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To address the growing challenge of bacterial antibiotic resistance, this study designed and synthesized chiral
carbon quantum dots (h-DCQDs) from levofloxacin and D-histidine. The h-DCQDs exhibit strong broad-spectrum
antibacterial activity against both Gram-positive and Gram-negative bacteria, while also inhibiting the devel-
opment of bacterial resistance and promoting wound healing. The antibacterial mechanism of h-DCQDs involves
reactive oxygen species generation and specific interaction with bacterial cell walls/membranes, leading to

structural disruption, content leakage, and cell death. Owing to their excellent biocompatibility and fluorescence,
h-DCQDs can also serve as effective bacterial imaging probes. This work highlights the innovation of using chiral
carbon quantum dots, which achieve bacteria-specific targeting and integrate antimicrobial and reporting
functions. This offers a promising strategy for tracking and treating bacterial infections.

1. Introduction

The rise of antibiotic resistance constitutes a global public health
crisis, driven by the misuse of antimicrobials and leading to persistent,
recurrent infections and the spread of multidrug-resistant pathogens [1].
Conventional antibiotic therapies are increasingly challenged by poor
drug penetration and biofilm-mediated resistance, underscoring an ur-
gent need for novel antibacterial systems that combine potent bacteri-
cidal activity with precise targeting capabilities [2]. Nanomaterials,
particularly carbon quantum dots (CQDs), have emerged as a promising
platform to address this dilemma due to their excellent biocompatibility,
ease of synthesis, and low propensity to induce bacterial resistance
[3,4]. The structural and optical properties of CQDs are highly tunable
through synthesis parameter adjustments and surface engineering [5,6],
which directly influences their interactions with bacterial cells [7]. A
key strategy to enhance specificity is the incorporation of chiral motifs,
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such as D-amino acids (enantiomeric amino acids with a D-configura-
tion), known for their targeting affinity towards bacterial cell walls and
metabolic pathways [8]. For instance, D-amino acid conjugates and
chiral CQDs derived from D-cysteine [9] or D-glutamine [10] have
demonstrated improved bacterial targeting. This specificity stems from
the preferential interaction of D-enantiomers with bacterial peptido-
glycan, making them valuable for medical applications [11]. Further-
more, such chiral CQDs can intercalate into bacterial DNA, causing
topological damage [12].

Concurrently, the intrinsic fluorescence of CQDs enables their use as
probes for bacterial detection and imaging [13,14]. While antibiotic-
derived fluorescent probes offer inherent targeting [15], their utility
can be limited by pathogen susceptibility [16]. Therefore, integrating a
reporting function into antibacterial CQDs presents a promising thera-
nostic strategy for infection monitoring [17]. The antibacterial action of
CQDs often involves the generation of reactive oxygen species (ROS),
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damaging bacterial membranes and internal components [18].
Nitrogen-rich precursors can enhance this ROS production [19].
Although antibiotic-based CQDs like those from levofloxacin show
potent activity [20], their development as integrated platforms for
specific targeting, real-time imaging, and robust anti-biofilm application
remains insufficiently explored.

Herein, we identify a critical research gap: the lack of chiral carbon
quantum dots that simultaneously possess high targeting specificity, a
built-in reporting capability, and effective anti-resistance properties,
particularly against resilient biofilms. To bridge this gap, we present the
rational design, synthesis, and mechanism of bacteria-targeting chiral
carbon quantum dots (h-DCQDs) with a high-specificity reporting
function for antibacterial and antibiofilm applications (Fig. 1). The h-
DCQDs are synthesized from levofloxacin and D-histidine, strategically
combining the broad-spectrum antibacterial activity of the fluo-
roquinolone with the bacterial targeting and chiral signature of the D-
amino acid. This work demonstrates that the resulting h-DCQDs exhibit
selective broad-spectrum antibacterial activity, excellent biocompati-
bility, and potent antibiofilm efficacy. The primary antibacterial
mechanism is attributed to ROS generation upon bacterial attachment,
leading to outer membrane disruption and content leakage. The inno-
vation and significance of this work lie in the creation of a multifunc-
tional theranostic agent that serves as both a fluorescent probe for
monitoring and a nano-antibiotic for combatting bacterial infections,
offering a promising strategy to monitor and reverse antibiotic
resistance.

