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ABSTRACT

Intracellular bacteria can multiply inside host cells and manipulate their biology, and
the efficacy of traditional antibiotic drug therapy for intracellular bacteria is limited by
inadequate drug accumulation. Fighting against these stealthy bacteria has been a long-
standing challenge. Here, a system of stimuli-responsive lactoferrin (Lf) nanoparticles
is prepared using protein self-assembly technology to deliver broad-spectrum antibiotic
rifampicin (Rif) (Rif@Lf NPs) for enhanced infection therapy through targeted elimination
of intracellular bacteria. Compared to Rif@BSA NPs, the Rif@Lf NPs can specifically
target macrophages infected by bacteria, thus increasing the accumulation of Rif within
macrophages. Subsequently, Rif@Lf NPs with positive surface charge further displayed
targeted adherence to the bacteria within macrophages and released Rif rapidly in a redox-
responsive manner. Combined with the antibacterial activities of Lf and Rif, the Rif@Lf
NPs showed broad-spectrum antibiotic abilities to intracellular bacteria and biofilms. As
a result, the Rif@Lf NPs with high safety exhibited excellent therapeutic efficacy in the
disease models of subcutaneous infection, sepsis, and bacterial keratitis. Taken together,
the antibiotic-loaded Lf nanoparticles present a promising platform to combat pathogen
infections through targeted elimination of intracellular bacteria.
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1. Introduction

Bacterial infections can lead to ulceration, sepsis, meningitis,
pneumonia, and other diseases, posing a serious threat to
human health [1,2]. Most bacteria are engulfed and eliminated
by macrophages following infection, but a fraction of them
can survive within these macrophages, known as intracellular
bacteria [3-5]. These intracellular bacteria can not only evade
attack from antibiotics and the host’s defense system but
can also hijack the infected host macrophages as Trojan
horses and spread the infection through the bloodstream
[6,7]. It has been reported that the major reason for the
failure of clinical antibiotic therapy to eradicate intracellular
bacteria is primarily due to poor membrane penetration,
limited intracellular accumulation, and short retention time
in macrophages of antibiotics [8,9]. Therefore, effectively
addressing intracellular bacterial infections represents a
pivotal and formidable challenge in the realm of clinical
infection treatment.

Efficiently targeted delivery of antibiotic to infected
macrophages represents a viable approach for achieving
potent bactericidal effects [10-12]. Therefore, nanoparticle
drug delivery systems functionalized with macrophage-
targeting ligands, such as mannose, lactose, and peptide,
are demonstrating increasing potential in the treatment of
intracellular bacterial infection [13-16]. However, the complex
preparation process of these delivery systems and the low
targeting specificity to infected macrophages make them
difficult for clinical applications [17,18]. Recently, protein-
based drug delivery systems, such as albumin, hemoglobin,
and transferrin nanoparticles, have been developed and
applied for the treatment of cancers, inflammation, and
bacterial infections [19-24]|. Lactoferrin (Lf) is an iron-
binding glycoprotein widely found in various secretory fluids,
which can specifically bind to the highly expressed low-
density lipoprotein receptor (LRP-1) on activated macrophage
membrane, thus realizing efficient macrophage targeting [25-
28]. In addition, Lf has a broad-spectrum ability to resist
Gram-positive bacteria, Gram-negative bacteria, and fungi.
Studies have demonstrated that Lf inhibits bacterial growth
by competitively depriving bacteria of the iron required
for growth [29,30]. Meanwhile, the N-terminal of Lf has a
sequence that encodes lactoferricin with a positive charge,
which is an antimicrobial peptide to adhere bacteria [31,32].
The above properties make Lf an ideal carrier for the delivery
of antibiotics for intracellular bacterial treatment. However,
there is still a gap in the current research on utilizing Lf as
a delivery platform for intracellular bacterial targeting and
elimination.

In this study, we prepared a system of stimuli-responsive Lf
nanoparticles (Lf NPs) using protein self-assembly technology
to deliver the broad-spectrum antibiotic rifampicin (Rif)
(Rif@Lf NPs) for enhanced infection therapy through targeted
elimination of intracellular bacteria. The Rif@Lf NPs show
specific targeting of bacteria-infected macrophages, thus
increasing the accumulation of Rif within macrophages.
Subsequently, due to the positive surface charge, Rif@Lf
NPs further exhibit targeted adherence to bacteria within
macrophages, and Rif would be rapidly released from

Rif@Lf NPs in a redox-responsive manner. Combining the
antibacterial activities of Lf and Rif, the Rif@Lf NPs display
broad-spectrum antibiotic ability to intracellular bacteria
and biofilms. As a result, Rif@Lf NPs showcased excellent
therapeutic efficacy in the disease models of subcutaneous
infection, sepsis and bacterial keratitis (Scheme 1). Therefore,
the antibiotic-loaded Lf NPs present a promising platform to
combat pathogen infections through targeted elimination of
intracellular bacteria.

