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The resistance of bacteria to antibiotics poses a significant challenge in the current global landscape.

Despite this urgency, the pace of drug development has not matched the pressing need. Addressing this

gap, we have developed zinc-doped carbon dots (Zn-Cdots) using biomass as a carbon source by

a simple, and eco-friendly hydrothermal method to treat bacterial infection. Plant-derived biomass

serves as an excellent source of various bioactive molecules, making it a viable carbon source for

synthesizing Zn-Cdots. The characterization of Zn-Cdots was performed using multiple techniques,

including UV-Visible spectroscopy, photoluminescence spectroscopy, TEM analysis, XRD, FTIR and XPS.

The Zn-Cdots exhibit superior antibacterial properties in combating Gram-negative and Gram-positive

bacterial strains, specifically Serratia marcescens and Staphylococcus aureus compared to the precursor

biomass extract. Additionally, ROS measurements revealed the antioxidant property of Zn-Cdots, while

agarose gel electrophoresis studies confirmed that the interaction between pDNA and Zn-Cdots

heightened the antibacterial activity of Zn-Cdots. Moreover, the ABTS assay and the TMB assay both

validated the antioxidant activity of Zn-Cdots, revealing high efficacy in scavenging free radicals and

further highlighting its potential in mitigating oxidative stress alongside potent antibacterial efficacy.
Sustainability spotlight

We introduce biomass-derived metal-doped carbon dots as potent antibacterial and antioxidant agents, offering a sustainable alternative with dual biomedical
functions. By utilizing biomass as the carbon source, our approach promotes environmental friendliness, contrasting with conventional chemical sources. This
innovative strategy not only tackles bacterial infections effectively but also reduces environmental impact. This work aligns with UN Sustainable Development
Goals, particularly Good health and well-being (SDG 3) and Responsible consumption and production (SDG 12).
Introduction

Before the advent of antibiotics, sulfa drugs were promising
antibacterial drugs for combating bacterial infections.1

However, the discovery of antibiotics revolutionized the ght
against infectious diseases.2,3 Nevertheless, in the decades
following their discovery, bacteria have demonstrated remark-
able drug resistance and evolved various strategies to survive
these drugs, leading to the emergence of antimicrobial resis-
tance as a global concern. As per the 2017 World Health Orga-
nization (WHO) report on antibiotic-resistant bacterial
niversity, Aligarh-202002, Uttar Pradesh,

icine, Aligarh Muslim University, Aligarh-

tute of Information Technology Allahabad

radesh, India. E-mail: asahoo@iiita.ac.in

tion (ESI) available. See DOI:

k.

14–3122
infections, this issue has become so severe that it poses
a signicant threat to modern medicine,4 implicating not only
the loss of lives but also the substantial nancial resources
expended on treatment. The rapid rise of drug-resistant bacte-
rial infections is outpacing the current rate of drug develop-
ment, posing a signicant threat. Therefore, it is paramount to
design and develop a novel class of antibacterial agents that
differ from traditional ones.5 Recently, nanoscience has intro-
duced a promising approach for synthesizing innovative nano-
antimicrobial agents. Nanomaterials based on metals and their
oxides have been reported to demonstrate excellent antibacte-
rial properties.6 While these metal-based nanomaterials exhibit
remarkable antibacterial activities, they release metal ions that
accumulate within normal cells, resulting in cytotoxic effects
and cell death.7 Carbon nanomaterials (for example, carbon
dots) would be promising alternatives to these metal and metal
oxide-based nanomaterials owing to their good biocompati-
bility and low cytotoxicity.

The overproduction of reactive oxygen species (ROS) gener-
ates oxidative stress in living systems, damaging regular
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00439f&domain=pdf&date_stamp=2024-09-30
http://orcid.org/0000-0001-8344-5002
http://orcid.org/0000-0002-9014-3317
http://orcid.org/0000-0003-2330-7382
https://doi.org/10.1039/d4su00439f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00439f
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU002010


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
26

 2
:5

9:
38

 P
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
biological processes and causing several critical diseases.8

Hence, exogenous antioxidants are promising for protecting
living systems from oxidative deterioration by scavenging
radical species. Various antioxidants, such as metal and metal
oxide-based nanoparticles, carbon-based nanomaterials,
polymer-based nanomaterials, and lipid-based nanomaterials,
have been reported.9–11 However, their toxicity in biological
systems remains a concern for practical applications, as these
antioxidants are oen developed using complex reagents.
Therefore, safe nanomaterials with excellent radical species
scavenging capacity are essential for protecting living systems.

