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T
he treatment of bacterial infection
related diseases has attracted wide
attention in the past few decades.1

Since the development of antibiotics in the
1940s, millions of patients' lives have been
saved.2 However, the abuse of antibiotics
leads to the appearance of antibiotic-
resistant species such as superbugs and
therefore encourages us to create an “on-
demand” use of antibiotics.3�6 Currently,
numerous antibiotic replacements, e.g., in-
organic nanoparticles,7�14 photothermal/
photodynamic agents,15,16 antimicrobial
peptides,17�19 and cationic polymers,20�25

have been reported to decrease the possi-
bility of antibiotic resistance. Aimed toward
blind therapy in clinical practice, an innova-
tive antibiotic nanodelivery system26�29 is
now a powerful tool to circumvent antibio-
tic resistance.30 Among these nanocarriers,
two categorized design strategies prove to
be promising in the treatment of bacterial
infections and related diseases: (i) the trans-
portation of antibiotics to immune cells via a

phagocytic pathway and subsequent re-
lease of cargoes against intracellular infec-
tions26,31,32 and (ii) the delivery of anti-
biotics to the infection area and their
site-specific release by activation of the
infection�microenvironment responsive
mechanism.33,34 Nevertheless, the effec-
tive release of antibiotics in an infection
microenvironment tends to always encoun-
ter theobstacleof rapid immuneclearance,35

which dramatically decreases delivery effi-
ciency and drug bioavailability.36 Therefore,
an emerging challenge in the field of materi-
al science and nanomedicine37,38 lies in the
encapsulation of antibiotics in nanoparticles,
keeping them hidden under the radar of the
innate immune system, and the eventual
release of payloads in the regions of interest.
The supramolecular approach enables

flexible and modular preparation of nano-
carriers with desirable features.39�45 By tai-
loring the function of individual building
blocks and noncovalent interactions with
each other, the structure and function of the
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ABSTRACT The treatment of bacterial infection is one of the most challenging tasks in the

biomedical field. Antibiotics were developed over 70 years and are regarded as the most efficient type of

drug to treat bacterial infection. However, there is a concern that the overuse of antibiotics can lead to a

growing number of multidrug-resistant bacteria. The development of antibiotic delivery systems to

improve the biodistribution and bioavailability of antibiotics is a practical strategy for reducing the

generation of antibiotic resistance and increasing the lifespan of newly developed antibiotics. Here we

present an antibiotic delivery system (Van⊂SGNPs@RBC) based on core�shell supramolecular gelatin

nanoparticles (SGNPs) for adaptive and “on-demand” antibiotic delivery. The core composed of cross-

linked SGNPs allows for bacterial infection�microenvironment responsive release of antibiotics. The

shell coated with uniform red blood cell membranes executes the function of disguise for reducing the clearance by the immune system during the

antibiotic delivery, as well as absorbs the bacterial exotoxin to relieve symptoms caused by bacterial infection. This approach demonstrates an innovative

and biomimetic antibiotic delivery system for the treatment of bacterial infection with a minimum dose of antibiotics.
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resulting self-assembled carriers can be controlled on-
demand.46�50 Previously, we improved the formula-
tion and manufacturing method51,52 for robust and
reliable preparation of size-controllable supramolecu-
lar gelatin nanoparticles that can disassemble in the
presence of matrix metalloproteinases (MMPs).53 It is
well known that a broad spectrum of bacteria secrete
gelatinases,54 includingMMP-2 andMMP-9, which also
effectively hydrolyze gelatin nanoparticles into small
biomolecules.55