2. Materials and methods
2.1. Materials

Vancomycin (Van), rifampicin (Rif), lactoferrin (Lf), bovine
serum albumin (BSA), tris(2-carboxyethyl)phosphine (TCEP)
and rhodamine B isothiocyanate (RhB) were purchased from
Shanghai McLean Biochemical Technology. All chemicals were
of analytical grade and did not require further purification
before use. Bacterial culture and colony formatting unit (CFU)
plate-related reagents, including Nacl, yeast extract, tryptone
and agarose, were purchased from BD Difco Laboratories.
SYTO 9/PI live/dead bacterial double stain kit was obtained
from Thermo Fisher Scientific. Cell culture-related reagents,
including Dulbecco’s modified Eagle medium (DMEM), fetal
bovine serum (FBS), penicillin, streptomycin, and phosphate-
buffered saline (PBS), were purchased from Gibco Life
Technologies. The TNF-a ELISA kits were purchased from
Jiangsu Meimian Industrial Co., Ltd. Cell proliferation kit
(CCK®8) was acquired from Beyotime Biotechnology.

2.2.  Preparation of Rif@Lf NPs

Lf (200 mg) was dissolved in ultrapure water (5 ml, 40 mg/ml)
and centrifuged at 11,000 r/min for 10 min to remove
undissolved Lf. TCEP (31.2 mg; 50 molar excess of Lf) was
added and stirred at 400 rpm for 60 min and dialyzed for 12 h
to remove excess TCEP. After dialysis, ethanol (1 equal volume)
containing 10 mg Rif was added into the dialyzed Lf solution
and stirred at 400 rpm for 30 min to prepare Rif@Lf NPs. Then,
the Rif@Lf NPs solution was dialyzed for 24 h to remove the
unloaded Rif. The prepared Rif@Lf NPs could be lyophilized
and stored at —20 °C. Rif@BSA NPs were prepared in the same
way.

2.3. Stability and release behaviors of Rif@Lf NPs

For evaluating the stability of Rif@Lf NPs, the lyophilized
Rif@Lf NPs were resuspended in PBS 7.4 (containing 10 % FBS)
and incubated under 37 °C. Samples were collected at 0, 6, 12,
24 and 48 h, and particle size was measured. In addition, the
lyophilized Rif@Lf NPs were resuspended in PBS (pH 7.4) and
incubated under 4 °C. Samples were collected at 1, 2, 3, 4, 5,
6 and 7 d, and particle size was measured. To evaluate the
Rif release from Rif@Lf NPs, the lyophilized Rif@Lf NPs were
resuspended in PBS (pH 7.4) with or without 1 mmol/l GSH, or
with or without 1 mmol/l H,0, and incubated under 37 °C with
constant shaking (800 r/min). The external buffer solution
(0.5 ml) was taken out at different time intervals and fresh
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Scheme 1 - Schematic diagram of antibiotic rifampicin-loaded lactoferrin nanoparticles (Rif@Lf NPs) as a platform for
enhanced infection therapy through targeted elimination of intracellular bacteria.

medium (0.5 ml) was added. The release of Rif was measured
by UV-Vis.

2.4.  Bactericidal effect in vitro

Escherichia coli (E. coli) and methicillin-resistant Staphylococcus
aureus (MRSA) were inoculated on trypticase soy agar medium
(TSA) and SOC agar plates, respectively, and incubated at
37 °C overnight, single colonies were picked and inoculated
in trypticase soy broth medium (TSB) and SOC liquid medium
and incubated at 37 °C for 16 h [33]. The medium was diluted
to 1.0 x 10°> CFU/ml and set aside. Mycobacterium marinum
(MM) was cultured in Middlebrook 7H9 medium (with 10%
albumin glucose catalase added) (BD, USA) to logarithmic
phase [34]. This was then gently stirred with a grinding rod
to break down bacterial aggregates, diluted with PBS, and
allowed to stand for 15 min. Then, the supernatant was
collected and adjusted to an ODggy of 0.5 (~108 individual
bacteria/ml). The free Rif, Rif@BSA NPs, or Rif@Lf NPs were
dissolved and diluted with sterile water to make the final
concentration of Rif 80 pg/ml for E. coli and MRSA, and
5 pg/ml for MM. In the first column of the 96-well cell culture
plate, the bacterial solution (180 pl) was added, and then the
previously prepared free Rif solution, Rif@BSA NPs solution,
Rif@Lf NPs solution, and Rif@Lf NPs solution (all 20 pl) were
added respectively. After 24 h, the liquid was taken from the

bacteria, applied to lysogeny broth (LB) solid medium (E. coli
and MRSA) or Middlebrook 7H10 agar (MM), and the plates
were kept at 37 °C. After 1-2 d (E. coli and MRSA) or 21-
30 d (MM) of incubation, plates were observed and counted
for the visible colonies. Each experiment was repeated three
times.
2.5.  Biofilm assay

