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1 Introduction

Dual-targeted poly(amino acid) nanoparticles
deliver drug combinations on-site: an intracellular
synergistic strategy to eliminate intracellular
bacteriaf

Dongdong Zhao,? Wenli Feng,? Xiaoxu Kang,® Haofei Li,* Fang Liu,° Weitao Zheng,®
Guofeng Li** and Xing Wang (2 *°

Multi-drug combinations are a common strategy for the treatment of intracellular bacterial infections.
However, different internalized pathways and the accumulation of the composite drugs at different
subcellular organelles very much reduce their efficacy. Herein, an intracellular synergistic strategy is
proposed, which is realized by on-site delivery of a drug combination using a macrophage/intracellular
bacterium-dual targeted drug delivery system (DDS). The DDS is fabricated by encapsulating vancomycin
(Van) and curcumin (Cur) into poly(a-N-acryloyl-phenylalanine)-block-poly(B-N-acryloyl-p-amino-
alanine-co-2-0O-acetyl-a-p-mannosyloxy) nanoparticles, denoted by (Van + Cur)@F(AM) NPs. Mannose
ligands on (Van + Cur)@F(AM) NPs trigger their specific internalization in macrophages, while
aminoalanine moieties subsequently drive the NPs to target intracellular methicillin-resistant
Staphylococcus aureus (MRSA). Thereafter, Van and Cur are durably released in a synergistic dose at the
residence site of intracellular MRSA. Under this intracellular synergistic effect, (Van + Cur)@F(AM) NPs
show superior elimination efficiency in vitro and in vivo compared to the control groups, including
free Van, (Van + Cur), the DDS encapsulated Van and the DDSs separately-encapsulated Van and Cur.
Furthermore, (Van + Cur)@F(AM) NPs significantly enhance the in vivo antibacterial capacity by
modulating the immune response. Therefore, this dual-targeted DDS-assisted intracellular synergistic
antibacterial strategy of drug combination is an effective therapeutic against intracellular bacteria.

digesting invasive pathogens,®” but intracellular bacteria are
difficult to eliminate because they can evade the immune

Recurrent infections caused by intracellular bacteria have long
been a difficult problem for human public health." Bacteria
persist in cells and induce latent infections that lead to diseases
including osteomyelitis, sepsis, and necrotizing pneumonia.
Usually, treatment requires long-term and continuous drug action.
Unfortunately, treatment failure and relapse are common.?™
Professional phagocytes are the first line of defense against
bacterial infections, which work by recognizing, ingesting, and
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response and survive even when engulfed by phagocytes.”
In this case, phagocytes not only fail to eradicate the bacteria
but also become a source of bacterial multiplication and thus
cause predisposition to recurrent infections.®° In addition,
because of intracellular penetration and accumulation of
many conventional antibiotics, more than two-thirds of pre-
scribed antibiotics are ineffective and cause severe systemic
toxicity.’®"" Therefore, the eradication of intracellular bacteria
is a challenging task for clinical medicine.

To improve treatment outcomes, the advantages of combi-
nation therapy have been gaining prominence in recent
years.”>™® It has been reported that the co-administration of
conventional antibiotics with other antibiotics or non-anti-
biotic drugs may improve treatment efficiency compared to
the effectiveness of individual antibiotic therapy.'®>° Moreover,
combination therapy can effectively reduce the therapeutic dose
and possible side effects compared to the original individual
drugs.*! Vancomycin (Van) is a classical first-line drug and is often
seen as a last resort,”* > but Van alone has limited therapeutic
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efficacy for intracellular bacterial infections.”® Therefore, choosing
a suitable drug in combination with Van is expected to improve
the therapeutic effect of Van. Curcumin (Cur) is a natural com-
pound derived from turmeric.”’° Recent studies showed the
potential of Cur for reversing the bacterial resistance to Van.*
In addition, Cur has been shown to have anti-inflammatory activity
and can induce immunity in the body.>' Therefore, combining
Cur with Van is expected to improve the therapeutic effect of
intracellular bacterial infections. However, the interception of host
cells is an obstacle to the internalization of the drug combination,
and their synergistic bactericidal properties cannot be exerted in
this situation. The main reasons are: (i) different internalized
pathways of the drugs result in different and suboptimal intra-
cellular accumulation;* (ii) drugs in the combined formulation
will stay at different subcellular organelles because of their inher-
ent characteristics;** (iii) the drugs have short residence times
owing to the efflux effect of the host cells;*® (iv) the bactericidal
activity of the drugs will be attenuated because of the harsh
intracellular microenvironment (e.g. acidic pH, enzymes).**
As such, differences in the intracellular spatio-temporal distribu-
tion of the drug combination and interference of the host cells very
much reduce the synergistic efficacy of the drug combination
against intercellular bacterial infections.

A drug delivery system (DDS) can overcome the cell
membrane barrier and has great advantages in the treatment
of intracellular infections.’*° For instance, Natasa Skalko-
Basnet designed a liposomal vesicle that effectively increases
antibiotic accumulation in host cells.*® Zhang and co-workers
proposed a bacteria-responsive biomimetic polymeric nano-
platform that directly releases clarithromycin at the location
of intracellular bacteria.*’ Recently, we developed poly(amino
acid)-based DDSs,*>** which effectively deliver antibiotics at
the location of intracellular bacteria via macrophages and
bacteria cascade-targeting.** This DDS is able to overcome the
interference of the host cells and differences in the intracellular
spatiotemporal distribution of the drugs, showing great poten-
tial for delivering drug combinations. But it cannot be ignored
that premature and differential drug release from the DDS prior
to reaching the site of infection alters the formulation of
the drug combination, resulting in an attenuated bactericidal
efficacy. Besides, the increased bacterial drug resistance caused
by a harsh intracellular microenvironment further requires
the continuous action of the drug combination over a long
period.*> Therefore, to achieve the synergistic bactericidal
performance of the drug combination, two key challenges of
the DDS need to be solved: (i) enabling effective dose encapsu-
lation of the drug combination, and (ii) exerting durable
synergistic bactericidal effects on-site.

