¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online

View Journal | View Issue

Preventing biofilm formation and eradicating
pathogenic bacteria by Zn doped histidine
derived carbon quantum dots¥

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B,
2024, 12, 2855

*xabc

Vijay Bhooshan Kumar, (2 *® Maoz Lahav® and Ehud Gazit
Bacterial infections are of major medical concern due to antibiotic resistance. Carbon quantum dots
(CDs) have emerged as potentially excellent biomaterials for multifunctional applications due to their
low toxicity, outstanding water solubility, high fluorescence, and high biocompatibility. All of these
properties allow CDs to be exceptional biomaterials for inhibiting the growth of bacteria and stopping
biofilm formation due to their strong binding affinity, cell wall penetration, and solubilizing biofilm in
water. Here, we describe a strategy for one-pot synthesis of histidine-derived zinc-doped N-doped CDs
(Zn-NCDs) by a hydrothermal method for inhibiting the growth of both Gram-positive and Gram-
negative bacteria without harming mammalian cells. The NCDs and Zn-NCDs showed uniform sizes
(~6 nm), crystallinity, good photostability, high quantum yield (76%), and long decay time (~5 ns).
We also studied their utilization for live cell bio-imaging and the antimicrobial properties towards the
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Gram-positive Staphylococcus aureus and the Gram-negative Pseudomonas aeruginosa. Importantly,
the Zn-NCDs could penetrate the biofilm and bacterial cell wall to effectively inhibit the growth of
DOI: 10.1039/d3tb02488a bacteria and subsequently inhibit biofilm formation. Thus, the structure, chemical composition, and low

toxicity properties of the newly-developed Zn-NCDs exemplify a promising novel method for the
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1. Introduction

Many of the severe clinical problems currently encountered are
caused by various bacterial infections." In many cases, multi-
drug resistance limits the efficacy of conventional antimicrobial
agents.”™* To overcome these problems, novel types of antibio-
tic molecules needed for targeting various bacterial features are
extensively important. A study conducted by the World Health
Organization (WHO) indicates that antimicrobial resistance is
one of the top 10 global public health threats and is a leading
cause of morbidity and mortality in the world.” Antibiotic-
resistant strains have significantly increased the number of
deaths and severity of bacterial infections such as methicillin
resistance which was found to predate the clinical use of
antibiotics.® It is estimated that the number of deaths caused
by antibiotic-resistant bacteria in the world exceeds the number
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preparation of nano-level antibacterial drugs.

of deaths caused by cancer and diabetes combined.’ Despite
the substantial availability of antibiotics, resistant strains have
been identified for almost all of them. It is not uncommon for
antibiotic resistance to develop shortly after a new drug has
been approved for use.” Additionally, rapid and timely detec-
tion of infections can prevent bacteria proliferation and the
formation of biofilms at the infection site.”” After the biofilm
has been formed, bacteria embedded within it will be protected
by self-secreted extracellular polymeric substances and will
become resistant to the host’'s immune response as well as
antibiotics, resulting in stubborn chronic infections.”® It is
therefore imperative to diagnose bacterial infections, destroy
biofilms effectively, and develop novel strategies to address the
issue of bacterial infections. Among patients in intensive care,
bacterial infections are a major cause of increased mortality. In
particular, bacterial co-infections and secondary infections are
common in COVID-19 positive patients,'® as well as in patients
suffering from skeletal infections™ and healthcare-associated
pneumonia.'® Thus, finding new antimicrobial preparations is
a high-priority task of public health worldwide.

Carbon quantum dots (CDs) have attracted significant atten-
tion in recent years due to their potential for a wide range
of applications, including biomedical engineering,'® sensor
technology,"*"® fluorescent labelling and cell imaging,'® dye
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degradation or photocatalysts,'” chemiluminescence,"® solar
cells,” nano-electronic devices,>® COVID-19 treatment,>’
photodynamic therapy,”* and gene delivery.”> CDs are nano-
scale carbon nanomaterials with dimensions of less than 10 nm
in all three dimensions, and are characterized by their persis-
tent fluorescence and high biocompatibility. They can be
synthesized using a variety of methods, including arc dis-
charge, laser ablation, hydrothermal solution, electrochemical
oxidation, sonochemistry, and microwave technologies.”*
Among these methods, hydrothermal synthesis is particularly
attractive due to its simplicity, low cost, and ability to produce a
wide range of CDs and doped CDs. In contrast, doped CDs can
be tuned by doping the CDs with heteroatoms to alter their
optical, electrical, and surface chemical properties.* In addition,
the surface of doped CDs* is typically modified with oxygen,
nitrogen, carbonyl, or carboxyl functionalities, which may provide
detection properties through strong interactions with non-metal/
metal ions.”® The doping of CDs with metal atoms shows slightly
better properties in terms of the incorporation of non-metal
atoms into the CDs matrix.>” Doped CDs with transition metal
atoms would result in a change in charge density and a transition
between graphene matrix and metal ions with its tremendous
electron mobility, which is expected to alter the physical proper-
ties of CDs.”” It is possible, however, that doping the CDs with a
metal atom may result in their toxicity. Therefore, the dopant
should be environmentally-friendly and non-toxic to cells. Speci-
fically, zinc, one of the most important transition metals, encom-
passes a wide variety of electron transfer processes in the
environment, as well as serves as an important co-factor for a
variety of biosystems in our ecosystem.”® Indeed, zinc deficiency
can result in several health complications and diseases.”® Hence,
using Zn as a dopant for CDs may be beneficial for improving the
properties of carbon nanomaterials without increasing their
toxicity.

Many metals and their ions are known to have antimicrobial
properties.®® Silver and copper have been used for their anti-
microbial properties in ancient civilizations, and other metals
such as zinc, aluminium, and iron have also been shown to
have antimicrobial activity.>'**> The mechanisms behind the
antimicrobial properties of metals include the ability to inhibit
enzymes, generate reactive oxygen species, damage cell mem-
branes, and prevent the uptake of essential microelements by
microbes.**** Moreover, Zinc is an essential micronutrient for
many organisms, including bacteria.*> However, high concen-
trations of zinc or certain forms of zinc can have toxic effects
on bacteria.*® Zinc ions (Zn>*) can disrupt bacterial cell mem-
branes and interfere with essential cellular processes.’” They
can interact with sulphur-containing proteins and enzymes,
leading to denaturation and loss of function.*®*° Zinc-based
antimicrobial materials, such as zinc oxide nanoparticles and
zinc complexes, are well-established and have a wide range of
applications.’*™** In hospital-acquired infections, zinc ions
accelerate the inhibition of Streptococcus pyogenes and induce
intercellular adhesion of Staphylococcus epidermidis and
Staphylococcus aureus.***® Furthermore, zinc ions are bound to
a significant number of proteins, mostly through a combination
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are capable of donating or accepting hydrogen bonds from other
groups in addition to atoms that coordinate directly to zinc ions.*®
In all living organisms, histidine plays a variety of roles, including
acting as a key mediator of the interactions between biomolecules
and inorganic compounds.*® Therefore, we have chosen histidine
as a source for generating CDs with zinc metal doping.

