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sparked significant attention as evidence 
increasingly reveals their essential roles in 
bacterial pathogenesis, especially that of 
drug resistant pathogens.[2,3] For example, 
α-hemolysin (Hlα) of methicillin-resistant 
Staphylococcus aureus (MRSA) can cause 
injuries and lesions in both skin necrosis 
and systemic infection.[4] In MRSA infec-
tion, it has been shown that host anti-
body response was correlated with Hlα 
secretion by the pathogen and the disease 
burden also correlated with Hlα expres-
sion and virulence.[5] As another example, 
hemolytic listeriolysin O (LLO) produced 
by Listeria monocytogenes, a facultative 
intracellular gram-positive bacterium, is 
able to mediate virulence by damaging 
the phagosome membrane and subse-
quently promoting bacterial intracellular 
survival and replication.[6,7] In addition, 
streptolysin O (SLO) secreted by Group A 
Streptococcus (GAS) can facilitate phagolys-
osomal membrane poration and NADase 
translocation into the macrophage cytosol, 
which together promote GAS intracellular 
survival and drug resistance.[8,9]

The critical roles played by PFTs have 
motivated the development of anti-

virulence therapies aimed at inhibiting toxin expression or 
activity.[10,11] Without engaging direct disruption of bacterial 
cycles, such therapies are considered less likely to elicit resist-
ance when compared to traditional antibiotics.[12] Inhibition of 
PFTs may also aid the host immune system to engage in bac-
terial killing.[13] Additionally, suppression of PFTs can be com-
bined with antibiotics to generate synergistic antimicrobial 
activities.[14] Together, these advantages have led to the rapid 
development of various antivirulence platforms, including anti-
sera, monoclonal antibodies, and small-molecule inhibitors, 
with some success in combating drug resistant bacterial infec-
tions.[15,16] Although promising, these platforms target primarily 
the molecular structure of PFTs for capturing and neutralizing 
toxins, therefore requiring customized design for different 
toxins. Given the drastic diversity of PFTs, such structure-based 
approaches have been challenged by an overwhelming number 
of distinctive molecular structures and epitopic targets.

To address this limitation, a biomimetic nanoparticle 
design emerged recently by wrapping polymeric nanopar-
ticle cores with plasma membrane derived from natural red 
blood cells (RBCs).[17,18] These cell membrane-coated nano-
particles (denoted “nanosponges”) harnessed the functional 
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Antivirulence Therapy 

1. Introduction

Pore-forming toxins (PFTs) are the most abundant bacterial 
cytotoxic proteins.[1] They share a common function of perfo-
rating membranes of the host cells for bioactivity.[2] PFTs have 
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similarity shared among PFTs that selectively bind and perfo-
rate cell membranes, regardless of their molecular structures 
and epitopic targets. They function by mimicking natural 
RBCs to bind with toxins and therefore divert them away from 
their intended cellular targets. Selective toxin adsorption is 
determined by the natural interaction and binding between 
the target toxins and the RBC membranes. Nanosponges 
have been demonstrated to neutralize effectively various 
PFTs. Toxin-loaded nanosponges have also been applied as 
new nanotoxoid vaccines against bacterial infection.[19,20] The 
function-based toxin inhibition by nanosponges has inspired  
additional innovative formulations for potential antivirulence 
treatment against bacterial infections. For example, nanosponges 
have been loaded into a hydrogel to form a hybrid material 
specifically for local treatment of MRSA infection.[21] Various 
delivery vehicles ranging from cross-linked gelatin nanoparti-
cles to metallic nano/micro motors have been combined with 
RBC membrane coating to absorb bacterial exotoxins and 
relieve symptoms in infection.[22,23] RBC membrane coating 
onto nanoparticles has also been accomplished by using a 
membrane vesicle-templated in situ gelation strategy.[24] Using 
this approach, RBC membrane-coated hydrogel nanoparticles 
not only effectively neutralized toxins from MRSA bacteria, 
but also enhanced bacterial uptake by immune cells as a direct 
result of the toxin neutralization.[25] Recently, when mixed with 
synthetic nanoparticles with positive surface charge, RBC nano-
sponges self-assembled into a colloidal gel with shear-thinning 
property for injection and in situ gelation.[26] The nanosponge 
colloidal gel was shown to neutralize SLO secreted by GAS in 
vitro and inhibit skin lesion development in mice.

