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ABSTRACT
Purpose Chitosan and its derivatives possess several unique
properties relevant in the field of pharmaceutics and medicinal
chemistry. This study aimed to evaluate the pharmaceutical
performance of an innovative chitosan derivative, methyl acry-
late chitosan bearing p-nitrobenzaldehyde (MA*CS*pNBA)
Schiff base.
Methods The antibacterial activity of MA*CS*pNBA was
tested against multi-drug resistant (MDR) Gram-negative
and Gram-positive bacteria using agar-well diffusion method.
Anti-biofilm formation was analyzed using a microtitre plate.
Antioxidant assays were performed to assess the scavenging
activity of MA*CS*pNBA using DPPH, hydrogen peroxide,
superoxide together with its reducing power activity. Anti-
inflammatory activity was evaluated by albumin denaturation,
membrane stabilization, and proteinase inhibition methods.

MA*CS*pNBA was tested for its hemolytic efficiency on hu-
man erythrocytes. Cytotoxicity of MA*CS*pNBA was evalu-
ated by MTT assay.
Results MA*CS*pNBA showed a significant performance as
an antibacterial candidate against MDR bacteria, anti-bio-
film, antioxidant and anti-inflammatory biomaterial, evidenc-
ing hemocompatibility and no cytotoxicity. It exhibited a sig-
nificant negative correlation with biofilm formation by the
MDR-PA-09 strain. Biological activities were found to be sig-
nificantly concentration-dependent.
Conclusions the newly chitosan derivative MA*CS*pNBA
showed to be promising for pharmaceutical applications,
expanding the treatment ways toward skin burn infections
since it allied excellent antibacterial, anti-biofilm, antioxidant,
anti-inflammatory, hemocompatibility and absence of cyto-
toxic activities.
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ABBREVIATIONS
BSA Bovine serum albumin
CrI Crystallinity index
DMEM Dulbecco’s Modified Eagle’s medium
DMSO Dimethyl sulfoxide
DPPH 2,2-diphenyl-2-picrylhydrazyl
DRPs Drug resistance profiles
EC50 Effective concentration 50
FT-IR Fourier transform infrared
H2O2 Hydrogen peroxide
IZD Inhibition zone diameter
MA*CS*pNBA Aminated chitosan bearing p-

nitrobenzaldehyde
MCF-10A Normal breast epithelial cell line
MCF-7 Cancerous breast epithelial cell line
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MDR Multi-drug resistance
MDR-EC MDR Escherichia coli
MDR-KP MDR Klebsiella pneumonia
MDR-PA MDR Pseudomonas aeruginosa
MDR-SA MDR Staphylococcus aureus
MHA Mueller-Hinton agar
MHB Mueller-Hinton broth
MIC Minimum inhibitory concentration
MTT 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide
NIH-3 T3 Mouse embryonic fibroblast cell line
PBS Phosphate buffered saline
RBCs Red blood cells
RCV Relative cell viability
TCA Trichloroacetic acid
TEM Transmission electron microscope
TGA Thermogravimetric analysis
TSB Tryptic Soy Broth

INTRODUCTION

Nosocomial infections by multi-drug resistant (MDR) patho-
gens remain an intractable challenge in public health man-
agement, worldwide (1–3). Of those pathogens, MDR
Pseudomonas aeruginosa (MDR-PA), MDR Klebsiella pneumonia
(MDR-KP), MDR Escherichia coli (MDR-EC), and MDR
Staphylococcus aureus (MDR-SA) have been known as most ter-
rible bacterial pathogens of skin burn wound infections
(1,4,5), to which novel antimicrobial agents are in demand
to cut life-threatening such infections. Therefore, the devel-
opment of Bgreener^ technologies with fewer side effects
against such a catastrophic issue has attracted more and more
attention in recent years. The success in designing and devel-
opment of safe antibacterial candidates, which are distinct
from conventional drugs, is the key to combating clinical
MDR pathogens.

Chitosan, a natural linear amino-polysaccharide, is one of
the most exploited versatile polymers in the pharmaceutical
research field. It is a polycationic polymer derived from the
shells of crustaceans by partial deacetylation of chitin (6). It has
gained wide interest for pharmaceutical applications such as
drug delivery, enzyme immobilization, and tissue engineering
(7,8) because of its unique properties such as biocompatibility,
biodegradability, non-immunogenicity, and non-toxicity
(9–11). Despite the advantages above, chitosan exhibits insol-
ubility in water due to the pKa value which is closed to 6.5. It
shows poor solubility in the acidic environment since the pri-
mary amine of chitosan gets protonated and produces a pos-
itively charged polycation (12). Therefore, chemical modifica-
tions can enhance the solubility of chitosan, since a number of
free amino and hydroxyl groups increases, which can easily
form a complex with polyanions without affecting the original

cationic properties (13). Schiff bases-based chitosan represents
an important class of chemical modifications, formed by the
conjugation of a primary amine on chitosan with an active
carbonyl group (14). The substitution reaction is very easy
to produce imine-containing Schiff bases (15). The relation
between chitosan Schiff-bases and their wide range of phar-
macological activities has been established previously
(12,15,16).

To the best of our knowledge, preparation of an innovative
chitosan Schiff base based on aminated chitosan conjugated
with p-nitrobenzaldehyde has not been reported previously.
Therefore, our group has lately developed a newly function-
alized chitosan derivative, methyl acrylate chitosan bearing p-
nitrobenzaldehyde (MA*CS*pNBA) by a Schiff base reaction
in three steps as shown in Scheme 1: (i) we carried out a
functionalization reaction to obtain methyl acrylate chitosan.
This step was carried out in the presence of an excess of meth-
yl acrylate and at room temperature. (ii) methyl acrylate chi-
tosan was further subjected to amination reaction using
ethylenediamine to enhance the functionality of the newly
synthesized chitosan derivative, and (iii) finally, the aminated
chitosan has been equipped with p-nitrobenzaldehyde via
Schiff base reaction. The functionalization reaction successful-
ly took place at room temperature, avoiding the polymeriza-
tion of methyl acrylate and instead it reacted entirely with
chitosan.

Although chitosan was established previously in various
studies as an antimicrobial agent, continuous mutations of
bacteria to resist multiple antibiotics have driven scientists to
develop an effective antimicrobial agent against clinical MDR
bacteria. Therefore, this study was aimed at evaluating the
pharmaceutical action of the newly synthesized chitosan de-
rivative, MA*CS*pNBA, with special reference to antibacte-
rial, anti-biofilm, antioxidant, anti-inflammatory effects.
Hemocompatibility and cytotoxic activities of the
MA*CS*pNBA were also examined to evaluate the perfor-
mance of this modified Schiff base as a new leading structure
in the pharmaceutical field.

