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ABSTRACT: Carbon dots (CDs) with positive surface charges are considered
one of the encouraging nanomedications for antibacterial applications.
However, due to the distinctive membrane structure of Gram-negative
bacteria, cationic CDs with relatively high concentrations are usually required
for effective treatment, which might bring out serious safety issues at high
doses. Therefore, it is of substantial significance to improve the killing
efficiency of cationic CDs on Gram-negative bacteria at appropriately low
concentrations. In this work, optimized cationic CDs (bPEI25 000-CDs) were
prepared via a hydrothermal method with citric acid and branched PEI25000,
which offered a positive surface potential, elimination abilities against
Escherichia coli, and relatively high biosafety. The optimized bPEI25 000-CDs
can further assemble with the clinical photodynamic therapy (PDT) drug 5-
aminolevulinic acid (5-ALA) through electrostatic interaction. Moreover,
compared with bPEI25 000-CDs and 5-ALA, the bacterial survival rate was significantly reduced by the ALA-bPEI25 000-CD-induced
PDT effect. Even when the dose of bPEI25 000-CD carrier was halved, the bacterial survival could be reduced by 44.4% after light
exposure compared to those incubated in the dark. The investigation of the bacterial morphology, membrane potential, and
intracellular ROS production suggested that the enhanced antibacterial activity may be due to the membrane dysfunction and cell
damage resulting from the high interaction between positively charged ALA-bPEI25 000-CDs and the bacterial cell membrane.
Meanwhile, the cationic ALA-bPEI25 000-CDs may facilitate the cellular uptake of 5-ALA, resulting in a more efficient PDT effect. In
summary, the antibacterial strategy proposed in this study will provide a novel approach for expanding the application of CD-based
nanomedications.

1. INTRODUCTION
Bacterial infections have become one of the most serious
threats to human health, food safety, and medical develop-
ment. Antibiotics are commonly used clinical drugs for
bacterial infectious treatment, and the misuse and overuse of
antibiotics have accelerated the evolution of bacterial
resistance.1 With the rapid development of nanoscience and
nanotechnology, nanomaterial-based antimicrobial agents, such
as nanosilver,2,3 titanium dioxide,4,5 graphene,6,7 and cationic
polymer nanoparticles,8 have shown great potential in
overcoming drug resistance by virtue of their unique
characteristics. However, these nanosystems are still restricted
to certain limits for practical applications. For instance, the
potential toxicity risks caused by metal ion release and the
relatively slow clearance of nanomedications with larger sizes in
vivo should be clarified. Thus, novel nanomaterials with
improved safety and effective antibacterial activity are strongly
desired.9,10

Carbon dots (CDs) are carbon nanomaterials featured with
high fluorescence stability, good biocompatibility, low toxicity,
easy preparation, and wide applications, such as fluorescence

imaging,11−13 biochemical analysis,14−16 photocatalysis,17,18

and cancer therapy.19,20 Recently, CD-based hypotoxic
antimicrobial materials have drawn extensive attention from
the scientific community. For instance, polyethylenimine
(PEI), as a cationic polymer with many primary, secondary,
and tertiary amino groups, has been popularly used in drug
delivery, gene transfection, and antibacterial applications.21−23

Due to the strong penetration and disruption ability of the
positively charged PEI to bacterial cell membranes, the PEI-
functionalized CDs provide candidates for the fabrication of
antibacterial nanomedications.24−26 However, despite very
promising capabilities, some cationic CD-based antibacterial
nanomedications in clinical treatment still face a critical issue
that the higher concentrations are required to eliminate Gram-
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negative bacteria compared to that for Gram-positive bacteria,
which accordingly address safety concerns.27−29 Hence,
constant efforts have been devoted to improving the
antibacterial efficacy of cationic CD-based antibacterial nano-
medications, particularly against Gram-negative bacteria.
5-Aminolevulinic acid (5-ALA), a hydrophilic clinical