Despite the rapid emergence of RBC nanosponges for antimi-
crobial applications, from a translational perspective, systematic 
characterization of PFT neutralization by using nanosponges,  
especially those made with membranes of human RBCs (denote 
“hRBCs”), remains missing. In this study, we first derived 
membranes from hRBCs and formulated nanosponge(s) 
(denote “hNS”). We then selected four representative PFTs, 
including melittin, Hlα, LLO, and SLO, and examined the 
capacity of hNS in absorbing and neutralizing these toxins both 
in vitro and in vivo (Figure 1A). For quantitative characteriza-
tion, we used in vitro hemolytic assay to first determine the 
hemolytic activity of each toxin and then quantified the toxin 
binding capacity of hNS against each type of PFTs. We further 
confirmed effective toxin binding and neutralization with hNS 
at both cellular and systemic levels: while free toxin elicited 
significant cytotoxicity in cultured cells and lethality in mice, 
hNS-absorbed toxins showed no toxic effects. Overall, this study  
provides systematic characterizations of hNS as a broad- 
spectrum detoxification platform against different types of PFTs.

2. Results

The preparation of hNS can be divided into the following 
three steps: (i) RBC membrane derivation from packed hRBCs 
through a hypotonic treatment, (ii) polymeric core preparation 
through a nanoprecipitation method by adding poly(lactic-co-
glycolic) acid (PLGA) in organic solvent to an aqueous phase, 
and (iii) coating hRBC vesicles onto PLGA cores via a sonica-
tion process.[26] Following the membrane coating process, the 
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Figure 1.  Preparation and characterization of human RBC nanosponge(s) (hNS). A) Schematic structure of hNS and its mechanism of neutralizing 
PFTs. The hNS consists of a polymeric core coated with human RBC bilayer membranes, where PFTs insert and are subsequently inactivated. Detained 
PFTs are diverted away from their cellular targets, therefore preventing toxin-mediated damages. B) Dynamic light scattering measurements of nano-
particle hydrodynamic size (diameter) and zeta potential (mV) (n = 3) before and after membrane coating. C) Representative image of hNS examined 
with transmission electron microscopy. Samples were stained with uranyl acetate. Inset: a roomed-in view of a single hNS. Both scale bars represent 
50 nm. D) Stability of hNS in 1× PBS or 50% FBS determined by measuring nanoparticle size (diameter, nm) over a span of 5 d (n = 3).
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diameter of the nanoparticles increased from 97.9 ± 4.5 to 
113.5 ± 3.3 nm, corresponding to the addition of a bilayered 
hRBC membrane onto the polymeric cores. The limited size 
increase also indicates close proximity between the membrane 
coating and the cores. Meanwhile, the surface zeta poten-
tial changed from −31.3 ± 0.7 to −27.0 ± 0.9 mV, likely due 
to charge screening by hRBC membranes (Figure 1B).[17,27] 
The samples were then stained with uranyl acetate and visu-
alized by transmission electron microscopy (TEM). As shown 
in Figure 1C, hNS revealed a spherical core–shell structure, in 
which the PLGA core was wrapped by a thin shell. In addition, 
when suspended in 1× PBS or 50% fetal bovine serum (FBS), 
hNS showed negligible increase of particle size over 5 d, indi-
cating an excellent colloidal stability conferred by membrane 
coating (Figure 1D). Together, these results confirm the suc-
cessful preparation of hNS via coating of hRBC membranes 
onto PLGA cores.

