS+
reagent and incubated for 30 minutes at room temperature in dark, the absorbance was
measured at 745nm?*. The blank comprised 500 uL of DMSO, 500 uL of ethanol, and 150

uL of ABTS+. All the test-tubes displayed decolorization and this was expressed as the
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inhibition percentage of the cation available in the sample. The percentage of scavenging
activity was determined using equation 3. Next, scavenging activity was plotted against
protein concentration in an excel sheet. The linear trendline was added to the plotted curve,
further R? and a regression equation were obtained in the form of y=mx+c. X is IC50 which
needs to be calculated, y is 50 since we are calculating IC50 and a simple substitution of the
values provides us IC50. Ascorbic acid was used as positive control and tests were carried out

in triplicates.

ABTS radical ng Activie {%]_Cﬂ!iﬁ'ﬂl 0D — Sample 0D 100
radical scavenging Activity = Control 0D x100 G

2.12. Antimicrobial studies

The antimicrobial studies were conducted using the agar well diffusion method %°.

A starter culture of bacteria (Bacillus cereus and E coli) was prepared by taking a loop full of
bacteria from the master culture. This was inoculated in Mueller Hinton broth separately and
incubated at 37+ 1 °C for 2h on a shaker at 120 rpm. 100 puL of the active bacterial cultures
were taken from the broth and spread on Mueller Hinton agar medium using sterile swabs.
Wells were punched using a sterile steel cork borer (6mm internal diameter) and 100 pL of
the samples were loaded. The standard antibacterial compound used was ampicillin
(Img/mL). Post incubation (at 37 °C for 24 h), the zone of inhibition was measured in
millimeters. For antifungal activity, a loop full of fungal spores was suspended in Mueller
Hinton broth and a method similar to antibacterial study was followed to know the activity
against Aspergillus niger. The standard antifungal compound used was fluconazole
(Img/mL). The zone of inhibition was measured in millimetres after 48 h of incubation at 28

°C. The test was conducted in triplicates.
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2.13. Developing bioproducts

The proteins extracted from Pongamia pinnata oil meal were verified for their likeliness to be
shaped into diverse forms for various applications. Protein films were obtained by adding
15% CA and 40% glycerol to the weight of pongamia protein. The obtained films were
compressed at 140°C for five minutes into 3D cups and boxes utilizing specific moulds.

Pictures of the developed bioproducts are incorporated in the manuscript.

2.14. Statistical analysis
For all the above-stated experiments three trials were performed. The average for all three
trials along with standard deviations was measured and reported. £ indicate one standard

deviation in the error bars.

3. Results and Discussion

3.1. Crosslinking reaction mechanism

The crosslinking mechanism between CA and protein amine groups is demonstrated in figure
1. Initially, SN2 nucleophilic substitution reaction occurred between protein amine groups
and carboxyl groups of citric acid'’. Since three carboxyl groups are present in citric acid,
each citric acid molecule interacted with more than one amine group leading to the formation
of intra and intermolecular crosslinks. As depicted in reaction (1), COOH and NH; were
protonated into COO- and NH; in an alkaline medium. COO- which carries a partial positive
charge was attacked by amine nitrogen leading to the formation of an amide as demonstrated
in reaction (2). Further, the proteins interacted with the remaining carboxyl group of citric
acid as shown in reaction (3).

[insert Figure 1]
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1
2
i Figurel: Mechanism of crosslinking reaction between citric acid and amine group of
5 . . . .
6 pongamia protein. P1, P2, and P3 represent pongamia proteins.
7
8
9
:? 3.2. Amino acid analysis
:; Crude protein was extracted from Pongamia pinnata oil meal and the percentage weight
14
15 fraction of the protein obtained after extraction was around 24. The amino acid analysis was
16
17 performed to understand the protein content of Pongamia pinnata in general. A comparison
18
;g of the relative % of amino acids present in extracted pongamia proteins with zein and soy
21
22 proteins is provided in table 1. The amino acid content of pongamia protein is comparable to
23
24 that found in other plant sources. Glutamic acid was the primary amino acid (12.2%) present
25
;? in pongamia. Methionine with 1.8% was the lowest amino acid in pongamia unlike in soy and
28 o o
29 zein which was cysteine “°.
30
31
32
gi Table 1: Relative proportion of amino acids extracted from Pongamia pinnata oil meal, zein,
35 26
36 and soy?*°.
37
38 Amino acid Type of protein
o,
39 (%) Pongamia Zein Soy
o Threonine 2.9 1.8 23
4 Methionine 1.8 1.1 0.3
43 Phenyl alanine 5.4 34 3.2
44 Histidine 3.7 1.1 1.5
45 Lysine 3.0 1.0 3.4
46 valine 8.3 2.1 2.2
47 Isoleucine 4.7 1.7 1.9
48 Leucine 8.2 8.8 5.0
49 serine 5.6 2.9 3.4
50 Glycine 72 1.6 2.7
g; Glutamic acid 122 13.1 12.4
53 Proline 5.6 5.2 33
54 Cysteine 4.4 0.3 0.2
55 Alanine 6.5 4.8 2.8
56 Tyrosine 6.2 2.7 2.2
57 Arginine 7.7 1.7 4.8
58
59
60

10
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3.3. Water sorption studies

Approximately, 24 hrs was required to dry the films at ambient temperature. The thickness of
the films was around 0.2mm. The ability of different pongamia protein films to sorb water is
depicted in figure 2. protein The water absorption abilities of the film were dependent on the
percentage of CA added. Uncrosslinked film absorbed 438% of water whereas maximum
sorption of 788% was seen in the case of 5% CA crosslinked pongamia protein films.
Minimum sorption of 346% was seen in 20% CA crosslinked films. The uncrosslinked and
5% CA crosslinked films dispersed/disintegrated after water sorption for 15 minutes.
However, 10, 15 and 20% crosslinked films were stable and intact even after centrifugation.
This relationship between CA % and water sorption % can be ascribed to the formation of
crosslinks between the amine/hydroxyl groups of proteins and carboxyl acid groups of CA >
% In 5% CA films, the amount of CA added was not sufficient enough to crosslink all the
freely available functional groups of proteins. Hence, there were many free functional groups
present in the protein film in addition to those present in CA available for H- bonding with
water molecules. The number of these free amino and hydroxyl groups decreases with
increasing CA concentration. Therefore, the least water sorption was seen with 20% CA
crosslinked film owing to the unavailability of free amino/ hydroxyl groups *°.

