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Sulfur quantum dots (SQDs) have emerged as an intriguing class of luminescent nanomaterial due to their
exceptional physiochemical and optoelectronic properties. However, their biomedical application is still in
its infancy due to the limited scope of their surface functionalization. Herein, we explored the surface
functionalization of SQDs through different thiol ligands with tuneable functionality and tested their anti-
bacterial efficacy. Notably, very high antibacterial activity of functionalized SQDs (10-25 ng ml™) was
noted, which is 10° times higher compared to that of nonfunctionalized SQDs. Moreover, a rare phenom-
enon of the reverse trend of antibacterial activity through surface modification was observed, with
increasing surface hydrophobicity of various nanomaterials as the antibacterial activity increased.
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However, we also noted that as the surface hydrophobicity increased, the SQDs tended to exhibit a pro-
pensity for aggregation, which consequently decreased their antibacterial efficacy. This identical pattern
was also evident in in vivo assessments. Overall, this study illuminates the importance of surface modifi-
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Introduction

Quantum dots (QDs) are prevalent due to their versatile dis-
tinctive physiochemical properties that are harnessed in a
wide variety of applications, ranging from device fabrication to
biomedical research.'® Thus far, most of the reported semi-
conducting QDs contain cadmium, lead, or other toxic heavy
metal elements, which significantly limits their use in biologi-
cal and environmental systems.””® Over the past decade, inten-
sive research has been performed to study metal-free QDs such
as carbon QDs (CQDs) and silicon QDs (SiQDs) because of
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TElectronic supplementary information (ESI) available: Synthesis procedures
and characterization of ligands. Methods describing the preparation of SQDs,
functionalization of SQDs, determination of MIC and MBC, estimation of oxi-
dative stress generated by functionalized SQDs, estimation of membrane
depolarization affinity of functionalized SQDs, live/dead assay using fluo-
rescence microscopy, haemolysis assay, cytotoxicity assay, SEM sample prepa-
ration, TEM sample preparation for bacterial imaging, in vivo antibacterial study.
Results containing UV-Vis spectra of functionalized SQDs, antibacterial activity
of functionalized SQDs against E. faecalis and E. coli, zeta potential and fluo-
rescence spectra of C6@SQDs and C8@SQDs, antibacterial efficacy of C6@SQDs
and C8@SQDs against E. faecalis, PA, and E. coli, hydrodynamic diameter (Dy,) of
functionalized SQDs, TEM image of MRSA bacteria treated with functionalized
SQDs, photograph of agar plates during the in vivo experiment, and biochemical
parameters of the infected mice on the 10th day. See DOI: https://doi.org/
10.1039/d3nr04287a
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cations of SQDs and the role of surface hydrophobicity in the development of antibacterial agents.

their biocompatibility and chemical inertness.’®'® However,

for effective biological applications, control and specific inter-
actions with the biosystem are required.'®> This can be
accomplished through surface functionalization with synthetic
ligands to which is attached a desirable functional group.

There are two methods for incorporating desirable func-
tionality on the surface of non-metallic QDs.>® The first
method involves solvothermal treatment of suitable precur-
sors. However, harsh reaction conditions must be used, and
there is limited control over the desired functionality to be
incorporated.>**® The second method involves surface chemi-
cal modifications and multistep chemical synthesis.?”°
Because of these suboptimal conditions, there is a need to
design and develop a facile approach to modify the surface of
non-metallic QDs. In this regard, there has been great interest
in thiol molecule-based surface functionalization of gold and
other nanomaterials because the ability to fine-tune the
surface functionality and the occurrence of specific inter-
actions with biomolecules would be gained.*’® Similarly,
thiol molecule-based surface modification of non-metallic QDs
has the potential to open a new avenue for biomedical
research.

Sulfur quantum dots (SQDs), a new class of metal-free QDs,
have been used in numerous applications in the field of
sensing, cell imaging, photocatalysis, light emitting diodes,
and polymer nanocomposites due to their unique compo-
sition, favourable optical properties, low toxicity, excellent pro-
cessability, and low preparation cost.***> For SQDs to become

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 (a) Synthesis and functionalization of SQDs. (b) The effect of surface hydrophobicity of functionalized SQDs on the antibacterial activity

and their potency in a wound healing application.

a suitable candidate for biomedical research, adequate surface
modification is essential. Herein, we developed a simple pro-
cedure for thiol ligand-based surface functionalization of
SQDs, with possible direct dithiol bond formation. To the best
of our knowledge, this is the first attempt to establish post-syn-
thetic surface functionalization of SQDs.

In this work, we engineered the preparation of SQDs
through a hydrothermal method using sublimed sulfur and
p-phenylenediamine as the precursor and tetraethylene glycol
as the stabilizer. The as-prepared SQDs were purified through
column chromatography, and then exhibited precise photo-
physical properties and low polydispersity. To achieve post-syn-
thetic surface modification of SQDs by thiol ligands, surface
functionalization was performed using ligands synthesized
with different head groups possessing different charges (-'N
(CH3)3, -OH, -COOH) (Scheme 1a). The functionalized SQDs
were characterized through various techniques that established
effective surface functionalization.