MATERIALS AND METHODS

Materials

Azocasein, trichloroacetic acid (TCA), Nitro blue tetrazolium,
potassium ferricyanide, ascorbic acid, phosphate buffered sa-
line (PBS), 2,2-diphenyl-2-picrylhydrazyl (DPPH), crystal vio-
let, Dulbecco’s Modified Eagle’s medium (DMEM), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), and MTT formazan purple crystals were from
Sigma-Aldrich (St. Louis, USA). Bovine serum albumin
(BSA) solution was from Merck (Darmstadt, Germany).
Aspirin was from Bayer (Leverkusen, Germany) and dimethyl
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sulfoxide (DMSO) was from Loba Chemie (Mumbai, India).
Mueller-Hinton medium was from Difco (San Diego, USA).
NIH-3 T3 (Mouse embryonic fibroblast), MCF-10A (normal
breast epithelial), andMCF-7 (cancerous breast epithelial) cell
lines were obtained from the American Type Culture
Collection (Minnesota, USA).

Bacterial Strains and Culture

Sixteen MDR bacterial strains isolated and identified from
skin burn wound infections were chosen from our previous
studies (1,5,12), including MDR-PA (6 strains), MDR-KP (5
strains), MDR-SA (4 strains), and one strain of MDR-EC.
These strains were strong biofilm-producers. Drug resistance
profiles (DRPs) of these strains were presented in
Supplementary Table S1. Prior to the assays, the strains
were cultured in Tryptic Soy Broth (TSB) and incubated at
37°C for 18 h.

Antibacterial Activity

MA*CS*pNBAwas evaluated for antibacterial activity against
the aforementioned MDR bacteria by agar-well diffu-
sion method as we described previously in detail (1)
with a minor modification. Briefly, 100 μL of overnight
cultures adjusted to 1 × 107 CFU/mL were spread over
Mueller-Hinton agar (MHA) plates. Different concentra-
tions of MA*CS*pNBA (50, 100, 200 and 300 μg/mL)
were prepared. In each well, 25 μL of prepared con-
centrations were loaded and tested against MDR strains.
Following which, the inoculated plates were incubated for
18 h at 37°C and inhibition zone diameters (IZDs) were mea-
sured (17).

The minimum inhibitory concentration (MIC) of
MA*CS*pNBA was determined in accordance with the
Clinical and Laboratory Standards Institute (CLSI) guidelines.
Serial two-fold dilutions of MA*CS*pNBA were prepared and
the opacity was measured using a microtitre plate reader
(Infinite F50, Tecan, Switzerland) at 578 nm. The MIC was
defined as the lowest concentration of MA*CS*pNBA at which
no visible bacterial growth was observed.

The mechanism of antibacter ia l act ion of the
MA*CS*pNBA was examined by transmission electron mi-
croscope (TEM). The morphological changes of MDR-PA-
09 andMDR-SA-04 strains treated with MA*CS*pNBA were
examined under a JEM-100SX TEM (JEOL, Japan) as we
described previously (1,4,5,12).

Anti-Biofilm Activity

Our preliminary experiments to evaluate the qualitative and
molecular expression of biofilm-related genes revealed that
MDR-PA-09 was the highest biofilm-producing strain (data
not shown). The anti-biofilm potential of the MA*CS*pNBA
was screened against the MDR-PA-09. The effect of the
MA*CS*pNBA on biofilm formation was analyzed using a
microtitre plate reader (Infinite F50, Tecan, Switzerland).
The bacterial culture was grown in Mueller-Hinton broth
(MHB) medium at 37°C for 24 h and then suspended in sterile
normal saline solution (0.85% NaCl) to obtain an inoculum
equivalent to 1 × 107 CFU/mL. To each well, it was added
80 μL of the adjusted MDR-PA-09 inoculum, 80 μL of the
MA*CS*pNBA (100–500 μg/mL) and 40 μL of MHB medi-
um. After incubation at 37°C for 48 h, wells were washed
three times with saline solution. The adhered biofilm layer
was stained with crystal violet (1% w/v) for 15 min at room

Scheme 1 Synthetic pathway for the preparation of MA*CS*pNBA Schiff base.
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temperature. Next, wells were washed with water and acetic
acid to release the stain bound to the biofilm. The absorbance
was measured spectrophotometrically at 570 nm.

Antioxidant Activity

The antioxidant activity of MA*CS*pNBA was assessed using
four kinds of antioxidant assays, including DPPH assay (3),
hydrogen peroxide (H2O2) assay (18)‚ superoxide assay (19)
and reducing power assay (20). Meanwhile, ascorbic acid
was used as positive control. For DPPH radical scavenging
assay, DPPH. was measured at 517 nm using a UV–visible
spectrophotometer (Shimadzu-UV2600, Japan). The lower
absorbance of the reaction mixture indicates higher free rad-
ical scavenging activity. The antioxidant activity by DPPH
was calculated using the formula: scavenging effect (%) = 1-
(AT/AC)*100, where AT is the absorbance of the tested sample
and Ac is the absorbance of the control reaction at 517 nm.
Effective concentration 50 (EC50; μg/mL) was defined as the
concentration at which 50% of DPPH radicals were scav-
enged. Estimation of antioxidant activity by H2O2 assay was
carried spectrophotometrically at 230 nm. The H2O2 scav-
enging activity percentage was calculated using the formula:
scavenging effect (%) = 1- (AT/AC)*100, where AT is the ab-
sorbance of the tested sample and Ac is the absorbance of the
control reaction at 230 nm. EC50 was the effective concentra-
tion at which 50% H2O2 were scavenged. The superoxide
scavenging ability of MA*CS*pNBA was read at 560 nm.
The capability of scavenging the superoxide radical was cal-
culated using the formula: scavenging effect (%) = 1- (AT/
AC)*100, where AT is the absorbance of the tested sample
and Ac is the absorbance of the control reaction at 560 nm.
EC50 was calculated as the effective concentration at which
50% superoxide were scavenged. The reducing power of
MA*CS*pNBA was measured at the absorbance of 700 nm.
Increased absorbance of the reaction mixture indicates in-
creased reducing power. EC50 was the effective concentration
at the reducing power absorbance of 0.5.