[insert Figure 2]

Figure 2: Effect of citric acid percentage on % water absorption of pongamia protein films.

3.4. Mechanical properties

The tensile strength of pongamia protein films when crosslinked with varying % of CA is
shown in figure 3. Maximum strength of 1.9 MPa was exhibited by 15% CA crosslinked
pongamia protein film. The crosslinked films (except 20% CA) displayed higher strength in

comparison to the uncrosslinked films 7. The formation of crosslinks between the amino/

11
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hydroxyl groups of proteins and carboxylic groups of CA takes place leading to the
establishment of interconnected molecules. This network is responsible for the increased
strength of crosslinked films. However, 20% CA crosslinked film displayed considerably
low strength in comparison to the uncrosslinked film. This low strength of 0.230 MPa in 20
% CA film is due to the protein precipitation as the addition of CA reduces the pH. Protein
dissolution for film formation requires alkaline conditions. Both CA and SHP are considered
acidic and when added at higher levels leads to precipitation or partial dissolution of the
proteins. Besides, excess CA leads to over crosslinking which limits the mobility of
molecules and also decreases strength. Hence films formed at high concentrations of CA have
poor tensile properties.

[insert Figure 3]
Figure 3: Effect of citric acid percentage on tensile strength of pongamia protein films. The
films were made using a protein concentration of 6% and a catalyst (SHP) equivalent to 50%

weight of the crosslinker.

3.5. Swelling studies

The swelling % of various CA crosslinked pongamia protein films upon immersion in water
is shown in Figure 4. Within 10 minutes the uncrosslinked film disintegrated and started
dissolving. protein Among the CA crosslinked films, 10% CA pongamia protein film
exhibited a maximum swelling of 208% and the least swelling of 120% was seen in 20% CA
crosslinked film. The swelling properties of the film can be attributed to the existence of free
amino/ hydroxyl groups in proteins as discussed earlier for water sorption. The
amino/hydroxyl groups present in the proteins crosslink with the carboxylic groups of CA to
form a network. These crosslinks formed during the process of crosslinking make the

functional groups in proteins unavailable for H- bonding with water molecules. Hence the %

12
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increase in the area of the pongamia protein films decreases with an increase in the
percentage of CA. However, initially, when 0 to 10% CA was added, swelling of the film was
seen although no apparent dissolution or weight loss was observed. This suggests that there
were many hydroxyl/amino groups left uncrosslinked and have led to the formation of
hydrogen bonding with water molecules. When CA concentration was increased from 10 to
20%, a decrease in % swelling area was noticed as discussed above.

[insert Figure 4]

Figure 4: Effect of citric acid % on the swelling abilities of pongamia protein films.

3.6. FTIR studies

The FTIR spectra of pongamia protein films without crosslinking and after crosslinking with
15% CA is shown in figure 5. The broad peak at 3400 cm'! in the crosslinked film is due to
the presence of OH peaks both from protein and CA. The intensity of this peak is less in
uncrosslinked film since the contribution of the OH groups is only from the proteins. A peak
at 2900 cm! was detected as a result of the C-H stretching vibration. This peak is prominent
in crosslinked films due to the presence of C-H groups from CA in addition to those present
in the proteins. A large, broad peak at 1600 cm! is because of the C-O ester groups formed as
a result of the crosslinking reaction. The peak seen around 1538 cm-1 is due to amide group
vibrations. The peaks at 1200-1400 cm™! can be attributed to the COC groups formed due to
the interaction between proteins and CA. All the above peaks in addition to those present in
uncrosslinked films along with increased intensity in the crosslinked film confirm the process
of crosslinking. However, no trend was observed in the intensities of the peaks with
increasing CA concentration .

[insert Figure 5]

13
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Figure 5: FTIR spectra of the pongamia protein film before and after 15% citric acid

crosslinking.

3.7. Morphology analysis

Images captured for the uncrosslinked and 15% CA crosslinked pongamia protein films
using a scanning electron microscope (SEM) are provided in Figure 6. The uncrosslinked
films were non-uniform with large cracks and holes compared to the 15% CA crosslinked
films. The addition of CA was found to minimize the degree of non-uniformity in the
crosslinked films by decreasing the number of cracks and holes. As an evidence to this
observation, the extent of holes and cracks has reduced substantially in 15% CA crosslinked
pongamia protein films 7. Such change in morphology can be credited to the crosslinking
process which binds the individual polymer chains together leading to the creation of a
network. The formation of this network probably would have led to a change in the external
morphology of the film by reducing the number of holes and making the surface even. Also,
in the process of crosslinking, the protein film shrinks due to high temperature which may
also be the reason for the uniform morphology of the crosslinked film.

[insert Figure 6]

Figure 6: Scanning electron microscope images of the uncrosslinked (A), 15% citric acid

crosslinked pongamia protein film (B).

3.8. Thermogravimetric analysis

The thermal behavior of pongamia protein and 15% CA crosslinked film is shown in Figure
7. As seen from the TGA curve, the degradation patterns of both the powder and crosslinked
films are similar except that the latter degrades in three steps compared to the protein powder.
The exact degradation temperature is noticeable in the DTA curves. Both the protein powder

and crosslinked film displayed a pronounced endothermic effect around 150-470 °C during
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the degradation process. Most of the uncrosslinked protein powder degraded at around 303
°C in one single step. In the case of crosslinked film, endothermic peaks were observed at 3
different temperatures. This variation in degradation temperature can be explained based on
the extent of the crosslinking of pongamia proteins. Initially, the uncrosslinked/low molecular
weight proteins degraded around 160°C, the majority of the remaining proteins which had not
crosslinked effectively degraded around 257 °C. The remaining proteins which had
crosslinked effectively and had a higher molecular weight required a higher temperature
around 470 °C to degrade. This is because of the formation of strong covalent crosslinks
between amino/hydroxyl of proteins with carboxylic groups of CA. However, these
crosslinks are absent in uncrosslinked proteins and hence lower temperature is sufficient for
complete degradation of pongamia proteins.