Herein, we report an adaptive and “on-demand”
antibiotic delivery system based on supramolecular
gelatin nanoparticles (SGNPs) by activation of their
release mechanism in the presence of gelatinase at
the bacterial infection site. The surfaces of SGNPs
were decorated with red blood cell (RBC) membranes
(SGNPs@RBC), and vancomycin (Van), as a model anti-
biotic, was further encapsulated in SGNPs@RBC as the
interior (Van⊂SGNPs@RBC, Scheme 1). The coating of
RBCmembranes imparts a biomimetic characteristic to
Van⊂SGNPs@RBC and significantly improves the im-
mune-evading capability of the resulting nanocarriers,
which are capable of effectively accumulating at the
infection site via enhanced permeability and retention
effects.56 After arriving at the infection microenviron-
ment, the RBC membranes on the Van⊂SGNPs@RBC
act as detoxifiers to enable further absorption of
the exotoxins that are produced by bacteria and relieve
the symptoms caused by them. Meanwhile, the gelatin
core is degraded by the gelatinase that is overex-
pressed in the infection microenvironment, and
the encapsulated Van is subsequently released
and kills pathogenic bacteria locally. This approach

demonstrates an innovative and biomimetic antibiotic
delivery system for the treatment of bacterial infection
with a minimum dose of antibiotics. The proof-of-
concept study of this work may prove to be helpful
for reducing the generation of antibiotic resistance and
increasing the lifespan of newly developed antibiotics.

RESULTS AND DISCUSSION

Preparation and Characterization of Van⊂SGNPs@RBC.
SGNPs were prepared by using the desolvation
method51,52 according to our previously reported
procedure.53,57 The fresh isolated membranes from
RBCs were mixed with SGNPs, and the resulting mix-
ture was extruded on an Avanti mini-extruder to en-
sure uniform coating (for details see Methods). To
visualize the coating of the RBC membrane onto
SGNPs, transmission electron microscopy (TEM) was
carried out to observe the morphology and core�shell
structures of SGNPs@RBC (Figure 1a). Compared to the
SGNPs, with a size of 84.5 ( 4.8 nm, the SGNPs@RBC
unambiguously showed a spherical core�shell struc-
ture with slightly increased size up to 97.3 ( 3.4 nm.
The thickness of the coating membrane was approxi-
mately 7 nm, which corresponds to the RBCmembrane
of 5�10 nm58 (Figure S1). After absorption of strepto-
lysin O (SLO), one of the pore-forming exotoxins
secreted by Streptococcus pyogenes,59 the RBC mem-
brane of the SGNPs@RBC became porous, suggesting
that the SLO molecules were inserted into the RBC
membrane of SGNPs@RBC and then formed a porous
SLO assembly59 (Figure S2). Furthermore, dynamic
light scattering (DLS, Figure 1b) results indicated that
the hydrodynamic diameters of SGNPs increased from

Scheme 1. (a) Preparation of vancomycin encapsulated supramolecular gelatin nanoparticles with RBC membrane coating
layer (Van⊂SGNPs@RBC). (b) Schematic representation of adaptive andmultifunctional Van⊂SGNPs@RBC in the treatment of
a bacterial infection.
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91.9( 9.5 nm to 123.3( 12.7 nm upon coating with the
RBC membrane vesicles. Accordingly, the zeta potentials
also changed from �26.16 ( 0.8 mV to �8.7 ( 0.6 mV.
Moreover, the stability of the SGNPs@RBC in normal
cell culture medium was monitored by DLS and zeta
potential techniques, and the results showed that
the SGNPs@RBC were stable in the medium up to
15 days (Figure 1c). Additionally, sodium dodecyl

sulfate polyacrylaminde gel electrophoresis (SDS-
PAGE) experiments of SGNPs@RBC along with SGNPs,
natural RBC membranes, SLO, and SLO-absorbing
SGNPs@RBC were performed in parallel (Figure 2a).
Compared with natural RBC membranes, the majority
of endogeousmembrane proteins were not lost during
the sample preparation. In addition, the remarkable
toxin absorption was observed after treatment of

Figure 1. Characterizations of SGNPs@RBC. (a) TEM images of (i) SGNPs, (ii) SGNPs@RBCs, and (iii) toxin-absorbing
SGNPs@RBC. The TEM images show the distinct core�shell structure of the SGNPs@RBC and the porous surface of
SGNPs@RBC after being treated with streptolysin O (SLO, exotoxin secreted from S. pyogenes). (b) Hydrodynamic diameters
(blue) and zeta potentials (red) of SGNPs and SGNPs@RBC. (c) The stability of SGNPs@RBC in cell culture medium (DMEM)
containing 10% serum was tested by monitoring the size and zeta potential changes over a span of 15 days. All values are
expressed as mean ( SD (n = 6), and the experiment was repeated independently at least twice.