MRSA was cultured to logarithmic growth phase (ODgyo = 1).
Then, MRSA was resuspended and diluted to 1.0 x 10° CFU/ml
with TSB, inoculated into 12-well plates, and incubated at
37 °C for 48 h. When MRSA biofilm was formed, the old
medium was aspirated and discarded. Free Rif, Rif@BSA NPs
and Rif@Lf NPs were dissolved with TSB at 0.32 pg/ml,
added to wells, and incubated for 24 h. Then, the old
medium discarded and weakly adherent planktonic bacteria
were removed from the 12-well plates by washing them
thrice with PBS. The adherent biofilm was immobilized by
adding methanol for 15 min, removed, air-dried and stained
with 0.1% (w/v) crystalline violet for 15 min. Excess dye
was removed by washing with PBS three times. Crystalline
violet was dissolved from the stained biofilm by adding 30%
acetic acid, and its absorbance was measured at 595 nm to
quantify the biofilm. Each experiment was repeated three
times.
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2.6.  Intracellular bacteria targeting of Rif@Lf NPs

RAW264.7 cells were treated with LPS to induce them into
the M1 phenotype. The cells were infected with GFP-E. coli
for 3 h. The intracellular bacterial model was made, and the
cells were treated with Rifgyp (5 ng/ml) and nanoparticles
in the following groups (control, Rifgyp, Rifghg@BSA NPs and
Rifp,g@Lf NPs) for 24 h. DAPI was excited in the 405 nm
channel with blue light, RhB was excited in the 555 nm
channel with red light to represent material localization, and
GFP was excited in the 488 nm channel with green light to
represent bacterial localization. The targeting of lactoferrin
nanomedicine to intracellular bacteria was investigated by
observing the fluorescence localization of the above groups.

2.7.  Killing effect of Rif@Lf NPs on intracellular bacteria

RAW?264.7 cells were seeded at a density of 1 x 10° into 12 well
plates for 12 h. Then, the cells were infected with E. coli, MM,
and MRSA using a multiplicity of infection (MOI) of 4 for 6 h.
After washing with PBS to clean the bacteria outside the cells,
equal volumes of Rif, Rif@BSA NPs, or Rif@Lf NPs containing 2
fold MIC of Rif (50 pg/ml for E. coli, 1.25 pg/ml for MM, 32 pg/ml
for MRSA) were added to the DMEM medium and incubated
for 24 h. Subsequently, 0.1% Triton X-100 was used to lyse the
cells for 15 min. The cell lysis was plated on LB solid plates
(for E. coli and MRSA) or Middlebrook 7H10 agar (for MM) after
dilution with PBS, and the CFU on plates was counted after 1-2
d (for E. coli and MRSA) or 21-30 d (for MM) in a 37 °C incubator.

2.8.  Pharmacokinetics profile of the Rifgpg@Lf NPs

Balb/c mice (female, 4-5 weeks, 18 + 2 g, n = 3) were
intravenously (i.v.) injected with 0.1 ml Free Rifgyp,
Rifg,g@BSA NPs and Rifg,g@Lf NPs solution at an identical
RhB dose of 2.91 mg/kg (equal to 5 mg/kg of Rif). Blood
samples were collected at 5 min, 15 min, 30 min, 1 h,
3 h, 6 h and 24 h postinjection. Plasma samples were
harvested by centrifugation at 1,500xg for 10 min. The blood
concentration of RhB was quantitatively examined using a
fluorospectrophotometer.

2.9.  Establishment and treatment of subcutaneous
infection mouse model

The MRSA-induced abscess model was established by
subcutaneous inoculation of MRSA (1 x 108 CFU/ml, 100 u1l) on
the backs of the mice, and the infected mice were randomly
divided into four groups (n = 5). 2 d later (Day 0), saline,
free Van, free Rif, Rif@BSA NPs, or Rif@Lf NPs were injected
intravenously with a single dose of 5 mg Van/kg or 5 mg
Rif/kg. The size of the wounds was observed and recorded
daily. 10 d later, the mice were killed, and the infected tissues
were removed from the wounds. The wound-infected tissue
was ground with a tissue grinder, filtered, serially diluted, and
spread on the LB solid medium. The subcutaneous tissues of
the wounds were taken and fixed with 4% paraformaldehyde,
then paraffin-embedded. The paraffin blocks
sectioned and subsequently stained with H&E and Masson
stains.

were

2.10. Establishment and treatment of an abdominal
infection sepsis model in mice

Each injected  subcutaneously  with
cyclophosphamide (150 mg/kg). 11 h later, the mice were
inoculated with MRSA (saline, 1 x 108 CFU/ml, 0.1 ml bacterial
suspension/injection) by intraperitoneal injection. The
infected mice were randomly divided into 4 groups (n = 8).
After 1-h infection, saline, Rif, Rif@BSA NPs, or Rif@Lf NPs
were injected intravenously with a single dose of 5 mg Rif/kg.
After inoculating for 24 h, three mice of each group were
killed, and the blood and organs (lung, kidney, liver, spleen)
were collected. The organs and tissues were ground with a
tissue grinder, and the filtrate was filtered, serially diluted,
and spread on the LB solid medium. The remaining mice were
measured for mortality within 120 h.