Because a well-equipped toolbox is available to chemists to
provide functional diversity through synthesis, the establish-
ment of thiol functionalization is a factor that would contrib-
ute to SQDs becoming a promising candidate for numerous
applications. Out of the various applications, the development
of antimicrobial agents based on SQDs is still in its infancy.*®
The reason behind the continuous need to design and develop
a new generation of antibacterial agents is the excessive use
and misuse of conventional antibiotics that led to the emer-
gence of several drug-resistant bacterial strains.”’*° The mode
of antibacterial actions of SQDs or other nanomaterials is
novel to bacteria, and thus, they would not be able to respond

This journal is © The Royal Society of Chemistry 2023

using their natural defense system. The inhibitory action of
QD-based nanomaterials against bacteria mainly takes place
through the generation of reactive oxygen species (ROS), which
can disrupt the cell membrane integrity and damage impor-
tant internal cellular components.>*~>*

In this regard, Wang et al. first developed SQDs for the
treatment of bacterial infection, using a minimum inhibitory
concentration (MIC) value of 1.2 mg mL™".*° It was reported
that there is less toxicity of these SQDs up to 2x MIC, and they
exhibited inhibitory activity at a very high concentration com-
pared to conventional nanomaterial-based antibiotics, whose
antibacterial activity is within 1-10 pg mL™'.>*7> Because
there is a negative charge on the surface of bacteria, there is a
high affinity for positively charged nanomaterials to adhere to
bacterial membranes through electrostatic interaction.>®™®°
Therefore, we proceeded to examine the antibacterial efficacy
of functionalized SQDs against Gram-positive and Gram-nega-
tive bacteria. As expected, there was no antibacterial activity by
neutral (-OH) or negatively charged (-COOH) thiol ligand-con-
jugated SQDs up to a concentration of 5 pg mL™". There was
high antibacterial activity by positively charged ligand-conju-
gated SQDs (-'N(CHj);) against Gram-positive bacteria (methi-
cillin-resistant Staphylococcus aureus (MRSA) and Enterococcus
faecalis) at very low concentrations, in the range of 10-25 ng
mL~". However, we did not observe any notable antibacterial
activity against Gram-negative bacteria (Pseudomonas aerugi-
nosa (PA) and Escherichia coli) with up to 5 pg mL™" of SQDs.
Because the cell wall of Gram-negative bacteria contains an
outer lipopolysaccharide layer over the peptidoglycan layers,
positively charged ligand-functionalized SQDs are unable to
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penetrate the cell wall of these bacteria.® It has been reported
that when the hydrophobicity on the nanomaterial surface
increases, its antibacterial efficacy increases.””

Hence, to further increase the antibacterial efficacy of SQDs
so that they are effective against Gram-negative bacteria, posi-
tively charged thiol ligands with different hydrophobic head
groups were synthesized (-'N(CHj),n-C¢Hyz and —'N(CH;),n-
CgH,,) and functionalized. To our surprise, we observed that
not only are the positively charged SQDs containing n-hexyl
and n-octyl head groups ineffective against Gram-negative bac-
teria, but they also exhibited less activity towards Gram-posi-
tive bacteria compared to the methyl head group. This reverse
trend of antibacterial activity is unique from the nanomaterial
surface functionalization point of view (Scheme 1b). A careful
mechanistic investigation led to the conclusion that the nano-
material state after hydrophobic ligand conjugation is respon-
sible for the reverse trend in antibacterial activity.

Jiang et al. recently showed that the antimicrobial potency
of smaller silica nanoparticles is higher compared to larger
nanoparticles.®> Hayden et al. reported that there is a tendency
for hydrophobic ligand-functionalized cationic gold nano-
particles to aggregate on the bacterial surface.®® Through a
theoretical calculation, Linklater et al. showed that greater
stretching of a bacterial membrane occurs when gold nano-
particles are spatially distributed, as compared to when they
are in an aggregated form.®* These reports indicate that not
only the nanomaterial surface charge and hydrophobicity, but
also nanomaterial aggregation contribute to its antibacterial
activity. The development of antibacterial agents based on
SQDs and their acquired biocompatibility encouraged us to
explore possible in vivo applications. The in vivo experiment
suggested that there was high effectiveness for wound healing
without any harmful effect on normal tissue when a less
hydrophobic methyl head group was used. Therefore, it is
important to understand the role of a hydrophobic moiety on
the surface of nanoantibiotics to continue the war against bac-
terial illness at the clinical level.

Results and discussion
Synthesis and characterization of SQDs

We prepared the SQDs through a hydrothermal method using
sublimed sulfur and p-phenylenediamine as the precursors
and tetraethylene glycol (TEG) as the stabilizer. Sublimed
sulfur exists as Sg units, which upon solvothermal treatment
with a linker, results in polymeric nanoparticles.’® These nano-
particles are known as SQDs, and they exhibit luminescence
properties. In our experiment, we used p-phenylenediamine as a
cross-linker because it is well known to be effective in producing
many polymeric nanoparticle formations.*>®® Hence, a mixture
of sublimed sulfur and p-phenylenediamine in a 1:1 ratio was
hydrothermally heated to 200 °C for 24 hours in the presence of
TEG. After the reaction, the crude mixture emitted lumine-
scence, which indicates the formation of SQDs (Fig. 1a).
Column chromatography was used to purify the crude mixture,
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Fig. 1 Analysis of the structural composition of SQDs: (a) scheme for
hydrothermal synthesis of SQDs using sublimed sulfur and p-phenylene-
diamine as the precursors and tetraethylene glycol (TEG) as the stabilizer.
(b) Image of a TLC plate of the reaction mixture under UV light. For the
mobile phase, 1: 1 ethyl acetate—hexanes were used. (c) *H NMR spectra of
p-phenylenediamine and SQDs in CDCl; and CDsOD. (d) High-resolution
XPS spectra of N (1s), and (e) high-resolution XPS of S (2p).

with ethyl acetate and hexane as the eluent, and a specific frac-
tion was collected, as shown by the TLC plate under UV light in
Fig. 1b. This enabled precise control over the size and compo-
sition of the QDs.

