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cacies and molecular 3D
modeling of novel biopolymer derivatives extracted
from biowaste using a solid-state
mechanochemical technique

Murugaiyan Manimohan,*a Mohamed Aboobucker Sithiquea

and Sivashanmugam Pugalmanib

The biomass source, lobster shell waste, was converted into a useful biopolymer by acid–base treatment

through a solid-state mechanochemical technique using ball milling. Cobalt(II), copper(II), and zinc(II)

metal ion-inserted, novel biologically active, water-soluble nitrogen–nitrogen–oxygen (N,N,O)

polydentate donor hydrazide-grafted O-carboxymethyl chitosan (O-CMCS) Schiff base metal complexes

were prepared. Computational studies, including 3D molecular modeling and selected bond lengths and

bond angles of metal complexes, were carried out using the PerkinElmer ChemDraw Professional 16.0

software. The complex formation between the novel Schiff base ligands and metal ions dramatically

changed the bond angles and bond lengths of the Schiff base ligand due to the lone pair-lone pair

repulsion in the active molecules. Fourier-transform infrared (FT-IR) and ultraviolet (UV)-visible spectral

analyses confirmed the formation of metal complexes through the metal–oxygen (M–O) and metal-

nitrogen (M–N) bonds. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)

were employed to investigate the surface and internal morphological characteristics of the metal

complexes. The bactericidal actions of the compounds were evaluated against Escherichia coli,

Staphylococcus aureus, Pseudomonas aeruginosa, and Bacillus subtilis using a nutrient agar medium by

the agar well-diffusion method. In addition, the O-CMCS Schiff base derivatives were tested against

a few fungi. Candida albicans and Aspergillus niger showed higher percentages of growth inhibition, and

the Zn(II) metal complexes exhibited better antifungal efficacy than the Co(II) and Cu(II) metal complexes.
1 Introduction

Seafood industries annually expel 6–8 million tons of arthropod
waste, such as lobster, shrimp, and crab shells and other
crustacean by-products. Roughly 40–50% of the lobsters are
disposed of as biowaste, including their shells, heads, and other
inedible parts. A lobster shell comprises 36% minerals, 29%
proteins, and 25% chitin derivatives.1 To reduce this biowaste,
the hard exoskeletons, segmented bodies, and jointed
appendages of arthropods can be treated through deproteini-
zation and demineralization processes to produce chitin (CN).
Chitin, a valuable by-product of lobster shells, is widely
employed in various industries. It is a natural linear biopolymer
comprising an amide group at the C2 position of the pyranose
ring.2
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The conjugation of CN with other biopolymers enhances its
pharmaceutical, biomedical and clinical applications,
including the antibacterial and antifungal applications. Chito-
san (CS) is prepared from CN through the deacetylation
process.3 In the past decade, many researchers have reported
that chitosan and its derivatives act vigorously against patho-
gens due to the positive NH3

+ ion in acidic media. In general,
pathogens containing a negative cell membrane easily interact
with the positive ions of chitosan, which neutralize the patho-
genic activity.4–6

Biopolymer Schiff base ligands and their metal complexes
have potential antimicrobial applications.7–12 O-CMCS-cationic
fungal membranes coated with liposome have shown
enhanced antifungal effects.13 Several studies have been re-
ported on synthesizing chitosan Schiff base metal complexes
due to their interesting and versatile applications, including
their anticancer and antimicrobial efficacies.14,15Oen,O-CMCS
metal complexes are formed from a mixture of chitosan,
a hydrazide-based precursor, and monochloroacetic acid,
offering advantages like biocompatibility, low cost, eco-
friendliness, and water solubility.16,17 We used a single-step
RSC Adv., 2026, 16, 29025–29041 | 29025

http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra00600k&domain=pdf&date_stamp=2026-05-27
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00600k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016032


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 1
1:

23
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
green synthesis to extract low molecular weight chitin (LMw-C)
with a molecular weight of less than 100 kDa from lobster shell
waste by demineralization and deproteinization under mild
acid–base conditions using a solid-state mechanochemical
technique.18

We obtained LMw-C with 80–90% purity and a molecular
weight of 85 kDa molecular weight under 5 wt% acid conditions
at 100 °C for 10 h.19 As in Manimohan et al., this research work
is pioneering towards the treatment of secondary lymphedema,
which may potentially be cured using low-molecular-weight
polymers that enhance lymphatic drainage and reduce the
brotic nature of the lymphatic vessel.20 Production of lobster
shell waste results in huge waste deposits. To reduce this waste
and develop economic management strategies, we prepared
a valuable product, chitin, from waste heaps through a green
approach. To the best of our knowledge, no remarkable
research has been reported on novel water-soluble hydrazide
coordinated chitosan Schiff base metal complexes synthesised
through the solid-state mechano-chemical technique using
a ball mill.
2 Experimental section
2.1 Materials and methods

Lobster (Panulirus argus) shell waste was collected from
Supreme Seafood, Patinapakkam, Chennai. Cobalt(II) acetate,
copper(II) acetate, zinc(II) acetate, sodium hydroxide, dimethyl
formamide (DMF), acetone, toluene, and dimethyl sulphoxide
(DMSO) were purchased from Sigma-Aldrich, Avra, and SRL
India. Bacterial strains such as Escherichia coli (CAS No. 68583-
22-2), Staphylococcus aureus (68583-38-0), Pseudomonas aerugi-
nosa (CAS No. 68583-29-9) and Bacillus subtilis (CAS No. 68038-
70-0), as well as fungal strains such as Aspergillus niger (CAS No.
9001-05-2), and Aspergillus clavatus (CAS No. 36011-19-5) were
selected due to their pharmaceutical and clinical importance.
All chemicals used in this study were of analytical reagent (AR)
grade.
2.2 Analytical methods

Chitin powder was prepared using a Fritsch P-5 High Energy
Planetary Ball Mill-3 operating with an extra-strong 2.2 kW drive
power, producing centrifugal acceleration up to 64 g and rota-
tional speeds up to 800 rpm, with a bowl rotational speed of
1600 rpm. The FT-IR spectra were recorded using a PerkinElmer
Spectrum Version 10.4.00 spectrometer in the operating range
of 4000–400 cm−1 using the KBr pellet method. The confocal
micro-Raman spectrometer recorded the metal complexes at
532 nm using the laser source. The X-ray diffraction (XRD)
patterns were recorded using a Bruker D8 Advance diffractom-
eter (Germany) equipped with Cu Ka radiation (l = 0.15406
nm). The instrument was operated at an applied voltage of 40
kV and a current of 30 mA. The diffraction patterns were
recorded with the scan rate of 2q = 0.02° and angle range from
10° to 90°. The morphological surface and internal structure of
the metal complexes were investigated using a scanning elec-
tron microscope (SEM) and high-resolution transmission
29026 | RSC Adv., 2026, 16, 29025–29041
electron microscope (HRTEM) with a 200 kV accelerating
voltage (JEOL JEM 2100 model). The energy dispersive X-ray
analysis (EDAX) spectra of the metal complexes were recorded
using an electron microscope (Thermo Fisher Scientic, FEI
Company, USA). A viscometry study was carried out to deter-
mine the viscosity-averagemolecular weight (Mv) of the chitosan
using the Mark–Houwink equation, [h] = K(Mv) a. The carbon
(13C) and proton (1H) nuclear magnetic resonance (NMR)
spectra were recorded using a 400 MHz Bruker NMR spec-
trometer, with heavy water (D2O) used as the solvent.
2.3 Antimicrobial efficacies

The antibacterial activities of the biopolymer Schiff base and
the derivatives were evaluated using the agar plate method.
Nutrient agar and potato dextrose agar media (Microcare
Laboratory, Surat, India) were used for maintaining the bacte-
rial stock cultures. The stock cultures were incubated at 37 °C
for 24 h and subsequently stored at 4 °C in a refrigerator. Then,
the bacterial strains were cultured on Mueller–Hinton agar
(MHA) plates and incubated at 37 °C. Yeasts and molds were
grown on Sabouraud dextrose agar (SDA) and potato dextrose
agar (PDA) media, respectively, at 27 °C. The polymer Schiff
base and its derivatives (10 mg/10 mL) were dissolved in water
and DMSO, respectively. The percentage inhibition of bacterial
growth was determined by measuring the diameter of the
inhibition zones using an inhibition zone reader and was
calculated using the following formula:

Percentage inhibition of bacterial growth =

[(Ac − At)/Ac] × 100, (1)

where Ac and At are the inhibition zones of the test and control
plates in diameter (mm), respectively. The antifungal activities
of the biopolymer Schiff base and the metal complexes were
studied against selected fungal pathogens using the agar
diffusion method. Potato dextrose agar (PDA) medium was used
for maintaining fungal cultures. The fungal stock culture was
incubated for 24 h and then refrigerated at 4 °C. The microbi-
ological growth medium Mueller–Hinton agar (MHA) was
employed for antifungal testing and to grow various fungal
strains at 37 °C. SDA and PDAmedia were employed to grow the
yeasts and molds at 28 °C. The selected fungal stock cultures
were maintained separately at 4 °C. The polymer metal
complexes (10 mg/10 mL) were dissolved in DMSO, and ampi-
cillin (10 mg/10 mL) was used as the reference drug. The
prepared plates were incubated at 37 °C for 24 h. Statistical
analysis was carried out using the zone inhibition method for
the antimicrobial studies, and the level of signicance was
evaluated at p < 0.05. All experiments were performed in trip-
licate (n = 3). Data are expressed as mean ± standard deviation.
2.4 Extraction and preparation: deacetylated chitosan

The biopolymer chitosan was extracted from lobster shell waste
through demineralization and deproteination under mild
conditions using acid base treatment, and the water-soluble
substituted biopolymer-embedded Schiff base ligands were
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Extraction and preparation of chitin from lobster (Panulirus
argus) shell waste through a solid state mechano-chemical technique.
Collected lobster shell waste was subjected to deproteination (5%
NaOH) and demineralisation (1 M HCl) until the product became
neutral through acid–base treatment. The figure shows that unwanted
minerals, such as calcium chloride and carbon monoxide, were
removed during the process. The eliminated protein was removed as
flesh and scum, like fatty oil and calcium chloride, and gases, like
carbon oxides, and other minerals were removed as white lime
deposits. Afterwards, the dried product was ball-milled for solid-state
mechano-chemical treatment and ground well to obtain the
powdered biopolymer as shown in the figure.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 1
1:

23
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
prepared as reported in our previous studies.20,21 The extracted
lobster shell biowaste was washed thoroughly and dried at 65 °C
to obtain stable chitosan powder. Aerward, the polymer was
obtained without biowaste generation through a recently re-
ported green approach, namely, the solid-state mechano-
chemical treatment method, by mixing biopolymer and NaOH
in a 1 : 5 (w/v) ratio. The mixture was then nely powdered using
a ball mill for 30–90 minutes (Scheme 1). Aerwards, the
resulting product was washed well several times with demin-
eralized water until the amide moieties were removed from the
polysaccharide chain of the polymer. The chitin powder was
then dried at 50 °C in a hot air oven for 8 h. Finally, the obtained
polymer was utilized for the synthesis of biopolymer Schiff base
derivatives.22,23
2.5 Preparation of water-soluble biopolymer/hydrazide
blended O-carboxymethyl chitosan Schiff base ligand through
an in situ synthesis

The extracted chitosan possesses a low molecular weight of
approximately 85 kilodaltons (kDa). The degree of deacetylation
increased with an enhanced ratio of NaOH during the deace-
tylation of the chitin. The chitosan was deacetylated to about
80–90%, which was conrmed through potentiometric titration
(Fig. S1). Aer complete deacetylation, the chitosan was di-
ssolved in a weak acidic medium (acetic acid) and stirred well
for 1 h in an oil bath. Subsequently, the Schiff base precursors
IA, BHA, HBA, ID, BHD, and HBD were synthesised by reacting
1b-diketones, namely, 3-methylpentane-2,4-dione and 2-methyl-
1,3-diphenylpropane-1,3-dione (1 mol), along with substituted
hydrazides (1 mol), such as 4-bromobenzohydrazide, isoniazid,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and 4-aminobenzohydrazide, respectively, at 60 °C in a 1 : 1
molar ratio. In detail, the b-diketone and substituted benzohy-
drazide were dissolved in ethanol and concentrated at 45 °C
until a yellow coloured solution was obtained. Then, the
concentrated solution was added slowly into the deacetylated
chitosan (3-fold of DCS) solution under continuous stirring
using a magnetic stirrer in a silicone oil bath. Aerwards, 2.5 g
of monochloroacetic acid in 10 mL of ethanol solution was
added to the reaction mixture, and stirring was continued until
a yellow-orange solid formed. The resulting yellow-orange solid
was treated with hot ethanol and methanol to remove the
unreacted substances and dried at 60 °C in a hot air oven
for 4 h.

2.6 Synthesis of Co(II), Cu(II), and Zn(II) metal complexes of
Schiff base ligands

0.3 g of substituted Schiff base ligands (IA-OCMCS, BHA-
OCMCS, HBA-OCMCS, ID-OCMCS, BHD-OCMCS, and HBD-
OCMCS) was dissolved separately in 20 mL of double-distilled
water, then 20 mL of a water solution of Co(CH3COO)2$4H2O
(0.5 g) was added to each vessel.

Similarly, 0.3 g of Schiff base ligands was dissolved sepa-
rately in 20 mL water, then 20 mL of a water solution of
Cu(CH3COO)2$H2O (0.5 g) was added to each vessel, and 20 mL
of Schiff base ligands (0.3 g) was dissolved separately in 20 mL
of Zn(CH3COO)2$2H2O (0.5 g) in each vessel. All the reaction
mixtures were stirred at 600 rpm in an oil bath maintained at
50 °C for 8 h and then allowed to cool to room temperature,
resulting in the formation of precipitates [OCMCS-Co(OAc)2:
pale pink, OCMCS-Cu(OAc)2: green and OCMCS-Zn(OAc)2:
reddish brown]. Subsequently, the precipitates were washed
several times with 2D (double distilled) water until pure metal
complexes were obtained. Finally, the resulting polymeric
compounds were dried in an air oven at 60 °C for 6 h
(Scheme 2). The percentage yields (%) of the biopolymer Schiff
bases and their Co(II), Cu(II), and Zn(II) complexes were calcu-
lated and are represented in Table S1.

3 Results and discussion
3.1 Solubility

The solubility of the prepared compounds was tested at room
temperature using various solvents, including water, acetic acid
(AcOH), methanol (MeOH), ethanol (EtOH), toluene, di-
methylsulphoxide (DMSO), and dimethyl formamide (DMF).
The solubility results of the prepared compounds are repre-
sented in Table S2.

3.2 Spectroscopic analysis

FT-IR spectroscopic analysis was employed to identify the
various functional groups present in the polymer and its
derivatives. An ICP-OES elemental analyser was used to deter-
mine the elemental composition of the prepared compounds.
UV-visible spectral analysis was carried out to investigate the
metal coordination with the Schiff base ligand. The bath-
ochromic (red) shi observed in the complexes was conrmed
RSC Adv., 2026, 16, 29025–29041 | 29027
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Scheme 2 Preparation of the precursors 4-bromo benzohydrazide (BHA)-, isoniazid (IA)-, and 4-amino benzohydrazide (HBA)-blended 1b-
diketone with 3-methylpentane-2,4-dione and 4-bromo benzohydrazide (BHD)-, isoniazid (ID)-, and 4-amino benzohydrazide (HBD)-blended
2b-diketone with methyl-1,3-diphenylpropane-1,3-dione. The incorporation of the biopolymer Schiff base ligand (O-CMCS) to the prepared
precursors (IA, BHA, HBA and ID, BHD, and HBD) leads to the formation of the Schiff base ligands, such as IA-OCMCS, BHA-OCMCS and HBA-
OCMCS by the 1b-diketone and ID-OCMCS, BHD-OCMCS and HBD-OCMCS by the 2b-diketone. The formation of the pink Co(II) metal
complexes, green Cu(II) metal complexes, and pale yellow Zn(II) metal complexes gives a total of eighteen metal complexes.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 1
1:

23
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
through the maximum range of absorption towards the visible
region. Additionally, the SEM and X-ray diffraction studies
conrm the interaction between the Schiff base compounds
and the metal ions. Elemental analysis of the prepared metal
complexes was carried out to determine the percentages of
carbon, hydrogen, nitrogen, and metal ions found in the
prepared compounds. The theoretical percentages of C, H,
and N for the metal complexes were calculated using the
ChemDraw Professional 16.0 soware, and the calculated
values were found to be in good agreement with the results of
the elemental analysis.24 Aer insertion of the metal ions, the C,
H, and N content percentages in the O-CMCS derivatives
decrease, conrming the formation of metal complexes. The
elemental compositions (C, H, N, and metal ions) of the poly-
mer compounds (in percentage) are as follows. IA-OCMCS: C-
29028 | RSC Adv., 2026, 16, 29025–29041
50.96, H-6.08, N-7.42; BHA-OCMCS: C-51.91, H-7.18, N-11.88;
HBA-OCMCS: C-54.08, H-7.03, N-10.77; ID-OCMCS: C-60.71, H-
5.48, N-6.11; BHD-OCMCS: C-62.76, H-6.61, N-9.54; HBD-
OCMCS: C-63.86, H-6.48, N-9.61; [(IA-OCMCS)-Co(OAc)2]: C-
43.68, H-5.16, N-5.96; Co-11.46, C/N-7.32; [(BHA-OCMCS)-
Co(OAc)2]: C-45.13, H-5.77, N-8.78, Co-10.81, C/N-5.14; [(HBA-
OCMCS)-Co(OAc)2]: C-45.49, H-5.64, N-8.55, Co-11.17, C/N-5.32;
[(ID-OCMCS)-Co(OAc)2]: C-51.21, H-4.88, N-4.96, Co-14.87, C/N-
10.32; [(BHD-OCMCS)-Co(OAc)2]: C-53.73, H-5.78, N-7.26, Co-
12.61, C/N-7.40 and [(HBD-OCMCS)-Co(OAc)2]: C-54.93, H-
5.24, N-7.12, Co-14.01, C/N-7.71.

Similarly, the C, H, and N elemental analysis and ICP-OES
data for copper complexes (in %) are as follows: [(IA-OCMCS)-
Cu(OAc)2]: C-41.38, H-4.61, N-5.76, Cu-13.18, C/N-7.18; [(BHA-
OCMCS)-Cu(OAc)2]: C-46.68, H-5.73, N-8.71, Cu-16.18, C/N-5.36;
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fourier transform infra-red spectra of the chitosan extracted from lobster shell waste, the prepared biopolymer Schiff bases and their
Co(II), Cu(II) and Zn(II) metal complexes. The figures show the FT-IR spectra plotted between the transmission percentage and wavenumber
in cm−1. (a) FT-IR spectra of the (a) biopolymer (CS), (b) fully deacetylated (DCS), (c) Schiff base ligand (IA-OCMCS), and their metal (d) Co(II), (e)
Cu(II), and (f) Zn(II) complexes. (b) FT-IR spectra of the (a) biopolymer (CS), (b) DCS, (c) Schiff base ligand (BHA-OCMCS), and their (d) Co(II), (e)
Cu(II), and (f) Zn(II) metal complexes. (c) FT-IR spectra of the (a) biopolymer (CS), (b) DCS, (c) HBA-OCMCS, and their (d) Co(II), (e) Cu(II), and (f) Zn(II)
metal complexes. (d) FT-IR spectra of the (a) CS, (b) DCS, (c) ID-OCMCS, and their (d) Co(II), (e) Cu(II), and (f) Zn(II) metal complexes. (e) FT-IR
spectra of the (a) biopolymer (CS), (b) fully deacetylated (DCS), (c) BHD-OCMCS, and their (d) Co(II), (e) Cu(II), and (f) Zn(II) metal complexes. (f) FT-
IR spectra of the (a) biopolymer (CS), (b) fully deacetylated (DCS), (c) HBD-OCMCS, and their (d) Co(II), (e) Cu(II), and (f) Zn(II) metal complexes.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 1
1:

23
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
[(HBA-OCMCS)-Cu(OAc)2]: C-47.27, H-5.62, N-8.66, Cu-16.18, C/
N-5.46; [(ID-OCMCS)-Cu(OAc)2]: C-51.63, H-4.84, N-4.93, Cu-
11.26, C/N-10.47; [(BHD-OCMCS)-Cu(OAc)2]: C-52.92, H-5.47,
N-7.19, Cu-14.32, C/N-7.36 and [(HBD-OCMCS)-Cu(OAc)2]: C-
53.19, H-5.39, N-7.13, Cu-12.88, C/N-7.46. Similarly, the
elemental analysis and the ICP-OES data for the zinc complexes
(in %) are as follows: [(IA-OCMCS)-Zn(OAc)2]: C-43.18, H-4.88,
N-5.86, Zn-9.18, C/N-7.37; [(BHA-OCMCS)-Zn(OAc)2]: C-46.87,
H-6.08, N-8.87, Zn-10.63, C/N-5.28; [(HBA-OCMCS)-Zn-(OAc)2]:
C-45.29, H-5.73, N-8.52, Zn-12.05, C/N-5.32; [(ID-OCMCS)-
Zn(OAc)2]: C-51.51, H-4.86, N-5.09, Zn-7.48, C/N-10.12; [(BHD-
OCMCS)-Zn(OAc)2]: C-52.04, H-5.63, N-7.27, Zn-9.13, C/N-7.16
and [(HBD-OCMCS)-Zn(OAc)2]: C-52.07, H-5.45, N-7.11, Zn-
11.02, C/N-7.32. The porosities (f) of the polymer Schiff bases
and their Co(II), Cu(II), and Zn(II) metal complexes were calcu-
lated in percentage using the following formula:

Dry state porosityðfÞ ¼ ð1� VmaÞ
Vb

� 100; (2)
© 2026 The Author(s). Published by the Royal Society of Chemistry
where Vma is the volume of the matrix and Vb is the bulk volume
of the polymer derivatives.

The porosities (f) of the prepared polymer derivatives25 are
as follows: [(IA-OCMCS)-Co(OAc)2]: 5.12, [(BHA-OCMCS)-
Co(OAc)2]: 4.81, [(HBA-OCMCS)-Co(OAc)2]: 3.12, [(ID-OCMCS)-
Co(OAc)2]: 4.86, [(BHD-OCMCS)-Co(OAc)2]: 4.53, [(HBD-
OCMCS)-Co(OAc)2]: 5.84, [(IA-OCMCS)-Cu(OAc)2]: 4.32, [(BHA-
OCMCS)-Cu(OAc)2]: 5.12, [(HBA-OCMCS)-Cu(OAc)2]: 3.38, [(ID-
OCMCS)-Cu(OAc)2]: 4.36, [(BHD-OCMCS)-Cu(OAc)2]: 2.78,
[(HBD-OCMCS)-Cu(OAc)2]: 4.48, [(IA-OCMCS)-Zn(OAc)2]: 3.64,
[(BHA-OCMCS)-Zn(OAc)2]: 4.61, [(HBA-OCMCS)-Zn(OAc)2]: 3.02,
[(ID-OCMCS)-Zn(OAc)2]: 2.94, [(BHD-OCMCS)-Zn(OAc)2]: 3.63
and [(HBD-OCMCS)-Zn(OAc)2]: 3.58.

The viscosity-average molecular weight (Mv) of the chitosan
was determined using the Mark–Houwink equation, [h] = K(Mv)
a. Here, [h] represents the intrinsic viscosity of chitosan aer
depolymerisation, while K and a are system-specic constants.
The constants for the chitosan-solvent system were determined
experimentally to be K = 1.38 × 10− 5 and a = 0.86. The
RSC Adv., 2026, 16, 29025–29041 | 29029
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Table 1 XRD spectra and the assignments of 4-bromo benzohydrazide, isoniazid, and 4-amino benzohydrazide-based biopolymer O-car-
boxymethyl chitosan Schiff base ligand and its Co(II), Cu(II), and Zn(II) complexes

Sl.
no.

