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Abstract Chemically modified biofunctional chitosan deriv-
atives may open up new applications in functional food and
nutraceuticals development. Two new conjugates, namely
vanillic acid and coumaric acid grafted chitosan derivatives
were developed and comparative evaluation of their antioxi-
dant and antimicrobial activities was carried out with ferulic
acid and gallic acid grafted chitosan. The synthesized water
soluble (1.0-4.5 mg/mL) chitosan-phenolic acid conjugates
showed characteristic FTIR-spectroscopy band at around
1644 and 2933 cm . Free phenolic acid was not observed
in TLC plate of the chitosan-phenolic acid conjugates and
UV-vis spectra showed primary absorption peak of the corre-
sponding phenolic acids confirming the grafting reaction. To-
tal antioxidant activity of the chitosan-phenolic acid deriva-
tives ranged from ~12 to 29 g ascorbic acid equivalent/100 g
of the conjugate. Minute quantity of the derivatives (~57—
162 pg and 82-109 pg respectively) could give 50 % inhibi-
tion of 2, 2'-diphenyl-1-picrylhydrazyl radical and hydroxyl
free radical. Broad spectrum antibacterial activity was ob-
served for all four derivatives against an array of foodborne
pathogens and spoilage bacteria. Coumaric acid grafted
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chitosan showed promise as a food preservative as it inhibited
the growth of several foodborne pathogens and spoilage bac-
teria, including Staphylococcus aureus. Among all the four
derivatives, ferulic acid and gallic acid grafted chitosan had
lowest minimum inhibitory concentration against Staphylo-
coccus aureus and Pseudomonas aeruginosa respectively.
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Introduction

Applications of chitosan in agricultural, food and pharmaceu-
tical industries are well documented. Chitosan is often claimed
to possess antioxidant activity (Kamil et al. 2002; Shahidi
et al. 2002). However, the mechanism of antioxidant activity
of chitosan is still disputable. Many studies have clearly
shown low or no antioxidant activity of native chitosan, al-
though the activity significantly increased with appropriate
chemical modifications of the biopolymer (Casettari et al.
2012; Xie et al. 2001).

Biofunctional chitosan derivatives, resulting from graft co-
polymerization of phenolic acids on chitosan are of recent
interest to chitosan chemistry. Grafting of phenolic acids like
gallic acid, caffeic acid and ferulic acid to chitosan, thereby
imparting primary antioxidant activity to the molecule, have
been reported (Cho et al. 2011; Aytekin et al. 2011; Woranuch
and Yoksan 2013). These biomaterials are being promoted as
multifunctional packaging materials (Schreiber et al. 2013)
and novel antioxidants (Pasanphan et al. 2010).

In recent literature, phenolic acids have been proposed as a
potential treatment for many disorders including Alzheimer’s
disease, cancer, cardiovascular diseases, diabetes mellitus and
skin diseases (Mancuso and Santangelo 2014; Prince and Roy
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2013; Prince et al. 2011). However, these compounds are im-
mediately metabolized and excessive antioxidants are dis-
posed from the body. Grafting phenolic acids on chitosan
may provide these compounds with the much needed stability
and slow release. In consonance to this, recently, antidiabetic
potential of chitosan gallic acid conjugate has been document-
ed (Liu et al. 2013). Vanillic acid, the oxidized form of vanillin
is found at high concentrations in vanilla beans. Besides being
a licensed food additive with pleasant creamy smell (FAO/
WHO Expert Committee on Food Additives, JECFA no.
959), vanillic acid has been associated with a variety of phar-
macological activities (Gitzinger et al. 2012). Similarly
coumaric acid was reported to protect against oxidative stress
and genotoxicity (Ferguson et al. 2005). Grafting of vanillic
acid and coumaric acid with amino functionality of chitosan
has not been reported so far and it is apparent that these chi-
tosan derivatives will open up new applications in innovative
functional food and nutrient delivery. Hence, there is a need
for detailed study on bioactivity of these new chitosan deriv-
atives. Antioxidant and antibacterial potential of phenolic acid
grafted chitosan derivatives as functional food ingredient have
not been studied extensively. Only a few reports of antioxidant
and antibacterial activity of gallic acid grafted chitosan, ferulic
acid grafted chitosan and caffeic acid grafted chitosan are
available (Cho et al. 2011; Aytekin et al. 2011; Woranuch
and Yoksan 2013). However antibacterial activity has been
screened against very limited number of bacteria.

This paper reports free radical mediated grafting of vanillic
acid, coumaric acid, gallic acid, and ferulic acid with chitosan.
To the best of our knowledge, no literature is so far available
on grafting of vanillic and coumaric acid onto amino groups of
chitosan. This study also achieved higher grafting ratio of the
phenolic acid on chitosan. Characterization of the grafted de-
rivatives was carried out with the help of UV-vis and FTIR
spectroscopy. This study also gives a detailed comparative
account of invitro antioxidant activity and antibacterial activ-
ity against 18 ATCC pathogenic bacterial strains.