Figure 2. Toxin absorption andVan loadingof Van⊂SGNPs@RBC. (a) SDS-PAGEof SGNPs@RBCalongwith SGNPs, natural RBC
membranes, SLO, and SLO-absorbing SGNPs@RBC. (b) Drug loading content (DLC) and drug loading efficiency (DLE) of
Van⊂SGNPs@RBC with a weight ratio of Van to SGNPs of 1:10, 2:10, 5:10, and 10:10, respectively.
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SGNPs@RBC with SLO, suggesting high toxin absorp-
tion and clearance capability of the nanoparticles.
To efficiently encapsulate Van into SGNPs to form
Van⊂SGNPs@RBC, the lyopholized SGNP powder was
swollen in a Van-containing PBS solution (c =
10 mg mL�1) for 24 h; then the free Van was removed
by dialysis overnight and coatedwith RBCmembranes.
The drug loading efficiency (DLE) and drug loading
content (DLC) were determined by HPLC (Supporting
Information, Figure S3). The optimal formulation of
Van⊂SGNPs@RBC with a DLE of 63.7% and DLC of
11.4% was obtained by feeding Van:SGNPs = 2:10
(w/w) (Figure 2b) andused for the followingexperiments.

Immune-Evading Capability and Biocompatibility of Van⊂
SGNPs@RBC. The immune-evading capability of Van⊂
SGNPs@RBCwas examined by antiphagocytosis against
macrophage cells. For the purpose of tracking and
comparison, the Van⊂SGNPs@RBC and Van⊂SGNPs

were labeled with Cy5 (see Methods). The Cy5-labeled
Van⊂SGNPs@RBC and Van⊂SGNPs (50 μg mL�1) were
incubatedwith RAW264.7macrophage cells for 30min
at 37 �C (5% CO2). A confocal laser scanning microscope
was utilized to visualize theuptakeof thenanoparticles by
RAW 264.7 cells (Figure 3a). The Van⊂SGNPs@RBC were
barely internalized by macrophage cells compared to
Van⊂SGNPs, indicating that the RBC membrane coating
layer can successfully avoid recognition by immune cells.
Moreover, the negligible cytotoxicity of Van⊂SGNPs@RBC
toward human embryonic kidney (293T) and human
hepatocyte (LO2) cell lines implied high biocompatibility
of our drug delivery system (Figure 3b).

Release Profiles of Van from Van⊂SGNPs@RBC. To de-
monstrate that the release of Van from Van⊂
SGNPs@RBC was triggered by gelatinase, the release
profiles of Van⊂SGNPs@RBC were carried out by using
HPLC (Figure 4a). The Van⊂SGNPs@RBC (3 mg mL�1)

Figure 3. Immune-evading capability and biocompatibility of Van⊂SGNPs@RBC. (a) Fluorescence images of RAW 264.7
(macrophage cell line) cells treated by Van⊂SGNPs@RBC and Van⊂SGNPs, respectively. The Cy5-labeled nanoparticles
(50 μg mL�1) were incubated with cells at 37 �C for 30 min. The cells were washed with PBS three times prior to image
acquisition. (b) Cell availability of human embryonic kidney (293T) and human hepatocyte (LO2) cell lines upon treatment
with a series of concentrations of Van⊂SGNPs@RBC (0�600 μg mL�1).
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were incubated in the presence of gelatinase with
variable concentrations from 0 to 1.5 mg mL�1 in a
Tris buffer (20 mM Tris 3HCl, 50 mM NaCl, 5 mM CaCl2,
0.05% Brij-35, pH 7.4) for 50 h (for more details
see Supporting Information, Figure S4). As shown in
Figure 3a, maximal cumulative Van release (ca. 79.6%)
was reached within 4 h under gelatinase with a con-
centration of 0.3 mgmL�1. The release process slowed
down and the release peak was achieved after 48 h in
the presence of gelatinase with a concentration of
7.5 μg mL�1. In sharp contrast, only 17.6% Van was
released after 50 h without gelatinase. In addition, the
Van⊂SGNPs@RBC show remarkably decreased drug
release efficiency compared to Van⊂SGNPs. The re-
lease of Van from Van⊂SGNPs reached 60% in the
presence of gelatinase (0.5 μg mL�1, Figure S5) within
1 h, while only less than 25% of Van was released from
Van⊂SGNPs@RBC under the same condition. Mean-
while, the Van release from Van⊂SGNPs@RBC can also
be promoted with the pore-forming toxin of SLO
(Supporting Information, Figure S6). All these results
implied that the Van⊂SGNPs@RBC were a gelatinase
concentration/time-dependent delivery system. To
evaluate the Van release performance of Van⊂SGNPs@
RBC toward different species of bacteria, the cumula-
tive release curves of Van⊂SGNPs@RBC against a
broad spectrum of bacteria, i.e., S. aureus, E. coli,
S. epidermidis, P. vulgaris, S. marcescens, and P. aerugi-