The synthesis of histidine-derived N-doped CDs (NCDs) for
bio-imaging was previously presented,’® but there have been no
reports on the eradication of highly pathogenic bacteria.
Histidine-derived NCDs are a multipurpose class of bio-
materials with notable biological and chemical properties.*®
To improve their antimicrobial properties through the discov-
ery of new structures, here we designed and synthesized novel
zinc-doped NCD complexes. We describe a facile hydrothermal
synthesis method for preparing fluorescent histidine-derived
Zn-doped NCDs (Zn-NCDs) which show excitation-dependent
fluorescence. The method does not require any additives (such
as acids, alkalis, or salts), organic solvents, or further surface
modification/passivation. The NCDs and Zn-NCDs were charac-
terized by transmission electron microscopy (TEM), UV-visible
spectroscopy, fluorescence spectroscopy, X-ray photoelectron
spectroscopy (XPS), and energy-dispersive spectrometry (EDS).
The NCDs and Zn-NCDs showed uniform sizes, crystallinity,
good photostability, and high solubility in aqueous media. The
results of UV-visible, XPS, and EDS spectrometry confirmed
their chemical composition. Importantly, the Zn-NCDs could
penetrate biofilm and also bacterial cell walls to effectively
inhibit the growth of bacteria and subsequently inhibit biofilm
formation. Furthermore, the antibacterial effect of Zn-NCDs
was found to be slightly better than NCDs. We also studied
their live cell bio-imaging properties and antimicrobial activity
against Gram-positive Staphylococcus aureus (S. aureus) and
Gram-negative Pseudomonas aeruginosa (P. aeruginosa).

2. Material and methods

2.1. Materials

Histidine (99% (TLC)), Crystal violet (90.0%, anhydrous basis),
Quinine sulphate (98.0%) and Zinc nitrate (>99.8%) were
purchase from Sigma-Aldrich Co., Ltd, Israel. All materials were
used without further purification.

2.2. Synthesis of water-soluble Zn-NCDs

Our previously described hydrothermal method was employed
with modifications, as follows.”" Briefly, a homogeneous histi-
dine aqueous solution was prepared by dissolving 500 mg
histidine molecules in 70 mL deionised water to a final concen-
tration of ~50 mM. Homogenous 20 mL of the histidine
solution was supplemented with different amounts of Zn ion
(0.5 mM to 50 mM) and was then moved to a 50 mL of Teflon-
lined autoclave and heated at 200 °C for 8 h in a hot air oven.
Upon cooling the autoclave at 25 °C, a dark yellowish-brown
liquid was obtained. The small portion of carbide slag was dis-
carded from the product solution by Millipore filtration (0.22 pm).

This journal is © The Royal Society of Chemistry 2024
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The solution then was dialyzed against deionised water through
Amicon® Ultra-15 Centrifugal Filter Units (Mycp = 2000 Da) to
remove the unreacted histidine and Zn ion from the solution.
A control sample was synthesized without Zn doping using the
same procedure and precursors to yield NCDs. The finally
obtained pale yellow-brown aqueous solution of Zn-NCDs/NCDs
was evaluated by physico-chemical techniques and subsequently
exploited for checking the effect on killing the bacterial growth
and biofilm formation as well as live cell imaging of bacterial cell
growth and HeLa cell. Zn-NCDs/NCDs was characterized using
various physical and chemical techniques and tested for its ability
to inhibit the growth of bacteria and biofilm formation, as well as
its suitability for live cell imaging of bacterial cell growth and
HelLa cells.

2.3. Analytical tools

Fluorescence spectroscopy measurement: 2 mL sample
solution was pipetted into a 1.0 cm path-length quartz cuvette,
and the spectrum was collected using a FluoroMax-4 Spectro-
fluorometer (Horiba Jobin Yvon, Kyoto, Japan) at ambient
temperature. The excitation and emission wavelengths were
set at 320-540 nm and 350-850 nm, respectively, with a slit of
2 nm. UV-visible analysis of the NCDs/Zn-NCDs was performed
using a spectrophotometer (Varian Cary 100). The morphology
and crystalline properties of NCDs/Zn-NCDs were analysed by
high-resolution transmission-electron microscopy (HR-TEM,
JEOL 2100). EDS analysis was performed after drying using
lyophilization. EDS analysis of Zn-CQDs was measured using
HR-TEM (JEOL 2100) attached EDS spectrometer with a mono-
chromatic X-ray source of Al Ko excitation. X-XPS was recorded
using an ESCALAB QXi X-ray Photoelectron Spectrometer
Microprobe spectrometer with a monochromatic X-ray source
(Micro-focused dual-anode Al K-Alpha and Ag L-Alpha source)
with Al Ko excitation (1486.6 eV), using C 1s as reference energy
(EC 1s = 284.0 eV). The X-ray diffraction (XRD) for the synthe-
sized NCDs and Zn-NCDs powder sample were recorded using
Bruker D8 advance XRD with Cu Ka radiation (y = 0.154 nm
wavelength).

The quantum yield of histidine-derived NCDs and Zn-NCDs
was determined by comparing the photoluminescence intensi-
ties (excited at 360 nm) and absorbance values (at 360 nm) of
Zn-NCDs and NCDs with that of quinine sulfate (in 0.1 M H,SO,
(quantum yield = 54%). The emission spectra at 360 nm were used
to obtain the integrated fluorescence intensity, which is the area
under the photoluminescence curve over the wavelength range
from 370 to 700 nm. Next, the integrated fluorescence intensity
was plotted against the absorbance. According to the following
equation, quantum yield values were calculated:

Ax % PLg % ”xz
StAst PLy ~ ng?

QY =QY x 100% (1)

where the subscripts st and x indicate the quinine sulfate stan-
dard and NCDs/Zn-NCDs, respectively. Fluorescence quantum
yield is defined as QY, 4 is the absorbance, PL is the area of peak
photoluminescence emission, and 7 is the refractive index of the
solvent (both refractive indices are 1.33). The absorbance at
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360 nm in a 10 mm cuvette was kept below 0.1 OD to minimize
re-absorption effects.

