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ABSTRACT: The prevalence of antibiotic-resistant bacterial infections °
demands effective alternative therapeutics of antibiotics, whereas biocom- /_\

patible zero-dimensional nanomaterials are an excellent option due to their —— ]
small size. In this study, we report the one-step hydrothermal approach that ﬁo Under |
was used to synthesize luminescent manganese doped carbon dots (Mn- ?‘: D_iﬁe"e'-"l 0%
Cdots) with an efficient quantum yield of 9.2% by employing green Psidium i =
guajava L. (Guava) leaf as the precursor. High-resolution microscopy TEM
was used to investigate the average particle size of Mn-Cdots, which was
found to be 2.9 + 0.045 nm. The structural properties and elemental
composition of Mn-Cdots were analyzed by FTIR, XRD, EPR, and XPS
spectroscopy, and the optical properties of Mn-Cdots were examined by
UV—visible and fluorescent spectroscopy. Light-mediated antibacterial
activity of Mn-Cdots was investigated by Gram-negative bacteria E. coli
under white, blue, and yellow light. The doping effect of a minute quantity of Mn in Mn-Cdots increased the level of ROS generation
in the presence of white lights compared to Cdots. Thus, Mn-Cdots might act as potent antibacterial agents.
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B INTRODUCTION ibility and low toxicity compared to metal/semiconducting
nanomaterials.

In this context, carbon dots (Cdots), which are often
classified as small carbon nanoparticles with diameters up to 10
nm, are commonly known for their excellent optical properties
and utilized in biological applications such as drug delivery,
biotherapy, bioimaging, biosensing, and gene transmission and
as antimicrobial agents.” Cdots have found their place in
biology-related applications because of low toxicity and
biocompatibility. Recently, Cdots have become popular as
nanoantibacterial agents and are considered a potential
candidate to replace antibiotics.”® Several reports suggested
that Cdots exhibit antimicrobial properties without photo-
excitation. Multiple factors like precursors, size, amphiphilicity,
surface charge, and functionality can tune the antimicrobial
properties of Cdots.”® Along with their physiochemical
properties, fascinating optical properties of Cdots are
employed for antimicrobial applications. Cdots under photo-
excitation-photodynamics exhibit excellent antimicrobial prop-
erties. Among other antibacterial strategies for Cdots, the light-

The emergence of antibiotics for the remediation of potentially
lethal infections is one of modern medicine’s greatest
achievements. However, this has led to the development of
resistance to their antimicrobial effect. Moreover, multidrug
resistance (MDR) and extensive drug-resistant (XDR)
bacterial infection cause a huge number of fatalities annually."
Furthermore, the number of approved antibiotics in the past
decade has been gradually decreasing due to a longer process
of optimization, low economic incentives, and several
regulatory requirements.” It has created an urgent call for the
development of alternative approaches for the treatment of
microbial infection as well as the development of novel
antimicrobial agents.” Today, there are numerous methods
being used for the synthesis of antimicrobial agents from
natural products, the alteration of existing antibiotics, and the
combination of two or more antibiotics.” Nanomaterials like
metal nanoparticles (Ag, Au, Cu NPs), metal oxide nano-
particles (ZnO, CuO, AgO, Fe,O; NPs), and inorganic
nonmetallic nanoparticles (carbon-based nanomaterials, black
phosphorus, Si QDs) have been found to be promising
antibacterial agents.” They have a large surface area, which Received:  October 30, 2023
provides superior multivalent interaction capacity with micro- Revised:  November 21, 2023
organisms and the ability to infiltrate into the cell wall of Accepted:  November 23, 2023
bacteria and disrupt the functioning of bacterial cells, which Published: December 14, 2023
influences bacterial growth. However, carbon-based nanoma-

terials have attracted much attention due to their biocompat-
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Figure 1. (a) UV—visible absorption spectrum of Mn-Cdots (0.25 mg/mL) dispersed in water (inset figure represents expanded UV—visible
spectrum of Mn-Cdots in the range of 400—700 nm). (b) Emission characteristics of Mn-Cdots (0.5 mg/mL) dispersed in water, excited in the
wavelength range of 350 to 450 nm. (c) Excitation spectrum of Mn-Cdots (peak centered at 370 nm), corresponding to the emission peak at 464

nm. (d) TRPL decay profile of Mn-Cdots.

induced photoexcitation-photodynamics strategy is an effective
and efficient mechanism to combat bacterial resistance.