Herein, a robust DDS based on poly(a-N-acryloyl-phenyl-
alanine)-block-poly(B-N-acryloyl-o-aminoalanine-co-2-O-acetyl-o-
p-mannosyloxy) (F(AM)) was fabricated via a facile copolymer-
ization technique (Scheme 1). Inspired by, but different from,
the previous study," hydrophilic fractions in F(AM) were
obtained via a typical copolymerization procedure of f-N-acry-
loyl-p-aminoalanine monomer and 2-O-acetyl-o-p-mannosyloxy
monomer. It was critical to improve the packaging capacity of
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the cargo and the stability of the DDS, so as to evoke its
potential to achieve long-term, sustainable and stable multi-
drug release. After optimization, Van and Cur were encapsu-
lated into the F(AM) nanoparticles (NPs) at the preset dose, and
the resulting encapsulation was denoted by (Van + Cur)@F(AM)
NPs. (Van + Cur)@F(AM) NPs were engulfed by macrophages
via mannose receptor-mediated internalization, and then
specifically targeted to intracellular methicillin-resistant
Staphylococcus aureus (MRSA) through peptidoglycan anchoring
of amino alanine moieties. As such, (Van + Cur)@F(AM) NPs
were able to deliver the drug combination on-site, which
effectively broke through the multiple physiological barriers
described above. Furthermore, Van and Cur in the (Van + Cur)@
F(AM) NPs were released in uniform and long-term patterns,
facilitating their durable synergistic bactericidal effects. Conse-
quently, (Van + Cur)@F(AM) NPs showed the best in vitro and
in vivo intracellular MRSA elimination effect compared to other
controls, including free Van, (Van + Cur), the DDS encapsulated
Van and the DDSs separately-encapsulated Van and Cur. In
addition, (Van + Cur)@F(AM) NPs could mobilize the body’s
immunity by modulating immune cytokines, allowing for
enhanced therapeutic efficacy against intracellular bacterial infec-
tions. Therefore, (Van + Cur)@F(AM) NPs, exerting the intracellular
synergistic effect of drug combination via on-site delivery, offer
great promise in the fight against intracellular bacterial infection.

2 Materials and methods
2.1 Materials

L-Phenylalanine (>97%), o-Boc-p-aminoalanine (>98%),
mannose (>98%), acryloyl chloride (>98%), o-p-mannose
pentaacetate (>97%), 2-hydroxyethyl acrylate (HEA, >98%),
2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT,
>98%), boron (tri) fluoride etherate (BF;Et,O, >97%), tris[2-
phenylpyridinato-C* N]iridium(m) (Ir(ppy)s, =99%), trimethylsilyl-
diazomethane (TMSCHN,, ca. 10% in hexane, 0.6 mol L), Van
(=98%), Cur (>98%), Nile red (NR, >98%), fluorescein isothio-
cyanate (FITC, >97%) and other common solvents such as
dimethyl sulfoxide (DMSO), dichloromethane (DCM), ethanol
(EtOH), methanol (MeOH), tetrahydrofuran (THF), trifluoroacetic
acid (TFA) and ethyl acetate (EA) were purchased from J&K
Scientific. Tryptic soy broth (TSB) and tryptose soy agar (TSA) were
purchased from Sinopharm Chemical Reagent (China).

Cell culture medium was purchased from Gibco BRL (U.S.A.)
and CORNING (U.S.A.). Thiazolyl blue tetrazolium bromide
(MTT), Lyso-Tracker Red, calcein AM, diamidine phenyl indole
(DAPI), lysostaphin, and Triton X-100 were purchased from
Solar Science & Technology Co., Ltd. (China).

2.2 F(AM) synthesis

2.2.1 Synthesis of monomers. The o-N-acryloyl-phenyl-
alanine (denoted by F), B-N-acryloyl-o-Boc-p-aminoalanine
(denoted by Ag,c), and 2-(2/,3",4’,6'-tetra-O-acetyl-a-p-mannosy-
loxy) ethyl acrylate (denoted by Mps.) monomers were

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic diagram of the fabrication and intracellular bacteria elimination of (Van + Cur)@F(AM) NPs. (a) Van and Cur can be successfully
encapsulated in the DDS in a preset dose to form (Van + Cur)@F(AM) NPs. (b) (Van + Cur)@F(AM) NPs exert an intracellular synergistic bactericidal effect
via on-site delivery of the drug combination. Specifically, (Van + Cur)@F(AM) NPs are engulfed by macrophages via mannose receptor-mediated
internalization, and then specifically target intracellular bacteria through peptidoglycan anchoring of amino alanine moieties. Van and Cur are released
on-site and eliminate intracellular bacteria by synergistic action. (Van + Cur)@F(AM)NPs are able to induce an immune response in vivo, by modulating

immune factors.

synthesized by the previously reported method. They were all
successfully synthesized as demonstrated by 'H NMR.**