A similar observation was reported by Reddy, 2012, wherein higher temperatures
were required to melt crosslinked peanut proteins using CA in comparison to the
uncrosslinked proteins 7. In another work by Nataraj et al 2018, banana fiber and wheat
gluten were crosslinked using CA and glutaraldehyde. It was reported that CA crosslinked
films were more resistant to thermal degradation compared to the glutaraldehyde crosslinked
films. 7

[insert Figure 7]
Figure 7: Images showing the Thermogravimetric (left) and Differential thermogravimetric

curves (right) of pongamia protein powder and 15% citric acid crosslinked protein film.

3.9. Antioxidant studies
Scavenging activity is expressed as the ability of the sample to help shield the cells from
harm by free radicals. Pongamia protein has intrinsic scavenging potential *%- 3!, However,

crosslinking using CA further boosted this potential. As a sign of this observation, the highest
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scavenging was displayed by 20 % CA crosslinked protein film compared to others. 1Cs, is
the half-maximal inhibitory concentration of the sample that is required to inhibit a biological
process by half. This potency varied between the crosslinked and uncrosslinked films.
Amongst all the CA crosslinked films, 20% crosslinked film showed excellent antioxidant
potential (ICsy value of 14.6ug/mL) in comparison to ascorbic acid (ICs5¢-26.9 ug/mL). Thus,
it can be inferred that CA crosslinking enhances the antioxidant properties of pongamia
protein films. Also, it can be observed that the ICsy value obtained is inversely related to the
concentration of CA. The scavenging activity of the protein films was plotted against
varying concentrations of proteins (figure 8). Similar work carried out by Chopade showed
that Pongamia pinnata has antioxidant activity in ammonium chloride-induced
hyperammonium rats’'.
In another study by Sajid, the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging
activity % of Pongamia pinnata seed extract was found to be 15.7-38.0 pg/ml which was
quite high in comparison to the values obtained in our studies’.

[insert Figure 8]

Figure 8: Radical scavenging activity of the pongamia protein films at various concentrations.

3.10. Antimicrobial studies

Antimicrobial studies were performed to assess the antibacterial and antifungal potential of
pongamia proteins against test organisms. Table 2 provides the width of the inhibition zone
for various samples. In the case of Bacillus cereus, the uncrosslinked protein film showed a
zone width of 10mm, whereas the 20% CA crosslinked film showed a width of 11.75mm
which is close to the value of 11.66 seen for the standard antibacterial compound ampicillin.
For E coli, 20% CA crosslinked film showed a maximum zone of inhibition (12.33 mm)
which is not comparable to the standard antibacterial compound ampicillin (37mm). In a

similar study, it was reported that Ricinus communis and Periploca aphylla both showed
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zones of inhibition of 0.3 mm for E-coli which is significantly less in comparison to
Pongamia pinnata *3. Hence, the crosslinked films were additionally active against Bacillus
cereus rather than against E-coli >°. However, for both the bacterial strains it can be observed
that the zones of inhibition increased with increasing % of CA, and the inherent antimicrobial

property of the protein was retained even after the addition of CA.

The effects of the antifungal activity in the films were evident based on the changes in
the zones of inhibition of the uncrosslinked and the standard compound fluconazole. The
zones of inhibition were almost similar and no significant difference was observed. However,
it was realized that the addition of CA decreased the width of zone of inhibition implying that
CA has a negative consequence on the antifungal activity of pongamia proteins because of

the acidic nature of CA impeding the development of the fungi 3437

Table 2: Inhibition zones of pongamia protein films against different microbes in comparison

to the standard drug.

Citric acid % Width of Inhibition zone (mm)
Bacillus cereus E-coli Aspergillus niger

0 10£0 10.33+0.57 14.66+ 0.57

10 9+0 9.66+0.57 12.66+0.57

15 9.75+0.35 11.66+0.57 13+£0

20 11.75+ 0.35 12.33+0.57 10.33+1.15
Standard drug 11.66+ 0.57 37+1 14+ 0

(Ampicillin) (Ampicillin) (Fluconazole)
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3.11. Potential applications of the extracted proteins

A two-step process of obtaining protein films and later molding the films into various shapes
enables developing bioproducts from pongamia proteins using biocompatible and food grade
chemicals. Glycerol was not removed after moulding. Some glycerol did come out when
higher concentrations or pressure was used. Browning of the films due to Maillard reactions
was observed after moulding. There was a noticeable but pleasant odour after compression..
Packaging boxes (Figure 9) suitable for food and non-food uses have been prepared using the
extracted pongamia proteins. More importantly, the products developed are chemical-free,
non-hazardous, and completely biodegradable. They contribute towards a clean environment
and also sustainable development. Since pongamia proteins have inherent antimicrobial,
antioxidant and thermal stability, these bioproducts can be ideal for food and non-food
packaging applications. Similar bioproducts were developed from castor oil cake, wheat

gluten/ banana fiber, chitosan by citric acid crosslinking?’- 30 3%,

[insert Figure 9]
Figure 9: Three-dimensional cups and boxes suitable for food and non-food packaging have
been developed from pongamia protein, demonstrating the feasibility of preparing

bioproducts for commercial applications.

4. CONCLUSIONS

Pongamia proteins can be made into films and other bioproducts with good
mechanical properties and water stability required for food packaging. Under optimized
conditions, crosslinking with 10% CA increased the strength of the films by about 28% in
comparison to the uncrosslinked films. As an evidence to increased water stability of the

crosslinked films, minimum swelling of 120% was seen in 20% CA crosslinked film whereas