Apart from the hetero doping atom (like N, P, S, etc.),
metal-doped Cdots are gaining interest in controlling the
physicochemical properties of Cdots.””"" Metal ion doping in
Cdots has been introduced to tune their electronic structure
and chemical composition. Metal doping can regulate the
electron density and energy gap in Cdots, which are essential
for tuning the physical and chemical properties of Cdots.
Manganese (Mn) is an essential element in the human body,
playing a significant role in the development of cofactors for
many enzymes.'> Mn-based complexes are not very toxic;
therefore, few reports are available of Mn-doped Cdots for
magnetic resonance imaging ;1pplic;1tions.13_IS Also, Mn-
doped Cdots are found to be promising for biological
applications.'°~"" However, photoactivated Mn-doped Cdots
have not yet been extensively reported as antibacterial agents.
Herein, we develop Mn-doped Cdots (Mn-Cdots) using
Psidium guajava L. leaves (guava leaves) as a carbon source
via a one-step hydrothermal method. Then, we employ
photoexcited Mn-Cdots with 2,2"-azino-bis [3-ethylbenzothia-
zoline-6-sulfonic acid] (ABTS) under blue, yellow, and white
light. White light-induced photoexcited Mn-doped Cdots with
ABTS exhibit excellent antibacterial activity. The minimum
inhibitory concentration (MIC) is determined to be 1.16 mg/
mL. The inhibition of bacterial growth occurs due to the
generation of reactive oxygen species (ROS). Moreover, the
ABTS in the presence of photoexcited Mn-Cdots converts into
its oxidant (ABTS®*) that further enhances the generation of
radical species of Mn-Cdots under white light and, therefore,
promotes the generation of ROS, which inhibits bacterial
growth more effectively during the antibacterial mechanism.

49461

B EXPERIMENTAL SECTION

Synthesis of Mn-Doped Cdots. Fresh leaves of Psidium
guajava L. (guava leaves) were collected from the guava plants
on the AMU campus and washed with water. Then, 15 g of
dried leaves was ground using a mortar pestle. After the
grinding, the powder form of leaves was boiled in deionized
water at 90 °C for S h. The supernatant, which includes
extracted products of the reaction mixture, was collected in a
250 mL beaker with the help of Whatman filter paper. The
extracted aqueous solution was concentrated up to S mL using
an oven at 70 °C. Further, 0.2 mmol of manganese sulfate
monohydrate was added to the concentrated solution (e, S
mL), and the carbonization reaction was performed at 180 °C
for 5 h in a muffle furnace. The synthesized hydrothermal
product was purified by using dialysis techniques. The dialysis
was performed using 1 kDa (benzoylated dialysis bag) for 24 h.

Characterization of Mn-Cdots. The optical properties of
Mn-Cdots were studied with the help of a PerkinElmer
LAMBDA-45 spectrophotometer and HITACHI-F2500 fluor-
ometer. FTIR analysis was performed by PerkinElmer infrared
spectrometer. SEM images of the sample were recorded by
using a JEOL JSM 6S10LV electronic microscope. An XPS
study was carried out with the help of an ESCA Multilab 2000.
EPR and powder XRD of Mn-Cdots were measured using a
JEOL JES FA200 instrument and Rigaku Smart lab X-ray
diffractometer operating with a Cu Ka source (1 = 1.54 A),
respectively.

Antibacterial Activity Study. An antibacterial activity
study was performed using ampicillin-resistant green fluo-
rescence protein (GFP)-expressing recombinant E. coli as a
model bacterial species. For this purpose, different sets of
experiments were performed using E. coli under different light
conditions. Three sets of 4 X 3 mL of freshly prepared LB
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broth were taken in the test tubes. The three sets represent
different light conditions (white, blue, and yellow). To evaluate
the photosensitive properties, the Mn-Cdots were subjected to
different colors of light, i.e., cool white (peak centered at 4 =
460 nm), blue (4 = 425 nm), and yellow (4 = 590 nm) light
and dark conditions in the presence of ABTS and inoculated E.
coli. These lights were given by using two smart LED bulbs
(Smitch SB010-B22) of 10 W each from the top. A control
experiment was also performed with only ABTS in each set.
For further confirmation, a positive control experiment was
also carried out in the presence of only Cdots. After 12 h,
bacterial growth was observed by measuring the absorbance (at
595 nm), representing the optical density (OD).