Anti-Inflammatory Activity

As MA*CS*pNBA showed potential antibacterial, anti-bio-
film, and antioxidant performance, this newly synthesized chi-
tosan derivative was employed to evaluate its anti-
inflammatory activity by albumin denaturation, membrane
stabilization of red blood cells (RBCs) assay, and proteinase
inhibition methods as described in details in our earlier study
(1). Different concentrations (100, 200, 300, 400, 500, 1000 and
2000 μg/mL) of MA*CS*pNBA were prepared and aspirin
has been used as a standard drug. For albumin denaturation
assay, the absorbance was measured at 660 nm using a UV–
visible spectrophotometer (Shimadzu-UV2600, Japan) and
the inhibition of albumin denaturation was calculated using

the formula: inhibition (%) = [(AC - AT)/AC]*100, where AC

is the absorbance of control in the absence of aspirin and AT is
the absorbance of tested sample. The anti-inflammatory ac-
tivity of MA*CS*pNBA was also determined by membrane
stabilization assay in the presence of human RBCs. The ab-
sorbance was measured at 560 nm and the percent inhibition
of hemolysis of the MA*CS*pNBA was calculated using the
formula: Inhibition of hemolysis (%) = [(AC - AT)/AC]*100,
where AC is the absorbance of control in the absence of aspirin
and AT is the absorbance of the tested sample. Proteinase
inhibitory activity against azocasein was detected according
to the method reported previously (1). The absorbance was
measured at 440 nm and the percent inhibition of proteinase
activity was calculated as mentioned above.

Hemolysis Activity

The hemocompatibility test was performed to measure the
extent of the destruction of RBCs caused by MA*CS*pNBA
when it comes into contact with human erythrocytes as de-
scribed by Upadhyay et al. (21) with a minor modification.
Briefly, MA*CS*pNBA with different concentrations of 0.5,
1.0, and 1.5 mg/mL were dispersed in a phosphate buffered
saline (PBS). Triton X-100 and PBS were used as positive and
negative controls, respectively. The free hemoglobin concen-
tration as a measure of hemolysis was measured spectropho-
tometrically at 545 nm. The percentage of hemolysis was cal-
culated using the formula: hemolysis (%) = [(AT – AN)/(AP -
AN)]*100, where AT, AN and AP are the absorbance values of
the tested sample, negative control, and positive control,
respectively.

Cytotoxicity Using MTT Assay

The cytocompatibility of MA*CS*pNBA was investigated by
theMTT assay using a series of cell lines, including NIH-3 T3
(Mouse embryonic fibroblast) as fibroblast cells play an impor-
tant role in wound repair, MCF-7 (luminal A-like breast can-
cer cells)‚ and MCF-10A (normal breast cells). The viability of
NIH-3 T3, MCF-7 and MCF-10A cells in the presence of
different concentrations (10, 50, 100, 500 and 1000 ppm) of
MA*CS*pNBA were quantified according to the method re-
ported by Liu et al. (22). The optical density at 490 nm was
detected using a microplate reader and the relative cell viabil-
ity (RCV) was calculated using the formula: RCV
(%) = (ODT/ODC)*100, where ODT and ODC are the ab-
sorbance values of test and control groups, respectively.

Statistical Analysis

Data were expressed as the mean ± standard deviation (SD)
from three replicates. Statistical comparisons were determined
by one-way, two-way and three-way analysis of variance
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(ANOVA) with Tukey’s test using Minitab 17.1.0.0 for
Windows (Minitab Inc., 2013, Pennsylvania, USA).
Pearson’s correlation was calculated to assess the relationship

between continuous variables. Normality was checked by
Shapiro-Wilk test. Statistical significance was defined at P
values less than 0.05.

Table I Antibacterial Activity of
MA*CS*pNBA Schiff Base against
16 MDR Bacterial Strains

Strain IZD (mm) P#

Concentration of MA*CS*pNBA (μg/mL)

50 100 200 300

Gram-negative bacteria

MDR-PA-02 11.2 ± 0.09 13.8± 0.08 16.2± 0.07 18.1± 0.09 < 0.001

MDR-PA-06 9.0± 0.07 10.2± 0.06 13.8± 0.06 15.5± 0.07 < 0.001

MDR-PA-07 0.0± 0.0 8.5± 0.07 10.1± 0.05 14.6± 0.06 < 0.001

MDR-PA-09 10.5 ± 0.03 12.9± 0.06 17.7± 0.04 22.1± 0.05 < 0.001

MDR-PA-10 0.0± 0.0 10.0± 0.05 12± 0.03 16.8± 0.04 < 0.001

MDR-PA-11 9.0± 0.01 11.3± 0.04 15± 0.02 18.2± 0.03 < 0.001

MDR-KP-01 0.0± 0.0 0.0± 0.0 9.0± 0.01 11.0± 0.02 < 0.001

MDR-KP-02 0.0± 0.0 0.0± 0.0 8.3± 0.05 10.3± 0.01 < 0.001

MDR-KP-03 9.0± 0.07 10.1± 0.01 12.0± 0.04 15.6± 0.05 < 0.001

MDR-KP-04 9.2± 0.09 11.6± 0.05 15.7± 0.03 19.1± 0.04 < 0.001

MDR-KP-05 9.0± 0.11 10.3± 0.04 13.7± 0.02 17.0± 0.03 < 0.001

MDR-EC-03 0.0± 0.0 9.2± 0.03 10.3± 0.01 12.8± 0.03 < 0.001

Gram-positive bacteria

MDR-SA-01 9.0± 0.17 13.2± 0.05 15.0± 0.02 19.8± 0.06 < 0.001

MDR-SA-02 10.0 ± 0.19 14.6± 0.04 18.7± 0.01 22.4± 0.05 < 0.001

MDR-SA-03 10.0 ± 0.21 13.1± 0.03 17.1± 0.05 25.8± 0.04 < 0.001

MDR-SA-04 15.0 ± 0.23 16.8± 0.02 20.3± 0.04 28.5± 0.03 < 0.001

P# < 0.001 < 0.001 < 0.001 < 0.004

# Two-way ANOVA with multiple comparison test, P value < 0.05 is considered significant. IZD; inhibition zone
diameter, MDR; multi-drug resistance, PA; Pseudomonas aeruginosa, KP; Klebsiella pneumonia, EC; Escherichia coli,
and SA; Staphylococcus aureus