18
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the uncrosslinked films readily disintegrated in water. Bioproducts made from pongamia
proteins show excellent antioxidant properties with an 1Cs, value of 14.6 compared to 26.9
for the ascorbic acid standard. In addition to the above properties, substantial antibacterial
and antifungal activity was also exhibited by the pongamia proteins and films against
Bacillus cereus and Aspergillus niger, respectively. This method of producing biodegradable,
plant protein-based bioproducts can be used for a wide variety of food and medical
applications where antifungal, antibacterial activity and antioxidant properties are highly
desirable. Additional studies are being conducted to regulate the shelf-life, effects of
temperature, humidity, and gas barrier properties on the contents stored in these packaging

materials.
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Figure 3: Effect of citric acid percentage on tensile strength of pongamia protein films. The films were made
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crosslinker.
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Figure 9: Three-dimensional cups and boxes suitable for food and non-food packaging have been developed
from pongamia protein, demonstrating the feasibility of preparing bioproducts for commercial applications.
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In this research, proteins were obtained from Pongamia pinnata oil meal and subsequently

converted into films and compression moulded into various packaging products. Films with a

maximum tensile strength of 1.9 MPa were obtained when 15% citric acid was used as the

crosslinker. Minimum swelling of 120% was seen in 20% citric acid crosslinked film whereas

the uncrosslinked films readily disintegrated in water. The protein films had excellent

antioxidant properties with an IC50 value of 14.6 ug/mL compared to 26.9 ug/mL for the

standard ascorbic acid. The pongamia protein-based bioproducts showed good activity

against Bacillus cereus and Aspergillus niger. Unique properties, low cost, and large

availability make pongamia proteins an ideal biopolymer for the development of green and

sustainable materials and bioproducts.
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1. INTRODUCTION

Substantial efforts are being pursued towards developing greener materials using renewable
resources as substitutes for petroleum-based materials. Among the various renewable
resources, the by-products generated during the cultivation of crops are economical and
widely available with rather restricted applications. Similarly, plant proteins like pongamia,
soy, and zein are produced as coproducts of oil extraction but are mainly used for low-value
applications such as fertilizer or animal feed '-°.

Plant proteins have several advantages including easy biodegradability,
biocompatibility, cytocompatibility, availability of amino and carboxylic groups for chemical
modifications, etc *~. Hence, a variety of plant proteins have been converted into films,
hydrogels, fibers, micro and nanoparticles, and scaffolds for a range of applications .
However, compared to many other synthetic materials, the properties of protein films are
inferior. Specifically, plant protein-based biomaterials have inferior mechanical
characteristics along with inadequate water resistance due to the considerably high
hydrophilicity of the proteins '°. These drawbacks limit the use of plant proteins for various
applications.

Proteins contain several functional groups including amines, alcohols thiols, etc.
Chemical modification of these functional groups changes the physical properties and
reactivities of the proteins making them suitable for specific applications. Researchers have
implemented numerous types of chemical modification techniques including crosslinking,
esterification, acetylation, etc to improve the performance properties and usability of proteins
711,12,

Crosslinking using chemical, physical, and/or enzymatic approaches are commonly
employed to enhance the properties of protein and other biopolymer-based materials. When

proteins react with specific molecules called crosslinkers, interlinks are formed between the
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crosslinker and the protein functional groups. Such interconnections improve the mechanical
strength of the proteins as a result of the formation of tough and resilient intermolecular
covalent bonds between the crosslinks, whereas a decrease in mobility of the polymers and
hence elongation of the fibres-fibers is noticed. For example, polymers such as soy proteins
were crosslinked with transglutaminase for the enhancement of hardness, transparency, and
strength for drug release and tissue engineering applications '* 4. Similarly, proteins obtained
from soybeans and cotton seeds were crosslinked using various aldehydes, glyoxal, and other
chemicals for different applications !¢,

Although many crosslinkers have been used to modify the properties of films, most
of the crosslinkers reported are toxic to cells and hence not preferable for health-related
applications. Carboxylic acids such as citric acid (CA) helps in cross-linking the polymer
without compromising the cytocompatibility '°. CA is a weak acid with three carboxylic
groups, organic and non-toxic as certified by the Food and Drug Administration of the United
States of America *°. The carboxylic functional groups of CA are greatly responsive and
proliferate the active sites on the proteins. Enhanced functionality along with ester bond
formation can be achieved by CA crosslinking. Also, several reactive groups (-COOH and —
OH) existing in CA allows the adhesion of multiple biomolecules and aids in achieving the
desired extent of crosslinking *'.

Pongamia pinnata is a non-GMO crop and nitrogen-fixing tree that grows in a
varied range of geographical regions. The seed yields non-edible oil which is of medicinal
value. The seeds contain lipids (33%), proteins (43%), sugar (20%), and free amino acids
(10%)22-23,

Pongamia produces oilseeds that are used for various applications like oil for
biofuel applications, biogas, for electricity production. Once the oil is removed from the

seeds, the deoiled seed cake contains a high amount of crude proteins (30%) which can be
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utilized as poultry and cattle feed fermany-apphieations. This paper for the first time reports

the extraction of crude proteins from Pongamia pinnnata oil meal and conversion of the
proteins into value-added bioproducts.

2. EXPERIMENTAL SECTION

2.1 Materials

Pongamia oil meal was procured from Gandhi Krishi Vignan Kendra, Bangalore, India.
Chemicals sodium hydroxide (NaOH) manufactured by Thomas Baker private(®) limited,
sodium hypophosphite (SHP) produced by Rolex chemicals private(?) limited, citric acid
(CA) from HiMedia laboratories private {P)-limited. Acetic acid and hydrochloric acid from
Nice chemicals private®) limited, L-proline, and ninhydrin reagent (2% solution) were
purchased from Sigma Aldrich private(P} limited.

Methods

2.2. Extraction of pongamia proteins from the meal

Unfractionated pongamia meal was added into sediumhydrexideNaOH solution (1%_w/v)
under continuous stirring for an hour at 70 °C. The meal to alkali solution was at a ratio of

1:4_(w/v). Later, the solution was centrifuged at 8000 rpm for 15 minutes. Around 30 ml of

50% v/v acetic acid was added to 400 ml of the supernatant for the protein precipitation to

take place.

place-Proteins were obtained after the centrifugation of the precipitated solution. Further, this
protein was dried for 24 hours at 60 °C 7- ', These proteins were used for the preparation of
the films. The procedure followed for the protein extraction is schematically shown in
Scheme 1.