photodynamic therapy (PDT) drug approved by the U.S.
Food and Drug Administration, has been commonly employed
to treat dermatological disorders and cancer-related diseases by
producing photoactive endogenous porphyrins through a series
of enzymatic reactions and followed by converting the
surrounding oxygen molecules into reactive oxygen species
(ROS).30−32 Compared to carbon dots, there are far fewer
studies on the use of 5-ALA for bacterial elimination. It has
been reported that Gram-negative bacteria are usually less
sensitive to 5-ALA-induced PDT than Gram-positive bacteria
due to differences in the cell membrane structures and the
quantity, type, and distribution of endogenous porphyrins
induced by 5-ALA from different strains.33−37 Therefore,
nanomedications taking advantage of the abilities of cationic
CDs in disrupting cell membranes and 5-ALA for PDT have
enormous potential to realize enhanced antibacterial efficien-
cies against Gram-negative bacteria, which is of vital
significance for clinical applications. In this work, the
optimized bPEI25 000-CDs were prepared by hydrothermal
method using branched polyethylenimine (bPEI, average Mw
25000) and citric acid as the raw materials, which
demonstrated positive surface charges, antibacterial ability,
and good biocompatibility. A coassembly was further formed
(ALA-bPEI25 000-CDs) by integrating bPEI25 000-CDs with 5-
ALA via electrostatic interaction (Figure 1a). An enhanced
inhibition effect on Gram-negative Escherichia coli (E. coli) was
observed for ALA-bPEI25 000-CD treatment after photoexcita-
tion compared to those for 5-ALA and bPEI25 000-CDs,
respectively. Additionally, a relatively satisfactory elimination
effect was obtained even after reducing the amount of
bPEI25 000-CD carrier (Figure 1b). Hence, this research offers

a new perspective on expanding novel nanoantimicrobials with
low cost, simple preparation, and efficient bacterial inhibition
activity.

2. EXPERIMENTAL SECTION
2.1. Materials. E. coli (CMCC44102) was purchased from

the Shanghai Bioresource Collection Center. Human liver HL-
7702 cells (L02), human skin fibroblast (HSF) cells, and
human embryonic kidney epithelial cells (HEK-293T) were
obtained from iCell Bioscience Inc. (Shanghai, China). Blood
samples of Sprague-Dawley rats were obtained from the
Laboratory Animal Center (Xinxiang Medical University,
China), and the study protocol on the Ethics of Animal was
approved by the Ethics Committee of Xinxiang Medical
University. Citric acid monohydrate, branched polyethyleni-
mine (bPEI25 000, average Mw 25 000 by LS), and 5-
aminolevulinic acid hydrochloride (5-ALA) were provided by
Sigma-Aldrich (St. Louis, MO). The cell counting kit-8 and
fluorometric intracellular ROS kit were purchased from
Shanghai BESTBIO Technical Co., Ltd. (Shanghai, China).
Ultrapure water (18.2 MΩ, Millipore Co.) was used in all
experiments. More detailed information on materials and
instruments are listed in Text S1 and S2.

2.2. Irradiation Parameters. Irradiation was performed
with a red diode laser (633 ± 3 fwhm nm) as the light source
(Changchun New Industries Optoelectronics Technology Co.,
Ltd.). The photoexcitation was performed with a total specific
dose of 177 J/cm2 and different irradiation periods (10, 20,
and 30 min). The laser probe was placed above the irradiated
samples at a vertical distance of 5 cm.

2.3. Preparation of bPEI25 000-CDs. The optimized
bPEI25 000-CDs were prepared via the one-pot hydrothermal
method. Briefly, 0.7 g of citric acid monohydrate and 2.1 g of
bPEI25 000 were sequentially dissolved in 15 mL of deionized
water. Then, the resulting clear solution was transferred to a 50
mL hydrothermal reactor and heated at 220 °C for 8 h to
produce bPEI25 000-CDs. The obtained bPEI25 000-CDs were

Figure 1. Schematic illustration of (a) the fabrication of bPEI25 000-CDs and ALA-bPEI25 000-CDs. (b) The inactivation performance of bPEI25 000-
CDs and ALA-bPEI25 000-CDs on E. coli (MIC is the minimum inhibitory concentration of bPEI25 000-CDs against E. coli).
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first filtered through a 0.22 μm membrane and then purified
using 20 kDa dialysis bags against ultrapure water for 48 h.
CDs prepared without bPEI25 000 under the same conditions
were defined as bare CDs. All samples were stored in a
desiccator after freeze-drying.