Materials and methods
Materials

Chitosan from shrimp shells (MW = 100 kDa, 90 % degree of
deacetylation) was prepared in the pilot plant facility of Cen-
tral Institute of Fisheries Technology, Cochin, Kerala, India.
Gallic acid (Ga), ferulic acid (Fe), vanillic acid (Va), coumaric
acid (Co) (Fig. 1), deoxyribose, folin-ciocalteu reagent, fer-
rous chloride (FeCl,), ethanol (HPLC grade) and linoleic acid
were obtained from Sigma-Aldrich (USA).Acetic acid, hydro-
gen peroxide (H,0,), ascorbic acid, 2,2'-diphenyl-1-
picrylhydrazyl radical (DPPH), sulfuric acid (96 % w/w),
trisodium phosphate, ammonium molybdate, ammonium
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Fig. 1 Chemical structure of a gallic acid, b ferulic acid, ¢ vanillic acid
and d coumaric acid

thiocyanate, ninhydrin, ferric chloride (FeCly), ethylene di-
amine tetraacetic acid disodium salt (EDTA), dipotassium hy-
drogen phosphate, potassium dihydrogen phosphate, butyl
hydroxyanisole (BHA), butyl hydroxytoluene (BHT), thiobar-
bituric acid (TBA) and trichloroacetic acid (TCA) were ob-
tained from Merck Millipore (Germany). ATCC cultures of
microrganisms were procured from Microbiologics (HiMedia,
Mumbai). All the microbiological media including sterile
discs used in the study were procured from Oxoid (UK).

Synthesis of chitosan-phenolic acid conjugates

The synthesis of gallic acid grafted chitosan (Ga-Ch), ferulic
acid grafted chitosan (Fe-Ch), vanillic acid grafted chitosan
(Va-Ch) and coumaric acid grafted chitosan (Co-Ch) was per-
formed employing free radical mediated grafting method as
reported by Curcio et al. (2009) with some modifications.
Briefly, 10 g of chitosan was dissolved in 2 L of 2 % acetic
acid solution (v/v) in a 5 L three necked round bottom flask.
20 mL of 1 M H,O, containing 1.08 g of ascorbic acid was
added dropwise to the chitosan solution. The reaction vessel
was then flushed with nitrogen for 30 min with continuous
stirring, followed by addition of 10 g phenolic acid (gallic
acid/ferulic acid/vanillic acid/coumaric acid) dissolved in
100 mL ethanol. The reaction vessel was stoppered and
parafilm was applied at the edges to minimize exposure to
oxygen. Finally the reaction was carried out for 24 h at
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25 °C with constant stirring over a magnetic stirrer. The reac-
tion mixture was dialyzed against distilled water (with 12
changes of water) with a 14,000 Da molecular weight cutoff
membrane for 72 h to remove unreacted phenolic acids. The
dialyzate was spray dried (inlet temperature 140 °C, outlet
temperature 77 °C) in a pilot plant spray drier to afford indi-
vidual derivatives.

Characterization of chitosan-phenolic acid conjugates

To verify whether phenolic acids were grafted onto chitosan,
TLC analysis was performed. Individual phenolic acids, na-
tive chitosan, and chitosan phenolic acid conjugates were de-
veloped on a silica gel plate with chloroform—ethyl acetate—
acetic acid (50:50:1) as mobile phase (Cho et al. 2011). The
developed TLC plate was observed using 30 % H,SO, follow-
ed by heating at 100 °C for 10 min. Absorbance maxima of the
four chitosan-phenolic acid conjugates were determined by
recording UV—vis absorption spectra with a Hitachi U-2910
spectrophotometer. Individual samples were dissolved in de-
ionized water, appropriately diluted and UV—vis absorption
spectra were recorded in full scan mode from 200 to
500 nm. FTIR spectra were recorded using a Thermo Nicolet,
Avatar 370 spectrometer as KBr pallets over a spectral range

of 4000-400 ¢cm ™' at a resolution of 4 cm™".

Determination of water solubility

Saturated solutions of the chitosan-phenolic acid conjugates
were prepared by overnight stirring of the samples (200 mg) in
20 mL deionised water. The aliquots were filtered through a
0.22 um PTFE disk filter. The samples were serially diluted
and absorbance was recorded in a spectrophotometer at corre-
sponding absorbance maxima. Solubility was determined
using Eq. (1):

- (3)

Where S is the solubility of derivatives in mg/mL, A is the
absorbance of the saturated solution at wavelength x nm (cor-
responding absorbance maxima) and B is the co-efficient of
absorbance.