[insert Scheme 1]
Scheme 1: Schematic representation of the method employed for protein extraction and

preparation of films from the extracted proteins.
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2.3. Amino acid analysis

The proteins extracted were examined for the various amino acids present in them. A Hitachi
L-8900 automatic amino acid analyzer was used for the analysis. Different weights of the
protein (174 mg, 260 mg, and 369 mg) were taken, hydrolyzed at 110£1 °C in 6 mol/L HCI
for around 22 hours, and later was cooled to room temperature. Nitrogen atmosphere was

used to dry the samples for the removal of HCI and was further the amino acids were

reconstituted in 5 ml using distilled water. Next, the solution was allowed to pass through a
0.22 um pore size membrane. During the analysis the column temperature was 57 °C,
infection-volume-was20-pl;-detection wavelength was 570 nm (proline @ 440 nm); injection
volume-was20-pl-buffer flow rate (0.35 ml/minute), and the unit temperature during testing

was controlled at 135 °C. The final concentration of amino acids was taken as 100% and the

proportion of each type of amino acid was reported.

2.4. Preparation of crosslinked protein films

Pongamia protein (6%w/v) was added into NaOH (0.2 N) solution preheated to 70 °C under
continuous stirring for 30 minutes. Different percentages of CA (0 to 20% to the weight of
the protein) and catalyst, sedium-hypophesphiteSHP (50% to the weight of CA) was added to
the above solution. Heating along with stirring was sustained for the next 20 minutes. This
solution was then poured on-to the metal plates and dried at ambient temperatures until the
film was formed. For the crosslinking reaction to take place, the dried films were treated at

150 °C for 15 minutes in a vacuum oven ’. The length and width of the film were multiplied
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with each other to obtain the area of the film. The dimensions of the developed films was

100mm x 100mm.

2.5. Water sorption studies

The protein films whose initial weights were designated as WI were made into smaller parts
(1*1 cm). These smaller portions of the film were immersed in distilled water (around 15
minutes) for the absorption to occur and centrifuged for 10 minutes at 5000 rpm to remove
excess water. The final weights (W) were calculated. The % water sorption was calculated

through the below formula (Equation 1):

Wf—wI
% Water sorption = ———— * 100
% Water sorption = WF-WI 100

Wi

2.6. Determining mechanical properties

The tensile characteristics of the pongamia_protein films were estimated in the dry state
(ASTM standards D 882-02) utilizing a universal tensile tester (Model UTM- G-312C,
Shantha engineering, Mumbai). Protein films measuring 10 x 1 cm were prepared. The
samples were maintained at room temperature before measurement. The crosshead speed was
30 mm/minute and a load cell with a capacity of 100N was used throughout the analysis.

Fifteen specimens for each condition were considered and three replications were done.

2.7. Swelling studies

The pongamia protein films (of uniform thickness) were made into smaller strips having

dimensions of 2*2.5 cm and treated in distilled water for 10 minutes. Subsequent changes in
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the dimension of the films were analyzed. The % increase in the area of the film after

swelling (A¢) was calculated using the formula in equation 2:

Af-Al
% Increase in area = ¥100 . . _ Af — Al
Al 0% increase in area = ———+ 100

(2)

2.8. Fourier transform infrared studies

The FTIR spectrum of the films was determined on a Shimadzu IRAffinity-1S FTIR
spectrophotometer. The spectrum was recorded in total attenuated reflectance mode with the
aid of a diamond cell. The range of scanning was 400 - 4000 cm™! and 64 scans were done for

each sample. Lab solutions series software was employed to examine the obtained spectra.

2.9. Scanning electron microscope images

The surface features of the films were captured using a scanning electron microscope
(Hitachi SU3500). The protein samples were coated with gold particles using an ion sputter
(Hitachi Ion Sputter MC1000) for 60 seconds since they were nonconducting. The current

maintained was 1.8 mA and the images were captured at an operating voltage of 5kV.

2.10. Thermo Gravimetric Studies

Changes in the thermal behavior of pongamia protein powder and the crosslinked films were
studied with the help of a Thermo Gravimetric Analyser (Mettler Toledo, Model 822e).
Sealed aluminium pans were used to place the samples and heating was carried out at a rate

of 10 °C/min starting from 25 °C to 600 °C under nitrogen atmosphere.

2.11. Antioxidant studies
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The antioxidant properties in terms of the scavenging activity of the films were obtained

using ABTS+ (2.2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)ABFS radical

decolorization assay. The ABTS+ cation radicals were produced by reaction between 7 mM

ABTS and 2.45 mM ammonium persulfate by incubating in dark for 16h to obtain ABTS+.

The standard antioxidant compound used was ascorbic acid (1mg/mL).Fhe-standard—drug

used—was—aseorbic—acid—A stock solution of pongamia protein (1mg/mL) was prepared by

dissolving in DMSO (Di Methyl Sulphoxide). Different aliquots (10png/ml to 50ug/ml) of this

stock was taken and the volume was adjusted to 500 uL using DMSO. To all the tubes 2500

ul. of ethanol was added followed by 300 uLL of ABTS+ reagent and incubated for 30

minutes at room temperature in dark, the absorbance was measured at 745nm?*. The blank

comprised 500 uLL of DMSO, 500 uL of ethanol, and 150 ulL of ABTS+. All the test-tubes

displayed decolorization and this was expressed as the inhibition percentage of the cation

available in the sample. The percentage of scavenging activity was determined using equation

3. Next, scavenging activity was plotted against protein concentration in an excel sheet. The

linear trendline was added to the plotted curve, further R? and a regression equation were

obtained in the form of y=mx+c. X is IC50 which needs to be calculated, v is 50 since we are

calculating IC50 and a simple substitution of the values provides us IC50. Ascorbic acid was

used as positive control and tests were carried out in triplicates.
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ABTS radical . Activit {%}_Eantral 0D — Sample 0D 100
radical scavenging Activity = Control OD x100 3)

2.12. Antimicrobial studies
The antimicrobial studies were conducted using the agar well diffusion method >°.

A starter culture of bacteria (Bacillus cereus and E coli) was prepared by taking a loop full of

bacteria from the master culture. This was inoculated in Mueller Hinton broth separately and

incubated at 37+ 1 °C for 2h on a shaker at 120 rpm. 100 uL of the active bacterial cultures

were taken from the broth and spread on Mueller Hinton agar medium using sterile swabs.