Carbon dots (Cdots) is a class of zero-dimension nano-
material that is composed of discrete quasispherical carbon
particles sizes below 10 nm and exhibits high water dis-
persibility, exciting optical properties, good biocompatibility,
low toxicity, and easy to synthesize from readily available
resources.12–14 Due to these excellent physiochemical charac-
teristics, Cdots have piqued the interest of researchers, and
widely employed in various applications, including biological
sensing, photodynamic therapy, photocatalysts, complex logic
operations, antimicrobial agents, and antibacterial agents.15–18

Notably, recent studies demonstrate that strategically synthe-
sized Cdots from various precursors are emerging as promising
antibacterial agents.19–23 The common mechanism followed by
the Cdots to kill bacteria is generating reactive oxygen species
(ROS), inltration into bacterial cell walls,24 and the electro-
static interaction between the surface charge of Cdots and
bacterial cell walls.25 To improve the bactericidal activity of
Cdots, Cdots is generally doped with different metal and non-
metal atoms.26 The metal doping of heteroatoms improves the
electron density and the energy gap of Cdots, which can readily
transfer electrons that help in the generation of ROS.

Zinc (Zn) is one of the necessary elements in the human body
aer iron.27 Zn is present in trace quantities that facilitate
electron transfers in different biological systems and enzymatic
activities.28 ZnO nanostructures where zinc has a +2 oxidation
state show excellent biocompatibility with human cells.29 Also,
ZnO is documented as a safe material by the Food and Drug
Administration (FDA) because of its non-toxic nature.30

However, the deciency of Zn leads to multiple health issues.
The incorporation of Zn into the Cdots would be benecial for
enhancing the bactericidal performance of Cdots.31 In this
study, we have synthesized zinc-doped Cdots (Zn-Cdots) from
the plant-derived biomass brand name Joshina (a mixture of
bioactive compounds) via hydrothermal technique. Zn-Cdots
show superior antimicrobial activities against Staphylococcus
aureus and Serratia marcescens. The MIC of Staphylococcus
aureus and Serratia marcescens was found to be 300 and 150 mg
mL−1, respectively. The agarose gel electrophoresis study
unveiled that the mechanism of bacterial cell death is due to the
interaction between p-DNA and Zn-Cdots. Additionally, the
antioxidant property of Zn-Cdots was conrmed through ROS
measurement studies. Furthermore, the antioxidant nature of
Zn-Cdots was further validated using the ABTS assay, which
demonstrated signicant free radical scavenging activity.
Additionally, the TMB assay provided complementary evidence,
reinforcing the antioxidant nature of Zn-Cdots. This
© 2024 The Author(s). Published by the Royal Society of Chemistry
comprehensive evaluation underscores the dual functionality of
Zn-Cdots as both an effective antibacterial agent and a potent
antioxidant.
Experimental section
Materials

Plant-derived biomass brand name Joshina (Hamdard, India)
was purchased from the Unani medicine store near Tibbiya
College (AMU, Aligarh). Commonly Joshina is a mixture of
various bioactive-compound-containing herbs like Assyrian
plum, creeping charlie, marshmallow, jujube, sweet ag, sedge,
licorice, wood violet (botanical name of these compounds
Cardia myxa L., Malva sylvestris, Althaea officinalis, Ziziphus
mauritiana, Acorus calamus Linn., Onosma bracteatum, Glycyr-
rhiza glabra, Viola odorata Linn. respectively), and zinc sulfate
heptahydrate was purchased from Merck.
Synthesis of Zn-Cdots

Joshina was cleansed with deionized water and dried overnight
at 70 °C. Then 25 g of dry Joshina was boiled with 60mL water at
90 °C for 5 hours. The supernatant of Joshina was ltered with
Whatman lter paper and dried for four days at 70 °C to convert
it into crude. The dry crude extract of Joshina (150 mg) and
0.5 mmol of ZnSO4$7H2O was taken in a beaker, and 8 mL of
deionized water was added to make the concentrate solution.
The solution was lled in a Teon to heat at 160 °C for 5 hours
in a furnace. The carbonized product of the reaction was
extracted and puried with the 1 kDa (benzoylated dialysis bag)
for 24 hours.
Characterization