2. Experiment section
2.1. Preparation of different DCQDs

A series of D-amino acid functionalized carbon quantum dots
(DCQDs) were prepared by one-step hydrothermal method as reported
in previous research. Specifically, levofloxacin and D-amino acid,
including D-histidine (D-his), D-arginine (D-arg), D-lysine (D-lys), D-
tyrosine (D-tyr), D-aspartic acid (D-asp), D-alanine (D-ala), D-methio-
nine (D-met), D-phenylalanine (D-phe), D-leucine (D-leu), D-threonine
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(D-thr) and L-histidine (L-his) were prepared previously. Then, the raw
materials including levofloxacin and D-amino acid were dissolved in
deionized water and transferred into Teflon-lined autoclaves and heated
at 200 °C for 12 h. After the reaction finished, the solution was cooled
down to room temperature, purified through centrifugal filter, dialyzed
by membrane of 100-500 Da and lyophilized to obtain DCQDs powders
for further used.

2.2. Statistical analysis

All data were acquired with parallel experiment. All statistical ana-
lyses were performed with Student’s t-test using GraphPad Prism 8. P <
0.05 was considered as a statistically significant difference.

3. Results and discussion
3.1. Synthesis and characterization of h-DCQDs

The carbon quantum dots were synthesized through a facile hydro-
thermal approach, which derived from different types of D-type amino
acids and levofloxacin. We measured the minimum inhibitory concen-
tration values of all the synthesized carbon quantum dots against three
representative strains, including Staphylococcus aureus (S. aureus),
methicillin-resistant Staphylococcus aureus (MRSA), and Escherichia coli
(E. coli). The results showed that the h-DCQDs (levofloxacin + D-tryp-
tophan) had the lowest minimum inhibitory concentration (0.025-0.05
pg/ml) and the highest biofilm clearance rate (>90%), indicating that D-
tryptophan was the optimal chiral precursor. The screening results are
summarized in Table S1. Fluorescence properties and antibacterial ac-
tivities of h-DCQDs could be affected by various factors, such as the
solvent ratio, reaction temperature, and reaction time. Based on the
results of optimization and antibacterial activity, the optimal prepara-
tion conditions were as follows: a solvent ratio of 1:1 (with 0.2 g of
levofloxacin and 0.2 g of D-histidine), a reaction temperature of 200°C,
and a reaction time of 12 h, respectively (Fig. S1).

Transmission electron microscopy (TEM) images revealed that the h-
DCQDs exhibited a spherical morphology and a homogeneous size
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Fig. 1. Schematic illustration of the synthesis and proposed antibacterial mechanism of the chiral carbon quantum dots (h-DCQDs).
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distribution (Fig. 2A), and their corresponding size distribution with a
diameter of 1.0 + 0.22 nm was shown in Fig. 2D. The size distribution
analysis of h-DCQDs in the TEM images (Fig. 2B) demonstrated that h-
DCQDs possessed good monodispersity. The intercrystalline spacing of
h-DCQDs was measured to be 0.22 nm, which corresponded to a well-
resolved lattice fringe (Fig. 2C, inset). Dynamic light scattering (DLS)
measurements indicated that the particle size of h-DCQDs in water was
3.35 £+ 0.15 nm (Fig. S2A). The difference between DLS and TEM results
is due to the fact that DLS measures the hydrodynamic diameter
including the solvent layer on the surface of h-DCQDs, while TEM re-
flects the actual core size of the nanoparticles. Additionally, the ¢-po-
tential of h-DCQDs was determined to be positive (39.87 + 0.73 mV) by
DLS, which was likely due to the protonation of the amino groups on the
surface of h-DCQDs (Fig. S2B). Through the investigation of size and
surface charge, the preliminary morphological characteristics of h-
DCQDs were elucidated.