Wells were punched using a sterile steel cork borer (6mm internal diameter) and 100 uL of

the samples were loaded. The standard antibacterial compound used was ampicillin

(1mg/mL). Post incubation (at 37 °C for 24 hours), the zone of inhibition was measured in

millimeters. For antifungal activity, a loop full of fungal spores was suspended in Mueller

Hinton broth and a method similar to antibacterial study was followed to know the activity

against Aspergillus niger. The standard antifungal compound used was fluconazole

(1mg/mL). The zone of inhibition was measured in millimetres after 48 hours of incubation at

28 °C. The test was conducted in triplicates.
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2.13. Developing bioproducts

The proteins extracted from Pongamia pinnata oil meal were verified for their likeliness to be

shaped into diverse forms for various applications. Protein films were obtained by adding

15% CA and 40% glycerol to the weight of pongamia protein. The obtained films were

compressed at 140°C for five minutes into 3D cups and boxes utilizing specific moulds. The

mintes—into—3D—cups—andbexes—utilizing—speetfie—meolds—Pictures of the developed

bioproducts are incorporated in the manuscript.

2.14. Statistical analysis

For all the above-stated experiments three trials were performed. The average for all three

trials along with standard deviations was measured and reported. + indicate one standard

deviation in the error bars.

3. Results and Discussion

3.1. Crosslinking reaction mechanism

The crosslinking mechanism between CA and protein amine groups is demonstrated in figure

1. Initially, SN2 nucleophilic substitution reaction occurred between protein amine groups

and carboxyl groups of citric acid!'®. Since three carboxyl groups are present in citric acid,

each citric acid molecule interacted with more than one amine group leading to the formation

of intra and intermolecular crosslinks. As depicted in reaction (1), COOH and NH; were

11
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protonated into COO- and NH, in an alkaline medium. COO- which carries a partial positive

charge was attacked by amine nitrogen leading to the formation of an amide as demonstrated

in reaction (2). Further, the proteins interacted with the remaining carboxyl group of citric

acid as shown in reaction (3).

[insert Figure 1]

Figurel: Mechanism of crosslinking reaction between citric acid and amine group of

pongamia protein. P1, P2, and P3 represent pongamia proteins.

3.12. Amino acid analysis

Crude protein was extracted from Pongamia pinnata oil meal and the percentage weight

fraction of the protein obtained after extraction was around 24. The amino acid analysis was

performed to understand the protein content of Pongamia pinnata in general. A comparison

of the relative % of amino acids present in extracted pongamia proteins with zein and soy

proteins is provided in table 1. The amino acid content of pongamia protein is comparable to

that found in other plant sources. Glutamic acid was the primary amino acid (12.2%) present

in pongamia. Methionine with 1.8% was the lowest amino acid in pongamia unlike in soy and

zein which was cysteine

12

http://http://mc.manuscriptcentral.com/jbcp



oNOYTULT D WN =

Journal of Bioactive and Compatible Polymers

Serine 5.0

Table 1: Relative proportion of amino acids extracted from Pongamia pinnata oil meal, zein,

and soy.

Amino acid Type of protein
Pongamia Zein Soy
Threonine 2.9 1.8 2.3
Methionine 1.8 1.1 0.3
Phenyl alanine 54 34 3.2
Histidine 3.7 1.1 1.5
Lysine 3.0 1.0 34
valine 8.3 2.1 2.2
Isoleucine 4.7 1.7 1.9
Leucine 8.2 8.8 5.0
serine 5.6 2.9 34
Glycine 7.2 1.6 2.7
Glutamic acid 12.2 13.1 12.4
Proline 5.6 5.2 3.3
Cysteine 4.4 0.3 0.2
Alanine 6.5 4.8 2.8
Tyrosine 6.2 2.7 2.2
Arginine 7.7 1.7 4.8

3.23. Water sorption studies

Approximately, 24 hrs was required to dry the films at ambient temperature. The thickness of

the films was around 0.2mm. The ability of different pongamia protein films to sorb water is

depicted in figure 2. Figure1-shows-the-ability-ef pongamia-protein films-to-serb-water- The

water absorption abilities of the film were dependent on the percentage of CA added.

13
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Uncrosslinked film Centrelfilm—(witheut-CA)-absorbed 438% of water whereas maximum

sorption of 788% was seen in the case of 5% CA crosslinked pongamia protein films.

Minimum sorption of 346% was seen in 20% CA crosslinked films. The uncrosslinked and

5% CA crosslinked films dispersed/disintegrated after water sorption for 15 minutes.

However, 10. 15 and 20% crosslinked films were stable and intact even after centrifugation.

This-inverse relationship between CA % and water sorption % can be ascribed to the

formation of crosslinks between the amine/hydroxyl groups of proteins and carboxyl acid
groups of CA 7> ?. In 5% CA films, the amount of CA added was not sufficient enough to
crosslink all the freely available functional groups of proteins. Hence, there were many free
functional groups present in the protein film in addition to those present in CA available for
H- bonding with water molecules. The number of these free amino and hydroxyl groups
decreases with increasing CA concentration. Therefore, the least water sorption was seen
with 20% CA crosslinked film owing to the unavailability of free amino/ hydroxyl groups *°.
[insert Figure 12]
Figure 12: Effect of citric acidEA percentage on % water absorption of pongamia protein

films.

3.34. Mechanical properties

The tensile strength of pongamia protein films when crosslinked with varying % of CA is
shown in figure 23. Maximum strength of 1.9 MPa was exhibited by +615% CA crosslinked
pongamia protein film. The crosslinked films (except 20% CA) displayed higher strength in
comparison to the eentrel-(uncrosslinked) films 7. The formation of crosslinks between the

amino/ hydroxyl groups of proteins and carboxylic groups of CA takes place leading to the
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establishment of interconnected molecules. This network is responsible for the increased
strength of crosslinked films. However, 20% CA crosslinked film displayed considerably

low strength in comparison to the uncrosslinked filmeentrel. This low strength of 0.230 MPa

in 20 % CA film is due to the protein precipitation as the addition of CA reduces the pH.
Protein dissolution for film formation requires alkaline conditions. Both CA and SHP are
considered acidic and when added at higher levels leads to precipitation or partial dissolution
of the proteins. Besides, excess CA leads to over crosslinking which limits the mobility of
molecules and also decreases strength. Hence films formed at high concentrations of CA have
poor tensile properties.
[insert Figure 23]

Figure 23: Effect of citric acid €A percentage on tensile strength of pongamia protein films.
The films were made using a protein concentration of 6% and a catalyst (SHP) equivalent to

50% weight of the crosslinker.