The composition of the SQDs was determined using "H
NMR and X-ray photoelectron spectroscopy (XPS). The 'H
NMR spectrum of p-phenylenediamine showed a sharp singlet
peak in the aromatic region. In contrast, there were multiple
peaks in the aromatic regions of the SQDs, due to the variable
proton environment (Fig. 1c). This clearly signified that after
the formation of QDs, the aromatic protons were in different
environments. The chemical composition of SQDs was investi-
gated by XPS, which showed that the SQDs are mainly com-
posed of C, O, S, and N (Fig. S12at). In the high-resolution
XPS spectra of N (Fig. 1d), the peak near 399.02 eV signified
the presence of different S-N bonds (-SO,NH and
-S0,NS0,-).4"%° The high-resolution XPS spectrum of sulfur
is mainly composed of five different peaks (Fig. 1e). The peaks

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Optical and microscopic characterization of SQDs: (a) UV-Vis spectra of SQDs. (b) Fluorescence emission spectra of SQDs upon excitation at
various wavelengths. (c) AFM and (d) TEM images of SQDs. (e) HAADF-HRSTEM image of SQDs, with the inset showing the SAED pattern. (f-h)
HAADF-STEM image of SQDs, with elemental mapping of sulfur and oxygen.

at 163.2 eV and 164.57 eV were assigned to atomic sulfur S[0].
The peak at 167.11 eV was due to the sulfur of SO,~ (2p*?).
The peak at 168.26 eV was due to SO,~ (2p*’?) or SO, (2p*?),
and the peak at 169.12 eV was attributed to SO, (2p*/?).**

After evaluating the structural composition, we explored the
optical properties and morphology of the SQDs. The UV-Vis
spectra of the synthesized material show two major absorption
peaks at 247 nm and 410 nm (Fig. 2a). The peak in the range
of 150-250 nm corresponded to the transition of nonbonding
electrons of heteroatoms (S, O) from n — ¢*.*> The broad peak
centered at 410 nm signified the presence of S,>~ (S4,*7, S¢~~,
Sg>7), which can be correlated with the XPS analysis.”® The
photoluminescence spectrum of SQDs shows an excitation-
independent emission (Fig. 2b), which indicates that only a
single domain of a chromophore is present in the synthesized
material. The maximum excitation and emission wavelength of
SQDs are 400 nm and 546 nm, respectively.

After examining the optical properties, the morphology of
the SQDs was determined by atomic force microscopy (AFM)
and transmission electron microscopy (TEM) imaging. The
AFM analysis showed a uniform distribution of quantum dots,

This journal is © The Royal Society of Chemistry 2023

with heights ranging from 2 to 3 nm (Fig. 2c). The TEM ana-
lysis showed that the average size of the SQDs is approximately
3 nm (Fig. 2d). The high angle annular dark field-high resolu-
tion scanning  transmission electron microscopy
(HAADF-HRSTEM) image of SQDs (Fig. 2e) reveals the nano-
crystalline structure of QDs, as evident from the luminescence
properties. The d-spacing obtained from the selected area elec-
tron diffraction (SAED) pattern is 0.32 nm, and is consistent
with the (311) plane of Sg (Fig. 2e).”* To more closely study the
composition and structure of SQDs, elemental analysis was
performed. Fig. 2f shows that the HAADF-STEM image of
SQDs is consistent with the TEM image. Notably, the elemen-
tal mapping shows the homogeneous distribution of sulfur
(Fig. 2g) and oxygen (Fig. 2h), which is consistent with the XPS
results. All the above measurements confirm the formation of
SQDs with uniform distribution.

Functionalization of SQDs

The surface functionalization of SQDs by thiol ligand could be
a great tool to modulate biomolecular interaction. Keeping
this in mind, we tailored the surface of SQDs by attaching

Nanoscale, 2023, 15, 18624-18638 | 18627
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Fig. 3 Surface functionalization of SQDs with various thiol ligands: (a) scheme of functionalization of SQDs. (b) Structure of the ligands used for
functionalization. (c) Zeta potential of the functionalized SQDs. (d) Fluorescence emission spectra of the functionalized SQDs (excitation 400 nm).

(e) XPS spectra of C1@SQDs.

thiol ligands (Fig. 3a). Due to the presence of the S-S bond in
the core of the material, an opportunity was provided to form
an S-S bond on the surface upon post-synthetic modification
by thiol ligand. To establish the surface functionalization of
SQDs, synthesis of a series of thiol-containing ligands with
different head groups possessing different charges was per-
formed. The detailed synthetic procedure is given in the ESI
(Fig. S17). The structure of the ligands can be divided into four
different segments. First, a thiol group at the end was
anchored to the SQDs, and was further attached with an
alkane chain to impart stability. The tetraethylene glycol (TEG)
portion imparted biocompatibility, and finally, the head group
enabled the incorporation of different charges in the ligand
system. To impart a neutral charge to the surface of the SQDs,
a hydroxyl group was used as the head group. In contrast, a
carboxyl group was used as the head group for incorporating a
negative charge, and a quaternary ammonium group was used
as the head group to incorporate a positive charge on SQDs
(Fig. 3b). The synthesized ligands were then added to SQDs
and stirred for 48 hours to achieve surface functionalization.
The unbound ligands were then removed by repeated washing
with dichloromethane (DCM).

The shift in the zeta potential of the functionalized material
with respect to the native SQDs confirmed effective surface
functionalization (Fig. 3c). Compared to native SQDs with a zeta
potential of —20.3 mV, there was a significant shift in zeta poten-
tial to +75.6 mV for C1@SQDs. Likewise, the zeta potential for
neutral@SQDs was 3.18 mV, and for negative@SQDs, the zeta
potential was —41.2 mV. The blueshift in the emission peak of
the photoluminescence spectrum of the functionalized SQDs

18628 | Nanoscale, 2023, 15, 18624-18638

with respect to native SQDs further supported the surface modifi-
cation. Upon excitation at 400 nm, an emission peak near
546 nm was observed for native SQDs, whereas the emission
peaks for C1@SQDs, negative@SQDs, and neutral@SQDs were
near 530 nm, 525 nm, and 502 nm, respectively (Fig. 3d).

Furthermore, the infrared (IR) spectra of functionalized
SQDs contained all the signature peaks of ligands, which were
not present in those for native SQDs (Fig. S13t). The peaks
near 2900 cm™' corresponded to the asymmetric stretching
vibrations of -CH,- and -CHj;. For neutral@SQDs and
negative@SQDs, the broad peak near 3450 cm ™" signified the
presence of the hydroxyl group and acid group, respectively.
Additionally, there was significant enhancement of the relative
peak intensity of S and N in the XPS spectra of C1@SQDs com-
pared to native SQDs (Fig. S12c and df). Moreover, the increase
in SO;~ peak intensity of C1@SQDs compared to S[0] sup-
ported the presence of counterion OMs™ (Fig. 3e).