mouse was

2.11. Establishment and treatment of bacterial keratitis
model in mice

First, mice were selected and initially screened to exclude
mice with existing ocular surface diseases. Second,
anesthesia was performed by intraperitoneal injection
of pentobarbital (50 mg/kg), and the labeled cornea was
scraped to the superficial stromal layer with a scalpel.
Immediately, the MRSA (saline, 1 x 108 CFU/ml, 0.1 ml
bacterial suspension/injection) was instilled into the right
eye of the rat for infection. The infected mice were randomly
divided into 5 groups (n = 5). After 2 d of infection (Day 0),
saline, Rif, Rif@BSA NPs, or Rif@Lf NPs were instilled into the
right eye with multiple dosing of 5 mg Rif/kg (5 pl) every day.
To explore the efficacy, the mice in each group were evaluated
by slit-lamp biomicroscope on Day 0, 1, 3, 5, 7 and 10 after
infection treatment, respectively. The degree of repair of the
infected eye was measured according to clinical features of
MRSA keratitis. Each feature was graded from 0 to 4 based
on three criteria: corneal opacity area, opacity density and
surface regularity. 10 d later, the eyeballs were collected and
ground with a tissue grinder, and the filtrate was filtered,
serially diluted, and spread on the LB solid medium. The
eyeball tissues of the wounds were taken and fixed with eye
fixative of FAS, then paraffin-embedded. The paraffin blocks
were sectioned and subsequently stained with H&E and
immunofluorescent staining.

3. Results and discussion
3.1.  Preparation and characterization of Rif@Lf NPs

Initially, the disulfide cross-linked Lf nanoparticles (Lf-NPs)
capable of retaining drugs in the blood circulation and
releasing them in an intracellular redox environment were
prepared using a desolvation method [35,36]. In brief, Lf
was subjected to TCEP to partially cleave its intramolecular
disulfide bonds. Subsequently, the intermolecular disulfide
bonds were formed between the cleaved Lf molecules via
desolvation with an ethanol solution containing Rif, yielding
uniformly sized Rif@Lf NPs. As shown in Fig. 1A, the measured
particle diameter of the Rif@Lf NPs was 123.6 nm, with a
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polydispersity index (PDI) of 0.161. Transmission electron
microscopy (TEM) observation demonstrated the spherical
morphology of Rif@Lf NPs (Fig. 1B). The encapsulation
efficiency and content of Rif in Rif@Lf NPs were 28.9% and
2.45%, respectively. The zeta potential of Rif@Lf NPs was
+5.3 mV in PBS 7.4 (Fig. 1C). Concurrently, the disulfide
cross-linked bovine serum albumin nanoparticles loading Rif
(Rif@BSA NPs) were also prepared as a control to ascertain
the functionality of Rif@Lf NPs. Rif@BSA NPs exhibited similar
particle size and PDI (116.8 nm and 0.166) (Fig. 1A and 1B),
with a zeta potential of —11.5 mV in PBS 7.4 (Fig. 1C). The
characteristic UV-Vis absorption peak of Rif at 474 nm was
found in both Rif@BSA NPs and Rif@Lf NPs as compared with
BSA NPs and Lf NPs alone, further confirming the successful
encapsulation of Rif in the protein nanoparticles (Fig. 1D).
The circular dichroism (CD) spectroscopy revealed that
Rif@Lf NPs maintained the distinctive Lf-specific spectrum
in the far UV region, albeit with a slight reduction in
intensity, indicating the stability of the secondary structure
of Lf in Rif@Lf NPs (Fig. S1). Meanwhile, the Rif content
of Rif@eLf NPs and Rif@BSA NPs hardly decreased after
lyophilization (Fig. 1E). Besides, Rif@Lf NPs demonstrated
remarkable stability at 4 °C and 37 °C for 7 d and 48 h
respectively, indicating their high stability for storage (Fig. 1F)
and blood circulation (Fig. S2). Accurate drug release at
the infection site is crucial for ensuring the safety and
efficacy of antibiotic therapy. During the process of combating
intracellular bacteria, macrophages generate oxidative stress
to eliminate invading bacteria, leading to a significant increase
in the levels of ROS and GSH [37]. Hence, we also investigated
whether the disulfide cross-linked Rif@Lf NPs facilitated the
on-demand release of Rif under intracellular redox conditions.
As shown in Fig. 1G, about 28.0% of Rif was released from the
Rif@BSA NPs and Rif@Lf NPs in the simulated blood circulation

condition (pH 7.4, 37 °C) within 36 h. However, the release of Rif
was dramatically accelerated after incubation with 1 mmol/l
GSH, or 1 mmol/l H,0,, with more than 60% of released Rif,
indicating that Rif@Lf NPs can responsively release Rif under
intracellular redox condition of the infected macrophages.
3.2.  Invitro antibacterial effect of Rif@Lf NPs