2.4. Preparation of ALA-bPEI25 000-CDs. 5-ALA was
loaded onto bPEI25 000-CDs by electrostatic adsorption and
purified by dialysis. A standard curve was established to detect
the concentration of unloaded free 5-ALA. The loading
capacity of bPEI25 000-CDs was determined according to the
difference between the total amount of 5-ALA and the
unloaded 5-ALA outside the dialysis bag. For the loading
capacity measurement, 1.0 mg of bPEI25 000-CDs and varying
amounts of 5-ALA (with mass ratios of 2:1, 1:1, 1:3, and 1:5)
were dissolved in 10 mL of a PBS buffer solution (0.01 mol/L,
pH 7.4). Then, the mixture was stirred in the dark at 5 °C for 4
h and further dialyzed against 1500 mL of deionized water
using a 0.5−1.0 kDa dialysis bag for 24 h to remove any
unloaded 5-ALA. Finally, the free 5-ALA external dialysis bag
was quantified according to the steps outlined in the
calibration curve experiment (Text S3).

2.5. Preparation of Bacterial Suspension. E. coli was
inoculated on nutrient agar and incubated at 37 °C for 24 h to
obtain a single colony. Then, the colonies were selected by an
inoculation ring and cultured in MHB medium for 12 h (37
°C, 200 rpm/min). Finally, the concentration of the bacterial
suspension was adjusted to 108 CFU/mL by measuring the
absorbance at 600 nm.

2.6. Antibacterial Activity Evaluation. The antibacterial
activity was evaluated using the broth microdilution method
and plate count method under different environmental stimuli
(in the dark or in the light). The control groups were bacterial
suspensions in 100 μL of MHB medium. In the broth
microdilution method, 50 μL of bacterial suspension was
seeded in 96-well plates at a concentration of 1.5 × 106 CFU/
mL followed by the addition of 50 μL different concentrations

of bacteriostats. In the dark group, the absorbance of each well
at 600 nm was measured after 20 h of incubation in the dark,
and the lowest concentration of bacteria-free well observed by
the naked eye was determined as the minimum inhibitory
concentration (MIC). In the light group, all samples were
irradiated with a 633 nm laser after being treated with drugs in
the dark for 4 h and then incubated in the dark until measured.
In the plate count method, 106 CFU/mL of bacterial
suspensions cultured with different bacteriostats were used as
drug-treated samples. After 4 h of incubation, samples in the
dark and light groups were diluted to appropriate concen-
trations and smeared on a nutrient agar plate. The colony
numbers on each plate were counted after culturing for 24 h of
culturing.

2.7. Other Characterizations. Detailed information on
the hemolysis test, cytotoxicity test, membrane potential
measurement, intracellular ROS detection, and bacterial
morphological characterization are provided in Text S4−S8,
respectively.

3. RESULTS AND DISCUSSION
3.1. Preparation and Optimization of bPEI25 000-CDs.

It is widely acknowledged that both antibacterial efficacy and
biosafety are crucial factors in the application of nano-
medication. Therefore, bPEI25 000-CDs with optimized per-
formance were first prepared. We synthesized five bPEI25 000-
CDs using 0.7 g of citric acid monohydrate and varying
amounts of bPEI25 000 (0.52, 1.05, 2.10, 4.20, and 6.30 g),
which were sequentially labeled as 1−5. We then evaluated
their antibacterial efficacy and biosafety properties. Figure 2a
shows the proliferation curves of E. coli after 20 h of incubation
with different bPEI25 000-CDs, which clearly reveals that the
increase of the bPEI25 000 precursor significantly enhances the
antibacterial ability of bPEI25 000-CDs. The MIC values of both
bPEI25 000-CDs1 and bPEI25 000-CDs2 were above 2.5 mg/mL,
while the MIC values of bPEI25 000-CDs3, bPEI25 000-CDs4, and