Biopolymer and
its derivative XRD spectra Assignment

1 Chitosan (CS) Responsible for the amide (–NH–CO–CH3) group in CS

2
Deacetylated chitosan
(DCS)

Destruction of the amide group (–NH–CO–CH3), and
responsible for amine group in DCS

3
O-Carboxymethyl
chitosan Schiff base
ligand

This indicates the strong incorporation of the Schiff
base ligand (precursor) in the polymer backbone

4
O-CMCS metal
complexes

b-diketone and the p–p stacking with the metal ion,
steric hindrance and hydrophobic interactions frequently
reduce the crystal structure of the Schiff base ligand
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intrinsic viscosity of the polymer decreases with increasing
irradiation dose (kGy). The decrease in the molecular weight
(Mw) is attributed to chain scission during depolymerization
inuenced by prolonged reaction time and strong alkali treat-
ments.26 The viscosity-average molecular weight of the chitosan
was calculated and found to be approximately 85–90 kDa, and
this shown in the SI as Fig. S1.

The UV-Visible spectrum of the Schiff base ligands exhibited
two signicant absorption bands at ∼260 nm and ∼310 nm.
These peaks are attributed to the p–p* transition of the
aromatic (C]C) groups and the n–p* transition of the imine (–
C]N–) groups, respectively. The UV-Visible spectra of the O-
CMCS Schiff base metal complexes of Co(II), Cu(II), and Zn(II)
29030 | RSC Adv., 2026, 16, 29025–29041
showed absorption around 750 nm. The observed shi of
absorption toward higher wavelengths (red shi) is due to the
d–d transition in the metal complexes. The formation of metal
complexation is further conrmed by the shis in the p–p* and
n–p* transitions,27 which shi to higher wavelengths (approxi-
mately 380 and 490 nm) due to the coordination between donor
atoms (oxygen and nitrogen) present in the ligand.

The Fourier transform infrared (FT-IR) spectra of the
biopolymer and their metal complex derivatives are shown in
Fig. 1. A strong absorption band observed at 1590 cm−1, cor-
responding to the amine group of chitosan, shied to
1533 cm−1 aer incorporation of the Schiff base ligand into the
polymer backbone. This shi conrms the successful formation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 SEM images and their assignments of 4-bromo benzohydrazide, isoniazid, and 4-amino benzohydrazide-based biopolymer O-car-
boxymethyl chitosan Schiff base ligand and their Co(II), Cu(II), and Zn(II) complexes

Sl. no. Biopolymer and its derivative SEM image Assignment

1
O-Carboxymethyl chitosan
Schiff base ligand

Condensation reaction occurs between Schiff
base ligand and the polymer

2 O-CMCS-Co(OAc)2
Complex formation between the ligand and cobalt metal tends
to reduce the porous structure and the material changes into
a uniform, layered surface

3 O-CMCS-Cu(OAc)2
Complex formation between the ligand and copper metal tends
to reduce the porous structure and the material changes into
a uniform plain, layered surface

4 O-CMCS-Zn(OAc)2
Complex formation between the ligand and zinc metal tends
to reduce the porous structure and the material changes into
a plain, smooth and layered surface
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and coordination of the Schiff base within the polymeric matrix.
The FT-IR spectra of the metal complexes are also represented
in Fig. 1. Upon complexation, the wavenumber was extended
∼1–15 cm−1, indicating the coordination between the ligand
and the metal ion. The observed bands for [OCMCS-Co(OAc)2]
are as follows: –OH and –NH stretching at 2925 cm−1 and
3411 cm−1, respectively, –C]O (carboxyl) at 1709 cm−1, –C]O
(hydrazone) at 1623 cm−1, –CH]N–(imine) at 1568 cm−1, –C]
O (acetate) at 1407 cm−1, –C–N (hydrazone) at 1342 cm−1, –N]
NH stretching at 1026 cm−1, and metal–ligand vibrations at
525 cm−1 (M–O) and 419 cm−1 (M–N) which are attributed to the
coordination in the polymeric metal–ligand frame work.

The wave numbers of the copper metal complexes were
observed as follows. [OCMCS-Cu(OAc)2]: –C]O (carboxyl) at
1726 cm−1, –C]O (hydrazone) at 1631 cm−1, –CH]N– (imine)
at 1577 cm−1, 1409 cm−1, >C]N–NH– (hydrazone) at
1378 cm−1, –N]NH (stretching) at 1028 cm−1, and M–O
© 2026 The Author(s). Published by the Royal Society of Chemistry
(complex) and M–N (complex) metal–ligand vibrations at
527 cm−1 and 413 cm−1. The observed wave numbers for
[OCMCS-Zn(OAc)2] were as follows. –OH and –NH stretching at
2921 cm−1 and 3419 cm−1, –C]O (carboxyl) at 1716 cm−1, –C]
O (hydrazone) at 1625 cm−1, CH]N– (imine) at 1567 cm−1, –C–
N (hydrazone) at 1348 cm−1, HN]N– (stretching) at 1024 cm−1,
andM–O (complex) andM–N (complex) metal–ligand vibrations
at 523 cm−1 and 416 cm−1.28 The Raman spectrum of hydrazide-
based O-carboxymethylchitosan Schiff base metal complex
further conrms the coordination behavior. The vibrational
modes between 400 and 700 cm−1 are attributed to the M–N and
M–O coordination of the metal complexes. As shown in Fig. S2,
the bands appearing at 357 cm−1 and 426 cm−1 indicate the
M–O and M–N stretching vibrations, respectively, providing
strong evidence of metal coordination through oxygen and the
azomethine nitrogen atom. The band at 1083 cm−1 is assigned
to the C–O–C stretching vibration of the glycosidic linkage of
RSC Adv., 2026, 16, 29025–29041 | 29031
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Fig. 2 TEM images of the (a) biopolymer O-carboxymethyl chitosan
Schiff base ligand and its (b) Co(II), (c) Cu(II), and (d) Zn(II) complexes.

Fig. 3 Three-dimensional molecular structures of the Co(II)
complexes with various Schiff bases showing their square pyramidal
structures as confirmed by the selected bond lengths and bond angles.
Three-dimensional molecular structures, selected bond lengths, and
selected bond angles of the cobalt(II) metal complexes: (a) (IA-
OCMCS-Co(OAc)2) of the substituted hydrazide-incorporated 3-m-
ethylpentane-2,4-dione with the isoniazid of the Schiff base precursor
(IA)-based biopolymer Schiff base ligand (IA-OCMCS), (b) (BHA-
OCMCS-Co(OAc)2), (c) (HBA-OCMCS-Co(OAc)2), (d) (ID-OCMCS-
Co(OAc)2), (e) (BHD-OCMCS-Co(OAc)2), and (f) (HBD-OCMCS-
Co(OAc)2). The atoms are highlighted in the coloured ball-stick model
as follows: grey, Co; blue, N and red, O, using ChemDraw Professional
version 16.0.
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the polysaccharide back bone of chitosan. The peak observed at
1322 cm−1 corresponds to the amide band (C–N stretching),
reecting ligand framework vibrations inuenced by metal
coordination. The relatively limited number of observed peaks
may be attributed to the Raman inactivity of several functional
groups, as well as the amorphous nature of the biopolymeric
network.29

The crystalline peaks of CS (90% deacetylated) were observed
at 2q = 9°, 12.05° and 20.14°. Aer complete deacetylation, the
peaks shied to 2q = 10.65° and 19.75° (Table 1). The Schiff
base imine exhibited varying crystallinity indices, with
maximum intensity in the range of 2q z 19–23° indicating an
amorphous nature, and are represented in Table S1.