The functionalized SQDs exhibited absorption character-
istics in their UV-Vis spectra that were the same as those of
native QDs. This strongly showed that the core of the SQD
nanostructure ~ was  unaltered after functionalization
(Fig. S14bt). All these studies are in accordance with the
surface functionalization of SQDs. Effective surface
functionalization on SQDs can produce materials that are
effective for therapeutic and diagnostic applications. To the
best of our knowledge, the effect of SQD surface functionali-
zation on antibacterial activity has not been reported thus far.
Based on earlier studies, we explored the antibacterial effect of
functionalized SQDs as a proof-of-concept, where functionality
may play a major role.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Evaluation of antibacterial efficacy of functionalized SQDs. Kinetic growth curve of MRSA in the presence of (a) only SQDs, (b)
neutral@SQDs, and (c) negative@SQDs. Kinetic growth curve of PA in presence of (d) only SQDs, (e) neutral@SQDs, and (f) negative@SQDs. (g)
Kinetic growth curve of MRSA in the presence of C1@SQDs. (h) Colony-forming ability of MRSA after treatment with C1@SQDs. (i) Kinetic growth

curve of PA in the presence of C1@SQDs.

Antibacterial activity of functionalized SQDs

Wang et al. first explored the antibacterial activity of SQDs
with an MIC of 1.2 mg mL™" against MRSA and PA bacteria.*®
To increase the effectiveness of SQDs against bacteria, surface
functionalization can play an important role, as evident from
earlier reported works.”> Thus, the functionalized SQDs we
created were evaluated for MIC and minimum bactericidal
concentration (MBC) against two Gram-positive (MRSA and
E. faecalis) and two Gram-negative (PA and E. coli) bacteria.
The antibacterial efficacy of the functionalized SQDs was eval-
uated from the bacterial growth kinetics. To confirm the
growth kinetics, bacterial solutions with OD = 0.01 (10°-10”
CFU mL™") were incubated with different concentrations of
materials, and the change in optical density was measured
over a period of 16 h. The concentration at which no bacterial
growth was observed in the kinetic plot is known as the MIC.
The bacteria-killing efficiency of these functionalized materials
was then evaluated by streaking the treated solutions on an
agar plate. The concentration at which there is no formation of
bacterial colonies on the agar plate is known as the MBC con-
centration. As expected, there was no antibacterial activity by

This journal is © The Royal Society of Chemistry 2023

native SQDs, neutral@SQDs, or negative@SQDs against Gram-
positive or Gram-negative bacteria up to a concentration of
5 ug mL~" (Fig. 4a—f and S15a-f}). C1@SQDs showed very high
antibacterial activity against Gram-positive MRSA and E. faeca-
lis. The MIC values against MRSA and E. faecalis were 25 ng
mL~" (Fig. 4¢) and 10 ng mL™" (Fig. S15¢1), respectively, which
is 5-12 x 10" times less compared to the earlier reported MIC
values using SQDs.*° Similarly, the MBC value noted for MRSA
was 25 ng mL~" (Fig. 4h), and for E. faecalis, it was 80 ng mL ™"
(Fig. S15ht). This is most likely due to the electrostatic inter-
action of positively charged SQDs with negatively charged bac-
terial cell membranes.

After evaluating the antibacterial activity of C1@SQDs
against Gram-positive bacteria, we then confirmed the antibac-
terial efficacy against Gram-negative bacteria. We noted that
C1@SQDs are ineffective against the Gram-negative bacteria
PA (Fig. 4i) and E. coli (Fig. S15it) at concentrations up to 5 pg
mL™". The presence of the outer lipopolysaccharide layer over
the peptidoglycan layers on the cell wall of Gram-negative bac-
teria rendered C1@SQDs ineffective. To increase the effective-
ness of SQDs against Gram-negative bacteria, hydrophobicity
can be incorporated into the ligand system. There are several

Nanoscale, 2023,15, 18624-18638 | 18629
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Fig. 5 Evaluation of antibacterial efficacy of SQDs after hydrophobic ligand conjugation. (a) Kinetic growth curve of MRSA in the presence of
C6@SQDs. (b) Colony-forming ability of MRSA after treatment with C6@SQDs. (c) Kinetic growth curve of MRSA in the presence of C8@SQDs. (d)
Colony-forming ability of MRSA after treatment with C8@SQDs. (e) Confocal microscope images of live bacteria (green fluorescence, calcein AM)

and dead (red fluorescence, Pl) bacteria under different treatments.

reports describing the enhancement of antibacterial activity by
an increase in the hydrophobicity on the nanomaterial
surface.*®**”> To achieve that goal, we synthesized positively
charged ligands with an n-hexyl (-'N(CHj),n-C¢Hy3) and
n-octyl (-"N(CHj3),n-CgH;5) head group in place of one methyl
group (Fig. S1t). Using our developed method, these ligands
were then used to functionalize the surface of SQDs.