2.2.2 F(AM) synthesis. Poly(a-N-acryloyl-phenylalanine)
(denoted by PF) was synthesized first using photoinduced
electron/energy transfer-reversible addition-breakage chain
transfer (PET-RAFT) polymerization.’® Then, PF was used as
the macro-chain transfer agent (CTA) for the synthesis of
poly(a-N-acryloyl-phenylalanine)-block-poly(B-N-acryloyl-a-Boc-
p-aminoalanine-co-2-(2',3',4’,6'-tetra-O-acetyl-o-p-mannosyloxy)
ethyl acrylate) (denoted by F(AgocMoac))- Typically, the monomer
Agoe (1 g, 3.87 mmol) or Moy, (1.7 g, 3.87 mmol), PF (0.83 g,
0.129 mmol), and Ir(ppy); (25 mg, 3.87 x 10> mmol) were
dissolved in 1 mL of DMSO. The reaction was then degassed
first with N, for 30 min followed by irradiation under blue light
for 6 h. The polymers were purified according to our previous
method.*

The newly synthesized F(Ag,.Moac) Was deprotected by dea-
cetylation as well as by removal of tert-butoxy carbonyl
protection. First, F(Ago,cMoac) (220 mg) and sodium methanol
(30 mg) were dissolved in 4 mL of MeOH, stirred using a
magnetic stirrer for 4 h, then dialyzed in a MeOH solution for
48 h with a 1000 Da dialysis bag to obtain poly(a-N-acryloyl-
phenylalanine)-block-poly(B-N-acryloyl-a-Boc-p-aminoalanine-
co-2-O-acetyl-a-p-mannosyloxy) (denoted by F(Ago,.M)). The
obtained F(Ag,.M) (400 mg) was dispersed in a DCM/THF
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(1 mL/200 pL) mixed solution for 3 h and dialyzed in MeOH
solution with 1000 Da for 48 h. The F(AM) was collected
and dried.

2.3 Preparation of delivery systems

For (Van, s + Curz;,)@F(AM) NPs, F(AM) copolymer (10 mg),
Van (2.5 mg), and Cur (5.5 mg) were dissolved in 1 mL
of DMSO, and then 9 mL of distilled water was added under
high-speed stirring (>1000 rpm), with agitation for 30 min,
following by dialysis with ultrapure water for 48 h. Similar
methods were used to prepare Van@F(AM) NPs, and Cur@
F(AM) NPs. DLS and TEM were used to evaluate the size, zeta
potential, morphology, and stability of the NPs.

2.4 Drug loading rate (DLC), and encapsulation rate (DLE)

The DLC (%) and DLE (%) of Van and Cur were calculated by
the following equations.

DLC (%) = (weight of drug load/total weight of polymer and
load drug) x 100%

DLE (%) = (weight of drug load/total weight of drug) x 100%

2.4.1 Drug release. (Van + Cur)@F(AM) NPs were dispersed
in PBS solution at pH 7.4. They were then placed in dialysis

J. Mater. Chem. B
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bags (MWCO 3500 Da) and immersed in 5 mL of PBS buffer
containing 0.5% w/v Twain 80. The dialysis system was incu-
bated on a 37 °C shaker, and 1 mL of the solvent outside the
dialysis bag was removed periodically and supplemented with
1 mL of PBS buffer containing 0.5% w/v Twain 80. The release
of Cur and Van was analyzed by UV-Vis and HPLC, respectively.

2.5 On-site delivery

2.5.1 Targeting cells. Rat fibroblast cells L929 and murine
macrophages RAW264.7 were inoculated separately in confocal
culture dishes at 2 x 10> mL™" cells per dish and incubated
overnight. RAW264.7 macrophages were labeled with calcein
AM, mixed with L929 fibroblasts (unlabeled) at a 1:1 ratio,
and cultured in a 1:1 medium mixture. Co-cultured cells
were treated with Nile Red-loaded F(AM) NPs (denoted by
NR@F(AM) NPs, 10 ug mL~' NR) for 1 h and washed three
times with PBS. Cells were then fixed in 4% paraformaldehyde
(20 min). Finally, cells were stained with diamidine phenyl
indole (DAPI) (5-10 min) and observed using a confocal laser
scanning microscope (CLSM).

2.5.2 Targeting bacteria. Exponentially grown MRSA was
incubated with FITC (5 pg mL™") in saline at 37 °C for 2 h to
form FITC-MRSA. Then RAW264.7 macrophages were washed
three times with PBS and then infected with FITC-MRSA
followed by co-culture with NR@F(AM) NPs (10 ug mL ™' NR)
for 24 h after infection. The RAW264.7 macrophages were fixed
with 4% paraformaldehyde for 20 min, then stained with DAPI
for 5-10 min and imaged using CLSM.

2.6 Extracellular antibacterial evaluation

2.6.1 Bacterial culture. MRSA (MRSA-1857) used in this
study was isolated from the Affiliated Hospital of the Chinese
Academy of Military Medical Sciences. MRSA was incubated in
a TSB medium at 37 °C for 9 h. Subsequently, the suspension
was centrifuged at 3500 rpm for 3 min to collect MRSA and
washed twice with saline.

2.6.2 Minimum inhibition concentration (MIC). The MIC
was determined by serial dilution of compounds in 96-well
plates containing broth medium (100 pL). In brief, broth
medium (100 pL) containing two-fold serial dilutions of each
compound was placed in a 96-well plate. Briefly, MRSA strains
were collected in the cultures during the exponential growth
period, diluted to 5 x 10° CFU mL™ ", and inoculated in 96-well
plates. The MIC was determined by incubation at 37 °C for 24 h.
The final MIC was determined from the optical density (OD)
value at 600 nm. The MIC is the concentration corresponding
to the wells in which no MRSA growth is observed. The broth
containing MRSA was used as a positive control and the broth
without MRSA as a negative control. Each test was repeated
three times.