2.4. Cell viability measurement

MTT assay was performed using human cervical carcinoma
(HeLa) cells. Cells were seeded in 96-well microtiter plates and
allowed to attach overnight at 37 °C under 5.0% CO,. The cells
were then washed with pH 7.4 PBS buffer and incubated with
MTT solution for 3.5 h. Thereafter, the MTT reagent was
discarded and 100 pL of DMSO was added to each well to
dissolve formazan crystals. The absorbance was recorded using
a microplate reader at 570 nm. Control experiments were
conducted in the absence of NCDs/Zn-NCDs. All the experi-
ments were carried out in quadruplicates.

2.5. Live cells imaging of bacterial cell and mammalian cell

using confocal microscopy of bacterial cells was performed
after grown into a glass cell culture test tube. The bacteria cell
was cultured with 100 pg mL™" of Zn-NCDs-containing LB
media for different durations. The bacterial cells were then
washed twice with PBS and recorded the confocal microscopy.
Imaging was performed using SP8 inverted confocal micro-
scope (Leica Microsystems, Wetzlar, Germany). Excitation and
emission ranges were Aex = 480 nm, Aey, = 500-580 nm. Similarly,
the live HeLa cell with NCDs/Zn-NCDs were obtained using con-
focal microscopy. In brief, the HeLa cells were grown in glass
bottom dishes until they reached 70 to 80% confluence. Afterward,
the cells were treated with NCDs/Zn-NCDs at a concentration of
100 pg mL ™" After that, the cells were washed twice with PBS.
Imaging was performed using SP8 inverted confocal microscope
(Leica Microsystems, Wetzlar, Germany). Excitation and emission
ranges were Aex = 480 nm, Aepy, = 500-580 nm.

2.6. Bacterial culture and assays

Pseudomonas aeruginosa and Staphylococcus aureus were cul-
tured in Luria-Bertani (LB) broth medium. A single colony of
each bacterium was selected from a LB agar plate and incu-
bated in 5 mL of LB culture medium at 37 °C for 12 hours at
180 rpm. The concentration of bacteria was determined by
measuring the optical density at 600 nm (ODgo) and kept below
0.03 for bacterial culture. Therefore, the overnight bacterial cell
culture was diluted 1:100 in LB with or without different
concentrations of NCDs/Zn-NCDs and then inoculated into
96-well plates with 100 pL per well. The inoculated plates were
incubated for 24 hours at 37 °C without shaking and ODg, was
recorded. In addition, the anti-bacterial of NCDs/Zn-NCDs was
also evaluated using the colony forming unit (CFU) counting
method. S. aureus and P. aeruginosa in log phase were cultured
in 1/5 LB containing 60 pg mL ™" of NCDs/Zn-NCDs at 37 °C for
24 hours. Furthermore, antibacterial activity of NCDs/Zn-NCD
nanomaterials was tested against S. aureus (a Gram-positive
bacterium) and P. aeruginosa (a Gram-negative bacterium)
using the agar well diffusion method. In detail, in the disk-
diffusion method, the agar plate surface is inoculated by
spreading 100 and 200 pL of inoculum against S. aureus and
P. aeruginosa bacteria over the entire surface. A circular
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parchment paper with a diameter of 7 mm has punched
aseptically with a sterile cork borer, and these cut parchment
papers were autoclaved. Then, autoclaved sterile several parch-
ment papers were soaked in 1 mL of NCDs/Zn-NCDs solution,
and these soaked papers were introduced into the bacterial
culture on both agar plates. After that, the agar plates are
incubated at 37 °C for 24 hours. It has been shown that
NCDs/Zn-NCDs substances diffuse in an agar medium and
inhibit the growth of microbial strains.

2.7. TEM characterization of bacterial cells

A 10 ug mL~" mixture of NCDs or Zn-NCDs nanomaterials was
added to S. aureus and P. aeruginosa cultures as described in the
bacterial culture and assays experiments (Section 4.6). Then,
the bacteria cells were collected by centrifugation and fixed
with 2.5% glutaraldehyde and paraformaldehyde at 4 °C for
2 hours. The sample was washed for 30 minutes in a 0.1 M PBS
solution. Bacterial cells were then dropped on a carbon-coated
Cu TEM grid and analysed by TEM.

2.8. Biofilm activity

Assays for the detection and formation of biofilms were
adapted from previous procedures.>” A suspension containing
5 x 10’ CFU per mL of S. aureus and P. aeruginosa with 1%
glucose was prepared, followed by inoculating 96-well flat-
bottomed non-tissue culture plates with 100 pL of either bacter-
ium or a mixture of both cultures. The biofilm was allowed to
form for 24 hours in an anaerobic incubator (atmosphere of 5%
CO,, 10% H,, 85% N, 37 °C). S. aureus and P. aeruginosa non-
adherent bacteria were removed from the 96-well plate by three
washings it with phosphate-buffered saline (PBS). Subsequently,
100 pL of methanol were added to each well for 10 mins to fix the
biofilms. As soon as the plate had been fixed, it was washed three
times in distilled water and air-dried at room temperature for
30 mins, stained with 1% crystal violet (Sigma-Aldrich, USA), and
rinsed thoroughly with PBS until the negative control wells
appeared colourless. The plate was then decoloured with 150 pL
95% (v/v) ethanol and the absorbance was determined by measur-
ing the OD using a microplate reader.

2.9. Inhibition of biofilm formation by NCDs/Zn-NCDs
nanomaterials

Flat-bottomed tissue culture 24-well plates were prepared with
autoclaved cover glass slide placed at the bottom of the well and
inoculated with 500 pL of liquid suspensions of S. aureus and
P. aeruginosa in an anaerobic incubator for 24 h, followed by
measurement of absorbance, as outlined above (Section 2.3).
Then, the plates were treated with varying levels of NCDs/Zn-NCDs
(0 to 50 ug mL™"), followed by fluorescence microscopy.

3. Results and discussion
3.1. Physical and chemical properties

Histidine has amino and carboxylic acid groups, allowing a
variety of nitrogen and oxygen functionalities within the NCDs
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shell, while Zn also provides Zn doping. During hydrothermal
reaction of aqueous solution of histidine (Fig. 1a), hydrogen
bonds are formed between the two histidine’s. Next, the poly-
merization process occurs after the histidine polymer is heated
and dehydrated, resulting in a short burst of nucleation.
Consequently, nuclei are formed by the diffusion of solutes
toward the surfaces of NCDs. We propose the polymer carbon
skeleton as a crosslinking agent after dehydration. Upon car-
bonization, a fraction of the precursors is consumed in order to
further modify the carbon core.