Figure 2. (a) Proliferation curves of different bPEI25 000-CDs against E. coli. (b) Hemostasis test of different bPEI25 000-CDs ((+) and (−) refer to
deionized water and 0.9% normal saline, respectively). The cytotoxicity investigation of different bPEI25 000-CDs on L02 (c), HEK-293T (d), and
HSF (e) cells.
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bPEI25 000-CDs5 were 2.5, 1.0, and 0.75 mg/mL, respectively.
We further evaluated their blood compatibility by calculating
the hemolysis rate (Table S1). The results showed that
bPEI25 000-CDs5 fails to meet the requirements of less than
5.0% in the International Organization for the Hemolysis Rate
Test (ISO number: 10933-4) even at a relatively low
concentration (0.125 mg/mL). Conversely, bPEI25 000-CDs3
and bPEI25 000-CDs4 exhibited satisfactory antibacterial proper-
ties and qualified hemolysis rates, indicating their potentials for
biomedical applications (Figure 2b). Subsequently, the
cytotoxicities of bPEI25 000-CDs3 and bPEI25 000-CDs4 on L02,
HEK-293T, and HSF cells were determined to assess their
health risks to human exposure during clinical use, including
hepatic metabolism, renal metabolism, and skin contact. It was
shown that even at the highest concentration of 4.0 mg/mL,
the relative cell viability of L02, HEK-293T, and HSF
remained above 80% after incubation with bPEI25 000-CDs3
(Figure 2c−2e, respectively). However, the relative cell
viabilities of the bPEI25 000-CDs4-treated group were only
9.06, 32.41, and 4.60% for L02, HEK-293T, and HSF cells at
its MIC (1.0 mg/mL), respectively. Consequently, bPEI25 000-
CDs3 is verified as the preferred candidate for clinical
treatment, which is described as the optimized bPEI25 000-
CDs in the following experiments.

3.2. Characterization of the Optimized bPEI25 000-CDs.
The morphology and structure of the optimized bPEI25 000-
CDs were further explored (Figure 3a,b). The morphology
image of the optimized bPEI25 000-CDs depicted nearly
spherical carbon particles, and the hydration radius of the
optimized bPEI25 000-CDs ranged from 15.7 to 28.2 nm with
the average diameter determined to be 18.6 nm (Figure 3b). In
addition, a sharp distinction in surface charge between the bare
CDs (−4.7 mV) and the optimized bPEI25 000-CDs (+13.1
mV) was detected, highlighting the crucial role of bPEI25 000 in
endowing CDs with a positive surface potential (Table S2).
Subsequently, the samples were analyzed by X-ray diffrac-
tometer (XRD), Fourier transform infrared spectroscopy
(FTIR), and X-ray photoelectron spectroscopy (XPS) to
obtain structural and functional group information. The XRD
pattern revealed a broad and low-intensity diffraction peak
centered at 18.4°, indicating an amorphous structure (Figure
3c). The characteristic peaks in the FTIR spectrum of
bPEI25 000 (Figure 3d, line (i)) could also be found in the
spectrum of the optimized bPEI25 000-CDs (Figure 3d, line
(ii)). This was attributed to the stretching vibration of C−N
groups at 1121 cm−1, the in-plane bending, and the symmetric
and asymmetric vibrations of CH2 groups at 1453 cm−1, 2825,
and 2950 cm−1, respectively. Meanwhile, the appearance of the

Figure 3. Characterization of the optimized bPEI25 000-CDs. (a) The morphology image of bPEI25 000-CDs with a scale bar of 50 nm. (b) The size
distribution investigation by DLS measurement. (c) XRD analysis. (d) FITR image ((i) bPEI25 000, (ii) bPEI25 000-CDs, and (iii) bare CDs). (e)
XPS survey scan of bPEI25 000-CDs. (f) High-resolution survey scan of the C 1s region, (g) N 1s region, and (h) O 1s region.

Figure 4. (a) Growth activity of E. coli treated with different concentrations of 5-ALA in the dark and in the light (the irradiation parameters were
set at 148 mW/cm2, 20 min, and 177 J/cm2). (b) Determination of the relative ROS production in E. coli after incubation with 5-ALA under
different irradiation conditions.
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C�O stretching in the amide linkage at 1642 cm−1 indicated
the presence of bPEI25 000 residues on the surface of the
optimized bPEI25 000-CDs. The IR spectrum comparison
between the bare CDs (Figure 3d, line (iii)) and the optimized
bPEI25 000-CDs confirmed that citric acid had reacted with
bPEI25 000 to yield bPEI25 000-CDs during hydrothermal treat-
ment. Furthermore, the element identification of the optimized
bPEI25 000-CDs showed three peaks, representing 74.72% of
carbon, 13.09% of nitrogen, and 12.19% of oxygen (Figure 3e).
The high-resolution survey scan of C 1s in bPEI25 000-CDs
demonstrated the existence of C−C at 284.8 eV, C−N at 285.6
eV, and C�O group at 287.1 eV (Figure 3f), while that of N
1s in Figure 3g indicated the formation of imine N and -NH2
/-NH at 398.6 and 400.0 eV, respectively. Meanwhile, peaks at
530.3 and 531.6 eV in Figure 3h confirmed the existence of the
−OH and C�O bonds. Therefore, we have provided
convincing evidence for the successful fabrication of
bPEI25 000-CDs that possess both biosafety and antibacterial
properties after optimization.