Fig. 1 Effect of different concentrations of MA*CS*pNBA on the inhibition zone diameters (IZDs) of Gram-negative and Gram-positive bacteria (a). Effect of
different concentrations of MA*CS*pNBA on the IZDs of multi-drug resistant strains Pseudomonas aeruginosa, Klebsiella pneumonia, Escherichia coli, and
Staphylococcus aureus (b). P value < 0.05 is considered significant.
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RESULTS

Antibacterial Activity of Novel MA*CS*pNBA Schiff
Base against MDR Bacteria of Skin Burn Wound
Infections

The antibacterial activity of MA*CS*pNBA has been tested
in vitro against 16 MDR strains of P. aeruginosa, K. pneumonia,
E. coli, and S. aureus. The modified chitosan Schiff base showed
significant inhibitory activity against these bacterial strains.
MA*CS*pNBA exhibited distinct differences in the suscepti-
bility in a dose-dependent manner (Table I). The mean IZDs
were ranged from zero to 28.5 ± 0.03 mm. Clearly, a com-
parison of the IZDs among tested Gram-negative and Gram-
positive bacterial strains revealed a significant difference be-
tween both groups; with a higher antibacterial efficiency

against Gram-positive bacteria than that of Gram-negative
bacteria (P < 0.001) regardless the concentration of the

Fig. 2 Transmission electron microscope (TEM) images of MA*CS*pNBA Schiff base–treated MDR-PA-09 and MDR-SA-04 cells (b & d) against control cells (a
& c), respectively. MDR; multi-drug resistance, PA, Pseudomonas aeruginosa; SA, Staphylococcus aureus.

Table II Anti-biofilm
Activity of MA*CS*pNBA
Schiff Base against MDR-
PA-09 Strain

Concentration (μg/mL) OD570 nm

Mean± SD

0 0.41± 0.05

100 0.25± 0.07

200 0.17± 0.01

300 0.13± 0.04

400 0.09± 0.01

500 0.06± 0.02

P# < 0.001

#One-way ANOVA, P value < 0.05 is con-
sidered significant
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MA*CS*pNBA (Fig. 1a). The newly synthesized chitosan de-
rivative showed significantly higher antibacterial activity
against MDR-SA and MDR-PA compared with other bacte-
ria (P < 0.001) regardless of the concentration of
MA*CS*pNBA (Fig. 1b). Additionally, MDR P. aeruginosa 9

(MDR-PA-09) and MDR S. aureus 4 (MDR-SA-04) strains
were found to be more susceptible Gram-negative and
Gram-positive bacterial strains to MA*CS*pNBA, respective-
ly and the highest mean IZDs ranged from 10.5 ± 0.03 to
22.1 ± 0.05 mm and from 15.0 ± 0.23 to 28.5 ± 0.03 mm,

Table III Antioxidant Activity of MA*CS*pNBA Schiff Base Using DPPH, H2O2, and Superoxide Radical Assays

Concentration (μg/mL) Scavenging effect (%)

DPPH H2O2 Superoxide radical Pa Pb

100 Ascorbic acid 28.8 ± 0.2 29± 0.3 96.7 ± 0.3 < 0.001 < 0.001
Chitosan 7.8± 0.4 9.4 ± 0.4 2.8 ± 0.2 < 0.001

MA*CS*pNBA 16.8 ± 0.4 14.5 ± 0.4 24.9 ± 0.1 < 0.001

200 Ascorbic acid 38.7 ± 0.3 39.8 ± 0.3 100± 0.0 < 0.001 < 0.001
Chitosan 22.1 ± 0.3 19.7 ± 0.1 7.9 ± 0.1 < 0.001

MA*CS*pNBA 27.4 ± 0.6 25.1 ± 0.3 33.2 ± 0.8 < 0.001

300 Ascorbic acid 49± 0.5 50.3 ± 0.5 100± 0.0 < 0.001 < 0.001
Chitosan 37.5 ± 0.5 32.5 ± 0.5 13.8 ± 0.2 < 0.001

MA*CS*pNBA 44.7 ± 0.5 41± 0.09 47± 0.5 < 0.001

400 Ascorbic acid 64.7 ± 0.4 65.2 ± 0.4 100± 0.0 < 0.001 < 0.001
Chitosan 52.8 ± 0.4 49.8 ± 0.1 15.7 ± 0.3 < 0.001

MA*CS*pNBA 60.2 ± 0.1 58.6 ± 0.4 62.5 ± 0.5 < 0.001

500 Ascorbic acid 79.1 ± 0.3 78.6 ± 0.3 100± 0.0 < 0.001 < 0.001
Chitosan 66.6 ± 0.3 58.6 ± 0.07 15.7 ± 0.3 < 0.001

MA*CS*pNBA 74.8 ± 0.2 70.1 ± 0.3 81.1 ± 0.9 < 0.001

Pc < 0.001 < 0.001 < 0.001

Pd < 0.001 < 0.001 < 0.001

* Three-way ANOVA with multiple comparison test (Tukey’s test), P value < 0.05 is considered significant
a Comparison of antioxidant methods on the level of tested material
b Comparison of antioxidant methods on the level of concentration
c Comparison of tested materials on the level of scavenging activity
d Comparison of concentrations on the level of scavenging activity

Fig. 3 Anti-biofilm activity against MDR-PA-09 treated with different concentrations of MA*CS*pNBA Schiff base (a). Correlation between the concentration of
MA*CS*pNBA and biofilm formation (b). P value < 0.05 is considered significant.
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respectively (Table I). On the other hand, MA*CS*pNBA has
the maximum antibacterial activity with a MIC value of
6.25 μg/mL for both bacterial strains.

The modifications in the structure ofMA*CS*pNBA Schiff
base, as characterized by Fourier transform infrared (FT-IR)
spectroscopy, elemental analysis, thermogravimetric analysis
(TGA), and XRD spectra (data not shown), are thought to
elucidate the possible mechanisms of antibacterial action of
MA*CS*pNBA. These postulates depend on the mean IZDs
of MA*CS*pNBA against bacteria (Table I) which might be
due to the introduction of amino and aldehyde groups onto
the chitosan, binding of this novel derivative with the bacterial
cell wall, leakage out of intracellular constituents and ultimate-
ly cell death would occur.