The aggregated peak at 2q= 23° shied to 2qz 16°, and new
peaks appeared at 2q = 32° and 39°, indicating strong chelation
between the tridentate ligand and the metal ion. The presence
of b-diketone substituents and an electron rich p system along
with metal p–p stacking, steric hindrance and hydrophobic
interaction oen reduce the crystal structure of the Schiff base
ligand.30 The percentage of crystalline indices of the polymer,
ligands and their metal complexes were calculated using the
following formula:

Percentage of crystalline index ¼
�ð1� IamÞ

I110

�
� 100; (3)

where I110 is the maximum intensity and Iam is the amorphous
diffraction intensity. The overall order of the crystalline index
for the various synthesized compounds is as follows:

CN > DCS > OCMCS > OCMCS-Co(OAc)2 = OCMCS-Cu(OAc)2
= OCMCS-Zn(OAc)2. The X-ray diffractograms and the observed
values of the biopolymer derivatives are represented in Table S3.

The SEM images of the polymer, ligands, and their deriva-
tives show that the surface morphology of O-CMCS differs from
that of the raw material due to the condensation reaction
between the Schiff base ligand and themetal ion.31 The complex
formation tends to reduce the porous structure, resulting in
a more uniform material with a layered surface. The
29032 | RSC Adv., 2026, 16, 29025–29041
morphological surfaces and assignments of the chitosan poly-
mer derivatives are represented in Table 2. The EDAX spectrum
conrms the formation of metal complexes through changes in
the elemental composition, indicating the successful graing of
the metal ion onto the polymer. The elemental percentages of
C, N, and O in the hydrazide-based Schiff base ligand decrease
due to the metal ion incorporation.32 The presence of elements
such as C, N, O, Br, Cu, Co, and Zn further conrms the
formation of metal complexes and the percentage of elements
observed in the EDAX spectra for the metal complexes. The
EDAX elemental compositions and elemental analyses of the
polymer and its derivatives are represented in Tables S4a and b,
respectively.

Fig. 2 displays the high-resolution transmission electron
micrograph (HRTEM) images of the Schiff base ligand and its
metal complexes. The average size of the Schiff base moieties
(∼10 nm) was determined through high-resolution trans-
mission electron micrograph images. The Schiff base metal
complex is comprised of bright spots, as shown in the TEM
images. These bright spots suggest that the sample has a poly-
crystalline nature with preferential orientation in the crystalline
domains of the metal complexes. The TEMmicrographs further
support a predominantly spherical morphology with some
irregular moieties, and the presence of minor dark spots is
attributed to the loaded metal ions on the hydrazide-
incorporated Schiff base ligands. From the TEM analysis, it is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Three-dimensional molecular structures, selected bond lengths, and selected bond angles of the Cu(II) metal complexes: (a) IA-OCMCS-
Cu(OAc)2, (b) BHA-OCMCS-Cu(OAc)2, (c) HBA-OCMCS-Cu(OAc)2, (d) ID-OCMCS-Cu(OAc)2, (e) BHD-OCMCS-Cu(OAc)2, and (f) HBD-OCMCS-
Cu(OAc)2.
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observed that the Schiff base metal complexes consist of a thin
shell over the metal core. The TEM images of the synthesized
metal complexes reveal an average particle size range of ∼53–
58 nm, based on measurements of multiple particles from
different regions of the micrograph.33

Nuclear magnetic resonance (NMR) studies were carried out
for the prepared deacetylated chitosan (DCS) and synthesised
novel hydrazone-based biopolymer Schiff base ligands, and the
results are represented in Tables S5a and b. The 1H-NMR
chemical shi value (d) of DCS showed no signicant change
from the functional groups of the prepared polymer. The 1H-
NMR peaks were observed at 2.00 ppm, indicating the acetyl
group protons of the N-glucosamine unit. The 1H-NMR chem-
ical shi values (d) of the synthesised hydrazone precursor
incorporated Schiff base ligands (IA-OCMCS, BHA-OCMCS,
HBA-OCMCS, Scheme: R2-aliphatic group) were observed as
follows: methyl (–CH3) group protons at 1.91 3H(s), 2.22 3H(s),
and 2.16 3H(s); methylene (–CH2–) proton at 3.69 2H(s); imine
(–N]C<) proton at 6.54 NH(s); aromatic protons at 8.55 H(s);
hydrazone (>C]N–NH–) proton at 8.85 H(s); and carboxylic
(–COOH) acidic proton at 10.45 H(s). Similarly, for the
biopolymer Schiff base ligands (ID-OCMCS, BHD-OCMCS and
HBD-OCMCS, Scheme: R2-aromatic group), the values were as
© 2026 The Author(s). Published by the Royal Society of Chemistry
follows: methylene (–CH2–) proton at 3.80 2H(s), imine
(–N]C<) proton at 6.98 NH(s), aromatic protons at 7.84 H(s),
hydrazone (>C]N–NH–) proton at 9.14 H(s), and carboxylic
(–COOH) acidic proton at 11.36 H(s).34

The 13C NMR chemical shi values (ppm) of IA-OCMCS,
BHA-OCMCS, and HBA-OCMCS (Scheme: R2-aliphatic group)
were observed as follows: carbon of carboxymethyl moiety at
171.16 ppm, hydrazone (>C]N–NH–) carbon at 163.75 ppm,
hydrazone (–N]C<) carbon at 173.97 ppm, imine (>C]N–)
carbon at 145.67 ppm, aromatic ring carbon at 130.32 ppm and
129.88 ppm andmethylene (–CH2) carbon at 39.73 ppm. The 13C
NMR chemical shi values of ID-OCMCS, BHD-OCMCS and
HBD-OCMCS (Scheme: R2-aromatic group) were observed as
follows: carbon of carboxymethyl moiety at 191.43 ppm,
hydrazone (>C]N–NH–) carbon at 181.26 ppm, hydrazone (–
N]C<) carbon at 180.98 ppm, imine (>C]N–) carbon at
156.65 ppm, aromatic ring carbon at 130.95 and 131.25 ppm
and methylene (–CH2) carbon at 42.48 ppm.35

3.3 Selected bond lengths and bond angles of cobalt
complexes

The interatomic distances (d) (bond length (Å)) and bond angles
(°) for the metal complex were determined and are shown in
RSC Adv., 2026, 16, 29025–29041 | 29033
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Fig. 3a–f. The cobalt metal ion had a ve-coordinated structure
through two acetates and three bridging coordinations of
nitrogen, nitrogen, and oxygen from the tridentate ligands. The
coordination geometry is identied as square pyramidal
according to the bond distances between the metal and donor
atoms. The Co–N bonds of the cobalt metal complexes were
longer (1.842 Å) than the Co–O bonds (0.600 Å).

Because of Jahn–Teller distortion, high-spin complexes of
cobalt exhibit a large difference in the Co–N bond lengths in the
equatorial and axial positions which cannot be explained
further. The bromine-substituted hydrazide ring extended the
bond length from 1.509 Å to 1.881 Å due to the lone pair of
electrons present in the bromine atom. The bond length (1.352
Å) of the hydrazone linkage (N(17)–N(19)) of the Schiff base
ligand was extended aer the cobalt metal complexation.36

Selected bond lengths and bond angles of the Co(II) metal
complexes are shown in Table S6a.

3D models (Fig. 4) of the prepared compounds and selected
bond lengths and bond angles of the Cu(II) metal complexes of
Schiff base ligands IA-OCMCS, BHA-OCMCS, HBA-OCMCS, ID-
OCMCS, BHD-OCMCS, and HBD-OCMCS are represented in
Table S6b.

The copper and oxygen atoms of hydrazide (Cu(28)–O(49))
have a molecular bonding length of 1.810 Å; the bond angle for
the same coordination (C(47)–O(45)–Cu(28)) was 120.000°. For
the bond of Cu(28)–O(49), the oxygen atom of hydrazide pulls
towards itself, leading to an extension of the bond length of the
central metal copper to the oxygen atom of hydrazide. The bond
Fig. 5 3D molecular structures, selected bond lengths, and selected
bond angles of the zinc(II) metal complexes: (a) IA-OCMCS-Zn(OAc)2,
(b) BHA-OCMCS-Zn(OAc)2, (c) HBA-OCMCS-Zn(OAc)2, (d) ID-
OCMCS-Zn(OAc)2 of the substituted hydrazide-based biopolymer
Schiff base ligand (ID-OCMCS), (e) BHD-OCMCS-Zn(OAc)2, and (f)
HBD-OCMCS-Zn(OAc)2. The 3D molecular structures of the Zn(II)
complexes are represented in the coloured ball-stick model as
follows: grey, Zn; blue, N and red, O atoms, using ChemDraw
Professional version 16.0.

