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Bacitracin has been extensively studied for its antibacterial application due to its excellent anti-Gram-
positive bacterial properties. However, its application of conventional bacitracin has been limited because
of its limited antibacterial activity against Gram-negative bacteria, especially negative bacilli. In this study,
we designed and synthesized bacitracin-zinc nanodrugs (BPNDs) through zinc coordination self-assembly
of bacitracin, which exhibit potent antibacterial effects not only against Gram-positive bacterial Staphy-
lococcus aureus but also against Escherichia coli, a typical Gram-negative bacillus. The morphological and
antimicrobial properties of the self-assembled BPNDs with different molar ratios of bacitracin to zinc
ions were investigated. The bacterial biofilm experiments confirmed the biofilm scavenging effect of BP-
NDs, further expanding the application of this antimicrobial agent. In-depth cell viability experiments
indicated that this antimicrobial activity might be related to the penetration of BPNDs into bacterial cell
membranes. This study reveals that the zinc-coordinated peptide self-assembly strategy expands the an-
tibacterial spectrum of conventional bacitracin, making it a potential candidate for novel antimicrobial
drugs to address the bacterial resistance dilemma and provide stable alternatives for a wide range of

biomedical and related industries.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bacitracin, also known as bacillus peptide, is a broad-spectrum
cyclic peptide antibiotic complex produced mainly by Bacillus sub-
tilis and Bacillus licheniformis, which also can be synthesized by
non-ribosomal peptide synthetase (NRPS). Bacitracin has a good
killing effect on most Gram-positive bacteria, especially bacilli and
cocci [1-3]. Bacitracin has been proven to inhibit the synthesis of
the bacterial cell wall and galactosidase. Moreover, bacitracin can
disrupt the permeability of the cell membrane to prevent bacterial
proliferation. In general, bacitracin has excellent properties such
as a wider antibacterial spectrum, low residual rate, and low ten-
dency to induce drug resistance, so it can be used as ideal mate-
rials for designing potent peptide-based antibiotics, and they are
the pioneering drugs for rational design of peptide antibiotics in
the future [4-6].
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Bacitracin is composed of 11 amino acids (Cys, L-Leu, D-Glu, L-
lle, L-Lys, D-Orn, L-Val, D-Phe, L-His, D-Asp, L-Asn) as its precursor
[7]. There are several classes of bacitracin, including bacitracin A,
bacitracin B (including B1, B2, and B3), bacitracin C (including C1,
C2, and C3), and bacitracin F. The various bacitracin peptides have
minor differences in amino acids composition. Among these baci-
tracins, bacitracin A has the highest biological activity [8,9], which
has been widely utilized in the livestock and pharmaceutical in-
dustries, where little resistance has been reported [10-12]. Baci-
tracin A binds to undecaprenyl pyrophosphate and targets its site
of action, preventing the recycling of sugar carriers and inhibiting
bacterial cell wall synthesis. Bacitracin A can also dissociate the
bacterial cytoplasmic membrane, causing loss of amino acids and
various ions, and ultimately bacterial death. However, because of
its complex chemical structure and high molecular weight, baci-
tracin A cannot pass through the porin proteins in the outer mem-
brane of Gram-negative bacteria to reach the cell wall at its site of
action [13].
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Nanodrug delivery systems (NDDs) have emerged as a rapidly
evolving field, enabling the diagnosis and effective treatment of
diseases such as inflammation, cancer, neurological disorders, and
cardiovascular diseases [14-17]. Encapsulating or combining antibi-
otics in nanocarriers can effectively improve the interaction be-
tween antibiotics and pathogenic microorganisms, so the use of
nanoparticles as carriers for antimicrobial drug delivery could be
a strategy to solve the above problem [18]. Peptide self-assembled
materials have attracted wide interest in biomedical applications
due to their biocompatibility and biodegradability [19-21]. Based
on non-covalent interactions between molecules, such as hydro-
gen bonding, - stacking, electrostatic interactions, hydrophobic
and van der Waals interactions, peptides can be self-assembled
into a variety of nanostructures such as nanoparticles, nanotubes,
nanoribbons, and nanofibers [22-28]. In contrast to conventional
peptide self-assembly strategies that involve complex modifica-
tions on peptides, we have developed a general peptide self-
assembly strategy regulated by metal ion coordination [20,29-31].
In this study, bacitracin and zinc ions were successfully assembled
into a novel bacitracin nanodrug using the peptide self-assembly
technique, and morphological characterization and antimicrobial
activity were performed. The bacillus peptide-zinc ion nanodrugs
(BPNDs) exhibited higher stability and showed a significant killing
effect against the Gram-positive bacterium Staphylococcus aureus
(S. aureus) and Gram-negative bacterium Escherichia coli (E. coli).
Moreover, it showed significant disruptive and inhibitory effects on
Gram-negative bacterial cell membranes in the biofilm test, which
overcame the application limitation that bacitracin A monomers
could not kill Gram-negative bacteria and broadened the antibac-
terial spectrum of bacitracin A monomers. In addition, the unique
nature of nanodrugs enables them to reduce side effects and in-
crease the effective drug delivery rate by improving the pharma-
cokinetics and target accumulation of antibiotics [32-34].