The antibacterial activity of Rif@Lf NPs was evaluated
using E. coli, MM, and MRSA as models of Gram-negative,
mycobacterium, and drug-resistant Gram-positive bacterial
strains, respectively. First, the minimum inhibitory
concentration (MIC) test utilizing the resazurin method
showed that the Rif@Lf NPs exhibited a MIC of 12.5 pg/ml
for E. coli, 0.3125 pg/ml for MM, and 8.0 pg/ml for MRSA,
representing a twofold decrease than that of free Rif and
Rif@BSA NPs (Fig. S3). Then, the survival rate of bacteria was
determined by CFU to assess the bactericidal effect of Rif@Lf
NPs. For E. coli (Figs. 2A and S4), MM (Figs. 2B and S5), and
MRSA (Figs. 2C and S6), there were negligible differences
in bacterial growth between the control and the BSA NPs
groups. However, attributed to the antibacterial activity of
Lf, the survival rates of E. coli, MM, and MRSA decreased
after treatment of Lf NPs. In particular, Rif@Lf NPs further
enhanced the killing efficiency of bacteria, in which the
bacterial survival rates were lower than 1% of those in free
Rif and Rif@BSA NPs groups (Fig. 2C and 2F). These results
indicated that Rif@Lf NPs, which possess the antibacterial
activities of both Lf and Rif, can efficiently and synergistically
kill bacteria.

Pathogenic bacteria are capable of inducing localized
purulent infection, sepsis, and septicemia in humans, in
which hemolysin is one of the primary pathogenic factors
[38]. As an external toxin of Staphylococcus aureus, hemolysin is
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(n = 3): *P < 0.05, **P < 0.01, ***P < 0.001.

the most important pathogenic factor causing Staphylococcus
aureus infection. Thus, the ability of an antimicrobial agent
to inhibit the toxicity of Staphylococcus aureus is a crucial
indicator of its antibacterial activity. Here, MRSA strains
were treated with different drugs, followed by observing the
capacity of bacterial hemolysin in the supernatant medium to
lyse rabbit red blood cells (RBC) (Fig. 2D). The hemolysis ratio
of RBC was significantly reduced after Rif@Lf NPs treatment,
with a 79 % decrease compared to the control group, while

the Rif group and Rif@BSA NPs group exhibited only 49% and
63% decrease, respectively (Fig. 2E). These results indicated
that Rif@Lf NPs could effectively eliminate MRSA, thereby
inhibiting the secretion of hemolysin. The antimicrobial
efficacy of Rif@Lf NPs was further explored by an AO/PI
staining assay. As shown in Fig. 2F, the red fluorescence
signal was notably weaker than the green fluorescence signal
after treatment with free Rif or Rif@BSA NPs, revealing a
substantial proportion of live bacteria remained, indicating
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their moderate bactericidal effects. In contrast, a substantial
increase in the proportion of dead cells displaying red
fluorescence was evidenced after Rif@Lf NPs treatment,
demonstrating its outstanding antibacterial effect.

Finally, to further investigate the interactions between
Rif@Lf NPs and bacteria, MRSA was cultured with Rif@Lf
NPs and observed through scanning electron microscopy
(SEM). As depicted in Fig. 2G, in contrast to the clear and
smooth boundary exhibited by the bacteria in the control
group, membrane disruption and deformation were observed
in the bacteria treated with Rif@Lf NPs. Given that the
bacterial membrane serves as a crucial protective barrier,
it can be inferred that Lf enhances the permeability of the
cell membrane, ultimately leading to intracellular protein
leakage and irreversible damage to the bacteria. Based on
previous studies, Lf can also adhere to biofilms and disrupt the
biofilm structure, thus enhancing permeability and reducing
antibiotic resistance [38,39]. Then, to further evaluate the
impact of Rif@Lf NPs on the formation of bacterial biofilm,
MRSA was subjected to different treatments, and the attached
biofilms were stained with crystal violet (CV) and quantified.
As shown in Fig. 2H and 2I, the biofilm formation in the
free Rif group and Rif@BSA NPs group only exhibited a
modest decrease of 25% and 32%, respectively. As expected,
Rif@Lf NPs reduced approximately 60% of biofilm formation
compared to the control. The remarkable bacterial membrane
disruption and biofilm removal capabilities of Rif@Lf NPs
further suggested the potential for eradicating drug-resistant
bacteria.

3.3. Macrophages and intracellular bacteria targeting of
Rif@Lf NPs

LRP-1 is an endocytic receptor with signal transduction
activity that is notably expressed and distributed on activated
macrophages [40,41]. Lf exhibits a strong affinity for LRP-
1, thereby enabling the targeting of activated macrophages
that engulf bacteria. Encouraged by the promising in vitro
antimicrobial properties, the capability of Rif@Lf NPs for
targeted elimination of intracellular bacteria was further
investigated.