NCDs doped with different concentrations of Zn was visually
inspected and compared to control samples (distilled water,
aqueous solution of histidine, Zn ion, and NCDs alone)
A transparent aqueous solution containing NCDs and Zn-NCDs
exhibited a pale-yellow colour in daylight and a blue-green colour
under UV light (Fig. 1b), clearly showing the changes in the colour
of the solution following doping with Zn. Moreover, histidine,
water, and Zn ion controls did not exhibit any fluorescence,
whereas NCDs and Zn-NCDs exhibited a high level of fluorescence
under UV light illumination (Fig. 1b). The absorption spectrum
of Zn-NCDs versus the control samples is shown in Fig. 1c and d.
The as-prepared histidine-derived NCDs exhibited a distinct
characteristic peak of n-m* transition of the C—C group at
290 nm and a shoulder peak at 350 nm, which were attributed
to the n-rn* transition of the C=O group. When Zn ion
concentrations were elevated from 0.1 wt% to 5 wt%, a slight
broadening of the shoulder peak absorption band was
observed. Additionally, Zn-NCDs and NCDs showed almost
similar absorption characteristics with the exception of a slight
increase in peak intensities at their respective wavelengths
upon increasing Zn concentrations. In comparison with the
control samples, Zn-NCDs showed a slightly higher absorption
intensity (hyperchromic effect). Accordingly, it can be con-
cluded that the UV-visible absorption shift toward lower wave-
lengths and higher intensity supports the doping of Zn ions or
metallic Zn within the carbogenic surface of the NCDs nano-
materials to produce highly emissive excitation-dependent
Zn-NCDs nanomaterials. We analysed the photoluminescence
characteristics of histidine-derived NCDs and Zn-NCDs at various
excitation wavelengths (A = 320-540 nm) using a fluorescence
spectrometer. The fluorescence emission spectra of NCDs and
Zn-NCDs showed narrow bands with maximum emission between
450 and 500 nm (Fig. 1e-k). In the case of CDs and doped CDs,
two fluorescence mechanisms have been proposed: electronic
conjugated structures and emission traps.*® The fluorescence
behaviours of NCDs/Zn-NCDs are similar to those of previously
reported CDs.>® A fluorescence spectrum of NCDs is shown
in Fig. le, and characteristic fluorescence spectra of Zn-NCDs
of different compositions are shown in Fig. 1f-k. We observed a
maximum fluorescence emission intensity between 470 and
500 nm when NCDs and Zn-NCDs were excited at 380-400 nm,
which indicates a relatively narrow particle size distribution.
In the same way, we measured the fluorescence of an aqueous
solution of histidine molecules, but only detected negligible
fluorescence, which is much lower than the histidine-derived
NCDs (Fig. S1, see the ESIt).

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic presentation of synthesis of water-soluble NCDs/Zn-NCDs. (b) Photographs of the control solutions (deionized water, aqueous
solution of histidine, Zn ions, and NCDs) and Zn-NCDs containing different Zn concentrations under daylight and UV light. (c) and (d) UV-visible spectra
of NCDs and Zn-NCDs with different concentrations of Zn ion along with deionized water and Zn ion only as control samples. (c) Complete UV-visible
spectra (200-900 nm). (d) Magnified y-axis part (280-450 nm) of images of Fig. 1c. (e)—(k) Fluorescence spectra of (e) NCDs, (f) Zn-NCDs (20 His:1
Znions), (g) Zn-NCDs (10 His:1 Znions), (h) Zn-NCDs (5 His:1 Znions), (i) Zn-NCDs (2 His:1 Zn ions), (j) Zn-NCDs (1 His:1 Zn ions), and (k) Zn-NCDs (1 His:1
Zn ions) at various excitation wavelengths (lex = 320-540 nm).

Table 1 Several different ratios of zinc and histidine were used to produce Zn-NCDs with fluorescence yield, Zn doping amount, and cytotoxicity

By product Fluorescence Doping level of Zinc Cytotoxicity
Starting materials Product (in the form of ppt) QY by XPS and EDS (100 pg mL ™)
Histidine only + H,O NCDs Scarce carbon slag 74 0 wt% No toxic
20 Histidine: 1 Zn + H,0 Zn-NCDs Scarce carbon slag 72 Not measured No toxic
10 Histidine: 1 Zn + H,0 Zn-NCDs Less carbon slag 70 2.3 wt% No toxic
5 Histidine: 1 Zn + H,0 Zn-NCDs More carbon and Zn slag 76 5.2 wt% Slightly toxic
2 Histidine: 1 Zn + H,0 Zn-NCDs More carbon and Zn slag 70 Not measured Slightly toxic
1 Histidine: 1 Zn + H,O Zn-NCDs More carbon and Zn slag 62 Not measured Toxic
1 Histidine: 2 Zn + H,0 Zn-NCDs More carbon and Zn slag 53 Not measured Toxic

Table 1 summarizes the properties of the Zn-NCDs nano- The 10 histidine: 1 Zn showed high fluorescence, reduced Zn
materials produced using different ratios of histidine and zinc. doping, and non-toxicity, indicating it as a potentially useful
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good material for biomedical applications. In addition, we
observed more slag or by-product formation when Zn-doping
at high concentrations (more than 10:1 His:Zn 1 zinc in
10 histidine), which was removed by centrifugation and filtra-
tion during synthesis. We, therefore, proceeded with the
measurement of Zn-NCDs synthesized from 10:1 His:Zinc
(which produces 2 wt% of Zn-containing Zn-NCDs), compared
to pristine NCDs (without Zn doping).

While NCDs alone had quantum yields of 74% (compared to
quinine sulphate), by Zn-doping to form Zn-NCDs, this yield
could be increased up to 76 (Fig. S2, ESIT). As shown in Fig. S3
(ESIt), NCDs and Zn-NCDs fluorescence lifetimes were mea-
sured using time-correlated single photon counting (TCSPC) to
be 4.19 ns and 4.47 ns, respectively (Fig. S3, ESIt). It was found

View Article Online
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that the lifetime of the Zn-NCDs (Fig. S3c and d, ESIY) is slightly
higher than NCDs (Fig. S3a and b, ESIY), indicating that the Zn
surface functional groups were indeed present in the Zn-NCDs
nanomaterials and exhibited little variation in term of fluores-
cence and quantum yield.