Estimation of free amino group by ninhydrin assay

A ninhydrin assay method, modified from Sabnis and Block
(2000) was used to determine free amino groups of chitosan,
Ga-Ch, Fe-Ch, Va-Ch and Co-Ch. Briefly, the samples were
dissolved in 1 % (v/v) aqueous acetic acid solution (1 mg/mL)
with constant stirring at ambient temperature for 24 h. Acetate
buffer (pH 5.5, 1 mL) and freshly prepared ninhydrin reagent
(10 mg/mL in dimethylformamide, 1 mL) were added to the

sample solution (2 mL). The reaction mixture was incubated
in a boiling water bath for 30 min, and then cooled to room
temperature prior to UV-vis absorbance measurement at
570 nm. Decrease in the free amino group was expressed in
terms of decrease in absorbance of the solution.

Estimation of grafted phenolic group on chitosan

Quantification of grafted phenolic groups on chitosan was
carried out using Folin-Ciocalteu reagent procedure, with
some modification (Curcio et al. 2009). Briefly, Folin-
Ciocalteu reagent (1 mL) was added to sample solution of
each chitosan phenolic acid conjugate (100 pg in 0.4 mL dis-
tilled water). The contents of the test tubes were mixed thor-
oughly for 3 min, followed by addition of 3 mL of Na,CO;
(2 %) solution. Then the mixture was allowed to stand for 2 h
with intermittent shaking. The absorbance was measured at
760 nm against a control (without polymer under the same
reaction conditions). The amount of grafted phenolic group
in each chitosan derivative was expressed as its corresponding
phenolic acid equivalent concentration. For plotting the cali-
bration curve 10, 20, 30, 40, 50 ng of each phenolic acid was
processed under the same reaction condition. The correspond-
ing phenolic acid equivalent was calculated from the linear
regression equation.

Determination of total antioxidant activity

Total antioxidant activity of the chitosan phenolic acid conju-
gates was determined through a phosphomolybdenum com-
plex formation method with some modifications (Prieto et al.
1999). Briefly, each chitosan phenolic acid conjugate (100 pg
in 1 mL distilled water) was mixed with 2.4 mL of reagent
solution (0.6 M H,SO,4, 28 mM sodium phosphate, 4 mM
ammonium molybdate) and 0.6 mL of methanol in a test tube.
The reaction mixture was incubated at 95 °C for 150 min.
After cooling to room temperature, the absorbance of the mix-
ture was measured at 695 nm against a control (without poly-
mer under the same reaction conditions). The total antioxidant
activity of each chitosan phenolic acid conjugate was
expressed as equivalent concentration of ascorbic acid. Differ-
ent concentrations of ascorbic acid (10, 20, 30, 40 and 50 ng)
were processed under the same reaction conditions and a cal-
ibration curve was plotted. Ascorbic acid equivalent concen-
tration was calculated from the linear regression equation.

Evaluation of 2,2'-diphenyl-1-picrylhydrazyl (DPPH) free
radical scavenging activity

Free radical scavenging activity of all four chitosan phenolic
acid conjugates was evaluated by DPPH free radical scaveng-
ing method as per literature with some modifications
(Woranuch and Yoksan 2013). Sample of each chitosan
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phenolic acid conjugate (50 pg in 0.9 mL distilled water) was
mixed with ethanol (0.4 mL) and ethanolic solution of DPPH
(1 mM, 0.5 mL) in a test tube. Then the mixture was incubated
in the dark for 8 h. The absorbance of the solution was then
measured at 517 nm against a control (without polymer). The
radical scavenging activity was defined as a decrease in the
absorbance of DPPH and was calculated using Eq. (2):

Acon ol — Asam e
Inhibition(%) = Zeomrel — Tsamrle 100 (2)
Awntrol
where A ongor 1 the absorbance of control and Agympie is the
absorbance of the sample.

Evaluation of hydroxyl radical (OH") scavenging activity

Hydroxyl radical scavenging activity of the chitosan phenolic
acid conjugates was determined by deoxyribose assay
(Halliwell et al. 1987). Briefly, samples of each chitosan phe-
nolic acid conjugate (100 pg in 0.5 mL distilled water) was
mixed with 95 % ethanol (0.5 mL) and incubated with deoxy-
ribose (3.75 mM, 0.5 mL), H,O, (1 mM, 0.5 mL), FeCls
(100 mM, 0.5 mL), EDTA (100 mM, 0.5 mL), ascorbic acid
(100 mM, 0.5 mL) and potassium phosphate buffer (20 mM,
pH 7.4, 2 mL) for 60 min at 37 °C. The samples were filtered
and TCA (1 mL, 2 % w/v) and TBA (1 mL, 2 % w/v) were
added to the filtrate (1 mL) followed by heating in a boiling
water bath for 15 min. The contents were cooled and absor-
bance was read at 535 nm against a blank (without polymer).
Hydroxyl radical scavenging activity of the conjugates was
calculated as per Eq. (2).