Firstly, to demonstrate the targeting ability of Rif@Lf
NPs to activated macrophages, confocal laser scanning
microscopy (CLSM) was employed to study the endocytosis
of the NPs in macrophages. Activated macrophages were
labeled with FITC-CD86 fluorophore (green), and Rif was
conjugated with rhodamine B isothiocyanate to yield
rifampicin-rhodamine (Rifg,g, red). CLSM revealed that
the LPS-stimulated RAW 264.7 macrophages exhibited
a higher fluorescence intensity of Rifz,g incubated with
Rifg,g@Lf NPs compared to that of free Rif and Rif@BSA
NPs (Figs. 3A and S7). The quantitative analysis of the
cellular uptake of Rif in LPS-stimulated macrophages was
further investigated by flow cytometry, which is consistent
with CLSM result (Fig. 3C). These results indicated that
Rif@Lf NPs significantly enhanced the intracellular drug
accumulation due to Lf-mediated interaction with activated
macrophages.

Macrophages serve as the frontline of the immune
defense against pathogens, with phagosome acidification

being a crucial step in pathogen elimination. Consequently,
intracellular bacteria reside in an acidic microenvironment
[42]. The isoelectric point of lactoferrin is approximately
7.9, and the zeta potential of Rif@Lf NPs was measured
at +141 mV in PBS 6.0 (which mimics the acidic
microenvironment of infectious macrophages, as shown
in Fig. S8). After taken by infected macrophages, the surface
zeta potential of Rif@Lf NPs would change to a higher positive
charge within the acidic microenvironment, which may
facilitate the adherence to intracellular bacteria. So, to further
investigate the targeted affinity of Rif@Lf NPs to the bacteria
within macrophages, the colocalization of the Rif and bacteria
was observed by CLSM. Green fluorescent protein (GFP) gene
clone strain GFP-E. coli was used as the model bacteria.
For Rif@BSA NPs-incubated macrophages, a moderate red
fluorescence signal of Rif was evenly distributed, and the
overlap of red and green signals was barely observed, which
indicates that the Rif cannot effectively contact and interact
with the bacteria in cells. Different from the Rif@BSA NPs,
strong and a good overlap of red and green signals was found
in macrophages incubated with Rif@Lf NPs, demonstrating
a strong affinity of Rif@Lf NPs to the intracellular bacteria
(Fig. 3B and 3D). Such an affinity is from the Lf with positively
charged lactoferricin, which is more likely to adhere to
bacteria [43-45].

Subsequently, the effectiveness of the Rif@Lf NPs
in eradicating intracellular infections was assessed in
macrophages infected with E. coli (Fig. S9), MM (Fig. S10),
or MRSA (Fig. S11). The NPs significantly enhanced the
antibacterial effectiveness against intracellular bacteria
compared to free Rif, likely attributed to the elevated drug
concentration in the cytosol. Especially, attributed to the
antibacterial activity of Lf and cascaded targeting ability
of Lf to macrophages and intracellular bacteria, Rif@Lf
NPs demonstrated superior bactericidal potency, and the
bacterial survival rates was only about 8.1% (E. coli), 5.5%
(MM), and 13.9% (MRSA) of those in Rif@BSA NPs group
(Fig. 3E-3G). Intracellular bacterial infection is a primary
trigger for macrophage activation [46]. Due to the limited
bactericidal effect, the free Rif and Rif@BSA NPs-treated
macrophages still expressed high levels of ROS (Figs. 3H and
S12) and proinflammatory TNF-«o (Fig. 3I), while Rif@Lf NPs
can mitigate the levels of ROS and TNF-«. These findings
demonstrated the excellent capability of Rif@Lf NPs for
the targeted elimination of intracellular bacteria, showing
substantial potential as a platform for enhanced infection
therapy in vivo.

3.4.  In vivo therapeutic effect of Rif@Lf NPs for
subcutaneous infection and sepsis

The therapeutic efficacy of Rif@Lf NPs was comprehensively
assessed in vivo. First, the pharmacokinetics profile of the
Rif@Lf NPs was examined in Balb/c mice. Free Rifgyp,
Rifg,g@BSA NPs and Rifg,g@Lf NPs were administrated
intravenously (i.v) at a dose of 2.91 mg RhB/kg (equal to
5 mg Rif/kg). The blood concentrations of Rifgyp were then
examined by using a fluorospectrophotometer. The blood
clearance half-life periods (Ty/,) of Rifgyp in the Rifg,p@BSA
NPs group and Rifgp@Lf NPs group were 4.24 h and 3.11 h,
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respectively, longer than that of the free Rifg,g group
(Ty, = 0.61 h) (Fig. S13), suggesting that the formulation
of Rifgyg in protein nanoparticles prolonged the blood
circulation. Subsequently, a subcutaneous infection mouse
model was established. Mice were subcutaneously inoculated
with MRSA (1 x 108 CFUs), and a single dose of saline, free
Van (first-line clinical drug of MRSA, non-drug resistant) [40],
free Rif (broad-spectrum antibiotic, a certain degree of drug
resistance), Rif@BSA NPs, or Rif@Lf NPs (5 mg Van/kg, or 5 mg