Based on the aforement ioned mechani sms of
MA*CS*pNBA antibacterial action, the morphological
changes of MDR-PA-09 andMDR-SA-04 strains were exam-
ined by a TEM (Fig. 2). The control cells showed intact and
clearly discernible cell envelopes with a dense cytoplasmic
homogeneity (Fig. 2a, c). In MA*CS*pNBA treated MDR-
PA-09 and MDR-SA-04, cells showed deformation and dis-
ruption of cell walls or membranes, protruding of the cell
envelope, partial to complete loss of cytoplasm, osmotic cell
lysis and leakage of intracellular constituents compared with
untreated cells (Fig. 2b, d). The overall results suggest that the
incorporation of p-nitrobenzaldehyde into aminated chitosan
seems to favor the antibacterial activity and it may be a prom-
ising potential candidate for pharmaceutical application fields.

Anti-Biofilm Activity of MA*CS*pNBA
on Biofilm-Producing MDR-PA-09 Strain

Here, MA*CS*pNBA has been proven to have antibacterial
activity. Therefore, this newly synthesized chitosan derivative
has attracted a great attention to evaluating its anti-biofilm
activity. MA*CS*pNBA exhibited anti-biofilm activity against
MDR-PA-09 strain by inhibiting the biofilm formation
(Table II). The percentage of biofilm inhibition was signifi-
cantly increased (P< 0.001) regardless of the MA*CS*pNBA
concentration as compared to the corresponding control. The

biofilm formation by MDR-PA-09 was reduced significantly
with the increase of MA*CS*pNBA concentration (P< 0.001)
(Fig. 3a). It was found that, a significant negative correlation
(r=− 0.9; P< 0.001) was obtained between the chitosan de-
rivative concentration and biofilm formation by the MDR-
PA-09 strain (Fig. 3b).

Antioxidant Activity of MA*CS*pNBA

Antioxidant activities of MA*CS*pNBA were determined by
four assays, including DPPH, H2O2, superoxide, and reduc-
ing power as displayed in Tables III & IV and Figs. 4, 5, 6 and
7. Clearly, the antioxidant activity of MA*CS*pNBA was a
concentration-dependent. The DPPH• scavenging assay is
one of the most economical methods to measure antioxidant
activity. This assay was based on the conversion of DPPH to
DPPHH, which results in attenuation of the absorbance value
at 517 nm. Obviously, with the increase of the concentration
from 100 to 500 μg/mL, the scavenging activities of
MA*CS*pNBA, original chitosan, and ascorbic acid were en-
hanced significantly (Table III). Clearly, the scavenging activ-
ity of MA*CS*pNBA was found to be significantly lower than
ascorbic acid but higher than that of the chitosan (P < 0.001)
(Fig. 4a) and the EC50 value was found to be 7.8 μg/mL. As
depicted in Table III, the H2O2 and superoxide radical scav-
enging activities were significantly increased with the increase
of concentrations (100 to 500 μg/mL) of all samples. The
EC50 values of MA*CS*pNBA were found to be 77.8 μg/
mL and 150 μg/mL for H2O2 and superoxide radical scav-
enging activities, respectively. In addition, the H2O2 scaveng-
ing activity of MA*CS*pNBA was found to be significantly
higher than that of the original chitosan (P < 0.001) (Fig.
4b). The MA*CS*pNBA had potent superoxide radical scav-
enging activity although it was lower than ascorbic acid at all
tested concentrations (P< 0.001) (Fig. 4c). Regardless the type
of tested material or the method used to assess the antioxidant
activity, a significant positive correlation (r = 0.5; P< 0.001)
was recorded between scavenging activity percentage and the
concentration tested (Fig. 5a, b). On the other hand, the anti-
oxidant activity measured by superoxide radical was

Table IV Antioxidant Activity of
MA*CS*pNBA Schiff Base Using
Reducing Power Assay

Concentration (μg/mL) Reducing power (A) P#

Ascorbic acid Chitosan MA*CS*pNBA

100 1.2± 0.08 0.09± 0.01 0.2 ± 0.01 < 0.001

200 2.3± 0.1 0.27± 0.09 0.77± 0.09 < 0.001

300 2.7± 0.1 0.34± 0.1 0.92± 0.1 < 0.001

400 3.1± 0.3 0.41± 0.09 1.1 ± 0.09 < 0.001

500 3.5± 0.09 0.46± 0.08 1.3 ± 0.08 < 0.001

P# 0.03 0.03 0.03

# Two- way ANOVA with multiple comparison test, P value < 0.05 is considered significant
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significantly higher than that of DPPH and H2O2 (P < 0.001)
(Fig. 6I) and it was significantly increased with the increase of
the concentration (P< 0.001) (Fig. 6II). Interestingly, the an-
tioxidant activity of MA*CS*pNBA was significantly higher
than that of chitosan and more near to ascorbic acid
(P< 0.001) (Fig. 6III).

The antioxidant activity was also evaluated using reducing
power assay. The absorbance of MA*CS*pNBA, chitosan,
and ascorbic acid was significantly increased with the increase
of the concentration from 100 to 500 μg/mL (Table IV). The
EC50 value was found to be 112.4 μg/mL. In comparison
with ascorbic acid, the reducing power of MA*CS*pNBA
remained low. Irrespective of this, the antioxidant activities
of MA*CS*pNBA, chitosan, and ascorbic acid were found to
be significantly concentration-dependent (P = 0.03) (Fig. 7I).
At all tested concentrations, the reducing power of ascorbic
acid was significantly higher than that of MA*CS*pNBA and
chitosan (P < 0.001) (Fig. 7II).

Anti-Inflammatory Activity of MA*CS*pNBA

The MA*CS*pNBA was employed to explore its anti-
inf lammatory activity. The inhibitory activity of
MA*CS*pNBA was assessed at various concentrations using
albumin denaturation, membrane stabilization, and protein-
ase inhibitory activity compared with commercially available
aspirin. The results of albumin denaturation indicated a sig-
nificant increase in inhibiting bovine serum albumin by in-
creasing the concentration of MA*CS*pNBA and a standard
drug (aspirin) in a concentration-dependent manner
(Table V). The results proved that the MA*CS*pNBA was
about the equal percentage of inhibition when com-
pared to the aspirin and they exerted inhibition of
88.9 ± 0.08 and 90.1 ± 0.15%, respectively at 2000 μg/
mL. Statistically, a significant difference between the
inhibition of albumin denaturation percentage by
MA*CS*pNBA and aspirin (P< 0.001) has been recorded at
all concentrations tested (Fig. 8a).