B RESULTS AND DISCUSSION

The biomass-derived Mn-doped Cdots were synthesized from
abundantly available guava leaves using a hydrothermal
method. Guava leaves contain several medicinally important
phytochemicals (such as tannic and flavonoid derivatives) and
excellent carbon sources.”’ After purification, Mn-Cdots were
redispersed in deionized water for further characterization.
Figure la demonstrates the absorption characteristics of Mn-
Cdots, which displays an absorption peak at 276 nm with a
plateau-type absorption tail. The absorption peak at 276 nm is
assigned to the 7—z* transition graphitic core of Mn-Cdots.”!
The plateau-type absorption tail is observed, possibly due to
the n—z* surface states of Mn-Cdots.”' Then, the photo-
physical behavior of the aqueous solution of the Mn-doped
Cdots was characterized. Figure 1b demonstrates the excitation
tunable photoluminescence of Mn-Cdots, which were recorded
in the excitation range 350 to 450 nm. The emission behavior
of Mn-Cdots indicates the maximum emission intensity at 464
nm when excite at 370 nm (Figure 1c). Also, shifting of the
emission maximum peak is observed with increasing excitation
wavelength. The quantum yield of Mn-Cdots was found to be
9.2% with reference to quinine sulfate in 0.1 M H,SO,.
Further, the time-resolved photoluminescence (TRPL) spec-
trum of Mn-Cdots confirmed the triexponential decay profile
with an average lifetime (7,,) of 3.36 ns (Figure 1d). The
TRPL measurement was performed using a 375 nm excitation
laser source.

The formation and morphology of Mn-Cdots were revealed
in a transmission electron microscopy (TEM) study (Figure
2). TEM images confirmed the average size of 2.9 + 0.045 nm.
Further, high-resolution TEM (HRTEM) analysis indicates the
d-spacing value of 0.21 nm, which corresponds to the lattice

Figure 2. (a) TEM images of Mn-Cdots (scale bar at 200 nm). (b)
High-resolution TEM (HRTEM) image indicating the formation of
Mn-Cdots with average sizes of 2.9 & 0.045 nm (scale bar at 10 nm).

plane (001) of graphite carbon (Figure 2b)."”> We performed
XPS experiments to gain insight into the elemental
compositions and chemical nature of elements in Mn-Cdots.
The XPS measurement result is presented in Figure 3. As
shown in Figure 3, Mn-Cdots contain C, O, S, N, Mn, and Mg.
Notably, guava leaf extraction naturally contains Mg, and
therefore, the composition of Mn-Cdots indicates the presence
of Mg.** Further, deconvoluted high-resolution spectra of C,,
Oy Sy Mn,,, and Mg,, are demonstrated in Figure 3b—f.
Analysis of the deconvoluted C;; spectrum suggests the
presence of C—C/C=C (2844 eV), C—O/C-N (286.8
eV), C—NH, (293.1 eV), and a satellite peak due to 7 to 7*
transition (2962 V)™ in Mn-Cdots (Figure 3b). The
deconvoluted signal of the Oy, spectrum indicates the presence
of C—0/C=0 (531.7 eV) functionalities, and the Sap
spectrum implies S—C (162.7 €V) and S=O (168.5 €V) in
Mn-Cdots (Figure 3c,d). The high-resolution spectrum of
Mn,,, confirms the appearance of typical Mny,;,, (641.3 eV)
and Mny,; ) (653.7 eV) peaks, indicating the Mn>* oxidation
state of manganese in Mn-Cdots (Figure 3e)."* The
deconvoluted high-resolution Mg,, band in Figure 3f shows
the peaks at 48.1 eV (Mg—C) and 49.4 eV (Mg—O).22 Energy
dispersive X-ray (EDX) analysis and elemental mapping
further demonstrates the presence of (weight %) 35.01% C,
60.78% O, 1.57% S, 0.81% Mn, and 1.82% Mg (Table S1 and
Figure S1). The nitrogen element was not detected by EDX;
however, it was detected during recording of the XPS
spectrum. This is due to the presence of a trivial quantity of
nitrogen in Mn-Cdots. Further, EPR measurement results also
endorse manganese doping in divalent form (Figure S2).***°
Then, we carried out powder XRD measurement to character-
ize the composition or crystalline structure (Figure S3). In
Figure S3, the XRD pattern confirms the presence of divalent
Mn in Mn-Cdots (JPCD: 40-1289).”° The XRD analysis result
further resembles the results of XPS and EPR measurements,
i.e.,, the divalent oxidation state of manganese. Additionally, the
surface functionalities of Mn-Cdots were characterized with
the help of FTIR analysis. The FTIR spectrum (Figure S4)
indicates the presence of —OH, C—H, C=C/C=N, C-0/
C—N, =C-H, and Mn-O functional groups in Mn-Cdots,
and their respective frequencies are v(_op) 3374 cm™), V(_c-n)
2924 em™', vc—c/c=n) 1624 cm™!, Sy 1426 em”,
Vic-p/c-n) 1089 em™, S—c_w) 724 em™, and Ym0 615
cm .
Further, guava-leaf-derived Cdots were synthesized using a
hydrothermal method as a control for antibacterial study. The
synthesis protocol is given in the Supporting Information (SI).
The detailed characterization of Cdots was performed using
various techniques such as TEM, absorption spectroscopy,
fluorescence spectroscopy, EPR, FTIR, XPS, EDX, etc. and are
demonstrated in Figures S5—S8. Cdots contain (weight %)
40.83% C, 52.37% O, 3.07% S, and 3.74% Mg (Table S2 and
Figure S8). Like Mn-Cdots, the nitrogen element was not
detected during the EDX measurement, but the XPS study
revealed the presence of a trivial quantity of nitrogen in Cdots.
Notably, elemental analysis and the XPS study confirm that the
Cdots contain Mg,, inherently. The source of Mg,, is the
precursor guava leaves. Also, the absence of a manganese XPS
signal in Cdots refers to the successful doping of manganese in
Mn-Cdots.