Rif/kg) was administered intravenously after 2 d of infection
(Fig. 4A). By the end of the experiment (Day 10), both free Van
and free Rif groups exhibited relatively slower wound healing
rates (Fig. 4B) than NPs groups, which may be attributed to
the limited antibacterial efficacy of small molecular drugs
against intracellular bacteria. While, the mice in NPs groups
showed outstanding wound healing rates effect, especially
Rif@Lf NPs group showed nearly healed wounds (Fig. 4B).
The quantitative assessment of the relative wound area also
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provided clear evidence of the best wound healing effect
after 10 d of Rif@Lf NPs treatment (Fig. 4C). H&E staining
further confirmed that Rif@Lf NPs reduced inflammatory
cell infiltration, fibroblast migration, and proliferation in the
wounded skin, outperforming the other groups (Fig. 4D).
Examination of Masson’s trichrome staining images at the
different stages of wound healing revealed the presence
of new hair follicles and collagen deposition exclusively in
the mice treated with Rif@Lf NPs, indicating a relatively
more rapid wound healing process (Fig. S14). The bacterial
content in the wounded skin was notably reduced after being
treated with antibiotics (Fig. 4E). The bacterial quantity in the
wounded skin was 1.05 x 10° CFU/g in the Rif@Lf NPs group,
much lower than that of the free Van group (2.28 x 106 CFU/g),
the free Rif group (4.85 x 10° CFU/g) and Rif@BSA NPs group
(3.48 x 10° CFU/g) (Fig. 4F). These results demonstrated that,
compared with free drugs and Rif@BSA NPs, Rif@Lf NPs could
enhance the intracellular bacteria elimination in vivo, thus
accelerating the healing of infected wounds.

The above model proved that Rif@Lf NPs exhibited a good
therapeutic effect on local bacterial infection. To screen the
effect of Rif@Lf NPs on systemic bacterial infection, a murine
bacterial sepsis model was established by intraperitoneal
injection of a lethal dose of MRSA (1 x 10%8 CFU) into
immunocompromised mice treated with cyclophosphamide
(Fig. 4G). Sepsis represents a life-threatening, systemic
inflammatory response triggered by fungal or bacterial
pathogens. Despite advancements in antibiotic therapy, the
mortality rate associated with sepsis remains elevated, with
the incapacity to eliminate intracellular bacteria standing
out as a primary causative factor [47]. After 1 h of bacterial
injection, the mice were divided into four groups and treated
with saline, free Rif, Rif@BSA NPs, and Rif@Lf NPs via tail
vein injection, respectively. The mouse survival rates were
monitored over time. The lethal dose of MRSA led to the death
of all saline-treated mice within 60 h, while the mice treated
with free Rif and Rif@BSA NPs all died within 120 h (Fig. 4H).
In comparison, a significant survival benefit was observed in
mice treated with Rif@Lf NPs, resulting in increased survival
rates for 3 out of 5 mice. Additionally, the bacterial survival
in blood and key organs was examined in another cohort
of mice. After being treated with different drugs for 24 h,
the bacterium numbers in blood (Fig. 4I) and major organs
(Fig. 4]) were obviously lower in mice treated with Rif@Lf NPs
compared with those of the free Rif-treated mice and Rif@BSA
NPs-treated mice (Fig. S15). The decrease in bacterial infection
in blood and organs also contributed to a reduction in the
levels of proinflammatory TNF-«, thereby reducing systemic
inflammation in mice (Fig. 4K). All these results from both
local and systemic infection therapy demonstrated that Rif@Lf
NPs acted as a highly effective antimicrobial nano-platform by
cascaded targeting of macrophages and intracellular bacteria
to enhance the bioavailability of Lf and Rif.

3.5.  Invivo therapeutic effect of Rif@Lf NPs for bacterial
keratitis

Bacterial keratitis is one of the common corneal infection
blind-causing diseases. It is characterized by the infiltration of
inflammatory cells and the destruction of corneal structures

[48]. Frequently dripping of high concentrations of antibiotic
eye fluid in the acute phase is the main clinical strategy
for bacterial keratitis. However, topical-free antibacterial
drugs show limited therapeutic effects in killing drug-
resistant or intracellular bacteria [49,50]. The Rif@Lf NPs have
demonstrated the targeted bactericidal effect on intracellular
bacteria, and the solution exhibits excellent stability over
extended periods of storage, which is highly suitable for use
as an antibacterial eye drop for the treatment of bacterial
keratitis.