3.45. Swelling studies

The swelling % of various CA crosslinked pongamia protein films upon immersion in water

is shown in Figure 4. Within 10 minutes the uncrosslinked film disintegrated and started

dissolving. -An-trerease-in-theswelhne-So-ofvartows-CA-crosshinked-pongamta-protem fikms

eventually-disintegrated—Among the CA crosslinked films, 10% CA pongamia protein film

exhibited a maximum swelling of 208% and the least swelling of 120% was seen in 20% CA
crosslinked film. The swelling properties of the film can be attributed to the existence of free
amino/ hydroxyl groups in proteins as discussed earlier for water sorption. The
amino/hydroxyl groups present in the proteins crosslink with the carboxylic groups of CA to

form a network. These crosslinks formed during the process of crosslinking makes the
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http://http://mc.manuscriptcentral.com/jbcp

Page 50 of 61



Page 51 of 61

oNOYTULT D WN =

Journal of Bioactive and Compatible Polymers

functional groups in proteins unavailable for H- bonding with water molecules. Hence the %
increase in the area of the pongamia protein films decreases with an increase in the

percentage of CA. However, initially, when 0 to 10% CA was added, swelling of the film was

seen although no apparent dissolution or weight loss was observed. growth-in-the-%-area-of

the—film—was—seen: This suggests that there were many hydroxyl/amino groups left
uncrosslinked and have led to the formation of hydrogen bonding with water molecules.
When CA concentration was increased from 10 to 20%, a decrease in % swelling area was
noticed as discussed above.

[insert Figure 34]

Figure 34: Effect of citric acidEA % on the swelling abilities of the-pongamia protein films.

3.65. FTIR studies
TFigure-4-shows-the FTIR spectra of pongamia protein films without crosslinking and after

crosslinking with 15% CA_is shown in figure 5. The broad peak at 3400 cm!' in the

crosslinked film is due to the presence of OH peaks both from protein and CA. The intensity
of this peak is less in uncrosslinked eentrel film since the contribution of the OH groups is
only from the proteins. A peak at 2900 cm'! was detected as a result of the C-H stretching
vibration. This peak is prominent in crosslinked films due to the presence of C-H groups from
CA in addition to those present in the proteins. A large, broad peak at 1600 cm™! is because of

the C-O ester groups formed as a result of the crosslinking reaction. The peak seen around

1538 cm-1 is due to amide group vibrations. The peaks at 1200-1400 cm™! can be attributed to

the COC groups formed due to the interaction between proteins and CA. All the above peaks
in addition to those present in uncrosslinkedeentrel films along with increased intensity in the
crosslinked film confirm the process of crosslinking. However, no trend was observed in the

intensities of the peaks with increasing CA concentration °,
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[insert Figure 45]
Figure 45: FTIR spectra of the pongamia protein film before and after 15% CA-citric acid

crosslinking.

3.76. Morphology analysis

Images ef—the—films—captured for the uncrosslinkedeentrel and 15% CA crosslinked
pongamia protein films using a scanning electron microscope (SEM) are provided in Figure
56. The uncrosslinkedeentrel films were non-uniform with large cracks and holes compared
to the 15% CA crosslinked films. The addition of CA was found to minimize the degree of
non-uniformity in the crosslinked films by decreasing the number of cracks and holes. As an
evidence to this observation, the extent of holes and cracks has reduced substantially in 15%
CA crosslinked pongamia protein films 7. Such change in morphology can be credited to the
crosslinking process which binds the individual polymer chains together leading to the
creation of a network. The formation of this network probably would have led to a change in
the external morphology of the film by reducing the number of holes and making the surface
even. Also, in the process of crosslinking, the protein film shrinks due to high temperature
which may also be the reason for the uniform morphology of the crosslinked film.

[insert Figure 56]

Figure 6: Scanning electron microscope images of the uncrosslinked (A), 15% citric acid

crosslinked pongamia protein film (B).

3.78. Thermogravimetric analysis

The thermal behavior of pongamia protein and 15% CA crosslinked film is shown in Figure

7. As seen from the TGA curve, the degradation patterns of both the powder and crosslinked
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films are similar except that the latter degrades in three steps compared to the protein powder.

The exact degradation temperature is noticeable in the DTA curves. Both the protein powder

and crosslinked film displayed a pronounced endothermic effect around 150-470 °C during

the degradation process.

eurves—Most of the uncrosslinked protein powder degraded at around 303 °C in one single

step. In the case of crosslinked film, endothermic peaks were observedthe-degradation-oceurs

at 3 different temperatures. This variation in degradation temperature can be explained based
on the extent of the crosslinking of pongamia proteins. Initially, the uncrosslinked/low
molecular weight proteins degraded around 160°C, the majority of the remaining proteins
which had not crosslinked effectively degraded around 257 °C. The remaining proteins which
had crosslinked effectively and had a higher molecular weight required a higher temperature
around 470 °C to degrade. This is because of the formation of strong covalent crosslinks
between amino/hydroxyl of proteins with carboxylic groups of CA. However, these
crosslinks are absent in uncrosslinked proteins and hence lower temperature is sufficient for
complete degradation of pongamia proteins.

A similar observation was reported by Reddy, 2012, wherein higher temperatures
were required to melt crosslinked peanut proteins using CA in comparison to the
uncrosslinked proteins 7. In another work by Nataraj et al 2018, banana fiber and wheat
gluten were crosslinked using CA and glutaraldehyde. It was reported that CA crosslinked
films were more resistant to thermal degradation compared to the glutaraldehyde crosslinked
films. 27

[insert Figure 67]
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Figure 67: Images showing the Thermogravimetric (left) and Differential thermogravimetric

curves (right) of pongamia protein powder and 15% citric acidEA crosslinked protein film.