2.6.3 Checkerboard method. The fractional inhibition
concentration index (FICI) was measured. The synergistic effect
between Van and Cur was evaluated by the checkerboard
method. Van and Cur were mixed in a 96-well plate in serial
two-dimensional dilutions. The bacteria were then similarly
inoculated in 96-well plates and ODggo values were measured.
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The FICI was calculated according to the following formula to
assess the synergy effect.

MICB in combination
MICB

MICA in combination

FICI = MICA

The FICI data were interpreted as follows: complete synergy
when FICI < 0.5, partial synergy when 0.5 < FICI < 0.75,
ineffective when 0.75 < FICI < 2, or antagonistic antibacterial
performance evaluation when FICI > 2.%7

2.6.4 Extracellular bacterial colony count. MRSA was co-
incubated with different concentrations of drugs at 37 °C for
24 h and then diluted and spread onto TSA agar plates in
triplicate and incubated for 24 h, followed by counting of
bacterial colonies.

2.7. Intracellular antibacterial evaluation

2.7.1. Cell culture. RAW264.7 macrophages were cultured
by incubating with Dulbecco’s modified eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% anti-
biotic and antifungal solutions (penicillin and streptomycin) at
37 °C and 5% CO, in an incubator, and the medium was changed
every other day.

2.7.2. Construction of intracellular bacteria. RAW264.7
macrophages were plated at 50 000 cells per well and incubated
for 18-24 h. The MRSA was inoculated at 25 times the number
of cells per well. After infecting for 1 h, the RAW264.7 macro-
phages were washed three times with PBS. Then, gentamicin
was added at 50 pg mL ™" per well (1 mL) and incubated for 1 h
to kill extracellular MRSA.

2.7.3. Intracellular antibacterial evaluation. First,
RAW264.7 macrophages infected with MRSA were washed three
times with PBS, and then incubated with Van, Van + Cur,
Van@FAM NPs, Van@FAM NPs + Cur@FAM NPs, and (Van +
Cur)@FAM NPs for 12, 24, and 48 h. Finally, RAW264.7 macro-
phages were lysed with PBS containing 0.1% (v/v) Triton X-100.
After lysis, the obtained intracellular MRSA was diluted and
spread in triplicate onto TSA agar plates. MRSA was incubated
overnight and then counted against the colony count.

2.7.4. Cellular uptake of the NPs. RAW264.7 macrophages
were inoculated in confocal culture dishes (3 x 10° mL™") for
CLSM. NR@F(AM) NPs (10 pg mL~ ' NR) were added to the
culture medium. After co-incubation at different times,
RAW264.7 macrophages were observed using CLSM. The mean
fluorescence intensity (MFI) was analyzed by the software
Image J.

2.7.5. Cellular internalization mechanisms. The cellular
internalization mechanism of the NPs was analyzed using
internalization inhibitors. In brief, RAW264.7 macrophages
were spread flat into confocal culture dishes (3 x 10° mL™")
and incubated for 24 h. The cells were separately pretreated
with methyl-B-cyclodextrin (B-CD, 5 mM), amiloride (2 mM),
chlorpromazine (chlorpromazine hydrochloride, 10 pg mL™ %),
and sucrose (450 mM) for 1 h. The control group was pretreated
with PBS only. After pretreatment, FITC@F(AM) NPs were
added to each well (5 ug mL™" FITC) and incubated for another

This journal is © The Royal Society of Chemistry 2023
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4 h. Then, the treated RAW264.7 macrophages were observed
with CLSM. Relative endocytosis was analyzed by the software
Image J.

2.7.6. Mannose-mediated competitive inhibition of uptake.
RAW264.7 macrophages were spread flat into confocal culture
dishes (3 x 10° mL™") and incubated for 24 h. They were
pretreated with 25 mM and 50 mM mannose as well as PBS for
1 h. FITC@F(AM) NPs (5 pg mL ' FITC) were added and
incubated for 3 h. Then, the treated RAW264.7 macrophages were
observed with CLSM.

2.7.7. Lysosomal escape. RAW264.7 macrophages were
inoculated in confocal culture dishes (3 x 10° mL™') and
incubated for 24 h, then incubated with Lyso-Tracker red for
1 h. After further incubation with FITC@F(AM) NPs (5 pg mL ™"
FITC) at different times, the cells were washed with PBS and
imaged with CLSM.

2.8. In vivo antibacterial effect

2.8.1. Mice handling. Balb/c female mice (6-7 weeks) were
purchased from Beijing Charles River Co., Ltd. In this study, all
animal care was in accordance with the National Research
Council Guide for the Care and Use of Laboratory Animals.
All animal experiments were supervised and evaluated under
the supervision and evaluation of the SPF Animal Section of the
Clinical Research Institute of China-Japan Friendship Hospital
(Approval no. zryhyy 12-20-08-3).

2.8.2. In vivo antibacterial activity (peritonitis model). The
MRSA-infected peritonitis model was used to evaluate the
antibacterial effect in vivo. Briefly, mice were injected intra-
peritoneally (i.p.) with MRSA (2 x 10® CFU per mouse, 100 pL)
for 24 h. Then, the mice were randomized into 3 groups (n = 3)
and treated in different groups for 24 h by injecting with a
single dose (i.p.) of PBS, (Van + Cur), or (Van + Cur)@F(AM)
(10 mg kg Van; 20 mg kg~' Cur). Finally, the mice were
euthanized and injected (i.p.) with 2 mL of HBSS. Peritoneal
fluid was collected to determine the total, extracellular and
intracellular CFU. The peritoneal fluid was combined with
hemolysin (15 ug mL™") to kill extracellular MRSA and lysed
with HBSS containing 0.1% Triton X to quantify intracellular
CFU. Blood was drawn from the orbital sinus to detect pro-
inflammatory markers in the serum. Major organs were col-
lected. The liver, spleen, lungs, and kidneys were evaluated with
hematoxylin and eosin (H&E).