3.3. Evaluation of the 5-ALA-Induced PDT Effect on E.
coli. As one of the commonly used photodynamic agents, 5-
ALA has gradually drawn attention for its antibacterial
application. Since the elimination ability of 5-ALA is affected
by several factors, including concentration, irradiation
intensity, and bacterial strains, prior to commencing the
study, we preliminarily optimized the treatment parameters of
5-ALA-induced PDT therapy for E. coli. Figure 4a shows that
different doses of 5-ALA had no significant measurable effect
on the growth activity of E. coli in the dark, indicating its
relatively low dark toxicity at high concentrations up to 5.0
mM. After illumination (148 mW/cm2, 20 min, 177 J/cm2),

the proliferation of E. coli showed a certain extent of a
downward trend, suggesting that the effect of 5-ALA-induced
PDT on the growth activity of E. coli was limited.
In addition to the concentration, previous reports have also

indicated that the PDT effect mediated by 5-ALA is closely
related to irradiation dosage and a high light dose may enable
5-ALA to achieve an excellent sterilization effect against
bacteria at relatively low concentration. However, a higher
energy is not always optimal in clinical practice because it is
necessary to protect normal cells from PDT damage, and the
perception of patients should also be considered. Therefore, an
effective and safe laser dose for PDT treatment should be less
than 192 J/cm2 in most cases.34 Thus, the optimal loading
dose of 5-ALA was determined by detecting the generated
ROS in E. coli with different irradiation durations (10, 20, and
30 min) under a total dose of 177 J/cm2. Figure 4b depicts that
after 10 min of irradiation (296 mW/cm2), the intracellular
ROS increased by a maximum of 42.5% under the stimulation
of 0.5 mM 5-ALA. When the irradiation time was extended to
20 min (148 mW/cm2) and 30 min (98 mW/cm2), the ROS
production reached a peak with the administration of 1.0 mM
5-ALA, increasing by 63.6 and 71.8%, respectively. Hence, the
optimal loading dose of 5-ALA was determined to be 1.0 mM,
and the irradiation parameters were set at 98 mW/cm2 for 30
min.

3.4. Characterization of ALA-bPEI25 000-CDs. The multi-
drug system was constructed by combining optimized
bPEI25 000-CDs and 5-ALA (1.0 mM) through electrostatic
interactions. The resulting nanocomposite was investigated by
FTIR, differential scanning calorimetry (DSC), and zeta
potential analysis. In this study, the loading capacity of the

Figure 5. (a) FTIR spectra and (b) DSC measurement of the optimized bPEI25 000-CDs before and after combination with 1.0 mM 5-ALA ((i) 5-
ALA, (ii) ALA-bPEI25 000-CDs, and (iii) bPEI25 000-CDs).