The composition and structure of h-DCQDs were further investigated
by the UV-vis spectra. As shown in Fig. 2E, the absorption peak at 220
nm is assigned to D-histidine, while those at 240 nm, 295 nm and 340
nm are ascribed to levofloxacin. After the preparation of h-DCQDs using
levofloxacin and D-histidine as precursors, the absorption peak origi-
nally at 220 nm undergoes a red shift to 250 nm, and the peak at 295 nm
shifts to 300 nm, which is associated with the n-n* transition of the
carbonyl group in D-histidine [21]. Notably, the absorption peak in the
range of 295-300 nm corresponds to the n-1* transition of the imidazole
ring in histidine, representing a characteristic absorption peak of histi-
dine and its derivatives [22]. To further verify the specificity of this
characteristic peak, a comparative experiment was conducted using
carbon quantum dots synthesized without histidine but using levo-
floxacin alone (LCDs) exhibit no absorption peak at 295-300 nm [20].
Concurrently, the absorbance of the negligible band in the range of 360
nm and 500 nm was connected to the surface and edge defects of h-
DCQDs. The internal illustration was the optical photographs of h-
DCQDs solution at pH 7.4 under light and 365 nm ultraviolet light
illumination, as shown in the inset of Fig. 2E. Furthermore, the
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photoluminescence spectra of the synthesized h-DCQDs were shown in
Fig. 2F. h-DCQDs emitted the strongest fluorescence spectra at 497 nm
under the excitation at 340 nm. Meanwhile, the small change was
observed in the emission under the excitation from 220 to 440 nm
(Fig. S2C). The average fluorescence lifetime of the h-DCQDs was 6.99
ns (Fig. S2D), which could target molecules to distinguish even in the
case of background fluorescence interference for relatively long fluo-
rescence lifetime having higher sensitivity in fluorescence detection.
The main groups of raw materials, h-LCQDs and h-DCQDs were
characterized by FTIR (Fig. 3A and B). The absorption bimodal peaks of
—NH, groups at 3400-3200 cm ™! appeared in h-LCQDs and h-DCQDs.
The N-H bending at 1689 em™! appeared in D-histidine and h-LCQDs
and h-DCQDs [22]. The absorption peaks of h-LCQDs and h-DCQDs at
700-1000 cm ™! were attributed to the C-O and C-C bond stretching
vibration. The high temperature conditions of synthesis resulted in
various oxidation states on the surface of h-LCQDs and h-DCQDs.
Meanwhile, the characteristic peak of the imidazole ring (770 em™)
indicated that the core structure of the chiral source (L/D-histidine)
remained intact during synthesis, providing a structural basis for the
handedness of h-LCQDs and h-DCQDs [23]. Fig. 3C further showed the
XPS spectrum of h-DCQDs. The results of XPS analysis indicated that the
as-prepared h-DCQDs were composed of four elements: C, N, O and F
(Fig. 3C). The Cls XPS at 284.78 eV, 286.09 eV and 288.27 eV of h-
DCQDs indicated that —C-C, —-CN and —COOH existed in h-DCQDs [24]
(Fig. 3D). The peaks of N 1 s at 398.98 eV and 401.08 eV indicated the
existence of Pyridinic N and -NHj, [25] (Fig. 3E). The peaks of O 1 s at
531.08 eV and 532.98 eV of h-DCQDs could be divided into two peaks,
belonging to —C=0-N and -COOH [26], respectively (Fig. 3F). The
peaks of F 1 s at 687.08 eV and 688.62 eV of h-DCQDs could be divided
into two peaks, belonging to —CF and —C-CF [27], respectively
(Fig. 3G). The representation means of FTIR and XPS effectively char-
acterized the types of functional groups, especially -COOH and -NHp,
which demonstrated the successful synthesis of h-DCQDs. These spectra
results of h-LCQDs and h-DCQDs confirmed that h-LCQDs and h-DCQDs
possess identical chemical structures [28]. The hydrothermal synthesis
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Fig. 2. The characterization of h-DCQDs. (A) The large and (B) small field of view TEM image of (C) HR-TEM images of h-DCQDs, scale bar: 50 nm, 5 nm, and 2 nm,
respectively. (D) The corresponding size distribution of h-DCQDs in TEM vision of image A. (E) UV-vis absorption spectra of h-DCQDs. (F) Excitation-emission matrix
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Fig. 3. The surface group characterization of h-DCQDs. (A) FTIR spectrum of Levo, L-his, and D-his, (B) FTIR spectrum of h-LCQDs, and h-DCQDs, (C) XPS spectrum
of h-DCQDs, (D) Cls, (E) N1s, (F) Ols, and (G) F1s spectrogram of XPS spectrum of h-DCQDs, (H) CD spectra of L-his, h-LCQDs, D-his, and h-DCQDs.