3.89. Antioxidant studies

Scavenging activity is expressed as the ability of the sample to help shield the cells from
harm by free radicals. Pongamia protein has intrinsic scavenging potential 3%- 3!, However,
crosslinking using CA further boosted this potential. As a sign of this observation, the highest
scavenging was displayed by 20 % CA crosslinked protein film compared to others. 1C50 is

the half-maximal inhibitory concentration of the sample that is required to inhibit a biological

process by half. This potency varied between the crosslinked and uncrosslinked films. }&50

funection-varted-between-the-crosshinked-and-non-crosshinked-films- Amongst all the CA

crosslinked films, 20% crosslinked film showed excellent antioxidant potential (IC50 value

of 14.6pug/mL) in comparison to ascorbic acid (IC50-26.9 ug/mL). Amengst-al-the-CA

of 14-6)-in-comparison-to-ascorbic-acid-(1C5)-26-9)- Thus, it can be inferred that CA

crosslinking enhances the antioxidant properties of pongamia protein films. Also, it can be
observed that the ICs, value obtained is inversely related to the concentration of CA. The

scavenging activity of the protein films was plotted against varying concentrations of proteins

(figure 8). Figs
coneentrations-of proteins-were-taken—Similar work carried out by Chopade showed that

Pongamia pinnata has antioxidant activity in ammonium chloride-induced hyperammonium

rats’!.
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In another study by Sajid, the DPPH (2.2-diphenyl-1-picrylhydrazyl) radical scavenging

activity % of Pongamia pinnata seed extract was found to be 15.7-38.0 ug/ml which was

quite high in comparison to the values obtained in our studies>?.

[insert Figure 78]

Figure 78: Radical sScavenging activity of the pongamia protein films at various

concentrations.

3.109. Antimicrobial studies

Antimicrobial studies were performed to assess the antibacterial and antifungal potential of

pongamia proteins against test organisms. Antinierobial-studies-were-performed-to-assess-the

pet)—Table 2

provides the width of the inhibition zone for various samples. In the case of Bacillus cereus,

the eentrel-uncrosslinked protein film showed a zone width of 10mm, whereas the 20% CA

crosslinked film showed a width of 11.75mm which is close to the value of 11.66 seen for the

standard antibacterial compound ampicillindrag. For E coli, 20% CA crosslinked film

showed a maximum width-efzone of inhibition (12.33 mm) which is not comparable to the

standard antibacterial compound ampicillin (37mm)valee-ef37mm. In a similar study, it was

reported that Ricinus communis and Periploca aphylla both showed & zones of inhibition of
0.3 mm for E-coli which is significantly less in comparison to Pongamia pinnata 3. Hence,
the crosslinked films were additionally active against Bacillus cereus rather than against E-

coli *°. However, for both the bacterial strains it can be observed that the width—ef—the
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inhibitten—zones of inhibition increased with increasing % of CA, and the inherent

antimicrobial property of the protein was retained even after the addition of CA.

The effects of the antifungal activity in the films were evident based on the changes in

the zones of inhibition of the uncrosslinked and the standard compound fluconazole. The

zones of inhibition were almost similar and no significant difference was observed. However,

it was realized that the addition of CA decreased the width of zone of inhibition implying that

CA has a negative consequence on the antifungal activity of pongamia proteins because of

the acidic nature of CA impeding the development of the fungi 34-37.

Table 2: Inhibition zones of the pongamia protein films against the different microbes in

comparison to the standard drug.

Citric acidA % efthefilms Width of Inhibition zone (mm)
Bacillus cereus E-coli Aspergillus niger

0 tcontrelHhm 10£0 10.33+0.57 14.66+ 0.57

10 9+0 9.66+0.57 12.66+0.57

15 9.75+0.35 11.66+ 0.57 13£0

20 11.75+ 0.35 12.33+0.57 10.33+ 1.15
Standard drug 11.66+ 0.57 37+1 14+ 0

(Ampicillin) (Ampicillin) (Fluconazole)
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3.110. Potential applications of the extracted proteins

A two-step process of eempressing-the-proteins—to—form—aobtaining protein films and later

molding the films into various shapes enables developing bioproducts from pongamia

proteins witheut using biocompatible and food grade chemicals. Glycerol was not removed

after moulding. Some glycerol did come out when higher concentrations or pressure was

used. Browning of the films due to Maillard reactions was observed after moulding. There

was a noticeable but pleasant odour after compression.any-additional-chemiecals-or-polymers.

Packaging boxes (Figure 89) suitable for food and non-food uses have been prepared using
the extracted pongamia proteins. More importantly, the products developed are chemical-
free, non-hazardous, and completely biodegradable. They contribute towards a clean
environment and also sustainable development. Since pongamia proteins have inherent

antimicrobial, antioxidant and thermal stability, these bioproducts can be ideal for food and

non-food packaging applications. Similar bioproducts were developed from castor oil cake,

wheat gluten/ banana fiber, chitosan by citric acid crosslinking?7- 3% 38,

[insert Figure 89]

Figure 89: Three-dimensional cups and boxes suitable for food and non-food packaging have
been developed from pongamia protein, demonstrating the feasibility of preparing

bioproducts for commercial applications.

4. CONCLUSIONS
Pongamia proteins can be made into films and other bioproducts with good

mechanical properties and water stability required for food packaging. Under optimized
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conditions, crosslinking with 10% CA increased the strength of the films by about 28% in
comparison to the uncrosslinkedeentrel films. As an evidence to increased water stability of
the crosslinked films, minimum swelling of 120% was seen in 20% CA crosslinked film
whereas the uncrosslinked films readily disintegrated in water. Bioproducts made from
pongamia proteins show excellent antioxidant properties with an ICs, value of 14.6 compared
to 26.9 for the ascorbic acid standard. In addition to the above properties, substantial
antibacterial and antifungal activity was also exhibited by the pongamia proteins and films
against Bacillus cereus and Aspergillus niger, respectively. This method of producing
biodegradable, plant protein-based bioproducts can be used for a wide variety of food and
medical applications where antifungal, antibacterial activity and antioxidant properties are

highly desirable. Additional studies are being conducted to regulate the shelf-life, -and-effects

of temperature, —and-humidity, and gas barrier properties on the contents stored in these

packaging materials.
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