Figure 6. (a) The growth activity investigation of E. coli using plate count method and (b) the corresponding relative survival rate (groups 1−6
represent bacterial proliferation under different stimulation conditions: 1 is the control group; 2 is the 5-ALA-treated group at 1.0 mM; 3 and 4 are
the bPEI25 000-CD-treated group and ALA-bPEI25 000-CD-treated group (with 0.5 × MIC of bPEI25 000-CDs as a carrier), respectively; 5 and 6 are
the bPEI25 000-CD-treated group and ALA-bPEI25 000-CD-treated group (with 1.0 × MIC of bPEI25 000-CDs as a carrier), respectively). The laser
irradiation was performed with a 633 nm laser (98 mW/cm2, 30 min, 177 J/cm2).
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optimized bPEI25 000-CDs for 5-ALA was quantified using the
standard curve as aforementioned (Text S3 and Figure S1). It
was suggested that 1.0 mg/mL of bPEI25 000-CDs was able to
load up to 2.62 mg/mL of 5-ALA (15.6 mM) at pH 7.5, which
is sufficient to meet the requirements for optimal ALA loading.
Figure 5a shows the FTIR spectrum variation of bPEI25 000-
CDs before and after integration with 5-ALA. Compared with
bPEI25 000-CDs (Figure 5a, line (iii)), the characteristic peaks
of 5-ALA (Figure 5a, line (i)) at 1728 and 1429 cm−1 and the
peaks at 500−1000 cm−1 in the fingerprint region could also be
found in the ALA-bPEI25 000-CD spectrum (Figure 5a, line
(ii)), indicating the presence of 5-ALA for ALA-bPEI25 000-CDs
after purification. The thermodynamic study by DSC revealed
that the endothermic peak of 5-ALA at 162.7 °C (Figure 5b,
line (i)) was absent for the bEI25000-CD sample (Figure 5b, line
(iii)), while an obvious melting point at a relatively high
temperature of 172.9 °C appeared for ALA-bPEI25 000-CDs
(Figure 5b, line (ii)), indicating the presence of 5-ALA.
Therefore, the increase of the melting point temperature is
probably due to the electrostatic forces between 5-ALA and
bPEI25 000-CDs.

3.5. Bacterial Inactivation Study of ALA-bPEI25 000-
CDs. The bacterial inactivation ability of ALA-bPEI25 000-CDs
was evaluated using the plate count method (Figure 6a), and
the corresponding bacterial survival rate is illustrated in Figure
6b. Figure 6a depicts that the proliferation of E. coli in the dark
control group (1-D) was similar to that in the light control
group (1-L), indicating that the laser irradiation used in this
study rarely affects the growth of E. coli. As expected, 1.0 mM
5-ALA showed negligible dark toxicity and limited photo-
toxicity (76.2% of cell viability after irradiation) against E. coli
(2-D and 2-L). In the bPEI25 000-CD-treated group, the

bacterial survival rate after photoexcitation declined from
67.5 to 65.5% at s dose of 0.5 × MIC for the optimized
bPEI25 000-CDs (1.25 mg/mL in 3-D and 3-L, p > 0.05), while
the survival rate changed from 15.8% to 6.9% at a dose of 1.0 ×
MIC (2.5 mg/mL in 5-D and 5-L, p < 0.01), demonstrating
that bPEI25 000-CDs also have concentration-dependent photo-
toxicity to E. coli. In addition, ALA-bPEI25 000-CDs presented
enhanced antibacterial efficacy when applied to E. coli. In
Figure 6, panels 6-D and 6-L illustrate the growth activity of E.
coli stimulated by ALA-bPEI25 000-CDs at 0.5 × MIC in the
dark and light, respectively, which can be seen that a marked
decrease in survival rate was observed and the elimination
efficiency has increased by 30.2% due to the PDT effect
induced by ALA-bPEI25 000-CDs. Meanwhile, increasing the
concentration of ALA-bPEI25 000-CDs to 1.0 × MIC resulted in
a strong decrease in the activity rate from 6.8% to 1.5% (6-D
and 6-L, p < 0.01). What emerges from the results reported
here is that a highly efficient killing ability of ALA-bPEI25 000-
CDs against E. coli was achieved, which was clearly enhanced
compared to using them solely.

3.6. Exploration of Possible Mechanisms. To explore
the possible mechanisms, the morphological properties of the
E. coli samples treated with the optimized bPEI25 000-CDs were
first investigated with SEM study (Figure 7a). With the
extension of incubation time, the E. coli cells presented rough
surfaces and deformed morphology, eventually leading to a
complete cell fragmentation after 16 h of incubation, which
confirmed the disruptive effect of the optimized bPEI25 000-CDs
on cell membrane integrity. These results are consistent with
previous research, which has noted the importance of the
electrostatic action of the positively charged PEI or PEI-
functionalized particles on the high interaction with bacterial