of chiral carbon quantum dots could keep the chiral center of amino acid
raw materials well [29]. The circular dichroism (CD) spectra of h-LCQDs
and h-DCQDs exhibit opposite optical activity, confirming their mir-
ror-symmetric chiral configurations [23]. The h-DCQDs retained the
chiral characteristics of amino acid raw materials and the absorption of
circularly polarized light is consistent with the raw materials in the
200-300 nm range, which could also infer the structural information of
h-DCQDs chiral molecules (Fig. 3H). It could be inferred that the D-
histidine served as a chiral inducer with its chiral information being
imprinted into the carbon framework of h-DCQDs [30] and the signals of

S. aureus

E. coli

h-DCQDs chiral molecules formed from the surface and inside of h-
DCQDs [9]. The above results showed that h-DCQDs were formed with

plenty of functional groups, especially -COOH, -NHy and chirality
group.

3.2. Fluorescence imaging of h-DCQDs
Bioimaging plays a crucial role in numerous pathological and bio-

logical processes. Before the imaging ability of h-DCQDs was investi-
gated, the fluorescence quantum yield of h-DCQDs was studied, which

h-DCQDs

Fig. 4. The imaging effect in bacteria of h-DCQDs. Imaging effect of h-DCQDs in S. aureus and E. coli with the excitation wavelength of 405 nm, scale bar: 5 pm.
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can affect the efficiency and performance of fluorescent materials in
various applications. Comparing the fluorescence sample to be detected
with the reference sample 6 RG, as shown in Fig. S3A, the fluorescence
quantum yield of h-DCQDs was calculated to be 23.79%, which showed
excellent fluorescence effect of h-DCQDs for imaging. Meanwhile, the
photostability of h-DCQDs is one of the important parameters to eval-
uate the performance of fluorescent materials. The photostability
experiment showed that the fluorescence intensity of h-DCQDs was
highly stable even when it was continuously excited by a 125 W mercury
lamp for 3600 s (Fig. S3B). As shown in Fig. 4, the imaging ability of h-
DCQDs in both S. aureus and E. coli was excellent. With the increase of
incubation time, the effect of bacterial imaging became gradually
clearer (Fig. S3C). The above results showed that h-DCQDs was a
promising biological imaging material.

3.3. Antibacterial and anti-biofilm of h-DCQDs in vitro

According to the previous antibacterial activity experimental results
of levofloxacin-based carbon quantum dots [32], h-DCQDs derived from
levofloxacin and D-histidine also might be used as an effective anti-
bacterial agent. The antibacterial activity of h-DCQDs against different
bacteria in vitro was evaluated according to the disk diffusion method,
which was carried out with LB agar plate. Paper pieces were placed on
the LB agar plate with levofloxacin-based carbon quantum dots, D-his-
tidine and h-DCQDs, respectively. The antibacterial activity of h-DCQDs
could be evaluated by forming an obvious bacteriostatic zone after 20 h.
As shown in Fig. 5A and B, h-DCQDs showed significantly higher