Following hNS formulation, we first investigated the neu-
tralization of melittin with hNS. To examine the hemolytic 
activity of melittin on hRBCs, the concentration of melittin was 
varied and the hemolysis was determined through the absorb-
ance of the released hemoglobin in the supernatant. As shown 
in Figure 2A, the percent hemolysis of melittin followed a sig-
moidal curve as a function of the log of the toxin concentration. 
Based on this measurement, the “hemolytic dosage” necessary 
to lyse 100% of the hRBCs (denoted “HD100”) was determined 
to be ≈7.5 µg mL−1. We chose this concentration of melittin to 
evaluate the neutralization capacity of hNS in two sets of exper-
iments. In the first experiment, we preincubated melittin with 
different concentrations of hNS before mixing with hRBCs. 
As shown in Figure 2B, increasing the amount of hNS led to 
the decrease of toxin-induced hemolysis. The concentration of 
hNS that inhibited half of the hemolysis (denoted by “IC50”) 
was 3.87 ± 0.13 µg mL−1. A maximum inhibition of the hemol-
ysis was observed when the hNS concentration was increased 
to ≈15 µg mL−1 (IC100). In the second experiment, we mixed 
hRBCs with hNS first and then added melittin. In this experi-
mental setting, hNS competed with hRBCs to absorb toxins. In 
this competitive regimen, the concentration of hNS that inhib-
ited half of the hemolysis (IC50) was 20.22 ± 0.87 µg mL−1 and 
hNS with a concentration of ≈120 µg mL−1 (IC100) was needed 
to fully neutralize melittin.

Neutralization of melittin with hNS was also confirmed 
by evaluating the cytotoxicity of the sequestered melittin in 
vitro. In the assay, melittin was sequestered by mixing with 
hNS at a ratio of 7.5:15 (HD100:IC100) and the hNS-seques-
tered melittin at various concentrations was added to human 
umbilical vein endothelial cells (HUVECs). The cells added 
with the same amount of free melittin served as a control. As 
shown in Figure 2C, increasing the amount of free melittin 
resulted in the decrease of cell viability. In the study, a concen-
tration of 2.73 ± 0.11 µg mL−1 of melittin was found to cause 
50% cell death (denoted “LD50”). In contrast, cells added 
with different concentrations of hNS-sequestered melittin or 
hNS alone without melittin showed no decrease of viability, 
demonstrating the effective neutralization against melittin-
induced cytotoxicity. Melittin neutralization was further tested 
in vivo with systemic administration. Melittin is a key compo-
nent known to induce hemolysis and myolysis and eventually 

results in death from renal failure and cardiac complica-
tions.[28,29] In our experimental condition, a 100% mortality rate 
was observed in mice that received free melittin at a dose of 
70 mg kg−1 (n = 6, Figure 2D). In contrast, all mice injected 
intravenously with the same dosage of hNS-sequestered 
melittin (melittin:hNS = 7.5:15) or melittin followed by hNS 
survived. The mice were then sacrificed on day 7 after the injec-
tion of sequestered melittin and the liver tissue was harvested 
and analyzed by hemotoxylin and eosin (H&E) staining. It was 
shown that the treated mice had normal hepatocytes supplied 
by blood vessels and no inclusion of Kupffer cells in the sinu-
soids was observed, which were similar to those of the control 
group injected with PBS only (Figure 2E).

We next examined the neutralization of Hlα with hNS. To 
quantify the hemolytic activity of Hlα against hRBCs, serial 
dilutions of Hlα ranging from 0.25 to 32 µg mL−1 were added 
to hRBC suspension. The percent hemolysis of Hlα followed 
a similar sigmoidal curve as a function of the log of the toxin 
concentration (Figure 3A). Based on the hemolysis measure-
ments, ≈16 µg mL−1 Hlα caused complete lysis of hRBCs 
(HD100). At this toxin concentration, neutralization capacity of 
hNS was tested in both preincubation and competitive manners 
(Figure 3B). In the preincubation setting, hNS at concentra-
tions ranging from 3.13 to 50.0 µg mL−1 were first mixed with 
Hlα and then the mixtures were added to hRBCs. Hlα-induced 
hemolysis was effectively inhibited, with an IC50 value of 
11.7 ± 0.3 µg mL−1 and an IC100 value of about 25 µg mL−1. In 
the competitive setting, hNS was first mixed with hRBCs fol-
lowed by the addition of Hlα. The measured IC50 and IC100 
values increased to 53.7 ± 5.0 µg mL−1 and ≈200 µg mL−1, 
respectively.