The functionalized materials were then characterized by
zeta potential measurement, fluorescence emission peak shift,
and IR spectra. The change in the zeta potential of SQDs from
—20.3 mV to +84.6 mV (for C6@SQDs) and +82.2 mV (for
C8@SQDs) indicates the effective surface functionalization
(Fig. S16at). Moreover, the blueshift in the emission peaks of
C6@SQDs and C8@SQDs upon excitation at 400 nm supports
the functionalization (Fig. S16bt). The presence of the ligand’s
characteristic peaks in the IR spectra (asymmetric stretching
vibrations of -CH,- and —-CHj; near 2900 cm_l) also confirm
the effective surface functionalization (Fig. S16ct). After the
functionalization, we tested this material’s antibacterial
efficacy against Gram-positive and Gram-negative bacteria. We
observed that the n-hexyl and n-octyl ligand-functionalized
SQDs (C6@SQDs and C8@SQDs) were still ineffective against
the Gram-negative bacteria up to 5 pug mL™" concentration
(Fig. S17%). To our surprise, there was decreased efficacy for
both Gram-positive bacteria as compared to C1@SQDs.
Additionally, the antibacterial activity of C6@SQDs was higher
as compared to C8@SQDs against both Gram-positive bacteria.
The MIC and MBC values for C6@SQDs against MRSA were 50
ng mL™" for each (Fig. 5a and b). For C8@SQDs, the MIC and
MBC values against MRSA were noted to be 125 ng mL™" and
225 ng mL™", respectively (Fig. 5¢ and d). Similarly, the MIC

18630 | Nanoscale, 2023, 15, 18624-18638

and MBC values for C6@SQDs against E. faecalis were 60 ng
mL™" and 100 ng mL™", respectively (Fig. S18a and bt). For
C8@SQDs, the MIC and MBC values against E. faecalis were
both 140 ng mL™" (Fig. S18c and df). The MIC and MBC
values are summarised in Table 1.

The different bacteria-killing efficiencies of functionalized
SQDs can be directly visualized by fluorescence microscopy
using simultaneous staining with calcein AM and propidium
iodide (PI). Live bacteria stained with calcein AM emit green
fluorescence, whereas dead bacteria stained with PI emit red
fluorescence. When MRSA bacteria with an OD of 0.2 were
incubated with 500 ng mL™" of functionalized SQDs for 1 h,
we observed that the bacteria-killing efficiency of C1@SQDs
was the highest, followed by C6@SQDs, and then C8@SQDs
(Fig. 5e). This reverse trend of antibacterial activity based on
the surface hydrophobicity of the nanomaterial is unique from
the surface functionalization point of view. Hence, our atten-
tion was subsequently focused on determining the reason for
this reverse trend in antibacterial activity.

Table 1 MIC and MBC values of functionalized SQDs against Gram-
positive MRSA and E. faecalis

MRSA E. faecalis

MIC MBC MIC MBC
SQD >5pgmL™" >5pgmL™' >5pgmL™t >5pugmLt
C1@SQD 25ngmL™" 25ngmL™' 10ngmL™* 80 ngmL™*
C6@SQD  50ngmL™"  50ngmL™" 60ngmL™' 100 ng mL™’
C8@SQD 125ngmL™" 225ngmL™" 140ng mL™' 140 ng mL™’

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Mechanistic investigation to understand the different antibacterial activities of functionalized SQDs. (a) Estimation of abiotic oxidative stress
of functionalized SQDs (10 ug mL™) by Ellman's assay after incubation for 1 h. The positive control used was 10 mM H,O,, and without material was
considered to be the negative control. (b) Quantification of the membrane depolarization ability of functionalized SQDs (4 ug mL™) against the
Gram-negative bacteria PA. (c) Quantification of the membrane depolarization ability of functionalized SQDs (4 ug mL™?) against the Gram-positive
bacteria MRSA. (d) Estimation of intracellular ROS generation by functionalized SQDs (400 ng mL™) at different time intervals.

Mechanistic study

The high antibacterial activity of positively charged SQDs can be
ascribed to two reasons. The first one is the core of the material
responsible for generating ROS. The second one is surface
functionalization, which is responsible for membrane damage.
Ellman’s assay was performed to quantify the abiotic oxidative
stress mediated by functionalized SQDs.”* The percentage loss of
glutathione by the functionalized SQDs was estimated using
0.4 mM glutathione incubated with 10 ug mL™" concentration of
functionalized SQDs for 1 h. As shown in Fig. 6a, the percentage
loss of glutathione follows the trend SQDs > C1@SQDs =
C6@SQDs > C8@SQDs. This clearly suggests that after
functionalization, C1@SQDs and C6@SQDs are almost equally
effective in generating abiotic oxidative stress. In comparison,
C8@SQDs are the least effective QD, and these data can be corre-
lated with their antibacterial activity trends.

SQDs are recognized for their potential to generate singlet
oxygen and hydroxyl radicals, and therefore, we conducted
assessments to evaluate their singlet oxygen- and hydroxyl
radical-generation capability.’® To investigate singlet oxygen
generation efficacy, we employed 1,3-diphenylisobenzofuran
(DPBF), a compound highly reactive towards singlet oxygen
(*O,). DPBF exhibits a peak absorption at approximately
410 nm, which gradually diminishes in the presence of singlet
oxygen due to the formation of a diketo derivative known as
1,2-dibenzoylbenzene (DBB), which is catalysed by singlet
oxygen-mediated ring opening. As depicted in Fig. S19a,T there

This journal is © The Royal Society of Chemistry 2023

was a progressive decrease in the absorbance intensity at
410 nm when DPBF was incubated with SQDs. In contrast, no
such decrease in intensity was observed in the case of DPBF
alone. This observation suggests that SQDs indeed possess the
capability to generate singlet oxygen.

To assess the effectiveness of SQDs in generating hydroxyl rad-
icals, we introduced isopropyl alcohol into the Ellman’s assay pro-
cedure (Fig. S19bt). Isopropyl alcohol is recognized for its ability
to quench hydroxyl radicals within a solution. However, under
our experimental conditions, we did not observe any change in
glutathione level compared to the control. This absence of gluta-
thione loss with respect to the control indicates that hydroxyl rad-
icals were not generated in the solution. Hence, the SQD core is
mainly responsible for generating singlet oxygen. Due to the pres-
ence of a positive charge on the surface of functionalized SQDs,
they are also expected to show a very high affinity for adherence
to the bacterial surface. Thus, the membrane depolarization
ability of the functionalized SQDs was evaluated using the sensi-
tive cationic dye 3,3-dipropylthiadicarbocyanine iodide (DISCs(5)).
The dye has a tendency to accumulate in-between the cytoplasmic
and peripheral membrane, which results in self-quenching of the
fluorescence intensity.”*”> Any factor that causes depolarization
of the bacterial surface leads to the release of the dye, and hence,
the fluorescence intensity is enhanced.