29034 | RSC Adv., 2026, 16, 29025–29041
length of the imine linkage (N(8)–C(13)) was observed to be
within an optimal range at 1.438 Å. The imine linkages (Cu(39)–
N(17)) with the bond angles of 89.999° to the copper complexes
reveal that the copper metal complexes possess a square pyra-
midal geometry.37

3D models (Fig. 5) of the prepared compounds and selected
bond distances and bond angles of the zinc-incorporated O-
carboxymethyl chitosan Schiff base metal complexes are rep-
resented in Table S6c. The bond length of the zinc ester linkage
(Zn(28)–O(49)) was observed to be 1.890 Å, and the bond angle
C(51)–O(49)–Zn(28) was found to be 120.000°; this reveals that
the acetate molecule of the complex is strongly coordinated
with the zinc metal. The bond length of the zinc-imine func-
tionality (N(17)–Zn(39)) was observed to be 1.842 Å for the zinc
metal complexes, and the bond angle of the imine coordinated
zinc metal complexes (O(50)–Zn(39)–N(17)) was 89.999°; this
indicates that the geometry of the complexes was square pyra-
midal.38 The zinc metal ion is penta-dentate to the hydrazone-
based polymer Schiff base ligands and possesses a distorted
square pyramidal geometry. The imine linkage (N(8)–C(13)) of
the metal complexes stretched the bond length to 1.647 Å. This
could be due to the electron-withdrawing interaction (pulling
action) of the imine nitrogen donor on the zinc metal ion.39 In
all cobalt(II), copper(II), and zinc(II) metal complexes, the
bromine (C(3)–Br(29)) and methoxy-substituted (C(3)–O(27))
hydrazide bond lengths were observed to be 1.881 Å and
1.355 Å, respectively.
3.4 Antibacterial analysis

The antibacterial analysis of the synthesized metal compounds
was performed using the following pathogens and the reference
drug ampicillin by the Kirby–Bauer disk diffusion method. (a)
Escherichia coli, (b) Pseudomonas aeruginosa, (c) Staphylococcus
aureus, and (d) Bacillus subtilis were selected due to their rele-
vance in the pharmaceutical, biomedical, and clinical elds.
Some of the hydrazone-incorporated metal complexes
enhanced bactericidal action and exhibited better results than
our previously reported ndings, as supported by the litera-
ture.40 In this present investigation, the bacterial organism B.
subtilis did not show signicant sensitivity towards [OCMCS-
Co(OAc)2].

Water and DMSO were taken as control I and control II,
respectively, and neither solvent showed any signicant bacte-
rial effect. The Co(II) metal complexes exhibited comparatively
low bactericidal action against B. subtilis. The exhibited bacte-
rial growth inhibitions of the metal complexes were as follows:
[OCMCS-Zn(OAc)2] ∼34 mm, [OCMCS-Cu(OAc)2] ∼30 mm, and
[OCMCS-Co(OAc)2] ∼24 mm. This could be attributed to B.
subtilis being a Gram +ve microorganism frequently encoun-
tered in the environment.

Overall, the antibacterial results of the prepared metal
complexes demonstrated signicant antibacterial effects, evi-
denced by the measurable zones of inhibition that conrm their
effective bactericidal activities against pathogens.41 For
example, the Gram +ve pathogen S. aureus at 250 mg mL−1

requires 24 times the amount of ampicillin (standard drug) to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 In vitro antibacterial activities (MIC, mg mL−1) of the O-CMCS Schiff bases, their Co(II), Cu(II), and Zn(II) complexes and the standard drug
ampicillin

Name of the compound

Bacterial growth inhibition (mm)

E. coli (Gram −ve) P. aeruginosa (Gram −ve) S. aureus (Gram +ve) B. subtilis (Gram +ve)

Minimum and maximum concentration (mg mL−1)
50 250 50 250 50 250 50 250

IA-OCMCS 5 � 0.25 18 � 0.4 7 � 0.3 23 � 0.6 6 � 0.3 20 � 0.5 4 � 0.2 21 � 0.5
[(IA-OCMCS)-Co(OAc)2] 6 � 0.3 28 � 0.7 14 � 0.7 31 � 1.4 12 � 0.6 24 � 0.6 8 � 0.3 24 � 0.5
[(IA-OCMCS)-Cu(OAc)2] 8 � 0.3 26 � 0.6 9 � 0.3 34 � 1.5 10 � 0.4 36 � 1.4 7 � 0.3 30 � 1.1
[(IA-OCMCS)-Zn(OAc)2] 9 � 0.4 30 � 0.8 10 � 0.4 36 � 1.7 13 � 0.6 34 � 1.2 8 � 0.3 34 � 1.4
BHA-OCMCS 6 � 0.25 24 � 0.5 4 � 0.15 17 � 0.4 6 � 0.3 25 � 0.5 5 � 0.2 24 � 0.5
[(BHA-OCMCS)-Co(OAc)2] 7 � 0.3 25 � 0.5 5 � 0.2 19 � 0.4 8 � 0.35 29 � 1 7 � 0.3 26 � 0.5
[(BHA-OCMCS)-Cu(OAc)2] 7 � 0.3 24 � 0.5 5 � 0.2 20 � 0.5 10 � 0.5 38 � 1.5 9 � 0.4 25 � 0.5
[(BHA-OCMCS)-Zn(OAc)2] 9 � 0.4 27 � 0.7 7 � 0.3 25 � 0.5 13 � 0.7 40 � 2 11 � 0.6 34 � 1.4
HBA-OCMCS 7 � 0.3 19 � 0.4 4 � 0.2 21 � 0.5 6 � 0.3 23 � 0.5 5 � 0.2 20 � 0.4
[(HBA-OCMCS)-Co(OAc)2] 14 � 0.7 36 � 1.6 9 � 0.5 31 � 1.0 13 � 0.7 32 � 1 8 � 0.3 24 � 0.6
[(HBA-OCMCS)-Cu(OAc)2] 11 � 0.6 30 � 0.8 10 � 0.5 32 � 1.3 12 � 0.6 36 � 1.6 6 � 0.3 28 � 0.7
[(HBA-OCMCS)-Zn(OAc)2] 9 � 0.5 34 � 1.2 8 � 0.4 34 � 1.4 10 � 0.5 28 � 0.7 7 � 0.3 30 � 0.8
ID-OCMCS 2 � 0.1 19 � 0.4 6 � 0.3 22 � 0.5 5 � 0.25 18 � 0.4 3 � 0.2 15 � 0.3
[(ID-OCMCS)-Co(OAc)2] 6 � 0.3 28 � 0.7 14 � 0.6 31 � 1.1 9 � 0.45 26 � 0.7 6 � 0.3 19 � 0.4
[(ID-OCMCS)-Cu(OAc)2] 7 � 0.3 26 � 0.6 10 � 0.5 33 � 1.3 11 � 0.5 36 � 1.5 7 � 0.3 22 � 0.5
[(ID-OCMCS)-Zn(OAc)2] 9 � 0.45 25 � 0.5 12 � 0.6 37 � 1.7 14 � 0.6 30 � 0.8 8 � 0.3 26 � 0.7
BHD-OCMCS 4 � 0.2 20 � 0.5 2 � 0.1 9 � 0.2 3 � 0.2 12 � 0.3 2 � 0.1 10 � 0.2
[(BHD-OCMCS)-Co(OAc)2] 5 � 0.2 22 � 0.5 3 � 0.2 12 � 0.3 4 � 0.2 19 � 0.5 5 � 0.2 20 � 0.5
[(BHD-OCMCS)-Cu(OAc)2] 6 � 0.3 23 � 0.5 5 � 0.2 17 � 0.5 6 � 0.3 24 � 0.5 7 � 0.3 21 � 0.5
[(BHD-OCMCS)-Zn(OAc)2] 9 � 0.4 30 � 1 7 � 0.3 28 � 1 7 � 0.3 25 � 0.5 8 � 0.3 28 � 1
HBD-OCMCS 4 � 0.25 16 � 0.3 2 � 0.1 10 � 0.2 6 � 0.3 18 � 0.4 3 � 0.1 15 � 0.3
[(HBD-OCMCS)-Co(OAc)2] 8 � 0.35 18 � 0.4 5 � 0.25 15 � 0.3 9 � 0.45 26 � 0.6 6 � 0.3 18 � 0.4
[(HBD-OCMCS)-Cu(OAc)2] 12 � 0.6 21 � 0.5 8 � 0.35 19 � 0.4 14 � 0.6 38 � 1.6 7 � 0.3 22 � 0.5
[(HBD-OCMCS)-Zn(OAc)2] 9 � 0.45 23 � 0.7 9 � 0.45 24 � 0.5 11 � 0.5 34 � 1.4 9 � 0.3 26 � 0.7
Ampicillin (10 mg mL−1) 4 � 0.2 24 � 0.5 3 � 0.15 21 � 0.5 8 � 0.4 24 � 0.6 4 � 0.2 25 � 0.5
Water (control-I) — — — — — — — —
DMSO (control-II) 1 � 0.2 1 � 0.2 1 � 0.2 2 � 0.2 1 � 0.1 3 � 0.2 1 � 0.15 2 � 0.15
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reach the efficacy of [OCMCS-Co(OAc)2] and [OCMCS-Cu(OAc)2];
[OCMCS-Zn(OAc)2] produced 26 mm of bactericidal effect, and,
in addition to that, it extended the growth inhibition up to
8 mm wider than [OCMCS-Co(OAc)2] and showed better bacte-
ricidal resistance against S. aureus. The scavenging efficiency
for E. coli was compared for the synthesized Co(II), Cu(II), and
Zn(II) metal complexes, and the obtained results did not show
better activity in the E. coli bacterial eld. The synthesized novel
metal complexes showed better bacterial action on the micro-
organism P. aeruginosa. Ampicillin was used as the standard
drug for the entire antimicrobial study.