A

S. aureus S. epidermidis

e —

Control

E. faecalis
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antibacterial activity than levofloxacin-based carbon quantum dots.
However, there was scarcely any bacteriostatic circle for D-histidine.
Meanwhile, the synthesized CQDs from only D/L-his (denoted as h-
CQDs) and only levofloxacin (denoted as LCDs) using the same method,
the MIC values of which against S. aureus, MRSA, and E. coli, the sup-
plementary data are presented in Table S2. The biofilm clearance rate of
h-CQDs, LCDs, h-LCQDs, and h-DCQDs against S. aureus, MRSA, and
E. coli was presented in Fig. S4. Compared with h-DCQDs, the results
show that h-DCQDs have significantly higher antibacterial, confirming
that D-his and its chiral properties enhance the biological activity of the
material. The superior performance of h-DCQDs may be attributed to the
synergistic effects of the carbon quantum dot matrix and the D-his
modification. The enhanced antibacterial activity of h-DCQDs might
result from the decrease of size and the increase of targeted binding
force to bacteria, which was investigated by the CD spectra (Fig. 3H).
The cell wall of bacteria contains peptidoglycan, which is an important
structural component and is essential for the growth and survival of
bacteria. In the process of peptidoglycan synthesis, there is an enzyme
called MurD ligase, which has high stereoselectivity to D-amino acid
[31]. By designing specific carbon dots, these carbon dots mimic D-
amino acids in structure and can specifically bind to MurD ligase in
peptidoglycan synthesis pathway in bacterial cell wall. This combina-
tion prevents the normal function of MurD ligase, thus significantly
inhibiting the synthesis of peptidoglycan. Because peptidoglycan is the
main component of bacterial cell wall, its synthesis is blocked, which
will lead to the abnormal formation of cell wall to destroy the integrity
of bacterial cells and eventually lead to bacterial death. The minimum

=

- Levo
I D-his
[ h-DCQDs

Fig. 5. The antibacterial ability of h-DCQDs. (A) The antibacterial ability of h-DCQDs with Disk-Diffusion Method, (a) levofloxacin-based carbon quantum dots, (b)
D-histidine, and (c) h-DCQDs, scale bar: 20 nm. (B) The quantitative data of bacteriostatic circle against different bacteria of h-DCQDs, including S. aureus,
S. epidermidis, E. faecalis, E. coli, P. aeruginosa and S. marcescens. (C) Live/dead bacteria imaging of S. aureus incubated with h-DCQDs, scale bar: 50 pm.
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inhibitory concentration (MIC) and minimum bactericidal concentra-
tion (MBC) values for different strains (S. aureus, MRSA, and E. coli)
using h-DCQDs have been determined and are presented in Table 1.
Meanwhile, the bacteriostatic curve of h-DCQDs against S. aureus, MRSA
and E. coli was carried out by broth microdilution method and consistent
with the disk diffusion method, as shown in Fig. S5A, B, and C. The result
of broth microdilution method showed that the MIC of h-DCQDs was
0.05 pg/mL of S. aureus and E. coli, which was lower than levofloxacin-
based carbon quantum dots. In addition, S. aureus stained with SYTO9/
PI staining showed a lot of green fluorescence imaging of live bacteria,
while the S. aureus incubated with h-DCQDs were stained with red
fluorescence for the bacteria being killed, as showed in Fig. 5C. The
similar result was observed in the gram-negative bacteria E. coli
(Fig. S5D).