We observed that for the Gram-negative bacteria PA, the
functionalized SQDs were incapable of depolarizing bacterial
membranes due to the presence of an external lipopolysacchar-
ide layer over the peptidoglycan layer that renders functiona-

Nanoscale, 2023,15, 18624-18638 | 18631


https://doi.org/10.1039/d3nr04287a

Published on 31 October 2023. Downloaded on 7/16/2025 4:11:30 PM.

Paper

Fig.7 AFM images of functionalized SQDs: (a) Cl@SQDs, (b)
C6@SQDs, and (c) C8@SQADs. TEM images of functionalized SQDs: (d)
C1@SQDs, (e) C6@SADs, and (f) C8@SQADs.

lized SQDs ineffective against Gram-negative bacteria (Fig. 6b).
For the Gram-positive bacteria MRSA, the membrane depolar-
ization ability followed the order C1@SQDs > C6@SQDs >
C8@SQDs (Fig. 6¢), which is a completely reversed trend com-
pared to earlier reported literature.>"”>”® Furthermore, the
intracellular ROS-generating ability of this functionalized
material was estimated by the fluorescent probe 2',7"-didichlor-
ofluoresceiniacetate (DCFDA). The DCFDA dye is able to pene-
trate the cell, and generates fluorescence due to the conversion
to 2',7'-dichlorofluorescein (DCF) in the presence of ROS. The
intercellular ROS-generating abilities of the functionalized
SQDs follow the order C1@SQDs > C6@SQDs > C8@SQDs
(Fig. 6d), which is again a reverse trend with respect to earlier
reports. The membrane depolarization and the intracellular
ROS generation support the reverse trend of antibacterial
activity of the functionalized SQDs. However, we were curious
as to the origin of the reverse trend for membrane depolariz-
ation and the intracellular ROS-generation ability of functiona-
lized SQDs.

To determine the reason, we confirmed the state of the
material after functionalization by AFM, TEM, and DLS. We
noted that there was a tendency for the hydrophobic ligand-
functionalized SQDs to aggregate. For C1@SQDs, no such
aggregation was observed in AFM or TEM images (Fig. 7a and
d). However, the AFM and TEM images of C6@SQDs (Fig. 7b
and e) and C8@SQDs (Fig. 7c and f) showed a significant
amount of aggregation, where C8@SQDs showed a higher ten-
dency of aggregation as compared to C6@SQDs. A similar
observation was reflected in the DLS measurement (Fig. S207).
The hydrodynamic diameter (Dy,) of SQDs was 93.6 nm, and it
increased to 342 nm for C1@SQDs due to the insertion of
ligand and greater hydration, whereas the Dy, of C6@SQDs and
C8@SQDs increased to 781.8 nm and 827.3 nm, respectively,
due to the aggregation. We also assessed the polydispersity
index (PDI) of the functionalized materials. The PDI value for
C1@SQDs was approximately 0.272, while for C6@SQDs, it
was 0.655, and for C8@SQDs, it was 0.805. The increased PDI
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Fig. 8 SEM image of MRSA bacteria: (a) control; only MRSA, (b) MRSA
treated with C1@SQDs, (c) MRSA treated with C6@SQDs, and (d) MRSA
treated with C8@SQDs (the white arrow indicates the presence of
aggregated material on the bacterial surface).

values for C6@SQDs and C8@SQDs indicate higher levels of
aggregation.

The abiotic oxidative stress generation, membrane depolariz-
ation, and intracellular ROS generation are directly related to
their level of aggregation after functionalization. As mentioned
earlier, the charges of C6@SQDs (+84.6 mV) and C8@SQDs
(+82.2 mV) were found to be higher than that of C1@SQDs
(+75.6 mV) due to aggregation. Because the surface of Gram-posi-
tive bacteria is negatively charged due to the presence of teichoic
acid, it is expected that the higher charge will kill bacteria with
greater effectiveness. However, we have seen that the highest
membrane depolarization ability was for C1@SQDs, which was
due to aggregation. Thus, C6@SQDs and C8@SQDs were less
effective, even though their charge was higher. C1@SQDs did not
show a tendency towards aggregation, and because they exhibited
the highest membrane depolarization and intracellular ROS-gene-
ration ability, it was the most effective. Hence, the surface hydro-
phobicity and the nanomaterial state after functionalization play
an important role in dictating its antibacterial activity. Linklater
et al. showed through a theoretical calculation that when gold
nanoparticles are spatially distributed on the bacterial mem-
brane, then the overall stretching is the sum of individual nano-
particle contributions. In contrast, when the nanoparticles are
clustered, this creates cumulative stretching at the attachment
points. The cumulative stretching may be locally stronger than
the individual nanoparticle, but the combined force administered
by separated individual nanoparticles would be greater.**

To confirm the attachment of functionalized SQDs on the
bacterial surface and thus provide visual verification for the
mechanism, the change in the bacterial morphology upon
treatment with functionalized SQDs was imaged by scanning
electron microscopy (SEM). The SEM image of untreated
MRSA bacteria shows a clear spherical morphology with dis-
tinct membrane integrity (Fig. 8a). In comparison to this,

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 TEM images of MRSA bacteria: (a) MRSA treated with buffer (control), (c) MRSA treated with C1@SQDs, (e) MRSA treated with C6@SQDs (the
white arrow indicates the presence of aggregated material on the surface of bacteria), (g) MRSA treated with C8@SQDs (the yellow circles indicate

the higher level of aggregation of C8@SQDs on the surface of bacteria).

Scanning transmission electron microscopy (STEM) images of MRSA bac-

teria: (b) MRSA treated with PBS buffer (control), (d) MRSA treated with C1@SQDs, (f) MRSA treated with C6@SQDs, and (h) MRSA treated with

C8@SQDs. Elemental mapping: (i) S, (i) O, and (iii) N.