The experimental steps are described in Supporting informa-
tion. We developed and utilized a general peptide self-assembly
strategy regulated by metal ion coordination to assemble bacitracin
A and zinc ions into a series of novel bacitracin nanodrugs BP-
NDs (Fig. 1). The effect of bacitracin A to Zn(lIl) ratios on the self-
assembly of BPNDs was investigated with varying molar ratios (2:1,
1:1 and 1:10). The BPNDs synthesized with the above three reac-
tion systems were abbreviated as BPNDs-1, BPNDs-2, and BPNDs-
3. Based on these results, experiments were conducted to test the
bacteriostatic properties of the synthesized BPNDs at different bac-
itracin substrate concentrations (1 and 5 mg/mL). The results of the
zone of inhibition experiments showed that the BPNDs synthesized
with 1 mg/mL bacitracin A solution as the substrate had a higher
stability of bacterial inhibition under the same conditions (Fig. S1
in Supporting information). This stability advantage was evident

Fig. 1. Bacitracin A and zinc ions self-assemble to form BPNDs by hydrothermal
synthesis under the combined effects of hydrogen bonding, - stacking, and zinc
coordination. Unlike conventional bacitracin, BPNDs exerts its antimicrobial effect
on Gram-negative bacillus through membrane permeabilization.
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Fig. 2. Material characterization of BPNDs. (a) Transmission and scanning electron
microscopy analysis of BPNDs synthesized at different bacitracin A to zinc molar
ratios. (b) Energy spectroscopy profiles of BPNDs-3. (c) FTIR spectra of BPNDs-3 and
bacitracin A and XPS analysis spectrum of BPNDs-3. (d) DLS analysis of particle size
and zeta potential for three types of BPNDs.

for all BPNDs synthesized at different molar ratios and all of them
showed significant bacteriostatic activity, which facilitates subse-
quent discussion and study.

After the preliminary experiments, the morphological features
of the BPNDs were investigated at different molar ratios. The syn-
thesized BPNDs were characterized using transmission electron mi-
croscopy (TEM). As shown in Fig. 2a, BPNDs-1 and BPNDs-2 exhib-
ited similar lamellar agglomerates with sizes ranging from 500 nm
to 1000nm. BPNDs-1 and BPNDs-2 are tightly aggregated under
TEM imaging to form a lamellar stacking prototype, with tight net-
work laminar structures appearing in the lamellar facet breaks. In
contrast, BPNDs-3 was a nanodendritic cluster structure with a di-
ameter around 50-100 nm, as shown in Fig. 2b. This self-assembled
nanostructure was more regular and uniformly distributed, which
improved the homogeneity of the nanodrugs.