The MA*CS*pNBA exhibited membrane stabilization of
26.5 ± 0.02 and 91.2 ± 0.07% for human RBCs as minimum
and maximum percentage activities, respectively. The mem-
brane stabilization percentages of MA*CS*pNBA and aspirin
were highly similar and they exerted a stabilization of 91.2 ±
0.07 and 91.5 ± 0.1%, respectively at 2000 μg/mL (Table V).
Statistically, a significant difference between the percentage of
membrane stabilization by MA*CS*pNBA and aspirin has
been recorded at any of their concentrations (P < 0.001)
(Fig. 8b).

�Fig. 4 Scavenging activity percentage of MA*CS*pNBA Schiff base using
DPPH assay (a), H2O2 assay (b), and superoxide radical assay (c)
compared to original chitosan and ascorbic acid (positive control) at different
concentrations. P value < 0.05 is considered significant.
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The anti-inflammatory performance of MA*CS*pNBA
was also assessed by proteinase inhibition assay and it exhib-
ited a significant activity (Table V). MA*CS*pNBA was simi-
lar to aspirin in the inhibition of proteinase and both of
them exerted a maximum inhibition of 90.3 ± 0.07% at
2000 μg/mL. Similarly, a significant difference between the
inhibitory percentage of proteinase activity byMA*CS*pNBA
and aspirin has been recorded at all concentrations tested
(P< 0.001) (Fig. 8c).

Hemocompatibility Assay

As depicted in Fig. 9, the hemolytic activity of MA*CS*pNBA
was clearly concentration-dependent. MA*CS*pNBA exhib-
ited a significant decrease in hemolysis percentage when its

concentration decreased from 1.5 mg/mL to 0.5 mg/mL
comparing to Triton X-100 which showed a hemolytic activ-
ity of 100% (P < 0.001). The hemolytic potential of
MA*CS*pNBA was less than 2% suggesting that this novel
chitosan derivative met the international standard of bioma-
terial far less than 5%.

Cytocompatibility Study

To evaluate the biological safety of a material for pharmaceu-
tical applications, cytotoxicity of MA*CS*pNBAwas tested on
three different cell lines; NIH-3 T3,MCF-7, andMCF-10A of
fibroblast wound repair cells, breast cancer cells, and normal
breast cells, respectively. The results demonstrated that the
MA*CS*pNBA was highly biocompatible (non-cytotoxic),

Fig. 5 Correlation between
scavenging activity percentage of
MA*CS*pNBA, chitosan, and
ascorbic acid (a) and of DPPH,
H2O2, and superoxide radical
assays (b) at different
concentrations. P value < 0.05
is considered significant.
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the RCV of MA*CS*pNBA was more than 77%. The RCVs
of NIH-3 T3, MCF-7, and MCF-10A cultured with
MA*CS*pNBA were more than 92% at the concentration of
50 ppm (Table VI). Clearly, the RCV of MA*CS*pNBA was
found to be concentration-dependent; it was decreased with
the concentration increased. A statistically significant differ-
ence in the mean values betweenMA*CS*pNBA and chitosan
was recorded (P < 0.001). This difference was larger than
would be expected by chance, taking into account the type
of cell line and concentration of tested materials (Table VI). In
order to differentiate between groups, a multiple com-
parison analysis was performed; the effect of different
cell line types was found to depend on the existing
concentration of tested materials (P < 0.001). No signifi-
cant correlation between the type of cell line and the type of
tested material (P > 0.05) was observed. Similarly, no

significant correlation between the tested material type and
its concentration was observed (P> 0.05) (Table VI). On the
other hand, the percentage of RCV was significantly
depended on the type of cell line tested at concentrations of
100, 500 and 1000 ppm (P< 0.001) (Fig. 10a ,b). As presented
in Fig. 10c, the cytocompatibility of chitosan in comparison
with MA*CS*pNBA was significantly low (P < 0.001)
(Fig. 11I). In addition, the toxicity of the tested material
was significantly increased with the increase of the con-
centration (P < 0.001) (Fig. 11II). Interestingly, the cell
viability on NIH-3 T3 was significantly higher compared
with other cell lines; MCF-10A and MCF-7 (P< 0.001) (Fig.
11III). Regardless of the tested material or the cell line type, a
significant negative correlation between the percentage of
RCV and the material concentration (r =−0.8; P< 0.001)
was observed (Fig. 12).

Fig. 6 Mean of scavenging activity
percentage depending on
antioxidant activity assays (I), tested
concentrations (II), and tested
materials (III). P value < 0.05 is
considered significant.

Fig. 7 Mean of reducing power
depending on tested concentrations
(I) and tested materials (II). P value
< 0.05 is considered significant.
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DISCUSSION

The emergence of MDR Gram-negative/Gram-positive bac-
teria is of great worldwide clinical problem. The extensive and
misuse of first-line antibiotics to control human infections,
such as skin burn, urinary tract, meningitis, and gastroenteritis
infections imposed the development of multiple mechanisms
of bacterial resistance because of the selective pressure that
favors MDR strains mainly in hospital environments.
Despite the fact that numerous advanced strategies enable
the molecular design of novel drugs for combating and over-
coming the antibacterial resistance, the MDR-associated bac-
terial infections remain a major challenge to modern
pharmaceutics and medicinal chemistry. Consequently, this
scenario stimulates an urgent need to find new antibacterial
agents as alternatives for combating bacterial resistance (23). It
is noteworthy that the antibacterial activity of MA*CS*pNBA
Schiff base had the potential to inhibit the growth of Gram-
positive bacteria over Gram-negative bacteria as confirmed
by the mean IZDs due to the difference in cell wall structure
(3–5). Clearly, the newly synthesized chitosan derivative
MA*CS*pNBA showed a good capability in inhibiting the
MDR bacterial pathogens of skin burn infection, which could
effectively result in the improved wound healing ability
(12,24). In this context, a newly synthesized chitosan deriva-
tive, hydroxyapatite-chitosan, has been reported as a potential
sunscreen gel against MDR-PA, MDR-KP, and MDR-SA
bacteria of skin burn infections and it was a promising anti-
bacterial chitosan derivative agent for skin health care as re-
ported in our earlier study (12).