nosa, were determined (Figure 4b). Upon co-incubation
with gelatinase-positive bacterial species (5 � 108 cfu)
such as S. aureus, P. vulgaris, S. marcescens, and
P. aeruginosa, 62.4�91.7% Van was released from
Van⊂SGNPs@RBC (3 mg mL�1), while a cumulative
release of 20% was reached in gelatinase-negative
bacteria (E. coli and S. epidermidis) or the pure bacterial
culture medium (tryptic soy broth). The degradation
property of Van⊂SGNPs@RBC in an infection micro-
environment would show the site-specific and on-
demand release of antibiotics with a minimal dose.

Toxin-Removing Capability and Specific Responsiveness of
Van⊂SGNPs@RBC. Finally, we examined the toxin-
removing capability of SGNPs@RBC through antihe-
molytic experiments. The antihemolytic activity of
SGNPs@RBC was determined by measuring the hemo-
globin released from the damaged RBCs60 (Supporting
Information, Figure S7). As can be seen from Figure 5a,
the SGNPs@RBC themselves exhibited relatively lower
hemolysis (<4%) compared to that of PBS and SGNP
control groups. However, a remarkable SLO clearance
ability and antihemolytic activity of SGNPs@RBC (2.5
mgmL�1) were observed in the presence of SLO (100 U
per mL full blood) compared to that of PBS and SGNP
control groups. Furthermore, the detoxification effi-
cacy of SGNPs@RBC to various bacterial species was
carried out by measuring the hemolytic effect
(Figure 5b). As shown in Table 1 and Table S1, the
hemolysis of RBCs in the presence of all six bacteria

significantly decreased upon treatment by SGNPs@RBC.
For instance, the hemolysis caused by P. vulgaris (from
64.7% to 1.9%), S. marcescens (from 100.0% to 36.4%),
and P. aeruginosa (from 35.0% to 2.4%) was dramatically
improved upon treatments by SGNPs@RBC, which was
ascribed to the detoxification property of the RBC mem-
brane. Besides the improved hemolysis, the specificity of
antibacterial efficacy of Van⊂SGNPs@RBC was tested.
S. aureus and S. epidermidis as gelatinase-positive and
gelatinase-negative bacteria were chosen as model
strains. Van⊂SGNPs@RBC (5 mg mL�1) were added
into the bacteria medium for 4 h, and the bacteria cells
subsequently were stained with live/dead cell staining
kits. Both 2D and 3D confocal microscope images
(Figure 5c) were obtained, and the results revealed
that Van⊂SGNPs@RBC showed higher antibacterial
efficacy toward S. aureus than toward S. epidermidis,
which was attributed to the promoted degradation of
the gelation core of Van⊂SGNPs@RBC and release of
Van to kill the gelatinase-positive S. aureus. Quantita-
tively, we measured the minimum inhibitory concen-
tration (MIC) of Van⊂SGNPs@RBC and Van⊂SGNPs
toward a series of Gram-positive and Gram-negative
bacteria (Table 1 and Table S1). We did not find the