The morphology of the nanoparticles was also characterized
with the aid of scanning electron microscopy (SEM). The experi-
mental results of TEM and SEM images corresponded as expected
in Fig. 2a. The BPNDs prepared from the precipitated suspensions
of the experimental groups at ratios of 2:1 and 1:1 was tightly
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and heavily aggregated. This may be because the bacitracin A
monomers can form a laminar accumulation after chelating a cer-
tain amount of zinc ions during the heating process. A compact
"vesicle-like laminar"” structure was observed at the fracture of the
laminar surface. In the 1:10 molar ratio of the experimental group,
the precipitated suspensions of bacitracin nanoparticles showed a
snowflake-like flake distribution, and this snowflake-like structure
was the large nanoparticles, which were also formed by the ag-
gregation of a very large number of small nanoparticles. This re-
sult also proved that the synthesized regular nanoparticles can be
the next direction for experimentation and exploration. The ex-
perimentally synthesized BPNDs-3 was analyzed by energy spec-
troscopy and nitrogen, oxygen and zinc were uniformly distributed
along the synthesized nanoparticle imprints, which is in accor-
dance with the experimental expectations in Fig. 2b. The pres-
ence of nitrogen atoms in the energy spectrum analysis proved
the successful synthesis of self-assembled nanoparticles with zinc
and peptides. The synthesized BPNDs-3 was analyzed by X-ray
diffraction (XRD) and it was found to have characteristic diffraction
peaks, identifying the synthesized product as a crystalline form
(Fig. S2 in Supporting information). The Fourier transform infrared
spectroscopy (FTIR) spectra of BPNDs-3 and bacitracin are com-
pared and the result showed that a new metal-oxygen stretching
band at 430cm~!, assigned to a characteristic absorption peak of
zinc oxide, as compared to the amino acids alone (Fig. 2c). FTIR
also showed that the peaks of BPNDs and monomers were basi-
cally the same except for the difference mentioned above, proving
that there was no change in the structure of the nanodrug. In ad-
dition, X-ray photoelectron spectroscopy (XPS) measurements con-
firmed the presence of zinc along with carbon (C), nitrogen (N)
and oxygen (O) atoms. The dynamic light scattering (DLS) test re-
sults in Fig. 2d showed that BPNDs-3 demonstrated higher stability
compared to the other two materials, with a smaller particle size
and a more uniform distribution.

To study the underlying mechanism, we investigated the bac-
teriostatic efficacy of zinc oxide nanoparticles (control), bacitracin
A monomer, and the self-assembled BPNDs-3 by agar well diffu-
sion assay using S. aureus (Fig. 3a). Bacitracin A and BPNDs-3 were
found to have good bacteriostatic properties against S. aureus at
concentrations of 0.05, 0.275 and 0.5mg/mL, but control groups
showed no obvious antibacterial effects. The inhibitory effect of the
synthesized BPNDs-3 was compared with that of monomeric my-
copeptides by measuring the area of the inhibition zone treated
under the same conditions. It could be found that the synthesized
BPNDs-3 possessed better bacterial inhibition under the same con-
ditions.