2.9. Biological activity

2.9.1. Cytotoxicity assay. RAW264.7 macrophages and L929
fibroblasts were used for the MTT assay. Cells were inoculated
onto 96-well plates (5000 cells per well) and incubated at 37 °C
with 5% CO, in an incubator for 24 h to adhere them to the
wall. Then (Van + Cur)@F(AM) NPs were added to each well
with serial dilutions. After 24 h of incubation, 10 pL of
5 mg mL~ " MTT solution was added to each well and they were
incubated for another 4 h at 37 °C. Finally, the mixture was
removed. 100 pL of 10% SDS was added, and the absorbance
was measured at 570 nm.

This journal is © The Royal Society of Chemistry 2023
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2.9.2. Hemolysis. Fresh mouse blood samples were col-
lected by centrifugation at 5000 rpm (5 min). Blood cells were
washed three times with PBS after a final concentration of
approximately 5% (v/v). (Van + Cur)@F(AM) NPs were serially
diluted with PBS and placed simultaneously with the same
volume of blood cell suspension in a 96-well plate and incu-
bated at 37 °C for 4 h. After that, the suspension was collected
and centrifuged at 3000 rpm (7 min) and the supernatant was
collected to monitor the ODsg, in each well using an enzyme
marker. PBS was used as a negative control and PBS containing
1% Triton X-100 was used as a positive control. Hemolysis was
calculated by the following equation.

Percentage hemolysis (%) = (sample absorbance - negative
control absorbance)/(positive control absorbance - negative
control absorbance) x 100.

2.10. Statistical analysis

For all experiments, data were presented as the mean + SD
(standard deviation). Data analysis was performed by using
GraphPad Prism 8 and statistically analyzed using paired ¢ tests
and a one-way ANOVA. The difference was considered signifi-
cant when p < 0.05 (*).

3 Results and discussion
3.1 Preparation of F(AM)-based copolymer and NPs

The amphiphilic copolymer F(AM) was synthesized by the
PET-RAFT polymerization technique and then assembled to
produce drug-loaded NPs (Fig. 1(a)). The hydrophobic fraction
PF was synthesized using F as monomers, DDMAT as the CTA,
and Ir(ppy); as the photoinitiator. Then, the resulting PF was
further used as a micro-RAFT reagent, using Ago,. and Moxc
together as monomers to synthesize F(Ag,cMoac) (Scheme S1,
ESIf)."H NMR spectroscopy and GPC analysis showed that
the molecular weights of PF and F(Ap,.Moac) were ~ 7069
(My/M,, = 1.34) and ~11451 g mol™" (M,/M,, = 1.89), respec-
tively (Fig. S1-S3, and Table S1, ESIt). The polymerization
degrees of PF, the poly(B-N-acryloyl-a-Boc-p-aminoalanine)
chain segment, and the poly(2-(2/,3',4’,6'-tetra-O-acetyl-o-p-
mannosyloxy) ethyl acrylate) chain segment were 28, 12, and
10, respectively (Fig. S4, ESIT). The final polymer F(AM) was
obtained by deprotection and confirmed by "H NMR analysis
(Fig. S5, ESIT). Then, F(AM) was self-assembled to form NPs in a
water/DMSO (9/1, v/v) solvent system (Fig. 1(a)). TEM images
showed that the F(AM) NPs exhibited a spherical morphology
and had a uniform size (Fig. 1(b)). The average diameter of the
F(AM) NPs was 220 nm (Fig. 1(c)). These results indicate that
the F(AM) NPs were successfully constructed.

3.2 Cellular targeting and intracellular bacterial targeting

The F(AM) DDS was designed to deliver drugs on-site at the
location of intracellular pathogens.** Therefore, the specific
functions of F(AM) NPs for targeting host cells and intracellular
bacteria were investigated. First, the specific targeting ability of
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RAW264.7 macrophages, which was analyzed using Image J software. (f) PCC was calculated using Image J software, n = 6, (** p < 0.01). (g) Confocal
images of intracellular FITC-MRSA after incubation with NR@F(AM) NPs for 24 h. (h) Co-localization between NR@F(AM) NPs, and FITC-MRSA
fluorescence intensity distribution. (i) 3D confocal images of RAW264.7 macrophages infected with FITC-MRSA after incubation with NR@F(AM) NPs.

F(AM) NPs for professional phagocytes, RAW264.7 macro-
phages, was investigated. NR@F(AM) NPs with red fluorescence
were added to a mixed cell system containing calcein (AM)-
labeled RAW264.7 macrophages (green fluorescence) and L929
fibroblasts cells. After 1 h of incubation, it was found that
NR@F(AM) NPs bound more readily to RAW264.7 macrophages
(vellow arrows), than L929 fibroblasts (blue arrows) (Fig. 1(d)).
The Pearson correlation coefficient (PCC) of the co-localization
between RAW264.7 macrophages and NR@F(AM) NPs was up
to 0.739, significantly higher than that between L929 fibro-
blasts and NR@F(AM) NPs (0.300, Fig. 1(e)-(f), Fig. S6, ESIt).
This implied that F(AM) NPs have a good macrophage-specific
targeting ability. Subsequently, the intracellular bacterial tar-
geting ability of F(AM) NPs was investigated. Intracellular
bacteria-infected RAW264.7 macrophages were obtained using
FITC-labeled MRSA and then co-incubated with NR@F(AM)
NPs. As shown in Fig. 1(g), FITC-MRSA successfully infects
RAW264.7 macrophages and is located in the cytoplasm.
Importantly, the red fluorescence of the NR@F(AM) NPs
matched well with the green fluorescence of the intracellular
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MRSA, exhibiting a bright yellow fluorescence in a merged
image (Fig. 1(h)). The 3D confocal image with stereospecific
visualization further confirmed that NR@F(AM) NPs perfectly
targeted FITC-MRSA (Fig. 1(i)). The above results indicated that
the constructed F(AM) NPs have excellent host cell and intra-
cellular bacteria-specific targeting ability, which is an impor-
tant foundation for on-site drug delivery.