Figure 4. Release profiles of Van⊂SGNPs@RBC in the pre-
sence of gelatinase or different bacteria. (a) Representative
time-dependent Van release curves of Van⊂SGNPs@RBC
under different concentrations of gelatinase (0, 7.5, and
300μgmL�1) up to 50h. (b) The cumulative release of Vanof
Van⊂SGNPs@RBC (3mgmL�1) exposed to various bacterial
strains (5 � 108 cfu) at 37 �C for 24 h. All values are
expressed as mean ( SD (n = 3), and the experiments were
repeated independently at least twice.
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obvious inhibition effect of Van⊂SGNPs@RBC for
Gram-negative bacteria even with a concentration of
up to 500 μg mL�1, owing to the poor recognition by
Van of Gram-negative bacteria. Among the Gram-
positive bacteria, a remarkable MIC value (12 (
1.4 μg mL�1) was obtained upon treatment of S.
epidermidis (a gelatinase-negative strain) with
Van⊂SGNPs@RBC. Interestingly, an even smaller
MIC value (3 ( 0.8 μg mL�1) was observed for S. aureus
(a gelatinase-positive strain). This low treatment dose
wascomparablewith thatof freeVan(1.5(0.5μgmL�1).

All these results indicated that Van⊂SGNPs@RBC prefers
to specifically kill Gram-positive and gelatinase-positive
bacteria.

CONCLUSIONS

In summary, a new antibiotic delivery system
(Van⊂SGNPs@RBC) has been developed for efficient
and specific release of antibiotics in the infection site.
Van⊂SGNPs@RBC enables on-demand delivery of anti-
biotics with biomimetic and detoxifying characteristics.
By coating the RBCmembranes, Van⊂SGNPs@RBC show

Figure 5. Toxin-removing capability and specific responsiveness of Van⊂SGNPs@RBC. (a) Hemolysis quantification of RBCs
incubatedwith orwithout SLO (100UpermL full blood) in PBS, SGNPs, and SGNPs@RBC (2.5mgmL�1). (b) Photographs of the
antihemolysis of SGNPs@RBC to different species of bacteria with a negative control of tryptic soy broth (TSB) solution and a
positive control of 1% Triton X-100 TSB solution. (c) 2D and 3D structure of confocal microscope images of inhibition and
killing of bacteria by Van⊂SGNPs@RBC exposed to gelatinase-positive bacteria (S. aureus) and gelatinase-negative bacteria
(S. epidemidis).

TABLE 1. Antihemolysis and Minimum Inhibitory Concentration (MIC) of Van⊂SGNPs@RBC for Various Bacterial Species

species gelatinasea hemolysisb (%) MICc (μg mL�1)

Gram-positive S. epidermidis � 0.16 ( 0.01 (0.18 ( 0.01) 12 ( 1.4 (1.5 ( 0.5)
S. aureus þ 10.0 ( 0.51 (16.5 ( 0.18) 3 ( 0.8 (1.5 ( 0.5)

Gram-negative E. coli � 1.6 ( 0.27 (2.3 ( 0.29) >500 (250 ( 5.3)
P. vulgaris þ 1.9 ( 0 0.67 (67.4 ( 0.64) >500 (500 ( 10.7)
S. marcescens þ 36.4 ( 1.38 (100.0 ( 2.61) � (>500)
P. aeruginosa þ 2.4 ( 0.31 (35.0 ( 1.28) � (>500)

a The classification of gelatinase-positive and gelatinase-negative bacteria refers to ref 24. b The hemolysis percentage was calculated from the following equation: Hemolysis
% = (AS� A�)/(Aþ � A�)� 100%, where AS is the absorbance of bacterial sample (RBCs with supernatant solution of bacteria) at 405 nm, A� is the absorbance of the
negative control (RBCs in TSB solution), and Aþ is the absorbance of the positive control (RBCs in TSB solution with 0.1% Triton X-100) at 405 nm, respectively. The bacterial
samples (1 mL, OD600 = 0.5 bacterial TSB solution) were mixed with SGNPs@RBC (400 μL, 150 μg mL�1) at 37 �C for 2 h and then mixed with RBCs (12 μL of full blood) for
another 2 h. c The concentration of Van⊂SGNPs@RBC was calculated based on the content of encapsulated Van.
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significant immune-evading and toxin-clearance capabil-
ities.Meanwhile, the site-specific degradation of the nano-
particles endows this delivery system with a superb
killing effect for Gram-positive and gelatinase-positive

pathogenic bacteria with minimum systemic toxicity. We
believe that the killing of bacteria with high efficacy
and specificity can be achieved by alteration of different
antibiotics and bioresponsive materials in the future.