After zone of inhibition test, the co-incubation method was
taken to explore the bacteriostatic effect of BPNDs against S. au-
reus and E. coli. Synchronized treated diluted suspensions of S.
aureus and E. coli and equal volumes of different samples (sus-
pensions) including control, BPNDs-1, BPNDs-2, and BPNDs-3 were
made up to 1mL of the reaction system, which was replenished
with 10 mmol/L sterile phosphate buffered saline (PBS). After co-
incubation for 5-6h, it was spread evenly on agar plates. After co-
incubation of S. aureus with the different groups, the results of the
inhibition experiments were observed in Fig. 3b, Fig. S3 and Table
S1 (Supporting information). The control group treated with aque-
ous bacitracin A monomer solution at room temperature showed
the highest number of colonies, indicating that the aqueous baci-
tracin A monomer solution loses its ideal antimicrobial properties
due to biological degradation based on several factors such as tem-
perature and time. Observing the experimental group of plates, all
the three molar ratios of synthesized BPNDs exhibited good bac-
terial inhibition. From BPNDs-1, BPNDs-2 to BPNDs-3, the num-
ber of S. aureus colonies was reduced and the inhibitory effect
became more and more significant. Most importantly, the growth
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Fig. 3. Characterization of the antibacterial properties of BPNDs. (a) Antimicro-
bial (S. aureus) properties characterization of bacitracin monomer and BPNDs-3. I:
Control (zinc oxide nanoparticles solution). II: Monomeric bacitracin solution. III:
BPNDs-3. The data was analyzed and collated in bar charts. Scale bar: 1cm. (b)
Characterization of the antibacterial properties of BPNDs against S. aureus. Relative
inhibition rates were analyzed and collated in bar charts. (c) Characterization of
the antibacterial properties of BPNDs against E. coli. Relative inhibition rates were
analyzed and collated in bar charts. (d) SEM analysis before and after BPNDs-3
treatment. I: S. aureus before treatment. II: S. aureus after treatment. IIl: E. coli
before treatment. IV: E. coli after treatment. Scale bar: 5pm (I, II, Ill), 10pm (IV).
***P <0.001, ****P <0.0001. Data are presented as mean = standard deviation (SD)
(n=5).

of colonies was not seen at all in the co-incubated syntheses of
BPNDs-3 experimental group. SEM analysis in Fig. 3d II showed
that S. aureus basically lost its normal morphology after BPNDs-3
treatment, which aided in verifying the good bacteriostatic prop-
erties of BPNDs against Gram-positive bacteria. After co-incubation
of E. coli with the treated group, the results of the inhibition exper-
iments were observed in Fig. 3c, Fig. S4 and Table S2 (Supporting
information). The control group of aqueous solution of bacitracin A
monomer treated at room temperature showed the highest num-
ber of colonies, proving the instability of bacitracin A monomer.
For the experimental group, it was observed that the bacteriostatic
effect of BPNDs became more and more significant from BPNDs-1,
BPNDs-2 to BPNDs-3. SEM analysis in Fig. 3d IV showed that E. coli
basically lost the original morphology of bacteria after BPNDs-3
treatment, which verified the good bacteriostatic effect of BPNDs
on E. coli. Bacitracin A has a complex chemical structure and high
molecular weight, and cannot cross the pore proteins in the outer
membrane of Gram-negative bacteria to reach the cell wall re-
gion of its action site. However, no colony growth was observed in
BPNDs-treated E. coli experimental plates after co-incubation with
the complex at a ratio of 1:1, which proved its killing effect on
Gram-negative bacteria and overcame the limitation of the appli-
cation of monomer bacitracin A that could not kill the negative
bacteria.

The effect of BPNDs on biofilm was characterized to investi-
gate the anti-biofilm properties. Bacterial biofilm (BF) is a struc-
ture attached to the surface of inanimate or living organisms dur-
ing the growth process of bacteria, and is formed by bacteria and
their secreted extracellular polymers. Before performing the ex-
periments, we determined the minimum inhibitory concentration
(MIC) of BPNDs-3 against S. aureus and E. coli, respectively. The
MIC was defined as the minimum concentration at which there
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Fig. 4. (a) Changes in cell viability after treatment of S. aureus and E. coli with the synthesized BPNDs-3 were analyzed by fluorescence microscopy respectively. Scale bar:
50pum. (b) Tracking and characterization of fluorescently labeled nanodrugs. Scale bar: 5um (S. aureus groups), 50 pm (E. coli groups).

was no growth of bacterial species after 18 h of incubation. The
MIC value of BPNDs-3 against E. coli was 909 pg/mL, while the MIC
value against S. aureus was 56.8 ug/mL. Afterward, the clearance of
BPNDs-3 was evaluated in the biofilm by crystal violet (CV) stain-
ing and the experimental data were plotted in Table S3 (Support-
ing information). After 3 h of co-incubation treatment of BPNDs-3
with biofilm, the biofilm removal effect on E. coli and S. aureus was
satisfactory, and the biofilm removal rate in the 1 MIC treatment
group reached >20%, and the incremental increase of the removal
rate with the increase of the concentration of the BPNDs-3 was
more obvious, which was consistent with the expected results.