Screening of antibacterial activity

Antibacterial activity of each grafted chitosan-phenolic acid
conjugates was tested against 18ATCC bacterial strains by
disc diffusion assay according to the CLSI protocol (CLSI
2012). Selected ATCC strains of bacteria were grown 18—
24 h in Brain Heart Infusion (BHI) broth. After centrifugation
at 8000 rpm for 15 min, the cultures were washed in sterile
phosphate buffer and finally suspended in the same buffer.
The turbidity of the suspension was adjusted to 0.5 McFarland
standard, corresponding to 2 x 10% cfu/mL. Within 15 min of
preparation of suspension, a sterile cotton swab was dipped
into the suspension and streaked on to the entire surface of
pre-dried Mueller Hinton Agar (MHA) plates. This procedure
is repeated by streaking two more times, rotating the plate
approximately 60° each time to ensure an even distribution
of inoculum. The discs containing the chitosan-phenolic acid
conjugates were prepared beforehand. Briefly, 5 % (W/V)
solution of the compound was prepared in 0.5 % acetic acid
in sterile water. The solution (70 ul) was transferred to each
disc of 10 mm diameter and dried. The dried discs were placed
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on the surface of pre-dried Mueller Hinton Agar (MHA)
plates. Control discs containing broad spectrum antibiotic
and 0.5 % acetic acid in sterile water were also placed on each
plate. The plates were incubated at 37 °C for 18-24 h follow-
ing which the diameter of the inhibition zone was measured.
Antibacterial activity of chitosan and the pure compounds
(coumaric acid, vanillic acid, ferulic acid and gallic acid) were
also tested separately employing the same procedure.

Determination of minimum inhibitory concentration
(MIC) of chitosan-phenolic acid conjugates
against selected bacteria

Minimum inhibitory concentrations (MIC) of Ga-Ch, Fe-Ch,
Va-Ch and Co-Ch were determined against Pseudomonas
aeruginosa and Staphylococcus aureus by a microtitre plate-
based antibacterial assay method incorporated with resazurin
indicator (Sarker et al. 2007). Prior to conducting microtitre
assay, bacterial cultures were grown overnight in isosensitest
broth (Oxoid), centrifuged, washed and adjusted to optical
density of 0.5-1.0. To a sterile microtitre plate, 100 ul of the
test compound in 10 % (v/v) sterile water was pipetted into the
first row. To other wells, 50 puL of nutrient broth was added,
followed by serial dilution from first row onwards. Then to
each well, 10 ul of resazurin indicator (0.68 %) was added
followed by 30 pl of 3.3x isosensitest broth. Finally, 10 pl of
the bacterial suspension was added to all wells and the plate
was wrapped with cling film and incubated at 37 °C for 18—
24 h. All the plates contained columns of positive and nega-
tive control and any change of colour from purple to pink were
considered as positive. The lowest concentration at which col-
our change was observed was taken as MIC for that
compound.

Results and discussion

Synthesis and characterization of chitosan-phenolic acid
conjugates

Four different chitosan-phenolic acid conjugates were suc-
cessfully synthesized by free radical mediated reaction of cor-
responding phenolic acid with chitosan (1:1 w/w) for 24 h
under inert environment at 25 °C. Different synthetic ap-
proaches have been reported for grafting phenolic acids with
chitosan, such as 1-ethyl-3-(3’'-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) reac-
tion (Pasanphan et al. 2010; Yu et al. 2011), laccase catalyzed
polymerization (Bozi€ et al. 2012), and free radical mediated
grafting (Curcio et al. 2009). However in laccase catalyzed
polymerization, phenolic acids are oxidized into o-quinones
which further react with the primary amines of chitosan. The
loss of the active phenol hydroxyl groups may suppress the
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bioactivity of the derivatives (Liu et al. 2014). EDC and NHS
reagents are usually required in large amounts, considered
environmentally disadvantageous and difficult to remove
completely from the reaction media. As compared to these
approaches, free radical mediated grafting of phenolic acids
is considered as rapid and ecofriendly (Curcio et al. 2009).
However, this approach has not been evaluated widely for
grafting different phenolic acids on chitosan.