MATERIALS AND METHODS

Materials. Bovine bone type-B gelatin, gelatinase, streptoly-
sin O, vancomycin, glutaraldehyde, ethylenediaminetetraacetic
acid (EDTA), uranium acetate, dithiothreitol, and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich Chemical
Co. Dulbecco's modified Eagle's medium (DMEM), penicillin,
streptomycin, ampicillin, fetal bovine serum (FBS), and trypsin
were obtained from HyClone/Thermo Fisher (Beijing, China).
RAW 264.7, 293T, and LO2 cell lines were purchased from Cell
Culture Center of Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences (Beijing, China). Cell counting kit
(CCK-8) and tryptic soy broth (TSB) were obtained from Beyo-
time Institute of Biotechnology (Shanghai, China). Culture plates
(96-well) were purchased from Corning Company. Sulfo-Cy5
NHS ester was obtained from Lumiprobe Corporation. The
bacteria strains of Staphylococcus aureus (ATCC 6538), Escher-
ichia coli (ATCC 8739), Staphylococcus epidermidis (ATCC 12228),
Proteus vulgaris (ATCC 13315), Serratia marcescens (ATCC
14756), and Pseudomonas aeruginosa (ATCC 10145) were ob-
tained from China General Microbiological Culture Collection
Center. An Inertsil C18 HPLC column (ODS-3, 3 μm, 4.6 �
150 mm) for peptide analysis was purchased from Shimadzu
Corporation. The HPLC grade solvents methanol and acetoni-
trile were purchased from Sigma-Aldrich and Fisher Scientific.
Female BALB/cmice for collection of RBCs were purchased from
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). All the other solvents used in the research were pur-
chased from Sinopharm Chemical Reagent Beijing Co., Ltd. or
Beijing (China) Chemical Company.

Synthesis of Supramolecular Gelatin Nanoparticles. The supramo-
lecular gelatin nanoparticles were prepared using a desolvation
technique according to the literature.52,53 An aqueous gelatin
(type B) solution (0.5% w/v, 100 mL) was prepared. The pH was
adjusted to 6 by the addition of NaOH (0.1 M). Then the solution
was stirred at 50 �C and 100 rpm to obtain a clear solution, after
which it was cooled and then filtered. To induce the desolva-
tion process, acetone was added until a permanent faint
turbidity was obtained. Finally, glutaraldehyde aqueous solu-
tion (25% v/v, 2 mL) was added to harden the particles. The
preparation was then stirred for 2 h at 1000 rpm. The cross-
linking was stopped by the addition of an aqueous sodium
metabisulfite solution (1.2 g in 300 mL). The nanoparticle-
formed solution was separated by centrifugation at 10000 rpm
for 10 min, washed three times with distilled water, then resus-
pendedanddispersed in 100mLof distilledwater for use. TheCy5-
labeled SGNPs were prepared by mixing Cy5-NHS with nanopar-
ticles for 30 min and purified by centrifuging, separating the free
molecules of Cy5-NHS.