An exploration of the antimicrobial mechanism of BPNDs-3
was carried out by assessing cell viability by fluorescent staining
(Fig. 4a). After co-incubation of different concentrations of BPNDs-
3 and appropriate concentrations of two bacterial dilutions for
2h, the cells were stained using propidium iodide and observed
under a fluorescence microscope. Observation by fluorescence mi-
croscopy revealed that under the above experimental conditions,
the 0.5 and 1 MIC groups showed remarkable red fluorescence,
and the fluorescence density increased incrementally with the
increase of BPNDs-3 concentration, indicating significant cell death
(Fig. 4 and Fig. S5 in Supporting information). In addition, it
was observed that the bacitracin monomer-treated group did not
show significant red fluorescence, and it was suggested that the
bacteriostatic ability of the bacitracin monomer was inhibited or
completely disappeared during the treatment. Under the same
treatment conditions, bacitracin monomer was unable to exert
a significant bacteriostatic effect on E. coli. It was inferred that
the presence of BPNDs-3 increased the permeability of the cell
membrane, allowing the fluorescent dye to enter the cell and
bind to DNA. In addition, the PI static fluorescence of the samples
was measured by fluorescence spectrophotometer (Figs. S6 and S7
in Supporting information). It was found that static fluorescence
increased with increasing drug concentration in both E. coli and
S. aureus treatment groups. There were only minor differences in
the static fluorescence of the treatment groups at different times,
proving that the drug exerted most of its effects within 30 min.

The redox method was also used to investigate the effect of
BPNDs-3 on bacterial metabolic levels (Table S4 in Supporting in-
formation). The results showed that the nanodrug BPNDs-3 had
a greater impact on the metabolism of bacteria, including E. coli
and S. aureus, compared to the traditional antibiotic bacitracin. This
suggests that BPNDs-3 may exert its antibacterial activity, at least
in part, by influencing bacterial metabolism. By labeling BPNDs-3
with green fluorescent protein, we observed and tracked the bind-
ing of the nanodrug to bacteria (Fig. 4b). It was found that BPNDs-
3 accumulated extensively within S. aureus, while only a small
amount of the drug was present inside E. coli, with most of the
drug surrounding the E. coli cells. This experimental observation
reveals that BPNDs-3 exhibits high affinity and uptake capacity for
S. aureus, but a weaker effect on E. coli. This suggests that BPNDs-
3 may have a targeted action or stronger cell membrane penetra-
tion ability against S. aureus, while its interaction with E. coli is less
pronounced. This difference may be attributed to the natural struc-

tural variations between S. aureus and E. coli. However, it is undeni-
able that BPNDs-3 demonstrates bactericidal activity against E. coli,
overcoming the limitations of traditional Bacitracin. It is speculated
that the bactericidal effect on E. coli may occur through mecha-
nisms not only by membrane disruption, but other ways such as
affecting its metabolic pathways.

In summary, we report a bacitracin nanodrug synthesized by
zinc coordination, hydrogen bonding and m-m stacking using a
novel self-assembly approach. The antimicrobial studies demon-
strated that BPNDs could overcome the limitations of the antibac-
terial spectrum of monomeric bacitracin and showed antibacterial
activity against S. aureus and E. coli. The cell viability assay results
revealed that BPNDs could permeabilize the cell membranes of the
bacteria, leading to damage to the cell membranes, and thus induc-
ing cell death. Therefore, zinc coordination peptide self-assembly
may be a novel way to broaden the antimicrobial spectrum of tra-
ditional antimicrobial peptides, which may help to break the cur-
rent stalemate of increasing bacterial drug resistance. At present,
we have only found the feasibility of this approach in bacitracin,
and we are very excited about the possibility of applying this
method of expanding the antimicrobial spectrum to more tradi-
tional drugs.
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