3.3 Extracellular antibacterial evaluation and characterization
of DDS

Van and Cur were selected drugs for encapsulation in the F(AM)
NPs. Their extracellular bactericidal properties were system-
atically studied. Firstly, the synergistic bactericidal properties
of the free drugs were investigated. MICs of Van and Cur were
determined to be 1 pg mL™ ' and 400 pg mL ™', respectively
(Fig. S7, ESIf). Cur showed a larger MIC value than Van. This is
mainly because Cur disturbs and further damages cell mem-
branes, resulting in bacterial death.*® Van has a triple bacter-
icidal mechanism, which includes inhibiting bacterial cell wall
synthesis, altering bacterial cell membrane permeability, and
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Fig. 2 Extracellular antibacterial evaluation. (a) Checkerboard dilution assays to evaluate the synergistic effect of Van and Cur. (b) CFU counting of
extracellular MRSA with treatment of the free drugs. (c) Photographs of extracellular MRSA treated under different conditions. CFUs were counted using
the drop plate method, n = 3. (d) TEM and (e) DLS of (Vany s + Curs o)@F(AM) NPs. (f) SEM images of bacteria treated under different conditions. Yellow
arrows indicate defects in bacterial cell walls and membranes caused by antibiotics. #hlkp < 0.01, #H#xp < 0.001, #H##xeep < 0.0001, and ns

p > 0.05.

preventing RNA synthesis in the bacterial cytoplasm.**>°

Interestingly, when 0.5 pug mL™' of Van was combined with
3.0 pg mL™" of Cur (denoted by (Van, 5 + Curs o)), the bacterio-
static efficiency was very much improved. The FICI was 0.507
(Fig. 2(a)), suggesting a synergistic bacteriostatic effect of the
combination of Van and Cur. Furthermore, the quantitative
antibacterial efficiency was evaluated by a colony count
method. The bacterial colony count in the group of (Vangs +
Curs ) was 5.1-Log;, CFU, which was reduced by 2.8-Log;, CFU
compared to that in the group of Van, 5 (0.5 pg mL ™", Fig. 2(b)
and (c)). These results implied that the combination of Van and
Cur notably reinforced the bacteriostatic efficiency. This was
mainly due to the fact that Cur increased the permeability of
bacterial cell membranes, which enhanced the bactericidal
mechanism of Van, and in particular, reinforced the inhibition
of RNA synthesis in the bacterial cytoplasm by Van. Subse-
quently, the bactericidal performance of Van at a concentration
of 1.5 x MIC (namely 1.5 ug mL ") was further investigated.>
When Van, 5 was used alone, its CFU count was 5.13 Log;, CFU,
which approximated that of (Van, s + Curs ). Significantly, the
CFU count of Van, 5 could further decrease by 1.2-Log;, CFU in
the presence of Cur; o. Upon further increasing the concentrations

This journal is © The Royal Society of Chemistry 2023

of Van and Cur, the combined (Vans, + Curg) showed compar-
able antibacterial performance to (Van, 5 + Curs ), indicating the
platform stage of the combined pharmacotherapy of Van and Cur.
Therefore, based on the above results, we chose (Van, 5 + Curs)
as the final cargo to pack into F(AM) NPs. The assembly
conditions, including drug proportion, solution proportion,
and assembly speed were carefully controlled to obtain the
final NPs, which were denoted by (Van, 5 + Cur; ,)@F(AM) NPs.
After loading, the DLC of Van and Cur in the NPs was calculated
to be ~13.5 wt% and ~23.2 wt%, respectively. The final
content ratio of Van to Cur was about 1.5:3 (Fig. S8, S9, and
Table S2, ESIt), suggesting that Van and Cur were successfully
encapsulated into F(AM) NPs at a preset dose. Drug release
results indicated that Van and Cur in the (Van + Cur)@F(AM)
NPs were released in uniform and long-term patterns. Approxi-
mately 30% of Van or Cur was released at 72 h (Fig. S10, ESI¥).
Their similar release behaviors were mainly due to the n-n
stacking interaction between Van and Cur.”” This long-term,
sustainable and stable multi-drug release is essential for the
long-term inhibition of intracellular bacterial growth.’?*"*
In addition, TEM images showed that (Van, 5 + Curs; ¢)@F(AM)
NPs were homogeneous spherical particles with an average
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diameter of 357 nm (Fig. 2(d) and (e)), and their particle size
and polydispersity index (PDI) did not change obviously over
1 month (Fig. S11, ESIt). The zeta potential of the (Van, s +
Cur; ,)@F(AM) NPs was determined to be —41.4 mV (Fig. S12,
ESIt). Additionally, Van, s@F(AM) NPs were used as a control,
which was constructed and fully characterized (Fig. S13, ESIt).