It has been suggested that in acetic acid solution ascorbic
acid is present as a di-acid and can further react with H,O, to
generate hydroxyl (OH") radical. Then the OH" abstracts hy-
drogen from amino and hydroxyl group of chitosan resulting
in chitosan macro radicals. The corresponding phenolic acid
molecules become acceptors of chitosan macro radicals, thus
forming chitosan-phenolic acid conjugates (Liu et al. 2013).
Chitosan solution was sufficiently diluted (5 g/L) for optimum
accessibility of phenolic acid monomers to the active sites of
chitosan. Earlier it has been observed that with increasing
viscosity of chitosan solution, grafting ratio of phenolic acids
to chitosan decreases (Liu et al. 2013). The yield of chitosan-
phenolic acid conjugates varied between 58 and 65 %.
Grafting of phenolic acids on chitosan was confirmed by
TLC, FTIR spectroscopy and UV—vis spectrophotometry.
No spots corresponding to the individual phenolic acids were
observed on the developed TLC plates for chitosan phenolic
acid conjugates confirming absence of free phenolic acid and
successful grafting of the phenolic acids on chitosan (Fig. 2).
Further, FTIR spectroscopy of native chitosan and chitosan-

Fig. 2 TLC plates showing spots for a gallic acid, b ferulic acid, ¢
vanillic acid, d coumaric acid, e Chitosan, f'Ga-Ch, g Fe-Ch, & Co-Ch
and 7 Va-Ch

phenolic acid conjugates (Fig. 3) confirmed formation of new
covalent bonds. Chitosan exhibited major characteristic bands
at around 3428 cm™ ' (OH), 2883 cm ' (C-H stretching),
1650 cm™' (amide I), 1550 cm ™' (amide II), 1072 cm ™'
(COC) and 899 cm™' (pyranose ring) (Fig. 3a) (Bobu et al.
2011). As compared to chitosan, intensity of amide I (at
around 1644 cm ') and amide II (at around 1549 cm ") bands
in Ga-Ch increased, indicating formation of new amide link-
age (Fig. 3b). It was also observed that integral ratio of the CH
stretching band (at around 2933 cm ™, belonging to chitosan
and gallic acid) to the pyranose band (at around 896 cm ',
belonging to chitosan), i.e. 1933/Ig9¢ Was higher in Ga-Ch as
compared to chitosan (Woranuch and Yoksan 2013). Similar
observations were made in case of Fe-Ch, Va-Ch and Co--
Ch. This implies that phenolic acids were grafted onto chito-
san. Compared to chitosan, Fe-Ch (Fig. 3c) and Co-Ch
(Fig. 3d) showed new bands at around 1515 and 1518 cm '
(C=C aromatic ring) respectively. However these bands were
not observed in Ga-Ch (Fig. 3b) and Va-Ch (Fig. 3e) due to
broadening of amide I and amide II bands. UV—vis absorption
spectra of four chitosan-phenolic acid conjugates (Fig. 4) were
recorded between 200 and 500 nm and compared to that of
chitosan and individual phenolic acids (data not shown here).
Chitosan in 1 % acetic acid (v/v) showed no absorption peak
between 200 and 500 nm. Chitosan phenolic acid conjugates
showed primary absorption peak at 262, 323, 258 and 286 nm
which was same as that of gallic acid, ferulic acid, vanillic acid
and coumaric acid respectively. This signifies the grafting of
the corresponding phenolic acids onto chitosan. Similar ob-
servation was made by Woranuch and Yoksan (2013). How-
ever some authors have recorded a slight red shift in absorp-
tion wavelength of the conjugates than that of corresponding
phenolic acids (Liu et al. 2014).

Water solubility, free amino group and grafting ratio

Further, characterization of the chitosan-phenolic acid conju-
gates was carried out by estimating their water solubility, free
amino groups and grafting ratio of phenolic groups on chito-
san. Highest water solubility was observed for Ga-Ch (4.5 mg/
mL) followed by Va-Ch (2.2 mg/mL), Co-Ch (1.7 mg/mL)
and Fe-Ch (1.0 mg/mL). Available free amino groups in chi-
tosan and chitosan-phenolic acid conjugates were estimated
by ninhydrin method. This provides an indirect confirmation
of grafting of phenolic acids at amino groups of chitosan. The
primary amino groups of chitosan react with ninhydrin re-
agent to form deep blue colour chitosan—ninhydrin com-
plexes, resulting in an increase in absorbance at 570 nm
(Sabnis and Block 2000). Under the same reaction conditions,
the absorbance of chitosan at 570 nm was 0.069 whereas for
Ga-Ch, Fe-Ch, Va-Ch and Co-Ch it was 0.022, 0.035, 0.030
and 0.041 respectively. The reduction of absorbance implied
the decreased free amino group content of chitosan phenolic
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Fig. 3 FTIR spectra of a Chitosan, b Ga-Ch, ¢ Fe-Ch, d Co-Ch and e Va-Ch