Although only minor differences were observed in the anti-
bacterial results, [OCMCS-Zn(OAc)2] exhibited the predominant
effect against the P. aeruginosa bacterial eld, while [OCMCS-
Co(OAc)2] showed slightly less effect than [OCMCS-Cu(OAc)2].
The prepared biopolymer O-CMCS Schiff base metal complexes
scavenged well on the bacterial eld, with 37 ± 1.7 mm, 33 ±

1.3 mm and 31 ± 1.1 mm maximum bacterial growth inhibi-
tions at 250 mg mL−1 for [(ID-OCMCS)-Zn(OAc)2], [(ID-OCMCS)-
Cu(OAc)2] and [(ID-OCMCS)-Co(OAc)2], respectively. The anti-
bacterial results for the synthesized metal complexes are given
in Table 3. Furthermore, it was observed that the total bacterial
count decreased progressively with increasing concentrations of
© 2026 The Author(s). Published by the Royal Society of Chemistry
[ID-OCMCS-Zn(OAc)2], indicating enhanced antibacterial effect
at higher concentrations of antibacterial agent.42

This effect might be due to the active bromine atom of the
metal complexes with aromatic compounds. The S. aureus
bacterial eld had signicant inhibition compared with that of
E. coli under the same concentration conditions. The observed
differences in antibacterial activity may be attributed to varia-
tion in bacterial cell walls, particularly the presence of poly-
glycogen, which is the major constituent of the S. aureus cell
wall. The antibacterial effects of the compounds are illustrated
in Fig. 6. Due to the presence of peptidoglycan pores, the ID-
OCMCS-Zn(OAc)2 Schiff base metal complex can effectively
penetrate the cell wall, thereby enhancing the cellular uptake
and facilitating bacterial cell disruption. In contrast, cell wall of
E. coli is made of a thin, negatively charged peptidoglycan sur-
rounded by an outer membrane of lipopolysaccharides, lipo-
proteins, and phospholipids, so the prepared antibacterial
agents stop further replication. This bactericidal action could
involve disruption of the bilayer membrane and subsequent cell
wall damage.40,41

3.4.1 Mechanistic insights into the antimicrobial actions
of biopolymer–metal complexes and oxidative stress due to ROS
generation. Most antimicrobial drugs act on bacteria by inhib-
iting the synthesis of the cell wall (with peptidoglycan as the
RSC Adv., 2026, 16, 29025–29041 | 29035
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Fig. 6 Bactericidal actions shown in Petri dishes and with bar charts against E. coli, P. aeruginosa, S. aureus, and B. subtilis for the synthesised
biopolymer Schiff bases and their Zn(II) metal complexes, with sample dosages of 50 mgmL−1 and concentrations of 250 mg mL−1, ampicillin as
reference, and water as control, better than those of other metal complexes. Antibacterial activity of the prepared hydrazide-based (a)
biopolymer/O-carboxymethyl chitosan (IA-OCMCS), (b) ID-OCMCS, (c) BHA-OCMCS, (d) BHD-OCMCS, (e) HBA-OCMCS, and (f) HBD-OCMCS
Schiff bases and their respective Co(II), Cu(II), and Zn(II) metal complexes.

Fig. 7 Mechanistic cell wall cleavage and denaturation of cell wall
proteins. The thin negatively charged membrane, the peptidoglycan
component of the cell membrane and the outer membranes of lipo-
polysaccharides, lipoproteins, and phospholipids attribute to the
microbial action through complexity between the bilayer cell and the
prepared biopolymer metal complexes, which destroy the cell wall of
the pathogen.

29036 | RSC Adv., 2026, 16, 29025–29041
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primary target), nucleic acid synthesis and protein synthesis
and by modication of the membrane permeability. Bacteria
are adept at developing or acquiring resistance mechanisms
that are independent of these target functionalities. Cell wall
modications arise due to expression by the antimicrobial
agents of enzymes capable of altering or degrading the cell wall,
as well as ribosomal mutations that prevent antibiotic binding.
Additionally, change in porin expression with or without an
active efflux mechanism to resistance. These mechanisms can
be induced or enhanced during reactive oxygen species (ROS)
stress and the proposed mechanistic cell wall cleavage and
protein denaturation illustrated below in Fig. 7.43,44

The use of metal complexes as antibacterial agents has op-
ened new avenues to combating antimicrobial resistance. More
evidence suggests that the metal complexes act effectively on
bacterial cell walls, though the antibacterial mechanisms are
not fully elucidated. It has been noted that Gram-positive and
Gram-negative cell walls promote interaction between the metal
complexes and the negatively chargedmolecules composing the
bacterial cell membrane. These negatively charged molecules of
the bacterial cell membrane strongly hold the positive ions
released by the metal complexes through electrostatic attraction
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Antifungal activities of the prepared Schiff base ligands (a) IA-OCMCS, (b) BHA-OCMCS, (c) HBA-OCMCS, (d) ID-OCMCS, (e) BHD-
OCMCS, and (f) HBD-OCMCS and their Co(II), Cu(II), and Zn(II) metal complexes against various fungal fields (Candida albicans, Aspergillus niger,
and Aspergillus clavatus) with sample dosages of 0.1 mg mL−1, 0.5 mg mL−1, and 1.0 mg mL−1 as concentrations, ampicillin as reference, and
water as control. The antifungal analysis with the bar chart diagrams shows better efficacies in Candida albicans than other fungal species for the
prepared compounds.
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on the bacterial surface, which induces cell wall disruption and
an increase in its permeability. This, in turn, affects the meta-
bolic pathways and effects changes in membrane shape and
function. A positively charged metal ion inhibits enzymes,
deactivates proteins, and induces oxidative stress and electro-
lyte imbalance at the reactive centre, disrupting biological
processes once it enters the cells.45,46 Of these prepared Schiff
base metal complexes, the Zn-inserted biopolymer hydrazide
incorporated N, N, O donor tridentate metal complexes
exhibited the maximum scavenging activities in the bacterial
eld. Furthermore, these complexes effectively disrupted well,
though the components of the cell membrane were a thick
peptidoglycan (Gram +ve) without an outer membrane and
a thin peptidoglycan (Gram −ve) layer with an outer membrane
of the bacterial cell wall.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Fig. 7 illustrates the antibacterial processes andmechanisms
for the metal ions. The metal complexes adhere to and pene-
trate the cell wall through electrostatic interaction. Owing to
this, the cell wall and membrane are disrupted, leaking the
intracellular materials, such as ribosomes, DNA (in a nucleoid),
plasmids, and enzymes, existing within the cytoplasm of the
bacterial cell. Furthermore, homeostasis is disrupted because of
the cytoplasm leakage. Reactive oxygen species (ROS) can
penetrate the bacterial cell wall and plasma membrane,
including the nucleoid region, causing the cleavage and dena-
turation of cell proteins by ROS-induced damage. Moreover, the
overall mechanism of ROS leads to the disruption of DNA and
other vital biomolecules.
RSC Adv., 2026, 16, 29025–29041 | 29037
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3.5 Antifungal activities