Compared with levofloxacin, h-DCQDs would be more effective to
fight against S. aureus and E. coli within 50 passages (Fig. 6A and B). For
levofloxacin hydrochloride (Levo-HCl), its minimum inhibitory con-
centration (MIC) against S. aureus (Fig. 6A) exhibited a notable increase
starting at ~ 10 passages, with a sustained upward trend in subsequent
passages (ultimately exceeding the initial value substantially). Against
E. coli (Fig. 6B), the MIC of Levo-HCI began to rise after ~ 16 passages,
followed by continuous elevation in later passages. These observations
confirm that Levo-HCl readily drives the development of drug resistance
in S. aureus and E. coli. In contrast, the MIC of h-DCQDs against both
S. aureus and E. coli remained consistent with the initial level across 50
passages, showing no significant fluctuations. This result indicates that
h-DCQDs have minimal potential to induce bacterial resistance, thereby
exhibiting superior anti-resistance performance relative to Levo-HCI.
Anti-biofilm activity is a necessary characteristic of antibacterial
agents, because the infection will be aggravated or even repeated after
bacteria form biofilm. The bacterial resistance and anti-biofilm prop-
erties of h-DCQDs were explored through the related experiment. The h-
DCQDs could be used for anti-biofilm research by the CV staining results
(Fig. 6C) and Confocal laser scanning microscopy (CLSM) images results
(Fig. 6D). The quantitative data (Fig. 6C) showed that h-DCQDs had high
inhibitory activity on the formation of bacterial biofilm. The biomass of
S. aureus biofilm decreased with the increase of h-DCQDs concentration.
When the concentration of h-DCQDs was 256 pg/mL, the maximum
biofilm inhibition rate exceeded 99.99%. The CLSM images (Fig. 6D)
showed that the inhibitory activity of h-DCQDs on the formation of
bacterial biofilm was corresponding to CV staining results. CLSM was
employed to capture fluorescent images, with SYTO9 (green fluores-
cence) labeling live bacteria and propidium iodide (PI, red fluorescence)
labeling dead bacteria. The live/dead state of S. aureus was presented on
the green/red fluorescence color. After the S. aureus incubation with
saline, there were a lot of live bacteria in the biofilm and an obvious
biofilm was formed. However, after the S. aureus treated with h-DCQDs
at low or high concentration, only a little planktonic bacteria remain and
bacteria become inactive completely, respectively. To evaluate the
antibacterial and biofilm-eradicating potentials of levofloxacin, LCDs,
D-his carbon quantum dots (h-CQDs), and D-his-modified carbon
quantum dots (h-DCQDs) against S. aureus, the antibacterial activity of
the four materials against planktonic S. aureus was investigated. We
evaluated the antibacterial and anti-biofilm effects of bacteria using the
live/dead bacterial staining method (Fig. S6 A), and determined the
biomass of biofilms using the crystal violet assay (Fig. S6 B). S. aureus
cells were treated with each material at a final concentration of 8 pg/mL
for 8 h, followed by live/dead bacterial staining using the SYTO9/PI

Table 1
Shows MIC and MBC values of h-CQDs against different strains.

Strains G'/ G MICy (ug/mL) MBGCq (ug/mL)
S. aureus Gt 0.025 0.100
MRSA G 0.050 0.200
E. coli G 0.025 0.100
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double-staining kit. Quantitative analysis of the fluorescent images
revealed that the h-DCQDs treatment group exhibited the highest dead
bacterial ratio (no less than 75%). This ratio was significantly higher
than those of the levofloxacin, LCDs, and h-CQDs groups, indicating that
h-DCQDs possessed superior bactericidal efficacy against planktonic
S. aureus compared to the other three tested materials. In this set of
experiments, S. aureus biofilms were treated with levofloxacin, LCDs, h-
CQDs, and h-DCQDs (all at 8 pg/mL) for 24 h. Compared with h-CQDs
and LCDs, the results show that h-DCQDs have significantly higher
antibiofilm activities, confirming that D-his and its chiral properties
enhance the biological activity of the material. Consistent with the
planktonic antibacterial activity results, the h-DCQDs group achieved
the highest biofilm clearance rate of 84.67 + 0.03%. Quantitative
comparison showed that this clearance rate was 2.3-fold higher than
that of the levofloxacin group (44.22 + 0.07%), 1.8-fold higher than
that of the LCDs group (63.26 + 0.12%), and 1.5-fold higher than that of
the h-CQDs group (51.32 + 0.33%). These data fully demonstrated the
prominent biofilm-eradicating advantage of h-DCQDs over the other
three materials. Collectively, the combined results of planktonic bacte-
rial killing and biofilm eradication experiments consistently confirmed
that h-DCQDs exhibited the most robust antibacterial activity against
S. aureus.