acid conjugates and confirms the grafting of phenolic acids to
amino groups of chitosan. Hence highest degree of substitu-
tion was observed in Ga-Ch followed by Va-Ch, Fe-Ch and
Co-Ch. The grafting ratios of Ga-Ch, Fe-Ch, Va-Ch and Co-
Ch were 393 mg Ga equivalent/g polymer, 263 mg Fe
equivalent/g polymer, 305 Va equivalent/g polymer and
129 mg Co equivalent/g polymer respectively. Elsewhere it
was reported that the grafting ratio of ferulic acid grafted
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chitosan and gallic acid grafted chitosan by free radical medi-
ated method was 66.7 mg Fe equivalent/g polymer (Liu et al.
2014) and 7 mg/g polymer (Curcio et al. 2009). Higher
grafting ratio in the present study may be due to longer reac-
tion time and inert reaction environment. The reaction for
gallic acid grafted chitosan was carried out for 36 h to evaluate
any further improvement of grafting ratio with increased reac-
tion time. However no further significant improvement



J Food Sci Technol (November 2015) 52(11):7153-7162

7159

&
b

O
vwomMuPrPNDUDL
bl o

oooooocooo
o MNP~

Soo
288
oo

Va-Ch (258 nm), Ga-Ch (262 nm), Fe-Ch (323 nm), Co-Ch (286 nm)

T T T T T
200 250
Fig. 4 UV-vis spectra of chitosan-phenolic acid conjugates

(397 mg Ga equivalent/g polymer) in grafting ratio was
observed.

Total antioxidant activity of chitosan-phenolic acid
conjugates

Total antioxidant activities of chitosan-phenolic acid conju-
gates were compared in terms of grams of ascorbic acid equiv-
alent (AsE) per 100 g of conjugate. Ga-Ch showed highest
total antioxidant activity (29.33 + 0.28 g AsE/100 g conju-
gate) followed by Va-Ch (24.86 + 0.22 g AsE/100 g conju-
gate), Fe-Ch (13.88 £0.15 g AsE/100 g conjugate) and Co-Ch
(12.51 £ 0.25 g AsE/100 g conjugate). This can be explained
by the higher grafting ratio achieved for Ga-Ch as compared
to other conjugates. This also implies that the antioxidant ac-
tivities of the chitosan-phenolic acid conjugates are due to
phenolic acids grafted onto it.

Free radical scavenging activity of chitosan-phenolic acid
conjugates

DPPH and hydroxyl free radical scavenging activity of the
chitosan-phenolic acid conjugates correlated well with
grafting ratio of corresponding phenolic acid on chitosan.
The results are presented in Table 1 and expressed in terms
of ng of chitosan/chitosan-phenolic acid conjugate/gallic acid
required for 50 % inhibition of DPPH and hydroxyl free rad-
ical. Chitosan under the same reaction condition, showed no
or negligible scavenging activity against both DPPH and hy-
droxyl free radical. Among the chitosan-phenolic acid conju-
gates Ga-Ch showed the best free radical scavenging activity
followed by Va-Ch, Fe-Ch and Co-Ch. For 50 % inhibition of
DPPH free radical, 57 + 0.25, 79 £+ 0.56, 98 + 0.21 and
162 + 0.41 pg of Ga-Ch, Va-Ch, Fe-Ch and Co-Ch was re-
quired respectively. Similarly for 50 % inhibition of hydroxyl

free radical, 82 + 0.57, 92 + 0.37, 102 £ 0.38 and
109 £ 0.71 pg of Ga-Ch, Va-Ch, Fe-Ch and Co-Ch was re-
quired respectively. It was reported previously that 20 mg of
gallic acid grafted chitosan (Curcio et al. 2009) and 1 mg of
ferulic acid grafted chitosan (Woranuch and Yoksan 2013)
showed 92 and 97 % inhibition of DPPH free radical
respectively.

Antioxidant capacity of a compound depends on its reduc-
ing capabilities. In case of DPPH scavenging assay, the anti-
oxidants reduce DPPH radical to diphenylpicrylhydrazine
(yellow colored compound). Hence the chitosan-phenolic acid
conjugates scavenging ability were evaluated in terms of
DPPH reduction.

The deoxyribose assay is considered as most suitable meth-
od for determination of hydroxyl radical scavenging proper-
ties of antioxidants. Hydroxyl radicals are generated by de-
composition of HO, by EDTA-Fe** complex, which in turn
reacts with deoxyribose to form thiobarbituric acid reactive
substances (TBARS). Antioxidants donate hydrogen or elec-
tron to the hydroxyl radical resulting in decreased TBARS
formation. The hydroxyl radical scavenging ability of the con-
jugates was measured in terms of reduction in TBARS
formation.