Immediately after, the antibacterial properties of the drugs
in the F(AM) NPs were investigated. Interestingly, Van, s @F(AM)
NPs showed a 1.4-Log;, CFU reduction in bacterial colony count
compared to Van,s (Fig. 2(b)). This meant that F(AM) NPs
possessing bacterial targeting properties could augment the bac-
tericidal effect of Van. In other words, Van, ;@F(AM) NPs that
effectively killed bacteria might not only rely on the Van released
from F(AM) NPs because of its long-periodic and slow release. It
was noted that the p-alanine terminal in F(AM) NPs can tightly
insert into the bacterial cell wall and interface the biosynthesis of
peptidoglycan of the bacteria. Therefore, the F(AM) NPs would
sensitize the bactericidal effect of Van, and alternatively, Van, s@
F(AM) NPs could be internalized in the process of bacterial
proliferation. In terms of this, Van; s;@F(AM) NPs showed higher
bactericidal efficacy than the naked Van. Moreover, the bacterial
colony count of the (Van;s + Curso)@F(AM) NPs was further
reduced by 0.9Log;, CFU compared with that of Van, s@F(AM)
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NPs, indicating that the dual drug encapsulated in the F(AM) NPs
could effectively play a synergistic bactericidal role and enhance
the elimination effect of MRSA. SEM images (Fig. 2(f)) showed
that the bacteria in the PBS group as well as the Cur group had
normal shapes, clear borders, and good membrane integrity.
In contrast, severe collapse of bacterial cell membranes could
be seen when the bacteria were treated with various NPs.
In particular, bacterial content flowed out after treatment with
(Van, 5 + Cur; c)@F(AM) NPs. The above results again indicated
that the F(AM)-based DDS was able to effectively exhibit a dual-
drug synergistic bactericidal effect, providing a basis for support-
ing intracellular synergistic bactericidal activity in the host.

3.4 Intracellular antibacterial evaluation

Given the outstanding extracellular antibacterial properties of
the (Van, 5 + Cur; o)@F(AM) NPs, we further investigated their
intracellular bactericidal effect in an MRSA-infected RAW264.7
macrophage model. As a control group, the naked F(AM) NPs
and Cur;, had no bactericidal effect (Fig. S14, ESIT). The free
Van, ; showed inhibition of intracellular bacteria at the first
12 h (4.15Log;, CFU, Fig. 3(a)). As the incubation time was
extended to 24 h and 48 h, the free Van, 5, however, lost its
ability of intracellular bacterial inhibition. The counts of the
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photographs of intracellular MRSA. *p < 0.05, **p < 0.01, ###/*xxp < 0.001, and ns p > 0.05 respectively, n = 3.

J. Mater. Chem. B

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3tb00125c

Published on 15 March 2023. Downloaded by Beijing University of Chemical Technology on 3/29/2023 9:13:52 AM.

Journal of Materials Chemistry B

treated bacteria gradually increased to 6.3 Log;, CFU (Fig. 3(b)
and (c)). In addition, when the Van dose was increased at a
gradient to 50 pg mL ™", its bactericidal performance was not
enhanced (4 Log,, CFU, Fig. S15, ESIt). This indicated that for
free Van it was difficult to achieve long-term and effective
bactericidal efficacy for intracellular infection. Primarily, the
host cell membrane reduces the internalization of free Van.
Additionally, the cellular efflux of the host cells shortens the
intracellular residence time of the Van.>®> Consequently, free
Van failed to control intracellular infections. Surprisingly, when
Van was combined with Cur (Van, 5 + Curs ), it did not exhibit
better antibacterial performance than free Van, 5 (5 Log;, CFU)
at 24 h (4.5 Log;, CFU) (Fig. 3(a) and (b)), suggesting this naked
drug combination was ineffective against intracellular bacteria.
This might be because the different internalization pathways
and subcellular organelle distributions in the host cells atte-
nuated the drug combination effect. But interestingly, by
extending the incubation time to 48 h, (Van, 5 + Cur; ) showed
a more stable bactericidal efficacy than Van, 5. It was reasonable
that the intracellular accumulation of the two drugs reached
equilibrium and subsequently exerted a certain combined
bactericidal effect for long-term administration. Nevertheless,
poor intracellular drug formulation and delayed drug combi-
nation result in the failed intracellular antibacterial perfor-
mance of (Van; s + Curs,). The above results suggested that
free drugs would be shielded by the host cell membrane, and
that differences in the timing of internalization and intra-
cellular spatial distribution severely reduced the synergistic
effects of combined drugs.

The on-site drug delivery system was expected to solve this
problem. First, Van, s@F(AM) NPs showed better intracellular
MRSA inhibition compared with the free Van, 5 (p = 0.0011).
Especially, a 2.2 Log;, CFU reduction in the number of bacterial
colonies could be found at 48 h treatment (Fig. 3(a)-(c)). This
implied that the F(AM)-based DDS could break through the cell
membrane barriers and fight against the cellular efflux of
the host cells because of its intracellular bacterial targeting
property, allowing Van to effectively exert a bactericidal
performance. Moreover, the antibacterial performance of the
(Van, 5 + Curs o) drug combination could be fully evoked via the
robust F(AM)-based DDS. (Van, 5 + Curs o)@F(AM) NPs showed
the lowest bacterial colony count compared to all other treat-
ments. The (Van, 5 + Curs ,)@F(AM) NPs showed a 2.2 Log;,
CFU reduction in bacterial colonies at 24 h treatment compared
to the (Van, 5 + Curs,) (Fig. 3(b)). Further extending treatment
time to 48 h, the number of bacterial colonies in the group of
(Van, 5 + Curs o)@F(AM) NPs was further significantly reduced
by 1.6 Log,, CFU, while that was slightly decreased in the group
of (Van, 5 + Curs ) (Fig. 3(c) and (d)). At the same time, (Van, 5 +
Cur; ,)@F(AM) NPs also showed a better antibacterial effect
than Van, s@F(AM) NPs, fully demonstrating the enduring
bactericidal performance of (Van + Cur)@F(AM) NPs via its
intracellular synergistic effect. To further shed light on this
fact, Van, s@F(AM) NPs and Cur; (@F(AM) NPs were adminis-
tered simultaneously to investigate the antibacterial performance.
Though Van, ;@F(AM) NPs + Cur; (@F(AM) NPs showed a slightly
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View Article Online