Figure 7. (a) The morphology characterization of E. coli treated with bPEI25 000-CDs in the dark for 1, 8, and 16 h. (b) The surface potential of E.
coli treated with different stimulants for 1 h in the dark. (c) The morphology of E. coli under bPEI25 000-CD and ALA-bPEI25 000-CD stimulations in
the dark and light after 1 h of incubation. (d) The intracellular ROS generation in E. coli treated with different stimulants in the dark and light.
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membranes, which can lead to membrane disruption and
leakage of cell contents.38,39 Subsequently, the membrane
potential study of E. coli treated with various stimulants was
conducted to investigate the binding condition of ALA-
bPEI25 000-CDs to cell membranes. Figure 7b and Table S3
demonstrate that the surface potential of bPEI25 000-CDs was
+13.1 mV, which decreased to +4.2 mV after being assembled
with 5-ALA, indicating that the positively charged surface
characteristics are kept for ALA-bPEI25 000-CDs. Meanwhile,
the membrane potential was −42.4 mV for untreated E. coli
but slightly dropped to −53.6 mV for 5-ALA-incubated E. coli.
In contrast, the zeta potential increased dramatically to −2.7
mV and −8.5 mV for E. coli samples incubated with bPEI25 000-
CDs and ALA-bPEI25 000-CDs, respectively, demonstrating a
strong interaction effect. The influence of photoexcitation on
the morphological properties of E. coli with different
treatments for 1 h was also explored. As shown in Figure 7c,
the cell envelope in the control group was smooth and intact in
both the dark and light groups, which was consistent with the
result using the plate count method, indicating that laser
irradiation had no apparent impact on the E. coli growth. In the
bPEI25 000-CD-treated group, bacterial morphology presented
an irregular shape and a sunken tip region in the dark and
became sharply irregular and less well-defined after irradiation.
In the ALA-bPEI25 000-CD-treated group, damaged and even
fragmented cells could also be captured in the dark group,
which became more serious after laser irradiation. The
phenomenon observed in the dark was consistent with the
results shown in Figure 7a,b, indicating that the positively
charged bPEI25 000-CDs and ALA-bPEI25 000-CDs could induce
cell damage even in the dark. However, changes in cell
morphology were also studied with intracellular ROS
generation measurements (Figure 7d and Table S4). It showed
that only E. coli incubated with bPEI25 000-CDs and ALA-
bPEI25 000-CDs in the dark exhibited a slight increase in the
relative intracellular ROS generation, which could be attributed
to the membrane dysfunction induced by the positively
charged surfaces and the intrinsic ROS production by the
damaged bacteria themselves in the form of “oxidative
shielding” response.39,40 On the contrary, an upward trend
was detected after photoexcitation in all drug-stimulated
groups. The highest relative ROS production was obtained
for samples treated with ALA-bPEI25 000-CDs (2.28-fold).
Taken together, the significantly enhanced antibacterial effect
of ALA-bPEI25 000-CDs against E. coli may be partly attributed
to the strong binding interaction of the cationic CDs with cell
membranes, resulting in a disruption effect. Additionally, the
combination of bPEI25 000-CDs with 5-ALA facilitates its
approach to bacterial surfaces and their intake by cells, thereby
introducing a more efficient PDT effect after irradiation.

4. CONCLUSIONS
In summary, this study reports an improvement in the
antibacterial activity of cationic CD-based nanomedications
against E. coli by assembling with 5-ALA, a commonly used
hydrophilic molecule in photodynamic therapy. The cationic
CDs (bPEI25 000-CDs) were synthesized through hydrothermal
treatment of branched polyethylenimine (average MW 25000,
bPEI25 000) and citric acid. They were initially optimized for
high antibacterial property while ensuring a qualified biosafety.
The ALA-bPEI25 000-CD was further fabricated by integrating
bPEI25 000-CDs with 5-ALA via the electrostatic interaction,
which exhibited significantly enhanced inhibitory ability

against E. coli compared to those of 5-ALA and bPEI25 000-
CDs. When the dose of bPEI25 000-CDs was reduced to half of
the MIC, ALA-bPEI25 000-CDs still achieved a bacterial
inhibition rate of over 70% after irradiation. Furthermore,
the reason for the heightened antibacterial capacity of ALA-
bPEI25 000-CDs was by means of bacterial morphology,
membrane potential, and intracellular ROS production study,
which implied that ALA-bPEI25 000-CD can take advantage of
the high affinity of cationic CDs for cell membranes to disrupt
their integrity and cause cellular damage. Meanwhile, it may
promote the permeation of 5-ALA, resulting in a substantial
increase in intracellular ROS after light exposure. This work
provides novel approaches to expand the use of CD-based
antibacterial applications, and further studies are required to
fully comprehend the antibacterial mechanism and the
antibacterial activity against various bacterial strains.
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