The UV-Visible spectra of Zn-Cdots were recorded with a Perki-
nElmer LAMBDA-45 spectrophotometer. The photo-
luminescence spectra were recorded using the HITACHI-F2500
photoluminescence spectrometer. The functional group iden-
tication of Zn-Cdots was carried out by PerkinElmer infra-red
spectrometer. The morphology of Zn-Cdots was examined
through a transmission electron microscope. The elemental
composition of Zn-Cdots was determined by ESCA Multilab
2000 X-ray photoelectron spectroscopy. The powder XRD
spectra of Zn-Cdots were recorded with the help of the Rigaku
smart lab.
Antimicrobial assay by agar diffusion (inhibition zones)

The bacterial strains undergoing examination were subjected to
an 18 hours sub-culturing process, followed by the preparation
and adjustment of bacterial samples to attain a concentration of
0.5 McFarland Units, which is approximately equivalent to 1–2
× 108 CFU mL/1. In this experiment, 100 mL of the bacterial
cultures were spread onto Muller–Hinton agar (MHA) plates
using sterile cotton swabs. Then, sterile 6 mm borers were used
to create wells in the agar medium, and 100 microliters of the
Zn-Cdots were added to each well. The plates were incubated at
37 °C for 24 hours, and the experiment was conducted thrice to
RSC Sustainability, 2024, 2, 3114–3122 | 3115
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ensure consistency. The average area of inhibition and the
standard deviation of the means were computed.

Determination of minimum inhibitory concentrations (MICs)

Microbroth dilution was used to determine the MIC of
a compound. In this method, 96 well ELISA plates were used to
prepare various dilutions of the Zn-Cdots, which were then
incubated at 37 ± 2 °C for 24 hours. Aer incubation, triphenyl
tetrazolium chloride (TTC, HiMedia, India) (3 mg mL−1) was
added to each well (20 mL) and le at room temperature for 20
minutes. The visual detection of a pink color change signied
bacterial growth. The MIC was determined as the lowest
concentration at which no color change was visible, indicating
the absence of metabolically active cells.

Measurement of oxidative stress by NBT assay

To probe the amount of reactive oxygen species (ROS), an NBT
assay was performed where nitro blue tetrazolium salt gets
reduced to blue-coloured formazan that shows absorbance at
575 nm. Overnight grown bacterial culture was treated in the
presence of increasing concentration of Zn-Cdots (S1 to S3) in
0.3 mL Hank's balanced salt solution (HBSS) at 37 °C for 30
minutes along with its controls and positive control (i.e., 2 mM
of H2O2). Then, 0.1 mL of 10mg permL NBT solution was added
and kept for another 30 min. The 0.1 mL of 0.1 M HCl was
added to stop the reaction. The bacterial pellet was collected (at
6000 rpm for 5min) followed by the addition of 0.6 mL of DMSO
and recorded its absorbance by a UV-Vis spectrophotometer.

Agarose gel electrophoresis

The migration of plasmid DNA was performed by agarose gel
electrophoresis using 0.8% gel at 5 V cm−1 following standard
gel running buffer (pH 8.0). For that, two different concentra-
tions (5 and 7 mL) of the Zn-Cdots (25mgmL−1) were added with
a xed concentration of pDNA and incubated at 37 °C temper-
ature for 15 min followed by agarose gel electrophoresis. The
ethidium bromide staining was carried out before visualization
of the same under UV trans-illuminator (excitation at 305 nm).

ABTS test

The free radical scavenging activity of the Zn-Cdots was per-
formed by considering the neutralization of ABTS+c radicals. In
a typical experiment, 1 mL of ABTS (10 mM) was mixed with
1 mL of K2S2O8 (3.5 mM) and stored in the dark for 12 h to
generate the ABTS+c radicals (i.e., blue color). The formed
ABTS+c radicals were incubated with increasing Zn-Cdots
concentrations (10 and 20 mL of 25 mg mL−1) for 15 min at
room temperature. A time-dependent absorbance at 734 nm
was recorded by UV-Vis spectroscopy.