Paper

antibacterial effect at the first 24 h, they failed to control the
proliferation of the intracellular bacteria at 48 h (Fig. 3(a)—(c)). The
results suggested that when Van and Cur were encapsulated in
the DDS separately, they would compete with each other during
the processes of cell entry and intracellular bacterial targeting.
Therefore, this independent encapsulation resulted in their
different dosage at the location of the intracellular bacteria and
ultimately attenuated the bactericidal effect.

Overall, the (Van, 5 + Cur; o)@F(AM) NPs exhibited the best
intracellular bacterial clearance. This excellent DDS, by deliver-
ing drugs on-site to the site of intracellular infection, enabled
the synergistic bactericidal effect of the drug combination in
the cells, resulting in long-term and high-efficient intracellular
bacterial elimination.

3.5 Mechanism of the intracellular synergistic effect of the
drug combination

Free drugs either in single or combined forms failed to kill
intracellular bacteria because of their inherent limitations.
As Fig. 4(a) illustrates, Van is a glycopeptide antibiotic that
enters macrophages by endocytosis. Its accumulation is very
slow and limited because of the efflux effect of the host
cells.***® van that partially enters macrophages is mainly
distributed in the subcellular organelle lysosomes.>” Similarly,
Cur is a natural antibacterial agent that enters cells mainly by
rapid free diffusion, and it is mainly distributed in the sub-
cellular organelle mitochondria.”® As such, it is difficult for Van
and Cur to exert the synergistic antibacterial effect due to the
difference in their temporal and spatial distribution in the host
cells (Fig. 4(a)). In contrast, the dual drug piggybacking on the
F(AM)-based DDS has shown excellent performance in elimi-
nating intracellular MRSA, mainly due to the intracellular
synergistic effect of the drug combination of Van and Cur.
The unified internalization of Van and Cur assisted by F(AM)
NPs was the crucial first step for the whole intracellular
journey. To clarify the internalization pathway, we systemati-
cally investigated the cellular uptake pathway of the F(AM)-
based DDS. First, the RAW264.7 macrophages were pretreated
at 4 °C and 37 °C to assess the energy dependence of the
internalization process. After pretreatment at 4 °C, the cellular
uptake of the FITC@F(AM) NPs was reduced by 81.5%, indicat-
ing their ATP-dependent internalization. The cellular uptake of
the FITC@F(AM) NPs was further assessed in the presence of
different internalization inhibitors. The inhibitors included
sucrose, chlorpromazine (an inhibitor of lattice protein-
mediated cellular endocytosis), methyl-p-cyclodextrin (B-CD,
an inhibitor of niche protein-dependent endocytosis), and
amiloride (an inhibitor of macrocytic drinking action).’®®°
Specifically, of all the internalization inhibitors treated for
cellular uptake, the inhibition of microsphere uptake after
amiloride treatment was the most pronounced, exhibiting a
33.3% reduction of internalization of FITC@F(AM) NPs.
Accordingly, F(AM) NPs were mainly incorporated into cells
through ATP-dependent macropinocytosis (Fig. 4(b) and (c)).
The macropinocytosis process involves host cells encapsulating
NPs in large vesicles, which then cause cell membrane folding
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Fig. 4 (a) Schematic diagram of the mechanism of intracellular synergistic effects. (b) The cellular uptake of FITC@F(AM) NPs after pretreatment with
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incubated with RAW264.7 macrophages for 0.5, 3, 6, 12, 24, and 48 h. (e) The corresponding MFI of the cellular uptake, which was calculated using Image

J software. **p < 0.01, ****p < 0.0001, n = 6.

through actin signaling to take up NPs.®™** Normally, NPs in

the size range of 200-500 nm are internalized via micropino-
cytosis and favor the triggering of rapid cellular uptake of
macrophages.®® Subsequently, to demonstrate the role played
by mannose in cellular uptake, FITC@F(AM) NPs were co-
incubated with RAW264.7 macrophages that were pretreated
by different concentrations of mannose. The confocal results
showed that the green fluorescence signal was significantly
dimmed by mannose pretreatment, and the statistical MFI
showed a dose-dependent inhibition (Fig. S16, ESIt). The results
showed that the entry of FITC@F(AM) NPs into macrophages was
competitively blocked by mannose ligand receptor-mediated
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action due to the presence of mannose receptors on the surface
of the macrophages.®*® Therefore, the F(AM)-based DDS entered
cells via a mannose-mediated specific recognition and active
energy-consuming macropinocytosis pathway.

Next, we investigated the intracellular accumulation of the
F(AM) DDS by incubating NR@F(AM) NPs with RAW264.7
macrophages at different times (Fig. 4(d) and (e)). After 0.5 h
of coincubation, the NR@F(AM) NPs were able to accumulate
rapidly in the cells; extending the coincubation time could
increase the cellular