C1@SQDs incurred severe damage to the bacterial membrane
(Fig. 8b). No evidence of aggregation of C1@SQDs was
observed on the bacterial surface. In contrast to this,
C6@SQD-treated bacteria showed slightly less membrane
deformation in the SEM image (Fig. 8c). The SEM image of
bacteria treated with C8@SQDs shows membrane deformation
along with evidence of aggregated materials on the bacterial
surface (marked with a white arrow, Fig. 8d). As in the SEM
image, the interaction of aggregated material with the bacterial
surface is not very clear, and therefore, we proceeded to
confirm the interaction of functionalized SQDs through TEM
and elemental mapping. The TEM image of untreated MRSA
shows a clear spherical morphology (Fig. 9a and S21af),
whereas the bacteria treated with C1@SQDs exhibit severe
membrane deformation (Fig. 9c and S21bt). The layered struc-
ture associated with the bacterial cells consists of ruptured cell
membranes.

This journal is © The Royal Society of Chemistry 2023

On the contrary, the TEM image of the bacteria treated with
C6@SQDs clearly indicates the presence of aggregated par-
ticles on the surface of the bacteria (marked with a white
arrow, Fig. 9e and S21ct), and the level of aggregation is low.
However, the TEM image of C8@SQD-treated bacteria clearly
shows the interaction of aggregated material with the bacterial
surface (marked with yellow circles, Fig. 9¢ and S21d¥), which
indicates that C8@SQDs possess the lowest antibacterial
efficacy. Furthermore, the presence of material on the bac-
terial surface was confirmed by the elemental mapping of S,
O, and N (Fig. 9(i-iii)). The bacteria treated with functiona-
lized SQDs showed a higher contrast of S, O, and N, as
compared to the untreated bacteria. Moreover, in elemental
mapping, the regions shown by the yellow circle clearly indi-
cate the presence of aggregated C8@SQDs on the bacterial
surface (Fig. 9g and h(i-iii)). Hence, it was confirmed that
the antibacterial activity not only depends on the surface
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Fig. 10 Hemocompatibility and cellular toxicity of functionalized SQDs:
(@) hemocompatibility of functionalized SQDs at 800 ng mL™. (b)
Viability of HeLa cells up to 4x MIC of functionalized SQDs (C1@SQDs at
100 ng mL™%, C6@SQDs at 200 ng mL™2, and C8@SQDs at 500 ng mL™2).
“ns” denotes not statistically significant, **** denotes p < 0.0001, and ***
denotes p < 0.001 with respect to the control.

functionality, but is also heavily dependent on the state of
the nanomaterial after functionalization. The very low MIC
value of the functionalized SQDs and the critical evaluation
of the antibacterial mechanism indicates that functionalized
SQDs are robust antibacterial agents that kill Gram-positive
bacteria and are promising candidates for various appli-
cations in biomedicine.

Hemocompatibility and cellular toxicity of the functionalized
SQDs

The hemocompatibility and cytotoxicity of these functionalized
SQDs were assessed in vitro. The biocompatibility of a material is
mainly dependent on hemocompatibility. Hemolysis assay
revealed negligible lysis (approximately 10%) of red blood cells up
to a concentration of 800 ng mL ™" (>5x MIC) of the functionalized
SQDs (Fig. 10a). This signifies the excellent selectivity of these
functionalized SQDs for bacterial cells over mammalian cells.
Consequently, the concentration range used in this work would
not trigger the osmotic stress-responsive systems of human
erythrocytes, and no damage would occur to the erythrocyte
membrane. In a complementary experiment, the cellular toxicity
of the functionalized SQDs was determined against HeLa cells by
MTT assay. We observed that for up to 4x MIC (with respect to
MRSA), greater than 80% of cells are viable (Fig. 10b).
Consequently, the hemolysis and cytotoxicity studies suggest that
there is satisfactory biocompatibility of the material.

An evaluation of in vivo wound healing

To evaluate the potential applications of in vivo antibacterial
therapy, functionalized SQDs were used for the treatment of
previously created wounds on the back of BALB/c mice
infected by MRSA bacteria. The protocols for the care and
management of the animals followed the guidelines estab-
lished by the national organization, the ‘Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA),” and received approval from the Animal
Ethics Committee at the Indian Institute of Science (IISc),
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Fig. 11 Evaluation of the in vivo wound healing assay: (a) images of the
wound area on BALB/c mice, and their subsequent treatment with PBS
(control), vancomycin (20 pg mL™), SQDs (10 pg mL™), C8@SQDs
(2.25 ug mL™Y), C6@SQDs (500 ng mL™Y), or C1@SQDs (250 ng mL™Y). (b)
Quantification of wound sizes from different groups. (c) Quantification
of the number of bacteria present (CFU mL™) on the wound area at
different times. "ns” denotes not statistically significant, * denotes p <
0.05, ** denotes p < 0.005, *** denotes p < 0.001, and **** denotes p <
0.0001 with respect to the control.

Bengaluru, (CAF/Ethics/894/2022), India. The animals were
divided into six groups, with three mice in each group accord-
ing to the materials used for the treatment (PBS buffer was
used as the negative control, vancomycin as the positive
control, and the mice were treated with SQDs, C1@SQDs,
C6@SQDs, or C8@SQDs). The wounds were treated with the
functionalized SQDs on day 1 and day 3. The doses used for
the treatment were 250 ng ml™", 500 ng ml™", and 2.25 pg
mL™" for C1@SQDs, C6@SQDs, and C8@SQDs, respectively
(the doses were administered in accordance with their MBC
values for 10 times the concentration of MRSA). The concen-
trations used in this study for SQDs and vancomycin were
10 pg mL™" and 20 pg mL™", respectively.