TMB assay study

To investigate the antioxidant properties of zinc-doped carbon
dots (Zn-Cdots), the 3,30,5,50-tetramethylbenzidine (TMB)
oxidation assay was conducted. In this experiment, 50 mM of
TMB was prepared in 0.15 M citrate phosphate buffer (pH 3.5)
3116 | RSC Sustainability, 2024, 2, 3114–3122
and combined with 50 mM hydrogen peroxide (H2O2). The
reaction was catalyzed by 10 mg mL−1 horseradish peroxidase
(HRP) and produced oxidized TMB (Ox-TMB) with a deep blue-
green color. To evaluate the effect of Zn-Cdots, 100 mL of 25 mg
mL−1 Zn-Cdots solution was added to the Ox-TMB and the
mixture was le for 15minutes. The absorbance was recorded at
650 nm using a UV-Vis spectrophotometer for the following
cases: H2O2 alone, H2O2 + TMB, H2O2 + TMB + HRP (i.e. Ox-
TMB), and H2O2 + TMB + HRP + Zn-Cdots (i.e. TMB). This
setup allowed us to assess the effect of Zn-Cdots on the oxidized
TMB, thus demonstrating its antioxidant capability.

Results and discussion

The detail of the synthesis of Zn-Cdots using a hydrothermal
process is demonstrated in the experimental section. Zn-Cdots
was puried by using a 1 kDa dialysis membrane for 24 hours,
and then puried Zn-Cdots was dried at 70 °C until became
powdered. The dried carbonized product was dispersed into the
water for optical characterization. The aqueous solubility of Zn-
Cdots was investigated at room temperature. Zn-Cdots exhibi-
ted excellent water solubility and maximum solubility was
noted to be 80 mg mL−1. Fig. 1a demonstrates the absorption
spectra of Zn-Cdots that depict the broad absorption peak at
278 nm. This peak arises from the p–p* transition of the
graphitic core of Zn-Cdots.32 The photophysical characteristics
of Zn-Cdots are shown in Fig. 1b and c. The detailed photo-
luminescence characteristic of Zn-Cdots was examined and
recorded by the uorometer in which the sample was excited at
a different wavelength to explore the emission spectra. The Zn-
Cdots were excited from 320 nm to 440 nm wavelength (Fig. 1b)
with a gradual increment. Notably, Fig. 1b demonstrates that
the excitation tunable red shi occurred in the emission spectra
at the higher excitation wavelength. This red shi of Zn-Cdots
toward the higher excitation wavelength supports the doping
of Zn within the carbogenic core.33,34 The excitation spectrum of
Zn-Cdots corresponding to the maximum emission at 411 nm is
shown in Fig. 1c at the excitation wavelength of 330 nm. The
quantum yield of Zn-Cdots was found to be 2.9% with quinine
sulfate used as a reference. Fourier transform infrared spec-
troscopy (FTIR) was used to analyze the surface functional
group of Zn-Cdots (Fig. 1d). The FTIR analysis indicates
different functional groups are present at the surface of Zn-
Cdots. The bands of these functionals 3261 cm−1, 1624 cm−1,
1412 cm−1, 1146 cm−1, 1091 cm−1, and 982 cm−1 indicate the
functional groups such as (nO–H) (nC]C), (dC–OH), (dC–N), and (dH–

N–C). The 743 cm−1 and 634 cm−1 bands conrm the C–S–C
asymmetric stretching and Zn–O–C bond in the Zn-Cdots.35

Themorphological structure of Zn-Cdots was studied by using
the transmission electron microscope (TEM). This study
conrms the average size of Zn-Cdots 4.8± 0.8 nm, and the high-
resolution TEM image indicates the lattice fringe present in Zn-
Cdots with a d-spacing value of 0.22 nm, which indicates the
(100) graphitic plane of Zn-Cdots (Fig. 2)36. The powder XRD
(PXRD) of Zn-Cdots was recorded from 2q = 10° to 80°, as shown
in Fig. 3. The PXRDmeasurement further indicated the doping of
Zn into the Cdots. The PXRD spectrum of Zn-Cdots shows
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00439f