Neutralization of Hlα with hNS was further confirmed by 
evaluating the cytotoxicity of hNS-sequestered Hlα in vitro. 
In the assay, Hlα was mixed with hNS at a ratio of 16:25 
(HD100:IC100) and various amounts of sequestered Hlα were 
added to HUVECs. The cells added with the same amount of 
free Hlα served as a control. As shown in Figure 3C, cell via-
bility decreased while the amount of free Hlα added to the cells 
increased. An LD50 value of 0.27 ± 0.01 µg mL−1 was meas-
ured. In contrast, no obvious decrease in viability was observed 
when cells were incubated with sequestered Hlα or hNS alone 
without Hlα, implying the effective neutralization against 
Hlα with hNS. When tested in vivo with systemic adminis-
tration, mice injected intravenously with Hlα at a dosage of 
0.11 mg kg−1 showed 100% mortality rate (n = 6, Figure 3D). 
In contrast, all mice received the same amount of hNS-seques-
tered Hlα (Hlα:hNS = 16:25, HD100:IC100) survived. In addi-
tion, when Hlα was first injected, followed by hNS injection, 
the survival rate was 83.3% at 4 h and 66.7% at 12 h. The sur-
vived mice injected with hNS-sequestered Hlα were sacrificed 
on day 7 after the injection. Histological analysis of liver sec-
tions showed similar appearance between mice treated with 
sequestered Hlα and PBS with no observable irregularities 
(Figure 3E).

Next, we followed the same procedure to study the neutrali-
zation of LLO with hNS. To quantify the hemolytic activity of 
LLO, serial dilutions of LLO with concentrations ranging from 
0.016 to 1 µg mL−1 were added to hRBCs and percent hemolysis 
for each sample was quantified. As shown in Figure 4A, the 
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HD50 value of LLO was found to be 0.20 ± 0.01 µg mL−1 and 
the HD100 value was about 0.63 µg mL−1. With a fixed LLO 
toxin concentration at HD100, neutralization capability of hNS 
was evaluated in both preincubation and competitive manners 
(Figure 4B). In the preincubation setting where hNS and LLO 
were mixed prior to adding to the hRBCs, hNS at a concentra-
tion of 0.15 ± 0.01 µg mL−1 inhibited half of the LLO-induced 
hemolysis (IC50) and at a concentration of 0.78 µg mL−1 it 

completely inhibited the hemolysis (IC100). In the competitive 
setting where hRBCs and hNS were mixed prior to the addi-
tion of LLO, the IC50 and IC100 values were determined to be 
8.01 ± 0.22 µg mL−1 and ≈30 µg mL−1, respectively.

Following the in vitro neutralization study, we tested the cyto-
toxicity of hNS-sequestered LLO with HUVECs. In the study, 
LLO was mixed with hNS at a ratio of 0.63:0.78 (HD100:IC100) 
and added to the cells at various concentrations. In parallel, 
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Figure 2.  In vitro and in vivo neutralization of melittin with hNS. A) Hemolytic activity of free melittin measured with direct hemolysis in vitro on 5% 
hRBC suspension. B) Dose-dependent melittin neutralization with hNS against hRBC hemolysis. Neutralization was performed in both preincuba-
tion and competitive regimens. C) Cytotoxicity of hNS-detained melittin (+hNS, red) on HUVECs in comparison to that of free melittin (−hNS, blue), 
together with the group of hNS alone (black). D) Survival rates of mice over 7 d following an intravenous injection of free melittin (−hNS, blue), hNS-
detained melittin (+hNS, red), and melittin followed by hNS (+hNS, competitive, black). The dosage of melittin was 70 mg kg−1. E) Surviving mice from 
(D) were sacrificed on day 7. H&E stained liver histology showed no tissue damage in the group injected with melittin-bound hNS in comparison to 
the group injected with 1× PBS. Each image is representative of three examined sections. Scale bars represent 0.5 mm. In (A–C), error bars represent 
standard deviations (n = 3).
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cells added with the same amount of free LLO or hNS alone 
were used as a control. As shown in Figure 4C, cell viability 
decreased with the increase of free LLO concentration. Based on 
viability measurements, an LD50 value of 0.80 ± 0.02 µg mL−1 
was determined. In contrast, cells added with hNS-sequestered 
LLO or hNS alone showed no obvious change in their viability, 
suggesting effective neutralization of LLO with hNS. We then 
examined the toxicity of hNS-sequestered LLO in vivo. In the 
study, all mice, included those injected intravenously with 