In order to investigate the chemical composition of the
NCDs and Zn-NCDs materials, XPS measurements were con-
ducted. The XPS spectra shown in Fig. 2 clearly demonstrate
that carbon, nitrogen, and oxygen were present on the surface
of NCDs nanomaterials, with a distribution of Cy5 (65.8%), Ny
(17.5%), O45 (15.7%), and Zn,, (0.0%). The binding energy peak
at 284, 399, and 531 eV shown in Fig. 2a corresponded to
the typical XPS survey peaks at C;, Ny, and Oy, respectively.
Fig. 2b shows the high-resolution C1s spectrum, with peaks at
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Fig. 2

Binding Energy (eV)

(g) The entire XPS spectrum of the Zn-NCDs. (h)—(l) High-resolution XPS spectrum of the Zn-NCDs: (h) C 1s, (i) N 1s, (j) O 1s, (k) Zn 2P, and () Zn 2P

spectra of the Zn-NCDs.
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284.6 €V, 286.1 eV, and 288.8 eV representing C-C/C—C, C-O/
C-N, and C-O/C=N, respectively. In the high-resolution N
spectrum, the binding energy peak at 399.9 eV indicated that
pyridinic N was the dominant state (Fig. 2c), suggesting
that some N was doped in defect areas or near the edges
of the graphitized carbon structure of NCDs. Fig. 2d shows
the O;s high-resolution spectrum, which consisted of two
peaks at 531.6 and 533.1 eV, representing C-O and C=O0,
respectively.>® The functional peaks observed in the XPS spec-
trum indicated the NCDs to contain large conjugated domains.
Also, Zn scan of the NCDs sample (Fig. 2e and f) detected no Zn
was in the XPS analysis, indicating that the NCDs were pure
without any contamination of Zn. XPS analysis was also used to
investigate the surface attachment of the Zn in Zn-NCDs
nanomaterials. As shown in Fig. 2g, the XPS survey scan
showed peaks at 284.8, 400.5, 498.6, 532.8, 1024, and 1045 eV
associated with the presence of C;5 (66.7%), Nyg (10.9%), O45
(16.4%), and Z,,;, (1.9%), respectively, confirming the presence
of C, N, O, and Zn. As shown in Fig. 2h-1, the high-resolution
XPS spectra over the deconvolution revealed different binding
sites for C, N, O, and Zn. The high-resolution XPS scan of
Cys reveals deconvolution of several C;s at 283.1 (C-Zn),
284.2 (C—=C or C-C), 285.9 (C-O and C—0), and 287.9 eV
(COO™) (Fig. 2i). According to the Njs deconvolution, two
N-binding sites were found at 400.5 eV (pyridinic N) and
401.9 eV (doped N in graphitic carbon of Zn-NCDs) (Fig. 2j).>®
Similarly, different binding sites for C and Zn were observed at
529.5 eV (O-Zn), 530.9 eV (C-0), 531.8 eV (C—O0), and 532.9 eV
(COO0-) (Fig. 2k).>® In Fig. 2k, Zn 2p scans are shown, with
Znyps, at 1021.8 eV and Zn,,g, at 1045.0 eV. According to
Fig. 21, the short scans of Zn in Zn-NCDs at 499.8 eV explain the
doping of ionic Zn as well as metallic Zn at 496.7 eV.”” The

NCDs

Zn-NCDs

View Article Online

Paper

doping of Zn was in the metallic form, but due to the small size
of the Zn-NCDs, the surface zinc was oxidized and assumed a
Zn** state while the inner core Zn was still metallic (marked by
arrow in Fig. 21).

The X-ray diffraction (XRD) peak at 22° illustrated the
graphitic carbon lattice (002) structure with few disordered
carbon atoms as shown in Fig. S4 (ESI{) and also, the very
minor phase from 44 to 53° ascribed to the highly disordered
carbon lattice (100) arrangement in the crystal system along
with the fractional graphitization of N. In the case of the Zn-
NCDs sample, we have observed very minor peak metallic zinc
at 43.6 and 48°, which also claims that metallic clusters of Zn
atoms are incorporated in NCDs.’®*® The typical graphitic
carbon diffraction usually appears at 26-27°, but the obtained
pattern was showing diffraction at 22°, the shift of 26 value may be
attributed to the reduction in the ordered sp” layers in the NCDs,
Zn-NCDs carbon structure. The crystallite size of the NCDs and
Zn-CDs was assessed using the Scherrer formula (as depicted in
eqn (2)), and the calculated crystallite size was 2 nm.

092
" BcosO

)

where as D is the crystallite size, 1 is the wavelength of X-ray
wavelength, 0.9 is a dimensionless shape factor, f is the full wave
half maxima of peak broadening intensity, and 0 is the XRD
Bragg’s angle. The calculated crystallite size of Zn-NCDs is also
2 nm. TEM analysis indicated that the NCDs and Zn-NCDs were
mostly spherical and generally well-dispersed (Fig. 3). Fig. 3a and d
show TEM images of NCDs and Zn-NCDs nanomaterials samples,
corresponding to average sizes of 5.0 nm (Fig. 3c) and 6.0 nm
(Fig. 3f), respectively. A high-resolution TEM image of the NCDs
(Fig. 3b) revealed their crystalline nature, and the lattice spacing
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Fig. 3 The morphology of (a) TEM image of NCDs, (b) HRTEM image of NCDs with lattices, (c) particle size distribution of NCDs. (d) TEM image
of Zn-NCDs. (e) HRTEM image of Zn-NCDs with lattices. (f) Particle size distribution histogram of Zn-NCDs.
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was calculated using fast Fourier transformations (FFTs). We
found the lattice spacing of NCDs to be 2.1 A (~64% of the time),
attributed to graphene’s lattice plane (100), which is reported to be
close to 2.15 A.*° There were also values of 3.4 A (~10% of the
time) related to graphite’s (002) plane spacing and 2.6 A (~26% of
the time) related to graphene’s (112) plane spacing.”® Although the
lattice spacing of Zn-NCDs was close to graphite, the observed
values were slightly more, attributed to Zn doping into the carbon
core that may have caused lattice disorder.”” Furthermore, these
results indicate that the Zn-NCDs exhibit a preferential orientation
(~65% of the time) when on the grid, i.e. parallel to the grid plane.
As shown in Fig. 3e, graphite spacing increased when samples
showed aggregation. The purity of the histidine-derived NCDs and
their Zn doping was also investigated by HRTEM-associated EDS
analysis (Fig. 3b and e). NCDs were found to contain C, N, and O
(Fig. S5a, ESIt), whereas Zn-NCDs contained C, N, O, and Zn
(Fig. S5b, ESIt). Thus, the sample contained no impurities.