3.4. Antibacterial mechanism of h-DCQDs

After evaluating the antibacterial activity of h-DCQDs in vitro, it is
necessary to clarify the antibacterial mechanism of h-DCQDs. The pos-
itive surface of h-DCQDs can attach to bacteria with negative charges by
electrostatic interaction. The DCFH-DA staining was used to evaluate the
level of ROS in S. aureus or E. coli incubated with h-DCQDs, respectively
(Fig. 7 A and B). The rosup was served as positive group, which could
stimulate the production of ROS. The results showed that the fluores-
cence intensity of h-DCQDs group was higher than positive group, which
meant the h-DCQDs could promote the production of ROS in bacteria.
Meanwhile, the content in bacteria including nucleic acid and ATP
obviously was leaked out after S. aureus or E. coli incubated with h-
DCQDs, respectively (Fig. 7 C and D). The definition of membrane
damaged and content leaked by ROS from the h-DCQDs stimulation to
bacteria, which was certified by the membrane integrity of S. aureus or
E. coli incubated with h-DCQDs in TEM images, respectively (Fig. 7 E).
Based on the above results, the antibacterial mechanism of h-DCQDs was
clarified to be the connection with bacteria by electrostatic interaction,
the membrane destroyed by ROS and the content in bacteria leaked out.

3.5. Antibacterial activity of h-DCQDs in vivo

After evaluating the antibacterial activity of h-DCQDs in vitro, it is
necessary to further evaluate its healing effect on infected wounds in vivo
(Fig. 8). The S. aureus + E. coli-infected wound healing activity in vivo
were evaluated to investigate the healing effect of the prepared h-
DCQDs. Results showed the macroscopic different appearance between
untreated group with levofloxacin hydrochloride and h-DCQDs on the
1st, 3rd, 5th, 7th and 10th day after operation (Fig. 8 A). The reduction
of wound area and improvement of epithelial tissue were observed in all
groups, while were more obvious in h-DCQDs group. The untreated
group had mild infection and inflammation, while h-DCQDs groups were
healing significantly after 10 days treatment. It was obvious that the
wound healing with the treatment of h-DCQDs had almost been
completed. The percentage of wound area was determined to the ratio of
recovered wound area to induced wound area, which could quantify the
wound healing process. After surgery, there was no difference in the
percentage of initial wound area, which was served as 100% wound area
percentage. On the 10th day after operation, the percentage of wound
area of levofloxacin hydrochloride, h-DCQDs and untreated group
reduced to varying degrees (Fig. S7 A). Compared with untreated group,
h-DCQDs treatment can significantly reduce wound size. With the
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decrease of wound area of mice, the decreased weight gradually
recovered to the trend of slow growth (Fig. S7 B). Pathological basic
staining analysis of skin wounds were carried out by hematoxylin-eosin
staining (Fig. 8 B), the image of hematoxylin-eosin staining of h-DCQDs
group showed a shape more similar with healthy skin than other groups,
including few hypertrophic scars, thin epidermis and almost normal hair
growing on the wound surface. However, untreated negative group
showed plenty of monocytes and granulocytes. The reduction of bacte-
rial content in wounds based on CFU counts was evaluated (Fig. S7 C).
After 10 days' treatment with normal saline, there was essentially no
antimicrobial effect. However, h-DCQDs and levofloxacin hydrochloride
treatment groups have no bacterial residues. The results are consistent

with the results of in vitro bactericidal activity determination. These data
showed the bacterial viability of h-DCQDs and levofloxacin hydrochlo-
ride treatment group decreased significantly, which were consistent
with the results of bactericidal activity in vitro.