LLO mixed with hNS at a ratio of 0.63:0.78 (HD100:IC100) or 
injected with LLO followed by injection of hNS, survived. On 
the contrary, mice received free LLO at a dosage of 0.8 mg kg−1 
showed a mortality rate of 100% (n = 6, Figure 4D). The sur-
vived mice were sacrificed on day 7 after the injection and liver 
sections showed no observable irregularities compared to con-
trol mice injected with PBS (Figure 4E).

At last, we tested the neutralization effect of hNS against 
SLO. In the study, serial dilutions of SLO with concentrations 
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Figure 3.  In vitro and in vivo neutralization of α-hemolysin (Hlα) with hNS. A) Hemolytic activity of free Hlα measured with direct hemolysis in vitro on 
5% hRBC suspension. B) Dose-dependent Hlα neutralization with hNS against hRBC hemolysis. Neutralization was performed in both preincubation 
and competitive regimens. C) Cytotoxicity of hNS-detained Hlα (+hNS, red) on HUVECs in comparison to that of free Hlα (−hNS, blue), together with 
the group of hNS alone (black). D) Survival rates of mice over 7 d following an intravenous injection of free Hlα (−hNS, blue), hNS-detained Hlα (+hNS, 
red), and Hlα followed by hNS (+hNS, competitive, black). The dosage of Hlα was 0.11 mg kg−1. E) Surviving mice from (D) were sacrificed on day 7.  
H&E stained liver histology showed no tissue damage in the group injected with Hlα-bound hNS in comparison to the group injected with 1× PBS. 
Each image is representative of three examined sections. Scale bars represent 0.5 mm. In (A–C), error bars represent standard deviations (n = 3).



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1701366  (6 of 10)

www.advancedsciencenews.com www.advhealthmat.de

ranging from 0.063 to 2 µg mL−1 were added to hRBCs. The 
percent hemolysis of SLO again followed a sigmoidal profile 
as a function of the log of the toxin concentration (Figure 5A).  
From this experiment, the HD50 value of SLO was determined 
to be 0.26 ± 0.01 µg mL−1 and the HD100 value was 1 µg mL−1. 
We then used SLO at HD100 to evaluate the neutralization 
capacity of hNS (Figure 5B). In preincubation manner, hNS 
concentration was varied from 0.03 to 0.94 µg mL−1 and percent 

inhibition showed clear concentration dependence. An IC50 
value of 0.10 ± 0.01 µg mL−1 and IC100 value of 0.47 µg mL−1 
were determined. In competitive manner, hNS concentration 
was varied from 0.25 to 32 µg mL−1. The percent inhibition 
showed similar concentration dependence with an IC50 value of 
3.41 ± 0.13 µg mL−1 and an estimated IC100 value of 50 µg mL−1.

The cytotoxicity of hNS-sequestered SLO was also tested with 
HUVECs (Figure 5C). In the test range of 0.25 to 16 µg mL−1, 
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Figure 4.  In vitro and in vivo neutralization of Listeriolysin O (LLO) with hNS. A) Hemolytic activity of free LLO measured with direct hemolysis 
in vitro on 5% hRBC suspension. B) Dose-dependent LLO neutralization with hNS against hRBC hemolysis. Neutralization was performed in both 
preincubation and competitive regimens. C) Cytotoxicity of hNS-detained LLO (+hNS, red) on HUVECs in comparison with that of free LLO (−hNS, 
blue), together with the group of hNS alone (black). D) Survival rates of mice over 7 d following an intravenous injection of free LLO (−hNS, blue), 
hNS-detained LLO (+hNS, red), and LLO followed by hNS (+hNS, competitive, black). The dosage of LLO was 0.08 mg kg−1. E) Surviving mice from 
(D) were sacrificed on day 7. H&E stained liver histology showed no tissue damage in the group injected with LLO-bound hNS in comparison to the 
group injected with 1× PBS. Each image is representative of three examined sections. Scale bars represent 0.5 mm. In (A–C), error bars represent 
standard deviations (n = 3).