3.2. Cell viability study of the Zn-NCDs nanomaterials and live
cell imaging

In order to design an effective antimicrobial agent that inhibits
bacterial growth and biofilm formation, it is essential to strike a
balance between efficiency and cytotoxicity. In this study, the
MTT assay was performed in vitro to measure the cytotoxicity of
NCDs and Zn-NCDs nanomaterials. The viability of HeLa cells
was ~93% (Fig. S6a, ESIt) and 88% (Fig. Séb, ESIt) when
exposed to the highest concentrations of NCDs and Zn-NCDs
(400 pg mL™1), respectively. Although, as expected, the functio-
nalization of NCDs with Zn resulted in slightly lower cell
viability, overall NCDs and Zn-NCDs show low cytotoxicity.
We examined whether NCDs/Zn-NCDs were capable of
intracellular fluorescence live cell imaging of HeLa cells. Native
cells did not exhibit any fluorescence (Fig. 4a), whereas strong
green fluorescence was observed using 50 pg mL~' NCDs
(Fig. 4b) or Zn-NCDs (Fig. 4c). The cells treated with NCDs
and Zn-NCDs exhibit green fluorescence, as shown in Fig. 4b)
and Fig. 4c). Moreover, no similar signal was observed in
untreated control cells (Fig. 4a). As a result, cells treated with
NCD nanomaterials exhibit slightly less fluorescence than cells
treated with Zn-NCDs, and Zn-NCDs are distributed throughout
the cell (Fig. 4c). Additionally, Zn-NCDs are typically nitrogen-
doped carbon dots with the addition of zinc. The fluorescence
properties of carbon dots mainly arise from their carbon core
and surface functional groups, such as amino, hydroxyl, or
carboxyl groups. Zinc itself does not typically exhibit any strong
fluorescence properties. Therefore, we have observed slightly
higher fluorescence intensity in Zn-NCDs with respect to reg-
ular NCDs (means without zinc). It is important to note that
fluorescence imaging can be influenced by various factors,
including the excitation wavelength, emission wavelength,
quantum yield, and surface chemistry of the Zn-NCDs. Based
on these results, it is evident that Zn-NCDs are capable of
imaging the cytoplasm and nucleus of cells in live conditions
as well. The XPS results indicate that NCDs/Zn-NCDs nano-
materials have many amino, carboxyl, and hydroxyl groups on
their surfaces, suggesting that they are hydrophilic. We have
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also examined the three-dimensional projection of the cells
treated with NCDs/Zn-NCDs nanomaterials using Z-stuck and
observed that Zn-NCDs (Fig. 4e) are capable of entering both
the cytoplasm and the nucleus, whereas NCDs (Fig. 4d) are
capable of entering only the cytoplasm. Moreover, NCDs and
Zn-NCDs have an average diameter of 5 nm and 6 nm, respec-
tively, facilitating cellular penetration. Thus, NCDs/Zn-NCDs
have a wide range of applications in biological imaging. Addi-
tionally, we have observed no HeLa cell (mammalian cell) was
died during the incubation of NCDs/Zn-NCDs even after 24 h of
treatment which explained that Zn-NCDs are considered to be
non-toxic to mammalian cells. Because carbon dots are gen-
erally biocompatible and biodegradable as reported by several
researcher.>*>' Zn-NCDs, being carbon-based, can undergo
degradation and metabolization within cells or in the body,
minimizing any long-term accumulation or toxicity concerns.
Zn-NCDs themselves possess low toxicity due to the properties
of the constituent materials.”® Carbon dots, which form the
core of Zn-NCDs, are typically considered non-toxic and have
been extensively investigated for various biomedical applica-
tions. However, it is important to note that the biocompatibility
and mammalian cell toxicity of Zn-NCDs can still be influenced
by factors such as concentration, exposure duration, and
specific cell types.

3.3. Probing bacterial cell live imaging

In order to develop new antibacterial agents and to diagnose
bacterial infections, it is crucial to identify bacterial strains.”>*°
Fluorescent dyes are often used to label pathogens, allowing
their detection.®’ In order to overcome the limitations of
conventional detection methods, many organic fluorescent
probes have been designed.® In recent years, on/off fluorescent
NCD probes, including NCDs, have been developed, allowing to
image bacteria in real time and conduct quantitative analyses
invitro and in vivo.%* Here, we tested the fabricated Zn-NCDs for
bio-imaging of both Gram-positive and Gram-negative bacteria
(Fig. 5). In most cases, as illustrated in Fig. 5b, after incubating
P. aeruginosa with Zn-NCDs, different emission colours were
visible under 488 nm excitation. The same experiment was per-
formed with S. aureus and similar fluorescence was observed
(Fig. 5d). The control samples, which were not treated with
Zn-NCDs, did not display any noticeable fluorescence signals
under the same conditions (Fig. 5a and c). Treating a mixture
culture of S. aureus and P. aeruginosa bacteria with Zn-NCDs
resulted good fluorescence in both types of bacteria (Fig. 5f),
compared to no fluorescence in untreated bacteria (Fig. 5e).
The results show that Zn-NCDs can be used as a probe for
approximate visualized live and dead cell bacteria.

3.4. Antibacterial activity of the Zn-NCDs nanomaterials

The antimicrobial activity of quantum dots has recently
attracted much attention due to the excellent optical properties,
low toxicity to mammalian cells, and multivalent interaction
capability with microorganisms of these strcutures.®*®*
The level of interaction between Zn-NCDs and bacterial cells
depends on the composition, size, shape, and surface chemistry

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Live cell imaging of Hela cells (a) without any treatment, (b) following treatment with 50 pg mL™* NCDs, and (c) following treatment with
50 ug mL™! Zn-NCDs nanomaterials for 24 hours. Using Z-stuck, the following 3D-projection shows the Hela cell with (d) NCDs, and (e) Zn-NCDs

nanomaterials. Scale bar: 20 pm.

of the Zn-NCDs, as well as the structure and surface chemistry of
the bacterial cells. The antibacterial activity of the Zn-NCDs
nanomaterials has been studied using P. aeruginosa, S. aureus,
and a mixture of the two strains and was studied using TEM
measurements in the presence of NCDs/Zn-NCD nanomaterials.
Fig. S7 (ESIt) depicts the TEM images of bacterial cells treated
with Zn-NCDs nanomaterials for 24 hours under ambient condi-
tions. In the control group of untreated P. aeruginosa (Fig. S7a and
b, ESIt), S. aureus (Fig. S7e and f, ESIt), and a mixture of both
bacteria (Fig. S7i and j, ESIt) many cells with a regular morphol-
ogy and smooth surface were observed. As a result of the Zn-NCDs
treatment, the number of bacterial cells in the P. aeruginosa