Table 1  Free radical scavenging activity of chitosan-phenolic acid
conjugates
Sample pg of sample needed for 50 % inhibition

DPPH radical Hydroxyl radical
Chitosan - -
Ga-Ch 57+0.25 82 +0.57
Fe-Ch 98 £0.21 102 £0.38
Va-Ch 79 +0.56 92 +£0.37
Co-Ch 162 £0.41 109 £0.71
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Antibacterial activity of chitosan-phenolic acid conjugates

Antibacterial activity for different chitosan-phenolic acid con-
jugates was tested against an array of seafood borne human
pathogenic bacteria and spoilage bacteria. Pure forms of phe-
nolic acids were also tested to determine the inhibition pat-
terns against these bacterial groups. Native chitosan showed
no antibacterial activity against the strains studied. As shown
in Table 2, out of the 18 bacterial groups evaluated, Fe-Ch and
Ga-Ch exhibited antibacterial activity against 13 groups; Co-
Ch and Va-Ch had activity against 12 and 8 bacterial groups
respectively. Fe-Ch had maximum activity against Staphylo-
coccus aureus, followed by Morganella morganii and Entero-
coccus faecalis. A maximum inhibition zone diameter of
29 mm was observed against Enterococcus faecalis for Co-
Ch, followed by Staphylococcus aureus (28.5 mm) and Pseu-
domonas aeruginosa (26.5 mm). Va-Ch showed maximum
activity against Enterococcus faecalis (27 mm) and
Staphylococcus aureus (24.5 mm). Similarly, Ga-Ch ex-
hibited maximum activity against Pseudomonas
aeruginosa (33 mm), followed by Vibrio alginolyticus
(30 mm).

Comparative results were obtained when pure forms of
these phenolic acids were individually tested, confirming aug-
mentation of antibacterial activity in grafted chitosan
(Table 3). In the present study, both ferulic acid and Fe-Ch

Table 2 Antimicrobial activity of grafted chitosan

showed antibacterial activity against Listeria monocytogenes.
Listeria monocytogenesis a known food safety hazard in trop-
ical fish (Karunasagar and Karunasagar 2000) and a causative
agent in many disease outbreaks related to consumption of
ready to eat seafood (Gombas et al. 2003). In earlier studies,
ferulic acid was shown to inhibit pathogens like Listeria
monocytogenes, Staphylococcus aureus, Bacillus cereus,
Escherichia coli, Salmonella enterica and Pseudomonas
fluorescens (Takahasi et al. 2013). Chitosan-ferulic acid con-
jugates was reported to inhibit different clinical isolates of
methicillin resistant Staphylococcus aureus, Bacillus subtilis,
Enterococcus faecalis, Listeria monocytogenes, Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and
Salmonella typhimurium (Lee et al. 2014).

In the present study, Ga-Ch at 0.5 % level showed broad
spectrum antibacterial activity against both Gram positive and
Gram negative bacteria. Chitosan films incorporated with
1.5 % of gallic acid were reported to possess strong antimi-
crobial activity against Escherichia coli, Salmonella
typhimurium, Listeria innocua and Bacillus subtilis (Sun
etal. 2014). Bozic et al. (2012) demonstrated the effectiveness
of gallic acid functionalized chitosan at pH 4.5 in reducing the
load of Escherichia coliby 97 % and Listeria monocytogenes
by 44 % and no activity against Salmonella enterica. Similar
results were obtained in present study, as 0.5 % Ga-Ch was
found to inhibit E. coli and Listeria monocytogenes, but no

Bacterial species

Inhibition zone diameter (mm)

Fa-Ch 0.5 % Co-Ch 0.5 % Va-Ch 0.5 % Ga-Ch 0.5 %

Aeromonashydrophila ATCC 35654 -2 15+ 141 - -
Escherichia coli ATCC 25922 - - - 13+ 141
Enterococcus faecalis ATCC 29212 30 +£2.83 20 £ 141 27 £ 141 28.5 +0.71
Klebsiellapneumoniae ATCC 27736 - - 16.5 £ 0.71 -