The potential disruptive action of MA*CS*pNBA on the
MDR bacteria was probably based on the structure of this
modified derivative. The results of FT-IR, XRD, TGA, and
elemental analysis demonstrated that the MA*CS*pNBA was
successfully synthesized via Schiff base reaction and explained
the possiblemechanisms of its antibacterial action. FT-IR spec-
troscopy revealed that the presence of -N=CH- besides the
stretching vibration of C=C and C-H bonds, belonging to
the aromatic rings of the aldehyde, are thought to be important
factors contributing the antibacterial act ivi ty of
MA*CS*pNBA Schiff base. The XRD diffractogram of
MA*CS*pNBA showed a characteristic peak at 2θ= 20.4°
and 12.2°, suggesting the increased possibility for hydrogen
bond formation after Schiff base reaction. The crystallinity
index (CrI) value of MA*CS*pNBA (39.0%) was found to be
lower than that of the original chitosan, which might be due to
the hydrogen bond deformation and a substitution of the p-
nitrobenzaldehyde on the nitrogen atoms. The decrease in CrI
value may be the reason for potential antibacterial activity by
attaching of MA*CS*pNBA to the bacterial cell membrane
through the functional –NH2 and p-nitrobenzaldehyde groups.
On the other hand, the C/N ratio of MA*CS*pNBA was
obviously lower than that of the original chitosan, indicatingTa
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the introduction of the p-nitrobenzaldehyde on the modified
aminated chitosan, which attributed to the disruption of bac-
terial cell membranes followed by a biocidal activity. The
TGA analysis of MA*CS*pNBA revealed a higher thermal
stability compared to that of chitosan, which might be related
to the substitution effect of the NO2 moiety. Hence,
MA*CS*pNBA exhibited broad-spectrum antibacterial activi-
ty. The relation between the polycationic nature of chitosan
and its antibacterial activity has been established in several
reports (12,25,26). The electrostatic interaction between the
positively charged -NH2 groups of the MA*CS*pNBA and
the negatively charged bacterial cell surface may the binding
of modified chitosan with bacterial nucleic acid, compromise
membrane permeability, interfere with the synthesis of mem-
brane proteins thereby affecting structure and function of the
bacterial cell (12). The newly synthesized chitosan derivative
may serve as a new leading structure for the future design of
antibacterial agents.

The wound infections caused by biofilm-producing bacte-
ria, including MDR-PA represent a challenge to clinical diag-
nosis and failure of treatment that generate strong resistance
mechanisms to antibacterial therapy (1). To date, no antibiotic
has been developed against biofilm-producing bacteria due to
inherent resistance to conventional antibiotics (27). In recent
studies, chitosan has well-recognized as an antibacterial agent
that showed promising activity to combat or reduce biofilm-
associated infections (28,29). MA*CS*pNBA could make the
bacterial cell membrane of MDR-PA-09 weakened or even
broken. The polycationic nature of MA*CS*pNBA with high
surface charge may interact more effectively with the bacterial
biofilm layer, and therefore it has a high affinity to bind to
bacterial cells. Additionally, the modified chitosan derivative
containing a large number of -NH2 and p-nitrobenzaldehyde
groups could contribute to a large surface area and cause
MA*CS*pNBA to be adsorbed more tightly on the surface
ofMDR-PA-09 cells and thus disrupt the bacterial membrane
integrity. Collectively, the MA*CS*pNBA was a potential
anti-biofilm candidate against the highest biofilm-producing
strain, MDR-PA-09. To the best of our knowledge, this study
might be the first to evaluate the activity of MA*CS*pNBA
against MDR pathogens and biofilm formation, and thus
opening a new window for further research and development
on this newly synthesized chitosan derivative for its translation
into therapeutic strategies.

Antioxidants in a moderate concentration can significantly
improve skin burn wound healing (30). Here, antioxidant ac-
tivities of MA*CS*pNBA were determined by four assays,
including DPPH, H2O2, superoxide, and reducing power. It
has been reported that the antioxidant activity of natural

�Fig. 8 Anti-inflammatory activity of MA*CS*pNBA Schiff base compared to
aspirin (a standard drug) at different concentrations using inhibition of albumin
denaturation (a), membrane stabilization (b), and inhibition of proteinase (c)
percentages. P value < 0.05 is considered significant.
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products can confer amazing mechanical protection against
oxidative stress-related disorders (31). The EC50 value for
MA*CS*pNBA was 7.8 μg/mL indicating that though the
antioxidant activity of MA*CS*pNBA was lower than ascor-
bic acid, it had potent DPPH• scavenging activity, which
might be due to the nitrogen in this newly modified chitosan
derivative (32). The results obtained from the scavenging ac-
tivity of H2O2 and superoxide radical suggest that the en-
hanced scavenging potential by MA*CS*pNBA might be
due to the introduction of p-nitrobenzaldehyde, which could
enhance its biological activity. On the other hand, it has
been reported that the damaging effect of H2O2 in the
human body was similar to that of the free radicals. It
could react with superoxide anion radical and Fe2+ to

form hydroxyl radical (33). Clearly, the antioxidant po-
tential assessed by the aforementioned methods proved
thatMA*CS*pNBA possessed a higher percentage of scaveng-
ing potential which capacitates it exquisite modified chitosan
candidate for wound healing.

The antioxidant activity of MA*CS*pNBA was also evalu-
ated using reducing power assay as an important indicator of
compounds. In this assay, the antioxidant reacts with Fe3+

complex ferricyanide to form the ferrous form. The resulting
potassium ferrocyanide, K4Fe

2+(CN)6, could further react
with ferric chloride to form Prussian blue (Fe4[Fe(CN)6]3).
Therefore, the reducing power could be monitored by the
increase in the density of the Prussian blue color in the reac-
tion medium at 700 nm. To the best of the authors’

Fig. 9 Haemocompatibility of
MA*CS*pNBA Schiff base. Triton
X-100 and phosphate buffered sa-
line (PBS) are positive and negative
controls, respectively. P value <
0.05 is considered significant.