This journal is © The Royal Society of Chemistry 2024

(Fig. S7c and d, ESIY), S. aureus (Fig. S7g and h, ESI}), and mixed
(Fig. S7k and 1, ESI{) cultures decreased significantly, and the
membranes of the bacterial cells appeared damaged. As a result of
large-scale protein and cytoplasm leakage, the bacteria developed
a light grey appearance, in contrast to the green colour of
P. aeruginosa, the yellow colour of S. aureus, and the greenish-
yellow colour of the mixture as a control (Fig. S8, ESIt). According
to Fig. S8 (ESIt), cationic Zn-NCDs, spherical Zn-NCDs, and
similar observations have been reported by several other
researchers.'”®%%” Fig, 4, which focuses on mammalian cells,
likely illustrates the internalization mechanism of Zn-NCDs into
these cells. There are several ways by which Zn-NCDs can enter
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Fig. 5 Live cell imaging of a bacterial cells: (a) and (b) P. aeruginosa, (

mammalian cells, including endocytosis, direct membrane pene-
tration, or receptor-mediated uptake. The specific mechanism by
which Zn-NCDs enter mammalian cells would depend on their
surface properties, size, positive charge, and functionalization.
Similarly, Fig. 5 likely demonstrates Zn-NCD entry into bacterial
cells. Bacterial cells have distinct characteristics compared to
mammalian cells, including differences in the composition and
structure of their cell membranes. Zn-NCDs can enter bacterial
cells through mechanisms such as passive diffusion, membrane
disruption, or active transport. Further, Zn-NCD induced obvious
apoptosis of bacterial cells. NCDs and Zn-NCDs agglomerated in
the treatment of P. aeruginosa, S. aureus, and the mixture of both
bacteria (Fig. S9 and S10, ESIt). Moreover, Zn-NCDs nanoparticles
(~6 nm) have their small size as observed by HRTEM (Fig. 3) and
high surface area, can exhibit enhanced antimicrobial activity
compared to their bulk Zn based particles counterparts. When in
contact with bacterial cells, Zn-NCDs nanoparticles can penetrate
the cell membrane and release zinc ions, leading to similar
mechanisms of damage as mentioned earlier.”>*>*® The nano-
particles themselves can also cause physical damage to the
bacterial cell membrane and biofilm growth inhibition by dis-
rupting its integrity. In contrast, the NCDs/Zn-NCDs nanomater-
ials were adsorbing fairly uniformly around the cells, with some
even within the cells (as shown in the confocal microscopy of
Fig. 5). Therefore, there were significantly fewer residual cells than
with NCDs/Zn-NCDs. Furthermore, Bacterial membrane pores are
typically smaller, with diameters mostly less than 2 nm. As a
result, the relatively larger size of Zn-NCDs may hinder their easy
passage through these narrow channels. Moreover, in biological
systems, the transport of materials across membranes is often
regulated by various mechanisms to maintain the integrity and
functionality of the cell. In the case of bacterial membranes,
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smaller molecules and ions can pass through the pores via passive
diffusion or specific transport systems, while larger particles face
difficulties in crossing the membrane. However, it’s important to
note that the ability of Zn-NCDs to pass through bacterial
membrane pores can depend on various factors beyond just their
size. Above antibacterial results were supported by studied the
zone of inhibition in agarose plate. The Gram-positive S. aureus
and Gram-negative P. aeruginosa were selected for testing the
inhibitory zone. In Fig. S8a (ESIT) (S. aureus) and Fig. S8c (ESIt)
(P. aeruginosa), the initial stages of adding treated or untreated
filter paper to the LB plate are shown. Around filter papers treated
with NCDs/Zn-NCDs, obvious inhibitory zones were observed for
S. aureus (Fig. S8b, ESIt) and P. aeruginosa (Fig. S8d, ESIt).
However, no inhibitory zones were observed around the control
filter papers (no treatment with NCDs/Zn-NCDs). Based on
Fig. 6m-o shows the removal of already formed biofilms by
P. aeruginosa cells and S. aureus following another 24-hour
incubation period with Zn-NCDs or NCDs. In addition, a higher
biomass of biofilms was formed when P. aeruginosa, and S aureus
strains were incubated for another 24 h without being treated with
Zn-NCDs. The developed three sets of formed biofilms by above
bacteria were treated with Zn-NCDs for study the amount of
biofilm removal. Additionally, we have also added the experi-
mental picture in Fig. S09-S11 (ESIt), P. aeruginosa and S. aureus
cells as well as a mixture of S. aureus and P. aeruginosa biofilms
were stained with crystal violet after treatment with/without Zn-
NCDs. The first row of 96-well plate maintained their biofilm
production without Zn-NCDs treatment. The removal of biofilms
gradually increases with increasing treatment time. Fig. 6m-o,
are clearly showing that reduction of formed biofilm quantity by
Zn-NCDs nanomaterials as a function of time (0 h, 15 h, 18 h,
20 h, and 24 h). Zn-NCDs were used at different concentrations

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a)—(d) P. aeruginosa, (e)—(h) S. aureus, and (i)—(l) mixed culture biofilms. (a), (b), (e), (f), (i) and (j) Untreated control. (c), (d), (g), (h), (k) and

() Following treatment with 100 ug mL™* of Zn-NCDs. (a), (c), (e), (g), (i) and (k) Bright field. (b), (d), (f), (h), (j) and () Fluorescence images obtained at
670 nm under 590 nm excitation. Scale bar = 500 pm. (m-o0) Inhibitory effect of Zn-NCDs nanomaterials on biofilms formed by (m) P. aeruginosa,
(n) S. aureus, and (o) a mixture of both S. aureus and P. aeruginosa. The data are presented as mean +SD (n = 3) with a significance level *p < 0.05.

(0-100 pg mL ") in this study, which influenced their efficacy and
maximum biofilm degradation was observed with 100 pg mL "
Zn-NCDs nanomaterials. Furthermore, NCDs/Zn-NCDs has
demonstrated excellent antibacterial activity against S. aureus
and P. aeruginosa by inhibition zone radius using statistical results
analysis. Further, we observed a slightly better inhibition zone of
bacteria for Zn-NCDs compared to NCDs. As a result, we con-
tinued to study the inhibition of bacteria and the inhibition of
biofilm formation primarily using Zn-NCD nanomaterials.

3.5. Biofilm formation

Fig. S8a and b (ESI¥) illustrates the formation of crystal violet-
stained biofilms by P. aeruginosa, S aureus, and a combination

This journal is © The Royal Society of Chemistry 2024

of both S aureus and P. aeruginosa on an autoclave glass cover
slides in 24 well plates. In all cases, discrete colonies developed
during the initial phase of biofilm formation, however, in the
mixture, we observed quick biofilm growth in P. aeruginosa and
S. aureus single cultures. It appears that the structure of the
biofilms that initially formed in mixture samples was similar in
terms of the number of living cells by spectrophotometer OD
analysis, but slightly differed in terms of thickness (6 £ 1 pm
for mixture versus 4 £ 1 um for P. aeruginosa and S. aureus
alone) of biofilm. The thickness of the biofilm increased
(6 £ 1 um to 16 £ 2 um) as the surface became uniformly
covered with the biofilm formed by the mixture of both
S. aureus and P. aeruginosa (Fig. S9g and h, ESIt). P. aeruginosa
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(Fig. S9c and d, ESIt) and S. aureus (Fig. S9e and f, ESIT) formed
uniform biofilms after 48 hours of incubation, and their thick-
ness also increased (from 4 + 1 pm to 12 £ 2 um). However,
it remained thinner than the biofilm formed by the mixture
(Fig. S9g and h, ESIY). A similar experiment was performed
using a 96-well spherical plate and excellent biofilm formation
was observed (Fig. S10, ESIt).