Fig. 1 (a) UV-Vis spectrum of Zn-Cdots dispersed in water at a concentration of 0.25 mg mL−1. (b) Excitation-dependent emission of Zn-Cdots
dispersed in water at 0.5 mg mL−1 concentration (inset: images of aqueous solution of Zn-Cdots under daylight and UV light). (c) Excitation
(wavelength 330 nm) spectrum of Zn-Cdots corresponding to the 411 nm emission peak. (d) FTIR spectrum of Zn-Cdots.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
26

 2
:5

9:
38

 P
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
a diffraction angle around 2q = 23.7° arises because of graphitic
carbon and 2q = 26.6° indicating the graphite (002) plane of Zn-
Cdots.33,37However, different Zn phases withmixed ligands in the
Zn-Cdots were noted as biomass-derived Zn-Cdots contains
oxygen, nitrogen and sulfur-related functionalities. The diffrac-
tion angle observed at 2q values of 11.7°, 17.05°, and 18.6° are
related to the complexation of Zn with diamine types ligands.38

Also, diffraction angles around 31.5°, 33.9°, and 35.9° originated
due to the complexation of Zn with oxygenated ligands.33,37

The elemental compositions of Zn-Cdots and conrmation
of Zinc doping were examined using the XPS technique, which
Fig. 2 (a) TEM image of Zn-Cdots (50 nm scale bar). (b) HRTEM image s

© 2024 The Author(s). Published by the Royal Society of Chemistry
revealed the presence of S, C, O, N, and Zn with their respective
peaks at 163.25, 284.3 eV, 399.05 eV, 530.99 eV, 1022.25 eV, and
1045.25 eV (Fig. 4a). The deconvoluted high-resolution spec-
trum of C1s illustrates C–C/C]C (284.3 eV) bonding states of
carbon in graphite core and C–N/C–S/C–O/C]O (285.0 eV)
functionalities in Fig. 4b. The deconvoluted signal of O1s reveals
that Zn–O (529.4 eV), C–O (530.7 eV), and C]O (531.26 eV) are
present in Zn-Cdots (Fig. 4c). Furthermore, high-resolution S2p
spectra show two peaks of S–C (163.3 eV) and S–O (169.08 eV)
(Fig. 4d). Fig. 4f shows the two deconvoluted peaks of Zn2p at
1022.7 eV and 1045.3 eV, and these are attributed to Zn2p3/2

2+
howing Zn-Cdots with an average size 4.8 ± 0.8 nm (5 nm scale bar).

RSC Sustainability, 2024, 2, 3114–3122 | 3117
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Fig. 3 The PXRD spectrum of Zn-Cdots.

Fig. 5 Effect of sample on pathogenic bacteria. The treated sample
shows a clear zone of inhibition as compared to the control.
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and Zn2p1/2

2+.39 Further, elemental analysis from XPS measure-
ment demonstrated that Zn-Cdots contain (atomic%) 76.84%
carbon (C), 2.26% nitrogen (N), 12.83% oxygen (O), 5.42% sulfur
(S) and 2.65% zinc (Zn).

Next, we explored the bactericidal effect of Zn-Cdots against
combating Gram-negative bacterial strains Serratia marcescens
and Gram-positive bacterial strains Staphylococcus aureus. The
detailed method of the antimicrobial study is provided in the
experiment section. The results showed that the tested bacterial
strains were inhibited by the Zn-Cdots effectively (Fig. 5). The
mean inhibition zones were measured and found to be 17.50 ±

0.50 and 18 ± 0.5 mm for S. aureus and S. marcescens, respec-
tively (Table 1). The control (extract of Joshina) did not exhibit
any zone of inhibition, indicating that the observed effect was
due to the Zn-Cdots and not from any other factors. The results
suggest that the Zn-Cdots have antibacterial properties against
Fig. 4 (a) XPS full scan spectrum of Zn-Cdots. Deconvoluted high-resolu

3118 | RSC Sustainability, 2024, 2, 3114–3122
the tested bacterial strains. Further, the MIC of the Zn-Cdots
was determined using the broth micro-dilution method. The
detail of MIC measurements is given in the experimental
section. The MIC of the sample was measured to be 150 and 300
mg mL−1 against Gram-negative and Gram-positive bacteria,
respectively, which indicates the lowest concentration of the
sample at which no colour change was visible, indicating the
absence of metabolically active cells. Notably, the result of the
bactericidal effect of the control Cdots without zinc doping
tion (b) C1s signal (c) O1s signal (d) S2p signal (e) N1s signal (f) Zn2p signal.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Antibacterial activity of sample against pathogenic bacteriaa