Loading of Van into SGNPs. To efficiently encapsulate the Van
into SGNPs to form Van⊂SGNPs, the lyophilized SGNP powder
was first obtained. Then, the different weight of Van with a final
concentration of 10 mg mL�1 was added into the lyophilized
powder of SGNPs with a weight ratio of Van to SGNPs of 1:10,
2:10, 5:10, and 10:10, respectively. After swelling and loading of Van
into SGNPs for 24hat RT, thenanoparticleswerepurifiedbydialysis
(Spectra/Por 4,MWCO12000 to 14000) against DIwater overnight
to remove the unloaded free Van. To determine the drug loading
efficiency and drug loading content of Van, the nanoparticles were
centrifuged and the concentration of Van in the supernatant was
measured by RP-HPLC (2535, Waters, with a C18 column and UV
detector). The standard curve of Van was fitted with the peak
area (0.025 M potassium dihydrogen phosphate buffer/methanol,
80/20 v/v, Rf = 9.2 min, 230 nm) and concentration of Van.

Preparation of RBC Membrane. The whole blood was collected
from the orbit of female BALB/c mice with 1.5 mg of EDTA

per mL of blood for anticoagulation. The blood was centrifuged
at 3000 rpm for 5min at 4 �C to remove the plasma and the buffy
coat. The resulting RBCs were washed three times with ice
cold 1� PBS. Then, 0.25� PBS was added for hemolysis via a
hypotonic medium treatment in an ice-bath for 30 min. The
released hemoglobin was removed by centrifugation with a
speed of 14000 rpm for 5 min, and the pellet with a light pink
color was collected and washed by 1� PBS twice. The RBC
membrane was prepared by serially extruding through 200 nm
polycarbonate porous membranes with an Avanti mini-extru-
der (Avanti Polar Lipids).

Preparation of RBC-Membrane-Coated Supramolecular Gelatin Nano-
particles. To coat the RBC membrane onto the SGNPs or
Van⊂SGNPs, the SGNPs or Van⊂SGNPs (0.5 mg mL�1, 500 μL)
weremixedwith 500μL of RBCmembrane prepared fromwhole
blood. The mixture was extruded 11 times through a 200 nm
polycarbonate porous membrane with an Avanti mini-extruder.37

Finally, the newly prepared SGNPs@RBC or Van⊂SGNPs@RBC
were left in PBS buffer overnight at 4 �C for further use.

Characterization of SGNPs@RBC. The hydrodynamic diameter
and zeta potential weremeasured by DLS with a Zetasizer Nano
instrument (Malvern Instruments, Malvern, UK). The morphol-
ogy and sizes of SGNPs, SGNPs@RBC, and streptolysin O (SLO)-
absorbing SGNPs@RBC were examined using a transmission
electron microscope. The studies were carried out on a Tecnai
G2 20 S-TWIN electron microscope operating at an accelerating
voltage of 200 keV. The TEM samples were prepared by con-
tacting the nanoparticle droplets with copper grids for 30 s,
removing the excess droplets, and staining by uranyl acetate for
10 s before the TEM studies. Stability experiments of the
SGNPs@RBC were carried out by measuring the mixture of
SGNPs@RBC in DMEM medium with FBS for 2 weeks using
DLS. The proteins reserved on the SGNPs@RBC as compared
with the natural RBC membranes were observed by SDS-PAGE.

Hemolysis Study. The toxin-removing capability of SGNPs@
RBC for exotoxins secreted from various types of bacteria was
determined through antihemolytic experiments. The toxin-
clearing ability of the SGNPs@RBC for streptolysin O (as model
toxin) was examined by mixing 100 U of SLO (postactivated by
incubation with 200 μM dithiothreitol in 500 μL of PBS contain-
ing 0.1% BSA) with SGNPs@RBC (2.5 mg) for 30min, followed by
adding 1 mL of full blood RBCs. The released hemoglobin from
the broken RBCs in the supernatant was measured upon
absorbance at 405 nm. The detoxification capability of various
species of bacteria was carried out by measuring the hemolysis
of RBCs due to bacteria with or without treatment by SGNPs@
RBC. The detoxification of the bacterial medium by SGNPs@RBC
was performed by incubating the supernatant of the bacteria
solution (1 mL, OD600 = 0.5) with SGNPs@RBC (400 μL,
150 μg mL�1) at 37 �C for 2 h. The hemolysis by the exotoxin of
the bacteria was examined by incubating 12 μL of full blood RBCs
with the supernatant of the bacteria medium or SGNPs@
RBC-treated bacteria medium at 37 �C for 2 h. The released
hemoglobinwas quantified to determine the degree of RBC lysis.