3.6. Zn-NCDs penetrate/removal of biofilms and inhibit
S. aureus and P. aeruginosa growth

Commonly-used drug particles cannot cross the grown biofilm,
significantly reducing the effectivity of large-scale antibiotics.
In order to conduct in vitro experiments on biofilm penetration/
removal to kill S. aureus and P. aeruginosa, we constructed a
biofilm model. A sterile cover glass slide was immersed in LB
media followed by inoculation of S. aureus and P. aeruginosa
bacteria cultured for 48 hours to form a biofilm. Following the
successful formation of the biofilm, different concentrations of
Zn-NCDs were added to the upper portion of the glass slide.
As shown in Fig. S11a and b (ESIY), the growth of P. aeruginosa,
S. aureus, and a mixture of both strains(P + S) was significantly
inhibited, suggesting that Zn-NCDs could penetrate/remove the
biofilm and inhibit bacterial growth. At concentrations below
50 ug mL ™', Zn-NCDs had no obvious inhibitory effect on
bacterial growth. Compared to the control, Zn-NCDs concen-
trations exceeding 50 pug mL ™" (most effectively 100 ug mL )
exhibited a significant antibacterial activity against the three
tested cultures, while NCD nanomaterials exhibited a much
less efficient inhibitory effect. Consequently, we hypothesized
that Zn-NCDs could cross the biofilm and cause lethality to P.
aeruginosa and S. aureus at higher concentrations (100 pg mL ™).
Microscopy analysis of the untreated control after 24 hours of
incubation with P. aeruginosa, demonstrated the formation of a
dense biofilm with many long stripes of fibres on the surface
(Fig. 6a and b). Following treatment with different concentrations
of NCDs/Zn-NCDs, small pores in the bacterial biofilm were
observed. These small pores presumably facilitated the penetra-
tion of NCDs/Zn-NCDs into the biofilm. When the Zn-NCD
concentration reached more than 50 pg mL ™", the biofilm was
severely destroyed (Fig. 6¢c and d). On the other hand, NCDs
showed slightly milder effects on biofilms. Similar findings were
observed for the formation of biofilms by S. aureus (Fig. 6e-h) and
a mixture of S. aureus and P. aeruginosa (Fig. 6i-1). In the presence
of 100 pg mL~" Zn-NCDs, the biofilm was severely destroyed
(Fig. 6g, h, k and 1). Further, we have used the fluorescence
imaging techniques and biofilm was stained with crystal violet
for obtaining the thickness of the film (Fig. 6b, f and j) and also
did the relative thickness measurement of biofilm growth by each
set of bacteria, as described in Section 3.5. By combining multiple
fluorescence imaging techniques and quantification of biofilm
formation/inhibition have strengthen the evidence supporting the
efficacy of Zn-NCDs in biofilm removal and gain a more nuanced
understanding.

Biofilms are capable of encapsulating microorganisms and
protecting them from being killed by drugs. Several types of
biomolecules (polysaccharides, DNA, and peptides) contribute

2866 | J Mater. Chem. B, 2024, 12, 2855-2868
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to the protective function of the extracellular matrix. As a result
of the protective properties of biofilms, P. aeruginosa and
S. aureus cells have long-term resistance and viability, making
the treatment of oral diseases more challenging. The quantifi-
cation of biofilm was done by semi-quantitative analysis using
crystal violet staining. The working principle of biofilm quanti-
fication involves detecting decolorization in biofilms in order
to determine the amount of biofilm produced by bacteria.
Fig. 6m-o shows the removal of already formed biofilms by
P. aeruginosa cells and S. aureus following another 24-hour
incubation period with Zn-NCDs or NCDs. In addition, a higher
biomass of biofilms was formed when P. aeruginosa, and
S aureus strains were incubated for another 24 h without being
treated with Zn-NCDs. The developed three sets of formed
biofilms by the above bacteria were treated with Zn-NCDs to
study the amount of biofilm removal. Additionally, we have also
added the experimental picture in Fig. S12 (ESIY). P. aeruginosa
and S. aureus cells as well as a mixture of S. aureus and
P. aeruginosa biofilms were stained with crystal violet after
treatment with/without Zn-NCDs. The first row of 96-well plates
maintained their biofilm production without Zn-NCDs treat-
ment. The removal of biofilms gradually increases with increas-
ing treatment time. Fig. 6m-o, are clearly showing that
reduction of formed biofilm quantity by Zn-NCDs nanomater-
ials as a function of time (0 h, 15 h, 18 h, 20 h, and 24 h).
Zn-NCDs were used at different concentrations (0-100 pg mL ™)
in this study, which influenced their efficacy and maximum
biofilm degradation was observed with 100 pg mL™" We also
would like to highlight that bar diagram (Fig. 6m-o) of treat-
ment time Vs growth of biofilm inhibition slightly varying due
to average out of the five different set of experiment. Despite
the fact that NCDs have also inhibited the formation of
biofilms, the effects of NCDs were slightly less pronounced
than those of Zn-NCDs. Finally, we have observed that overall
activity of biofilm inhibition is increasing with time of treat-
ment with Zn-NCDs.

4. Conclusions and summary

We have studied the one-pot synthesis method as described for
the preparation of histidine-derived Zn-NCDs as a means of
inhibiting the growth of both Gram-positive (S. aureus) and
Gram-negative (P. aeruginosa) bacteria as well as inhibiting
biofilm formation. The synthesis method for Zn-NCDs did
not require any additives, organic solvents, or further surface
modification, making it a simple and scalable method for the
synthesis of these materials. We found that NCDs and Zn-NCDs
showed uniform sizes, were crystalline, photostable, and highly
soluble in aqueous media. The structure, chemical composi-
tion, and low toxicity properties of the Zn-NCDs were demon-
strated, and they were shown to be a promising novel material
for the development of nano-level antibacterial drugs. More-
over, NCDs or Zn-NCDs could penetrate bacterial cell wall to
further inhibit bacterial biofilm and bacterial growth. The
antibacterial properties of the Zn-NCDs were tested against

This journal is © The Royal Society of Chemistry 2024
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S. aureus and P. aeruginosa using the agar well diffusion
method and the inhibition of biofilm formation was evaluated
using a crystal violet staining assay. The results showed that the
Zn-NCDs had a slightly better antibacterial effect compared

to

the non-doped NCDs and were able to inhibit biofilm

formation effectively by both S. aureus and P. aeruginosa.
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