Bacterial strains

Zn-Cdots Control (extract of Joshina)

Zone of inhibition (mm)
Minimum inhibitory
concentration (mg mL−1) Zone of inhibition (mm)

Minimum inhibitory
concentration (mg mL−1)

Staphylococcus aureus 17.50 � 0.50 300 — —
Serratia marcescens 18 � 0.50 150 — —

a (—) no activity detected.
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(derived from Joshina using a similar synthesis protocol as Zn-
Cdots) for Gram-negative bacteria did not show prominent
antibacterial activity like Zn-Cdots (Fig. S1, ESI†). The Zn-Cdots
exhibited superior antibacterial properties as compared to
presently reported antibacterial agents in combating Gram-
negative and Gram-positive bacterial strains (Table 2).
Possibly, the effectiveness of Zn-Cdots results from their small
size, allowing for increased surface contact with microorgan-
isms. Smaller Zn-Cdots might readily access bacterial cells'
cytoplasmic content by interacting with the cell wall.47 One
possible reason for bacterial cell death would be that Zn-Cdots
entering the bacterial cell cytoplasm may cause enzymatic
imbalance, which accumulates ROS. ROS may damage bacterial
cytoplasmic organs and kill them.48 ROS can permeate the
bacterial cell membrane and damage essential biomolecules
such as DNA and proteins. The ROS study by NBT assay showed
that treatment of the Zn-Cdots eventually decreased the intra-
cellular ROS level as compared to control cells (i.e., untreated)
while treatment of the H2O2 was considered as a positive control
(Fig. 6a). Notably, the Zn-Cdots acted as an anti-oxidizing agent
in the present case owing to its electron-donating ability that
might be responsible for its antioxidant properties. Eventually,
the ROS measurement experiment conrmed that ROS is not
Table 2 Comparison table of Cdots as antibacterial agents

SN Plant name Method

1 Figs of Ficus religiosa Microwave

2 Osmanthus leaves (best) tea leave milk
vetch

Hydrotherma

3 Turmeric leaves (Curcuma longa) Hydrotherma

4 Artemisia argyi leaves Ignited

5 Cannabis sativa leave Pyrolysis

6 Oyster mushroom Hydrotherma

7 Rosemary leaves Hydrotherma
8 Henna leaf Hydrotherma

© 2024 The Author(s). Published by the Royal Society of Chemistry
involved in bacterial cell death. Therefore, an alternative
mechanism is involved in the efficacy of killing bacteria.

Furthermore, it is imperative to elucidate the mechanisms
underlying the enhanced antibacterial activity exhibited by the
Zn-Cdots. To explore the interaction between Zn-Cdots and
DNA, agarose gel electrophoresis experiments were conducted.
The results of the gel electrophoresis revealed a signicant
alteration in the band pattern following treatment with Zn-
Cdots, suggesting a potential interaction with the bacterial
plasmid DNA (pDNA). Specically, the treated samples exhibi-
ted band smearing and accelerated migration, indicative of
DNA disintegration (as depicted in Fig. 6b). The doped Zn2+ ions
within the Cdots engage in electrostatic interactions with the
negatively charged pDNA.49 The presence of Zn-Cdots was
visually conrmed on the gel, where they displayed blue emis-
sion andmigrated alongside the pDNA. In conclusion, Zn-Cdots
bind to the DNA, thereby contributing to its disintegration. This
phenomenon underlies the heightened antibacterial efficacy
observed with Zn-Cdots.