Listeria monocytogenes ATCC 19112 25+ 141 - - 20 +£2.83
Morganella morganii subsp. morganii ATCC 25829 31 £ 141 19 + 141 - 15+ 141
Pseudomonas aeruginosa ATCC 27853 215 +2.12 26.5 +2.12 23 £ 141 33+ 141
Salmonella enterica subsp. enterica serovar Enteritidis ATCC 13076 145 £0.71 15+ 141 16.5 £ 0.71 -
Salmonella enterica subsp. Arizonae ATCC 13314 23.5+£2.12 - - -
Salmonella enterica subsp. enterica serovar Paratyphi A ATCC 9150 - - - 29 + 141
Salmonella enterica subsp enterica serovar Typhimurium ATCC 51812 19 + 1.41 19.5 £2.12 - -
Shigellaflexneri ATCC 9199 - - - 17 £ 1.41
Staphylococcus aureus subsp. aureus ATCC 25923 355+0.71 28.5+£0.71 245 +£2.12 26.5 £0.71
Streptococcus pneumoniae ATCC 10015 21.5+£0.71 19 + 141 15+ 1.41 16.5 £ 0.7
Vibrio choleraeO1 (NICED) 17 +0.71 15+ 141 17 + 141 26.5+2.12
Vibrio parahaemolyticus ATCC 17802 22 +£2.83 15+ 141 27.5+£0.71
Yersinia enterocolitica subsp. enterocolitica ATCC 23715 155 +£0.71 16 +£2.83 18 £2.83 285 £2.12
Vibrio alginolyticus ATCC 17749 23 £2.83 17 £ 1.41 - 30 +2.83

? _ indicates no inhibition
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Table 3  Antimicrobial activity of individual phenolic acids

Bacterial species

Inhibition zone diameter (mm)

Ferulic acid Coumaric acid Vanillic acid Gallic acid

Aeromonashydrophila ATCC 35654

Escherichia coli ATCC 25922

Enterococcus faecalis ATCC 29212

Klebsiellapneumoniae ATCC 27736

Listeria monocytogenes ATCC 19112

Morganella morganii sub sp. morganii ATCC 25829

Pseudomonas aeruginosa ATCC 27853

Salmonella enterica subsp. enterica serovar Enteritidis ATCC 13076
Salmonella enterica subsp. Arizonae ATCC 13314

Salmonella enterica subsp. enterica serovar Paratyphi A ATCC 9150
Salmonella enterica subsp enterica serovar Typhimurium ATCC 51812
Shigellaflexneri ATCC 9199

Staphylococcus aureus subsp. aureus ATCC 25923

Streptococcus pneumoniae ATCC 10015

Vibrio choleraeO1 (NICED)

Vibrio parahaemolyticus ATCC 17802

Yersinia enterocolitica subsp. enterocolitica ATCC 23715

Vibrio alginolyticus ATCC 17749

_a 13 _ _
- — — 8
20 19 19 17.5
17 - 13
28 15 - 12
15 17 15 19
10 11 13 -
14 - - -
- - - 21
15 15 - -
- - - 13
30 28 22 15
12 13 11 14
14 11 13 19
18 11 22
- 12 13 19
15 12 — 19

4 _ indicates no inhibition

activity was observed against 3 serovars of Salmonella
enterica, except Paratyphi A.

Naturally occurring p-coumaric acid found in peanuts, to-
matoes, carrots, garlic, wine, vinegar, etc. is known to possess
antimicrobial activity against potential pathogens such as
Staphylococcus aureus in food systems (Stojkovi¢ et al.
2013). Present study showed promising application of Co-
Ch as food preservative as many foodborne pathogens and
spoilage bacteria, including Staphylococcus aureus were
inhibited.

Minimum inhibitory concentration of the grafted chitosan
types were estimated by a novel microtire assay (Sarker et al.
2007). As shown in Table 4, Fe-Ch possessed the lowest MIC
(250 ppm) against Staphylococcus aureus and Ga-Ch had

Table4 Determination of minimum inhibitory concentration (MIC) of
grafted chitosan against selected pathogens

Chitosan derivatives Minimum inhibitory concentration (MIC), ppm

Pseudomonas aeruginosa Staphylococcus aureus

Co-Ch 870 435
Va-Ch 1310 870
Ga-Ch 625 625
Fe-Ch 5000 250

lowest MIC (625 ppm) against Pseudomonas aeruginosa.
The minimum inhibitory concentration determined for
Fe-Ch against Pseudomonas aeruginosa and Staphylo-
coccus aureus was determined to be 5000 and
250 ppm respectively. MIC of ferulic acid was reported
as 1500 ppm against Staphylococcus aureus ATCC
12600 (Takahasi et al. 2013).

Conclusion

Free radical mediated synthesis of four phenolic acid function-
alized chitosan derivatives was successfully achieved. Im-
proved water solubility, antioxidant and antibacterial activities
of these chitosan-phenolic acid conjugates as compared to
chitosan may open up new applications in functional food
and health food development. Among the four derivatives,
highest antioxidant activity was observed for Ga-Ch followed
by Va-Ch, Fe-Ch and Co-Ch. Gallic acid grafted chitosan
showed broad spectrum antibacterial activity against both
Gram positive and Gram negative bacteria. Fe-Ch, Co-Ch
and Va-Ch also showed significant activity against several
food spoilage bacteria. To the best of our knowledge this is
the first report of antioxidant and antibacterial activities
of vanillic acid grafted chitosan and coumaric acid
grafted chitosan.
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