3.6. Biocompatibility of h-DCQDs

RAW264.7 cells were used for MTT assay to evaluate the cytotoxicity
of h-DCQDs towards mammalian cells in vitro. As shown in Fig. S8 A, h-
DCQDs showed no obvious cytotoxicity at 0-800 pg/mL and even more
than 100% of RAW 264.7 cell viability, which meant the toxicity of h-
DCQDs to RAW264.7 cells could be neglected. Meanwhile, hemolysis
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test was conducted to verify whether h-DCQDs could cause hemolysis
and further evaluated blood compatibility. As shown in Fig. S8 B, the red
blood cells solution was turned red after added to water, indicating that
red blood cells were broken. However, when sterilized saline and saline
containing h-DCQDs at 0-800 pg/mL were added the red blood cells, the
solution was still colorless. The red blood cells all were deposited on the
bottom of the centrifuge tube after centrifugation. The results of MTT
assay and hemolysis test of h-DCQDs all certificated the non-toxicity of
h-DCQDs in vitro, which indicated that h-DCQDs could not cause red

Table 2

blood cell rupture and hemolysis under physiological conditions.
Although the cytotoxicity of h-DCQDs was minimal in vitro, it was
necessary to further investigate and evaluate the toxicity of h-DCQDs in
vivo. The toxicity of h-DCQDs to mice were investigated by dermal
administration of h-DCQDs solution for 10 days. Within 10 days, the
activities, diet and mental state of all mice were normal. After 10 days,
the toxicity of h-DCQDs to the main organs of mice in vivo was compared
and evaluated from the pathological aspect, as shown in Fig. S8 C. The
histological sections of heart, liver, spleen, lung and kidney with H&E

Routine blood test results of h-DCQDs in vivo. The results obtained were expressed as average + standard deviation from at least three repeats.

Parameter Control Error bar h-DCQDs Error bar Unit Reference range
WBC 2.773333 0.630899 2.96 0.816639 10"/L 0.80—10.60
Neu# 0.7 0.166433 0.896667 0.156312 10"/L 0.23—3.60
Lym# 1.43 0.177764 1.17 0.848705 10"/L 0.60—8.90
Mon# 0.483333 0.281129 0.46 0.144222 10"/L 0.04—1.40
Eos# 0.1 0.03 0.116667 0.025166 10/L 0.00—0.51
Bas# 0.06 0.017321 0.316667 0.119304 10"/L 0.00—0.12
RBC 6.546667 2.128294 7.89 1.085956 10™2/L 6.50—11.50
HGB 110.6667 33.62043 140.3333 4.163332 g/L 110—165
PLT 711.3333 166.5843 591.6667 182.9381 10"/L 400—1600
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color showed that there was no significant difference between h-DCQDs
group and control group. In addition, blood routine results were
consistent with the above results, as shown in Table 2. These results
indicated that the h-DCQDs could be further inferred that h-DCQDs did
not produce toxicity in vivo and in vitro. Further safety research needs
exploration in further work.

4. Conclusions

The experimental results showed that h-DCQDs had remarkable
antibacterial activity. The h-DCQDs would be applied to solve bacterial
infections, including resisting the formation of bacterial drug-resistant
and biofilm. The unique size and chirality characteristics of h-DCQDs
enabled them to penetrate and eliminate the biofilm, thus overcoming
intractable infection. The h-DCQDs with positive charge and chirality
could gather in the infected target more effectively and combine with
bacteria with negative charges on the surface more effectively, resulting
in broad-spectrum antibacterial effect and fluorescent bioimaging. The
h-DCQDs with antibacterial activity can promote infected wound heal-
ing in vivo, which was used to treat the animal wound model of bacterial
infection. Compared with the, h-DCQDs had a remarkable therapeutic
effect on the regression of inflammation and the reconstruction of skin
tissue. It introduces a novel strategy for precisely engineering microbe
surfaces and provides new avenues for tracking and treating bacterial
infections.
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