Responsive Release of Van. The release profiles of Van from
Van⊂SGNPs@RBC exposed to gelatinase or different species of
bacteria were carried out by measuring the cumulative release
over time. To demonstrate that the release of Van from
Van⊂SGNPs@RBC was triggered by gelatinase, the release
profiles of Van⊂SGNPs@RBC were determined by using HPLC.
Van⊂SGNPs@RBC in Tris buffer (20 mM Tris 3HCl, 50 mM NaCl,
5 mM CaCl2, 0.05% Brij-35, pH 7.4) with gelatinase concentra-
tions of 0�1.5mgmL�1 were introduced to the tube at 30 �C for
48 h, and the released Van from Van⊂SGNPs@RBC at different
time intervals was analyzed with HPLC. The bacterial respons-
ive release of Van⊂SGNPs@RBC was obtained by adding
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Van⊂SGNPs@RBC (3 μg mL�1) into the culture medium of
S. aureus, E. coli, S. epidermidis, P. vulgaris, S. marcescens, and
P. aeruginosa with an optical density at 600 nm (OD600) of 0.5
and incubating them at 37 �C for 24 h. At predetermined
intervals, the samples were centrifuged and the released Van
in the supernatants was analyzed by RP-HPLC.

Macrophage Uptake Study. The immune-evading capability of
the Van⊂SGNPs@RBC was examined by antiphagocytosis
against macrophage cells. The RAW 264.7 macrophage cells
were cultured in DMEMmediumwith 10% FBS and seededwith
a density of 105 cells per well in a 24-well plate. Final concentra-
tions of Cy5-labeled Van⊂SGNPs@RBC and Van⊂SGNPs
(50 μg mL�1, respectively) were added into the macrophage
cell culture medium. To examine the macrophage uptake of
Van⊂SGNPs@RBC and Van⊂SGNPs, the nanoparticles were
incubated with macrophage cells for 30 min and then washed
with PBS. The quantification of the uptake by macrophage cells
was imaged with a confocal laser scanning microscope with
a �100 oil-immersion objective lens using a 488 nm laser
(Carl Zeiss AG, LSM780).

Minimum Inhibitory Concentration of Van⊂SGNPs@RBC. S. aureus,
E. coli, S. epidermidis, P. vulgaris, S. marcescens, and P. aeruginosa
were cultured in TSB media at 37 �C on a shaker bed at 200 rpm
for 4�6 h. Then the concentration of bacteria was measured
by UV�vis spectroscopy (Cary100Bio) corresponding to an
optical density of 0.1 at 600 nm for 1 � 108 cfu mL�1. The
bacterial suspension (20 μL of 1 � 106 cfu mL�1) and culture
broth (160 μL) were seeded into each well of the Corning 96-
well plate. Then PBS (20 μL, as the blank assay), Van, or
Van⊂SGNPs@RBC were respectivly added into the plate and
cultured with bacteria at 37 �C on a shaker bed at 200 rpm for
18 h. The data were determined by OD600 using a multifunctional
microplate reader (Tecan Infinite M200). Cultures were prepared in
triplicate, and all experiments were repeated twice or more.

Cytotoxicity Assay of Van⊂SGNPs@RBC. Human embryonic kid-
ney 293T and human hepatocytes LO2 were cultured in DMEM
(500 mL of DMEM mixed with 50 mL of fetal bovine serum,
50 000 units of penicillin, and 50 000 units of streptomycin). The
third-generation 293T and LO2 cells (1� 104 cells per well) were
incubated with different concentrations of Van⊂SGNPs@RBC
(30, 60, 120, 240, 300, 480, and 600 μg mL�1) in DMEMmedium
(200 μL) for 24 h in a 96-well plate. After discarding the super-
natant, CCK-8 DMEM solution (200 μL, 10%, volume ratio) was
added, and the samples were incubated at 37 �C for 4 h. The
absorbance at 450 nm with a reference wavelength of 650 nm
was determined with a multifunctional microplate reader
(Tecan Infinite M200).
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