Further, the stability of Mn-Cdots under different
conditions, such as pH, ionic strengths, and UV light exposure,
was studied by monitoring the photoluminescence of Mn-
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Figure 3. (a) Full scan XPS spectrum of Mn-Cdots, deconvoluted high-resolution Cy signal (b), Oy, signal (c), S, signal (d), Mn,, signal (e), and

Mg,, signal (f).

Cdots at an excitation of 370 nm and emission of 464 nm.
Figure S9 indicates that the emission of Mn-Cdots is stable
under different high salt concentrations. The pH dependence
study demonstrates the almost constant emission behavior of
Mn-Cdots (Figure S10). However, a slight increase in
fluorescence of Mn-Cdots at pH = 7 was observed. The
time-dependent photostability experiment also shows the
stability of Mn-Cdots under exposure to 365 nm UV light
(Figure S11).

Antibacterial Activity of Mn-Cdots. Further, we ex-
plored the antibacterial activity of Mn-Cdots. For this purpose,
an ampicillin-resistant green fluorescence protein (GFP)-
expressing recombinant E. coli was used to model bacterial
species. Later, a time-dependent study was conducted to
examine the effect of Mn-Cdots on the bacterial strain. First,
we tried to establish the photosensitive nature of the Mn-
Cdots for their antibacterial activity. To evaluate the
photosensitive properties, the Mn-Cdots were subjected to
different colors of 20 W light, i.e., white, blue, and yellow light,
in the presence of ABTS and inoculated E. coli. A control
experiment was also conducted with only ABTS and dark
conditions to establish the hypothesis. After 12 h, bacterial
growth was observed by measuring the absorbance/optical
density (OD) at 595 nm. Furthermore, inhibition of bacterial
growth was observed, confirming the antibacterial nature of
Mn-Cdots under each light condition. However, more than
50% growth inhibition was observed when the cells were
placed under an incubator in the presence of white light. The
MIC of Mn-Cdots was measured to be 0.33 mg/mL (D1),
0.83 mg/mL (D2), and 1.16 mg/mL (D3) with 0.42 mg/mL
of ABTS (Figure 4). Furthermore, under similar MIC
concentrations, no significant antibacterial activity was
observed under dark conditions. Moreover, negligible anti-
bacterial activity was observed with 0.42 mg/mL ABTS only.
White light is generated from the mixing of red, green, and
blue light. The expanded view of the UV—visible spectrum of
Mn-Cdots shows that the Mn-Cdots can strongly absorb

White Light ® Blue Light Yellow Light m Dark

I
|
x] |
|
" b2 D3

ABTS

60

40

Percentage Growth

[
>

Control D1

Figure 4. Normalized dose-dependent antibacterial activity measure-
ment on E. coli using Mn-Cdots with ABTS under white, blue, and
yellow light.

visible light in the whole range of 400—700 nm (Figure 1a).”’
Therefore, the superior antibacterial activity of Mn-Cdots was
noted under white light compared to that under yellow and
blue light.