Fig. 11a and b shows that the rate of wound healing is the
highest for C1@SQDs, which is as expected according to pre-
vious studies. On the 10th day, the infected wound was nearly
healed in the mice of the functionalized C1@SQD group as
compared to the control and other groups. A significant
wound boundary was still observed in those groups (Fig. 11a).
The bactericidal effect was estimated by determining the
number of MRSA bacteria in the wound area using the stan-
dard plating method (Fig. 11c and S22%). Compared to the

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Histopathology of skin sections: (a) stained with H&E (20x magnification): (i) control, (ii) SQDs, (iii) vancomycin, (iv) C8@SQDs, (v)
C6@SQDs, and (vi) C1@SQADs. (b) Stained with Masson'’s trichrome: the black arrows indicate the collagen fibers, the red arrows show the regener-
ated hair follicles, and the yellow marks show the regenerated epidermal layers (i—iii at 20x, and iv—vi at 40x magnification). (c) The immunohisto-
chemistry of TNF-a expression by DAB staining: the arrows show the TNF-a-positive cells. On the 10th day, the arrangement of the proper epidermal
layer and hair follicle development was confirmed via the wound-healing process in the C1@SQD-treated group of mice with the expression of TNF-
a-positive cells followed by C6@SQDs, C8@SQDs, SQDs, and vancomycin compared with the control group. (d) Immunohistochemical DAB staining
of IL-6 expression. On the 10th day, the proper epidermal arrangement and hair follicle development were proven during the wound healing
process in the C1@SQD-treated group of mice with the expression of IL-6-positive cells followed by C6@SQDs, C8@SQDs, SQDs, and vancomycin

as compared with the control group. The arrows indicate the IL-6-positive cells. (e) The histopathology of vital organs by H&E staining.

control, vancomycin, and the other SQDs, there was a signifi-
cant reduction in bacterial colonies in the C1@SQD-treated
group. Again, in the case of functionalized SQDs, the decrease
in bacterial colonies was in accordance with their antibacterial
efficacy. This result shows that the reverse trend of antibacter-
ial activity is not only true for in vitro systems, but it also
occurred in the in vivo system as well.

In addition to this, the in vivo biocompatibility of these
materials was assessed by biochemical parameters and histo-
logical examinations (Fig. S23). The white blood cells (WBCs)
function within the immune system of the body to protect
against infections,”” and therefore, the WBCs from blood
samples were counted and recorded for C1@SQD-treated
animals, followed by C6@SQD- and C8@SQD-treated animals
(Fig. S23at). As expected, we observed the highest count for
C1@SQDs. The other indicators in the blood parameters of

This journal is © The Royal Society of Chemistry 2023

the treated groups were within the normal range compared to
the untreated group (Fig. S2371).

The histopathological analysis by hematoxylin and eosin
(H&E) staining revealed faster wound healing on the 10th day
in the C1@SQD-treated group, followed by the C6@SQD,
C8@SQD, SQD, and vancomycin treatment groups as com-
pared with the control (Fig. 12a). Moreover, by Masson’s tri-
chrome staining method, adequate thickness of reepitheliali-
sation, well-organised epidermis, a greater number of dilated
follicles, and abundant type 1 collagen deposition was found
in C1@SQD-treated animals. Moderate thickness of the epider-
mal region and less collagen deposition were found in the
C6@SQD-treated animals, followed by the C8@SQD-, vancomy-
cin-, and SQD-treated animals as compared with the control
group (Fig. 12b). In addition, the inflammatory response upon
treatment with the functionalized SQDs was evaluated by TNF-
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a and IL-6 immune response while staining with diaminoben-
zidine (DAB). TNF-a is an adipokine and cytokine. As a cyto-
kine, TNF-o invokes the immune system for cell signalling
during an inflammatory response. TNF-a signalling also pro-
motes wound healing via the receptor of TNFR2.”%7° Similarly,
IL-6 plays a vital role in acute inflammation and is essential
for the timely resolution of wound healing. IL-6 signalling is
responsible for the shift to a reparative atmosphere.*®! It is
known that IL-6 overexpression is pathologically involved in a
number of diseases. With this connection, our immunohisto-
pathological results showed the expression of TNF-a and IL-6
in the immune response of the wound-healing process on the
10th day of skin tissue treatment with C1@SQDs, followed by
the groups that received C6@SQDs, C8@SQDs, vancomycin, or
SQD treatment as compared with the untreated mouse group.

The most rapid wound-healing process was observed in the
C1@SQD-treated group, where the mice exhibited an immedi-
ate wound healing process with an antibacterial effect on the
10th day, and in comparison, additional time was required in
the other groups for the wound to heal. Furthermore, there
was no significant toxicity that was made apparent in the his-
topathology analysis of vital organs such as the heart, kidney,
liver, lung, and spleen after treatment with vancomycin, SQDs,
C8@SQDs, C6@SQDs, or C1@SQDs as compared with the
control. The above results indicate that there is great potential
for the use of functionalized SQDs in wound healing.

Conclusion

Herein, we report a facile post-synthetic methodology for
surface modification of SQDs using various thiol ligands. This
can be extended to all types of low-dimensional sulfur nano-
materials and can be utilized over a wide range of applications.
Depending on the headgroup of the ligand, we can tune its
surface functionality, charge, and even the state of aggregation.
All of these phenomena play a crucial role in many biological
applications, such as antimicrobial activity assays.

There was much higher antibacterial activity by the functio-
nalized SQDs with a methyl head group as compared to the
hexyl and octyl head group, which is the opposite of frequently
observed phenomenon. Mechanistic investigations revealed
that nanomaterial aggregation after hydrophobic ligand
functionalization is responsible for reduced antibacterial
activity. Because the decreased hydrophobic functionality also
reduces the cellular and hemolytic toxicity, it is therefore suit-
able for in vivo applications. A similar trend was also observed
during in vivo wound healing applications. Overall, these find-
ings will elucidate the most optimal accessibility for SQDs and
promote further designs of functionalized nano-antibiotics.
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