Finally, the antioxidant nature of Zn-Cdots was further
conrmed using the ABTS assay (Fig. 7). The free radical scav-
enging activity of the Zn-Cdots was assessed by their ability to
neutralize ABTS+c radicals. In this experiment, ABTS+c radicals
Species MIC References

E. coli 110 � 5 mg mL−1 40
B. subtilis 120 � 6 mg mL−1

l S. aureus 1000 mg mL−1 41
E. coli

l E. coli 0.25 mg mL−1 23
S. aureus 0.25 mg mL−1

K. pneumoniae 1.0 mg mL−1

S. epidermidis 1.0 mg mL−1

E. coli 150 mg mL−1 42
P. aeruginosa
P. Vulgaris
E. coli 42 mg mL−1 43
S. aureus 42 mg mL−1

Dental microora 25 mg mL−1

l S. aureus 30 mg mL−1 44
K. pneumoniae
P. aeruginosa

l Yeast strains 12 mg mL−1 45
l S. aureus 17 mg mL−1 46

E. coli 12 mg mL−1
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Fig. 6 (a) NBT test to quantify the ROS generation in the presence of Zn-Cdots (b) agarose gel showing migration of pDNA after treatment with
Zn-Cdots. The agarose gel was stained with ethidium bromide. The reactionmixture in each case contained a fixed amount of pDNA (20 ng) and
Zn-Cdots. Lane 1: control (only pDNA), Lane 2: pDNA treated with 5 mL of Zn-Cdots, and Lane 3: pDNA treated with 7 mL of Zn-Cdots. The blue
emission colour, present at the bottom of the band was due to the presence of Zn-Cdots.

Fig. 7 (a) Schematic representation of antioxidant property of Zn-Cdots. (b) Time-dependent absorbance of ABTS radical (ABTS+c) scavenging
by Zn-Cdots at 734 nm. (c) Evaluation of antioxidant property of Zn-Cdots using TMB assay. The absorbance of Ox-TMB was measured at
652 nm.
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were generated and incubated with increasing concentrations
of Zn-Cdots. The time-dependent absorbance at 734 nm recor-
ded by UV-Vis spectroscopy indicated a signicant reduction in
absorbance, conrming the free radical scavenging activity of
Zn-Cdots.

Next, the results of the TMB assay reveal intriguing insights
into the antioxidant properties of Zn-Cdots (Fig. 7c). Initially,
the addition of horseradish peroxidase (HRP) to a mixture of
hydrogen peroxide (H2O2) and TMB substantially increased the
absorbance, indicating efficient oxidation of TMB (Ox-TMB)
through the HRP-catalyzed reaction with H2O2. However,
following the subsequent addition of Zn-Cdots to the Ox-TMB
and allowing the mixture to incubate for 15 minutes,
a notable decrease in absorbance was observed. Specically, the
absorbance decreased by approximately 60.3% compared to the
3120 | RSC Sustainability, 2024, 2, 3114–3122
mixture without Zn-Cdots. This reduction in absorbance
suggests that the presence of Zn-Cdots reduced the concentra-
tion of Ox-TMB. Further, Ox-TMB with undoped Cdots showed
no notable absorbance reduction, indicating a lack of antioxi-
dant activity compared to Zn-Cdots. Such interference high-
lights the antioxidant activity of Zn-Cdots, as they effectively
mitigate the oxidation of TMB molecules. These ndings
provide further evidence of the antioxidant nature of Zn-Cdots.
Conclusion

In this study, we present the study on the doping of zinc into
biomass-derived Cdots using an eco-friendly hydrothermal
method. Plant-derived biomass serves as an excellent carbon
source, rich in various bioactive compounds. The resulting Zn-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cdots demonstrate remarkable antibacterial properties against
both Staphylococcus aureus and Serratia marcescens, at signi-
cantly lower concentrations compared to the inherent antibac-
terial activities of precursor biomass extract. Notably, the MIC
values of Zn-Cdots are found to be 150 mg mL−1 for Gram-
negative bacteria and 300 mg mL−1 for Gram-positive bacteria.
ROS measurements conrm that ROS is not involved in the
mechanism of bacterial cell death, instead revealing the anti-
oxidant property of Zn-Cdots. However, agarose gel electro-
phoresis studies conrm the heightened antibacterial activity
resulting from the interaction between pDNA and Zn-Cdots.
Furthermore, the antioxidant nature of Zn-Cdots was
conrmed using the ABTS assay, which demonstrated signi-
cant free radical scavenging activity. Additionally, the TMB
assay study further validated the antioxidant nature of Zn-
Cdots. This study not only encourages but also paves the way
for further development and investigation of metal-doped
biomass-derived Cdots for potential applications.
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