However, after optimizing the concentration of ABTS and
Mn-Cdots, it was observed that the antibacterial activity was
increased by up to 90% when the setup was placed under the
standard bacteria growth condition (incubation) in the
presence of white light (Figure S). The results demonstrated
that 40% lesser ABTS concentration in the previous doses on
Mn-Cdots provides better antibacterial activity. More than
85% growth inhibition was observed in the same MIC doses
but with 0.25 mg/mL of ABTS. Moreover, negligible
antibacterial activity was observed with 0.25 mg/mL of
ABTS. Although, under similar conditions and doses of
Cdots, no significant antibacterial effect was observed.

Figure 6 illustrates the results of the SEM investigation to
compare the morphology of E. coli before and after treatment
with 1.16 mg/mL of Mn-Cdots. Compared to untreated E. coli
(Figure 6a), the SEM image of treated E. coli with Mn-Cdots
(Figure 6b) shows damage to the bacterial cell walls. It is,
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Figure 5. Dose-dependent antibacterial activity measurement on E.
coli using Mn-Cdots with ABTS under standard bacteria growth
conditions under white light.

conversely, clear that Mn-Cdots produce ROS that can disrupt
the membrane of bacteria.

Oxidative Stress Measurement via the NBT Test. It
was found that reactive oxygen species (ROS) generation may
be responsible for bacterial growth inhibition. Therefore, a
nitroblue tetrazolium (NBT) reduction test was carried out to
measure ROS generation. The ratios of Mn-Cdots and ABTS
were taken in the same dose to estimate the generation of
ROS. The conversion of NBT (pale) to formazan (blue) was
due to the production of ROS. The produced ROS was
measured by the optical density of the obtained formazan at
575 nm. In Figure S12, increasing optical density for doses/
concentration (D1, D2, and D3) confirms the ROS activity of
the Mn-Cdots. The synergistic effect of Mn-Cdots and ABTS
in the presence of white light led to the transfer of the electron
to cellular oxygen, producing ROS that led to oxidative stress
in the bacterial cell (Figure 6). A comparison table of the
antibacterial activity of Mn-Cdots in the present study with the
previously reported antibacterial activity of Cdots is given in
Table S3. Notably, the antibacterial activity of Mn-Cdots is
comparable with the previously reported Cdots-based
antibacterial studies.”*™*

The probable underlying mechanism for the antibacterial
activity in the presence of photoexcited Mn-doped Cdots is the
enhanced generation of ROS. It is well established that
photoexcited Cdots can accept and donate electrons to the
reaction medium.”*>> Therefore, photoexcited Cdots can
oxidize ABTS to the stable cation radical (ABTS®*) and
serve as a shuttle for electrons that oxidize Mn(II) to Mn(III)

present within Cdots.**™** The Mn(III) is able to oxidize
Cdots (containing carboxyl groups) to anion radical (CO*™*),
which might then reduce molecular oxygen to produce
superoxide (O*~*), which is responsible for the generation of
ROS.*® Therefore, only Cdots (in the absence of Mn) do not
show any significant antibacterial activity in the presence of
light.

Bl CONCLUSION

In summary, Mn-doped fluorescent Cdots were synthesized
through a simple one-step hydrothermal method using guava
leaves. These Mn-Cdots exhibited excellent antibacterial
activity against Gram-negative bacteria E. coli in the presence
of white light. The heightened antibacterial activity is
attributed to the rapid generation of ROS because of the
doping of a minute quantity of Mn in Mn-Cdots. A mediator
ABTS was used along with Mn-Cdots that further contributed
to the electron shuttler mechanism for the generation of ROS.
Overall, the results provide the idea that Mn-Cdots in the
presence of white lights might act as potent antibacterial
agents, which shows outstanding possibilities to combat new
antimicrobial resistance in the future.
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