The antifungal activities of the polymer and its complex deriv-
atives are presented in Fig. 8a–f. The synthesized biopolymer
ligands and their [OCMCS-Co(OAc)2], [OCMCS-Cu(OAc)2], and
[OCMCS-Zn(OAc)2] metal complexes were evaluated against
fungi such as A. niger,C. albicans, and A. clavatus. The antifungal
efficacies of the biopolymer ligands and their metal complexes
were compared with that of ampicillin; the results showed that
the Zn(II) metal complexes of the biopolymer exhibited superior
fungicidal action, particularly against Candida albicans
compared to other pathogens. Chitosan shows poor solubility
in water; however, structural modication through carboxy-
methylation and hydrazone formation enhances its water-
soluble nature, thereby improving the antifungal efficacies.
According to literature reports, chitosan-based metal complexes
exhibit better antifungal activity than raw chitosan.47 This
enhancement may be attributed to surface interaction between
the positively charged metal complexes and negatively charged
components of the fungal cell wall. The order of fungicidal
activity of the hydrazide-based biopolymer ligands and their
complex derivatives at concentrations of 0.1, 0.5, 1.0 mg mL−1

was evaluated in triplicate, and the results are as follows:
C. albicans > A. niger > A. clavatus.

The zinc metal complexes of the biopolymer Schiff bases
inhibited the fungal growth completely at all test concentrations.
As shown in Fig. 8, O-carboxymethyl chitosan and its derivatives
exhibit better antifungal activity at all tested concentrations
against Candida albicans. Furthermore, the fungal growth inhi-
bition of all samples increases with increase in concentration.48

The antifungal activities of raw chitosan, the synthesised Schiff
base ligands, and their Co(II), Cu(II), and Zn(II) metal complexes
showed an inhibitory index of less than 32.0% at 0.1 mgmL−1 in
Aspergillus niger and Aspergillus clavatus. The Zn(II) metal
complexes exhibited better antifungal activity than chitosan and
their corresponding Cu(II) and Co(II) metal complexes. The
inhibitory indices of Candida albicans at 1.0 mg mL−1 (dosage)
were 91.6% (Zn-IA-OCMCS), 90.9% (Zn-BHA-OCMCS), 89.1% (Zn-
HBA-OCMCS), 92.8% (Zn-ID-OCMCS), 92.3% (Zn-BHD-OCMCS),
and 88.9% (Zn-HBD-OCMCS). Similarly, for Aspergillus niger, the
values were 88.6%, 89.8%, 86.1%, 91.6%, 90.9%, and 86.9%,
respectively, while for Aspergillus clavatus, the corresponding
values were 81.3%, 83.6%, 79.1%, 89.8%, 88.9%, and 82.5% at
the same concentrations.49

The enhanced antifungal activity of the prepared Schiff base
metal complexes is attributed to the interaction between the
positively charged metal ion and negatively charged compo-
nents of the fungal cell membrane. Furthermore, the antifungal
results conrm that hydrazone-graed O-CMCS Schiff base
derivatives exhibit improved antifungal action, particularly at
higher concentrations (1.0 mg mL−1).

The hydrophobic moiety of the synthesized O-CMCS Schiff
base derivatives inuences fungal growth, and these
compounds could be used as efficient bactericides and fungi-
cides. This antimicrobial study reveals that Zn(II) metal
complexes exhibit a signicant synergistic effect on antimicro-
bial activity.
29038 | RSC Adv., 2026, 16, 29025–29041
4 Conclusion

In summary, the accumulation of lobster shell waste makes
huge deposits. To address this issue, a value-added product,
chitin, was successfully extracted from the waste heaps through
a green approach involving demineralization and deproteini-
zation under mild acid–base treatment. The degree of deacety-
lation of the resulting polymer was achieved in the range of 80–
90%. The porosity (f) of the Co(II) metal complexes was found to
be higher than those of the Cu(II) and Zn(II) metal complexes.
FT-IR spectral analysis conrmed the successful formation of
chitosan polymer, Schiff base ligands, and their corresponding
metal complexes. The crystallinity indices of the Schiff base
compounds decreased signicantly, indicating disruption of
the polymer crystalline structure upon metal complexation.
SEM images revealed that the prepared metal complexes
showed a uniform, layered morphology distinct from the raw
chitosan, Schiff base ligands, and corresponding metal
complexes. Furthermore, 3D modeling of the synthesised
biopolymer metal complexes conrmed the presence of the
functional group and the substituent within the polymer
framework. The geometry of the metal complexes was validated
through bond length and bond angle measurements of the
biopolymer derivatives. Antibacterial studies demonstrated that
the Schiff base ligands and their metal complexes, particularly
the Co(II) and Zn(II) complexes, showed signicant growth
inhibition zones of 38 ± 2 mm and 36 ± 2 mm, respectively.
Additionally, this study provides a foundation for further
exploration into secondary lymphedema treatment. The nd-
ings suggest potential applications in activating broblasts—
cells responsible for extracellular matrix (ECM) production—
through transforming growth factor signaling pathways.
Statistical analysis

The statistical analysis was carried out using the zone inhibition
method, and the level of signicance was evaluated at p < 0.05.
All experiments were performed in triplicate (n = 3). Data are
expressed as mean ± standard deviation.
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Abbreviations
CN
© 2026 Th
Chitin

CS
 Chitosan

O-CMCS
 O-Carboxymethylchitosan

LMw
 Low molecular weight

DCS
 Deacetylated chitosan

FT-IR
 Fourier transform infrared

UV-Vis
 Ultraviolet visible

XRD
 X-ray diffraction

SEM
 Scanning electron microscopy

EDAX
 Energy dispersive X-ray analysis

3D
 Three dimensional

DMF
 Dimethyl formamide

DMSO
 Dimethyl sulphoxide

kDA
 Kilodaltons

PDA
 Potato dextrose agar

MHA
 Mueller–Hinton agar

SDA
 Sabouraud dextrose agar

ICP-OES
 Inductively coupled plasma-optical emission

spectrometry

NMR
 Nuclear magnetic resonance

IA
 3-Methylpentane-2,4-dione with isoniazid of the

Schiff base precursor

BHA
 3-Methylpentane-2,4-dione with 4-

bromobenzohydrazide of the Schiff base precursor

HBA
 3-Methylpentane-2,4-dione with 4-

aminobenzohydrazide of the Schiff base precursor

ID
 2-Methyl-1,3-diphenylpropane-1,3-dione with

isoniazid of the precursor

BHD
 2-Methyl-1,3-diphenylpropane-1,3-dione with 4-

bromobenzohydrazide of the precursor

HBD
 2-Methyl-1,3-diphenylpropane-1,3-dione with 4-

aminobenzohydrazide of the precursor

ECM
 Extracellular matrix
Data availability

Data will be made available upon request.
Supplementary information (SI): reinforcement of charac-

terisation studies for the prepared compounds. See DOI: https://
doi.org/10.1039/d6ra00600k.
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