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1701366  (7 of 10)

www.advancedsciencenews.com www.advhealthmat.de

free SLO induced cell death in a concentration-dependent 
manner with an estimated LD50 value of 2.21 ± 0.11 µg mL−1. 
In contrast, cells added with hNS-sequestered SLO (SLO:hNS = 
HD100:IC100) or hNS of equivalent dosages showed no obvious 
change in their viability. To confirm the toxin neutralization in 
vivo, free SLO and hNS-sequestered SLO were administered 
intravenously into mice (n = 6, Figure 5D). Free SLO with a 
dosage of 0.08 µg kg−1 resulted in 100% mortality; however, when 
SLO was sequestered by hNS at a ratio of 1:0.47 (HD100:IC100) 
or injected immediately prior to hNS injection, SLO toxin did not 

cause any mouse death during the study. Similar to above studies, 
the survived mice were sacrificed on day 7 after SLO injection. 
Liver sections showed no observable irregularities compared to 
control mice injected with PBS (Figure 5E). These results together 
confirm that hNS can effectively neutralize the virulence of SLO.

3. Discussion

Through evolution, different types of PFTs have developed 
diverse pore architectures and distinct molecular mechanisms 
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Figure 5.  In vitro and in vivo neutralization of Streptolysin O (SLO) with hNS. A) Hemolytic activity of free SLO measured with direct hemolysis in 
vitro on 5% hRBC suspension. B) Dose-dependent SLO neutralization with hNS against hRBC hemolysis. Neutralization was performed in both pre-
incubation and competitive regimens. C) Cytotoxicity of hNS-detained SLO (+hNS, red) on HUVECs in comparison to that of free SLO (−hNS, blue), 
together with the group of hNS alone. D) Survival rates of mice over 7 d following an intravenous injection of free SLO (−hNS, blue), hNS-detained SLO 
(+hNS, red), and SLO followed by hNS (+hNS, competitive, black). The dosage of SLO was 0.8 mg kg−1. E) Surviving mice from (D) were sacrificed on 
day 7. H&E stained liver histology showed no tissue damage in the group injected with SLO-bound hNS in comparison to the group injected with 1× 
PBS. Each image is representative of three examined sections. Scale bars represent 0.5 mm. In (A–C), error bars represent standard deviations (n = 3).
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of membrane insertion for bioactivity. In this work, we selected 
four well-known PFTs, including melittin, Hlα, LLO, and SLO 
to represent the heterogeneity of PFT family. In addition to 
their apparent differences of molecular structures, their pore-
forming mechanisms also vary significantly. For example, 
melittin forms a bent α-helical rod, which penetrates into 
membrane and subsequently induces a disordered region in 
lipid packing and thus disrupts membrane permeability.[30,31] 
S. aureus Hlα oligomerizes into a circular, water-soluble, hep-
tameric prepore, followed by a second conformational change 
that leads to membrane penetration and formation of a trans-
membrane pore.[32,33] In contrast, SLO binds to cholesterol-con-
taining target membranes and assembles into supramolecular 
curved rod structures, which in turn form rings and arcs that 
penetrate into the apolar domain of the bilayer.[34] As another 
cholesterol-dependent cytolysin, LLO shares many similarities 
to SLO during pore formation, but distinguishes itself with 
prominent pH and temperature sensitivity.[35,36] Such structural 
heterogeneity and mechanistic diversity have posed significant 
challenges to developing broad-spectrum detoxification strategy. 
The design of hNS overrides the structural and biological diver-
sity by exploiting the functional similarity shared by all PFTs 
in binding and disrupting cell membranes. Overall, our results 
show that hNS is effective in neutralizing hemolytic activity, 
cytotoxicity, and systemic lethality against all selected PFTs.