Table VI Cytotoxic Activity of MA*CS*pNBA Schiff Base on Three Different Cell Lines; NIH-3 T3, MCF-10A, and MCF-7

Concentration (ppm) Relative cell viability (%) Pa Pb

NIH-3 T3 MCF-10A MCF-7

10 Chitosan 98.8 ± 1.1 99± 1.3 97.1± 1.2 > 0.05 > 0.05
MA*CS*pNBA 97.1 ± 1.5 96.2 ± 1.1 95.3± 0.09 > 0.05

50 Chitosan 96± 1.4 95.4 ± 1.3 93± 1.1 > 0.05 > 0.05
MA*CS*pNBA 94.4 ± 1.4 93.7 ± 1.5 92.4± 1.4 > 0.05

100 Chitosan 94.5 ± 1.3 91.1 ± 1.4 90.3± 1.3 > 0.05 < 0.05
MA*CS*pNBA 92.3 ± 1.6 89.3 ± 1.3 86.2± 1.6 < 0.05

500 Chitosan 91.6 ± 1.8 87.5 ± 1.8 82.5± 1.3 < 0.001 < 0.001
MA*CS*pNBA 89.3 ± 1.4 84.6 ± 1.8 81.6± 1.2 < 0.001

1000 Chitosan 88.1 ± 2 82.3 ± 1.3 80.1± 1.5 < 0.001 < 0.001
MA*CS*pNBA 84.7 ± 1.7 79.4 ± 1.7 77.3± 1.0 < 0.001

Pc < 0.001 < 0.001 < 0.001

Pd < 0.001 < 0.001 < 0.001

* Three-way ANOVA with multiple comparison test (Tukey’s test), P value <0.05 is considered significant
a Comparison of cell line types on the level of tested material
b Comparison of cell line types on the level of concentration
c Comparison of tested materials on the level of cell line type
d Comparison of concentrations on the level of cell line type
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knowledge, the antioxidant activity of MA*CS*pNBA Schiff
base has never been investigated before. The data explained
that the introduction of the p-nitrobenzaldehyde to the
aminated chitosan showed a considerable increase in the
amount of scavenging activity and reducing power of the new-
ly synthesized chitosan derivative than the original chitosan.
Hence, the results of MA*CS*pNBA may pave the way to
confirm the mechanism of action of this novel candidate that
can be applied in pharmaceutical applications. As far as we
know, there are very few reports focused on the antioxidant
activity of modified chitosan derivatives synthesized by chem-
ical modification (18,19).

To explore the ant i - in f lammatory act iv i ty of
MA*CS*pNBA, albumin denaturation, membrane stabiliza-
tion, and proteinase inhibitory were assessed. Membrane stabi-
lization is a biological process of maintaining the integrity of
cellular membranes such as RBCs and lysosome against lytic
inducers of heat and osmosis (34). The oxidative damage of the
erythrocyte membrane was the most obvious reason for the
attenuated capacity of RBCs to withstand osmotic and me-
chanical stresses (35). Our findings of albumin denaturation
were found in agreement with the reports of Ali et al. (1) and
Govindappa et al. (36). Recently, Brockmann et al. (37) reported
that anti-inflammatory agent could play a pivotal role in

Fig. 10 Cytotoxic activity of MA*CS*pNBA Schiff base. Three-way ANOVA of cell line type and different concentrations of chitosan (a) or MA*CS*pNBA (b) on
the cell viability. RCV; relative cell viability, P value < 0.05 is considered significant.

Fig. 11 Mean of relative cell
viability (RCV) percentage depend-
ing on the tested material (I), tested
concentrations (II), and cell line type
(III). P value < 0.05 is considered
significant.
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enhancing wound healing by preventing the infective patho-
gens to invasion into the blood of the damaged skin area via
increasing the formation of collagen and fibroblast cells. Our
findings of membrane stabilization were found consistent with
our previous study (1), suggesting that the MA*CS*pNBA is a
promising anti-inflammatory candidate valued for pharmaceu-
tical applications. Anti-inflammatory properties of
MA*CS*pNBA was also conducted by proteinase inhibitory
activity. Various types of proteinases were released by lysosomic
neutrophils, as a rich source of serine proteinase, to kill clinical
pathogens as well as the development of damaged tissues during
wound healing (1,38). The present study might be the first to
explore the in vitro anti-inflammatory activity of MA*CS*pNBA
Schiff base. Therefore, the current findings implicate that the
MA*CS*pNBA has potential anti-inflammatory activity and

open windows for designing alternative antibacterial candidates
effective in skin wound healing. Further in vivo study on Wistar
albino rats infected with polymicrobial MDR pathogens is un-
der investigation to clearly understand the exact mechanism of
action of such newly modified chitosan derivative, especially
after significant in vitro antibacterial, anti-biofilm, antioxidant
and anti-inflammatory activities proved in this study.

In biomedical applications, hydrogel wound dressing, for
example, is generally in contact with blood. Therefore, the
hemolytic activity of any biomaterial that can promote skin
wound healing must reach an acceptable range (39). It is nec-
essary to take into account the hemocompatibility of
MA*CS*pNBA, as a novel synthesized candidate, for its bio-
logical safety in pharmaceutical and biomedical formulations.
In this context, the results of hemolytic activity are in

Fig. 12 Correlation between
relative cell viability (RCV)
percentage and concentration of
tested material regardless of the
type of material (a) or the type of
cell line (b). P value < 0.05 is
considered significant.
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agreement with other studies in demonstrating that the chito-
san derivatives do not cause hemolysis, do not affect the integ-
rity of RBCs, and have excellent blood compatibility (19,39).
Therefore, the hemocompatibility performance of
MA*CS*pNBA might be promising to treat injured skin.

Cytotoxicity is also one of the most important detection
assays to evaluate the biological safety of a material for biomed-
ical and pharmaceutical applications. Biomedical material with
RCV more than 70% was considered non-cytotoxic (22). The
RCV exhibited a slight decline at the higher concentration of
1000 ppm, but still greater than 70% (22). We postulate that
the reduction in the cytotoxicity of MA*CS*pNBA might be
due to the rich amines in this modified polymer, which has
good cell compatibility (40). Delocalization of positive charges
onto the aromatic groups might be also one of the possible
mechanisms (41‚42). The excellent blood compatibility and
no potential immunogenicity may be another mechanism that
could reduce the cytotoxicity (22). Based on overall results, the
novel chitosan derivative MA*CS*pNBA may have promising
pharmaceutical activities, since in recent years pharmaceutical
formulations have been extensively explored looking forward
innovative possible treatments for several microbial infections,
including skin burn wounds.

CONCLUSIONS

To the best of our knowledge, this study may be the first to
investigate the pharmaceutical performance of a newly modi-
fied chitosan derivative, MA*CS*pNBA, obtained with a Schiff
base reaction. Hemocompatibility and cytocompatibility results
of this modified candidate exhibited to be promising for phar-
maceutical application fields since it allied excellent and signif-
icant antibacterial activity against MDR bacterial pathogens,
anti-biofilm, antioxidant, and anti-inflammatory activities. The
efficiency of MA*CS*pNBA might be due to the presence of p-
nitrobenzaldehyde conjugated with the aminated chitosan.
Thus, this study may serve as a fruitful platform to explore
chitosan derivatives as new leading structure valued for phar-
maceutical and biomedical therapeutics with special reference
to combating MDR bacteria of skin burn infections.
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