Thus, to evaluate the effect of Rif@Lf NPs on bacterial
keratitis, we established a mouse model of keratitis infected
by MRSA (Day 2) (Fig. 5A). The morphology of the anterior
segment following various topical ocular treatments was
examined using slit lamp microscopy, and relevant clinical
scores were recorded after infection. As depicted in Fig. 5B,
no aqueous humor flares, anterior chamber fibrin, or cataracts
were observed in healthy mice through the slit-lamp. All
modeling mouse corneas displayed clinical symptoms with
severe purulent ulceration and dense opacity, which almost
entirely covered the cornea two d after infection, indicating
the successful establishment of bacterial keratitis. Then,
saline, Rif, Rif@BSA NPs, or Rif@Lf NPs were instilled into
the right eye with multiple dosing of 5 mg Rif/kg (5 pl)
every day. For the saline and Rif-treated groups, the corneas
exhibited continuous morphological changes and purulent
corneal ulcers in the corneal epithelium within 10 d after
infection, resulting in severe corneal defects. Following
treatment with Rif@BSA NPs and Rif@Lf NPs, the symptoms
of the infected cornea gradually improved, and the corneal
morphology returned to normal, particularly for Rif@Lf NPs
treatment. Moreover, the clinical total score of mice after
Rif@Lf NPs treatment gradually decreased and reached the
normal score level on Day 10 (Fig. 5C). The host response
to MRSA infection was also examined by quantifying the
number of viable bacteria in corneal tissue cultured overnight
on MRSA plates. Following the Rif@Lf NPs treatment, almost
no colony formation was observed compared to the other
treatment groups (Fig. 5D and 5E), further confirming the
superior therapeutic effect of Rif@Lf NPs for bacterial keratitis.

A series of histological analyses were further conducted
on mouse corneas to evaluate corneal healing. Corneal
histological analysis by H&E staining revealed an intact
corneal structure and clear corneal layers following the Rif@Lf
NPs treatment (Fig. 5F). Enlarged images further demonstrated
minimal infiltrated inflammatory cells and a significant
reduction in corneal collagen fiber edema in Rif@Lf NPs
treatment group. In contrast, the saline, Rif, and Rif@BSA
NPs treatments exhibited abnormal corneal structure and
extensive inflammatory cell infiltration in the mouse corneal
stroma. To further verify the histological analysis results,
immunofluorescence staining was conducted on the various
groups. The ROS staining (red) indicates that Rif@Lf NPs
treatment exhibited only faint red fluorescence, signifying
a low presence of inflammatory cells (Fig. 5G). Meanwhile,
the expression of «-smooth muscle actin («-SMA, green) was
observed to analyze myofibroblast formation and corneal
scarring (Fig. SH). Prolonged myofibroblast activity can lead to
corneal scarring. The fluorescence images revealed that the
«-SMA expression was not significant in Rif@Lf NPs group,
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suggesting that the substantial myofibroblast activation was
not induced. In contrast, in the saline, Rif, and Rif@BSA NPs
groups, the fluorescence intensity of «-SMA was pronounced,
indicating high myofibroblast activation, possibly linked to
the significant immune response in these groups (Fig. SH).
Additionally, immunofluorescence staining and quantitative
data analysis were conducted on the tight junction protein
zonula occludens-1 (ZO-1, red) in the epithelial monolayer
(Fig. 5H). The expression level of ZO-1 in the Rif@Lf NPs
group was significantly higher than in the Rif and Rif@BSA
NPs groups, indicating that it could effectively promote the
regeneration of the corneal. Consequently, Rif@Lf NPs killed
the bacteria and effectively alleviated the host’s inflammatory
response to bacterial keratitis.

Finally, to ensure the highly effective and precise treatment
can be potentially translated into practical application, a
series of safety studies of Rif@Lf NPs were conducted
in vivo. The body weight of the Rif@Lf NPs-treated mice
remained stable throughout the treatment period (lasting
up to 10 d) (Fig. S16A). Furthermore, the Rif@Lf NPs-
based treatment showed no potential impact on the blood
biochemical parameters, including alanine aminotransferase
(ALT), aspartate aminotransferase (AST), albumin (ALB),
UREA, and creatinine (CR) (Fig. S16B), indicating the good
hemocompatibility. Taken together, the excellent therapeutic

effect and safety of Rif@Lf NPs ensure the potential clinical
transformation prospect.

4. Conclusion

In summary, we prepared a system of stimuli-responsive
Lf nanoparticles using protein self-assembly technology
to deliver a broad-spectrum antibiotic Rif (Rif@Lf NPs) for
enhanced infection therapy through targeted elimination of
intracellular bacteria. Our studies have shown that, compared
with free Rif and Rif@BSA NPs, Rif@Lf NPs can specifically
bind to the LRP-1 on macrophages infected by bacteria, thus
increasing the accumulation of Rif within macrophages.
Subsequently, due to the positive surface charge, the Rif@Lf
NPs further displayed targeted adherence to bacteria within
macrophages. Under the redox intracellular environment,
Rif@Lf NPs exhibited responsive disassembly to release Rif.
Thus, combining the antibacterial activity of Lf with Rif,
the Rif@Lf NPs showed broad-spectrum antibiotic abilities
to intracellular bacteria in vitro and in vivo. Compared
with free Rif and Rif@BSA NPs, Rif@Lf NPs demonstrated
excellent therapeutic effects in a series of disease models,
including accelerating the healing of infected wounds
in a subcutaneous infection model, decreasing systemic
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inflammation and mortality of mice in a sepsis model, and
promoting the regeneration of the corneal in a bacterial
keratitis model. Furthermore, Rif@Lf NPs showed high safety
to mice. Overall, this study provides a promising antibiotic-
loaded Lf nanoparticles platform to combat pathogen
infections through the targeted elimination of intracellular
bacteria.
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