In the study, we measured the IC100 value of hNS, which 
represented the minimum hNS concentration required to fully 
neutralize a specific toxin at its HD100 concentration. For 
instance, the HD100 values of the four tested PFTs, melittin, 
Hlα, LLO, and SLO, were 7.5, 16, 0.63, and 1.0 µg mL−1, respec-
tively. The hemolytic activities and the HD100 values were 
determined using 100 µL of 5% hRBC solution. In order to 
completely neutralize these toxins at their HD100 concentra-
tions in a preincubation manner, the required hNS concentra-
tions (IC100) were 15, 25, 0.78, and 0.47 µg mL−1, respectively, 
where the concentrations were measured based on protein con-
tent in the hNS formulations. The total number of hRBCs in 
100 µL of 5% hRBC solution is about 3.6 × 107 hRBCs, which 
translates to ≈19.8 µg hRBC membrane proteins. Note that we 
have quantified that 1 × 1010 hRBCs have about 5.5 mg mem-
brane proteins. These approximate calculations indicate that for 
melittin, hNS with 15 µg mL−1 hRBC membrane proteins (total 
volume ≈160 µL) is capable of protecting hRBCs with 19.8 µg 
hRBC membrane proteins. That is, by converting 1 hRBC to the 
nanoscale hNS, it is able to protect effectively about 8 hRBCs 
from being lysed by melittin at its HD100 concentration. When 
similar calculations were applied to the other three PFTs, the 
results show that hNS made from membranes of 1 hRBC can 
protect 5 hRBCs for Hlα, 160 hRBCs for LLO, and 266 hRBCs 
for SLO, respectively. While these numbers and estima-
tions are subjective to the particular experimental settings for 
hemolytic test, the overall tendency clearly demonstrates that 
by converting the microscale hRBCs into nanoscale hNS, the 
nanoscale design has apparent advantages for preferential toxin 
absorption. Such enhanced toxin absorption of nanoscale hNS 
as compared to that of the microscale hRBCs may be attributed 
to several factors.[18] First, by translocating cell membrane from 
microscale hRBC to nanoscale hNS, it drastically increases the 
total numbers of particles (i.e., one hRBC will provide enough 

membrane to prepare thousands of hNS). This translates to 
significantly increased frequency of collision between the mem-
brane substrate and the toxin. Second, a much higher surface 
curvature of hNS compared to that of hRBC also increases sur-
face tension, which may further enhance toxin–hNS affinity.[37]

Human RBCs show accelerated clearance when injected into 
mouse circulation system, owing largely to the immune incom-
patibility between the two species.[38] So far, detoxification with 
RBC membrane-coated nanosponges has been developed pri-
marily with RBCs collected from syngeneic animal models. 
These studies demonstrate that mouse RBC membrane coating 
considerably reduced immune responses when tested in a 
mouse model.[17,27] Specifically, mouse RBC membrane coating 
significantly prolonged nanoparticle circulation time and effec-
tively reduced the accelerated blood clearance phenomenon 
in mice.[17,39] In addition, toxin-bound nanosponges primarily 
accumulated in the liver without causing its tissue damage, sug-
gesting a safe metabolic pathway of the sequestered toxins.[18] 
Existing results combined with the biomimetic nature of hNS 
imply that a similar benefit may occur for human RBC mem-
brane coating to enhance immune compatibility when tested 
in human. By focusing on formulations with human sources, 
this study takes one step further to facilitate the development of 
hNS using hRBCs toward clinical translation to human. In this 
perspective, hRBCs can be collected from a blood bank. Immu-
nocompatibility can be ensured through matching hNS with 
patients according to their blood types (A, B, AB, or O type) and 
Rh factor (Rh+ or Rh−) with a crossmatch test, similar to the 
process used in a blood transfusion. Notably, hNS made of type 
O, Rh− RBCs (the universal donor blood type) is expected to 
be broadly applicable to human population with different blood 
types, which will significantly simplify the clinical translation of 
hNS with a singular formulation.

4. Conclusions

In this study, we formulated hRBC nanosponges and demon-
strated their detoxification capability against a series of hemo-
lytic pore-forming toxins. Consisting of a biocompatible and 
biodegradable polymeric core and a natural hRBC membrane 
shell, the resulting hRBC nanosponge bears a stable core–
shell structure in both PBS solution and serum. When incu-
bated with four different types of toxins with distinct hemolysis 
mechanisms (melittin, α-hemolysin, listeriolysin O, and strep-
tolysin O), the hRBC nanosponges are effective in completely 
neutralizing the toxins’ hemolytic activity in both preincubation 
and competitive settings. More impressively, the nanosponge-
sequestered toxins lose toxicity to not only cells but also live 
animals. In contrast, the free toxins rapidly cause cell apop-
tosis and animal death when applied in a similar manner as 
the sequestered counterparts. Given the sequestered toxins are 
faithfully detained within the RBC membranes on the nano-
sponges, they pose negligible toxicity to the liver before they are 
digested. Overall, this work provides systematic characteriza-
tions of hRBC nanosponges as a broad-spectrum detoxification 
system. Similar design and test can be readily applied to other 
cell membrane-coated nanosponge platforms for broadly appli-
cable antimicrobial prophylactics and therapeutics.
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5. Experimental Section
Materials: Packed hRBCs were purchased from ZenBio, Inc, from 

which cell membrane was derived according to a previously published 
protocol.[26] BCA assay kit was purchased from ThermoFisher to quantify 
membrane protein concentration. Dithiothreitol (DTT), acetone, melittin 
from honeybee venom, and α-hemolysin from S. aureus were purchased 
from Sigma-Aldrich. PLGA (50:50, 0.67 dL g−1) was purchased from 
LACTEL Absorbable Polymers. Recombinant LLO was purchased from 
Abcam. To obtain SLO, the SLO gene was cloned into vector pET15b 
and transformed into BL21 DE3 Escherichia coli. Bacteria expressing 
SLO were cultured in 1 L of Lysogeny broth and incubated at 37 °C with 
shaking. Expression was induced in cultures at 0.7 A600 with 0.5 mm 
isopropyl 1-thio-β-d-galactopyranoside (Bio-Vectra) and maintained at 
30 °C for 4 h. Bacterial pellets were disrupted by sonication, and soluble 
6× histidine-tagged SLO was purified using nickel–nitrilotriacetic acid–
agarose (Invitrogen). Fractions corresponding to the full-length SLO 
were pooled and further purification was achieved using Amicon Ultra 
centrifugal filters (Millipore Sigma). Protein was monitored by SDS-
PAGE and quantitated by A280 and frozen in aliquots at −80 °C. Assays 
were performed in the presence of 10 mm DTT for reducing conditions.

Preparation and Characterization of hNS: Nanosponges were prepared 
with a three-step process based on a previously published protocol.[26] 
In the first step, packed hRBCs were washed with ice-cold 1× PBS and 
then suspended in hypotonic 0.25× PBS in an ice bath for 20 min for 
hemolysis. Lysed cells were centrifuged at 800 × g for 5 min, followed by 
hemoglobin removal. The hypotonic treatment was repeated three times 
and purified membranes were collected as pink pellets. In the second 
step, PLGA polymeric cores were prepared with a nanoprecipitation 
method, where 1 mL of PLGA (20 mg mL−1 in acetone) was added 
dropwise into 3 mL of water. The mixture was stirred for 2 h for the 
organic solvent to evaporate. Finally, in the third step of membrane 
coating, hRBC membrane was mixed with PLGA cores, followed by 
bath sonication for 10 min. After the sonication, nanosponge sizes 
were measured first with dynamic light scattering (DLS, Malvern 
ZS90 Zetasizer). Serum and PBS stabilities were examined by mixing 
1 mg mL−1 of hNS in water with 2× PBS and 100% FBS, respectively, at a 
1:1 volume ratio. Then, hNS sizes were measured for a consecutive 5 d. 
A protein:PLGA ratio of 0.5:1 was used to formulate hNS. Membrane 
coating was further confirmed by visualizing nanoparticle morphology 
with TEM.

Quantification of Toxin Hemolytic Activity: To quantify the hemolytic 
activity, serial dilutions of toxins (60 µL) in 1× PBS containing 10 × 10−3 m 
DTT were added to 100 µL of 5 vol% purified hRBCs and the mixture was 
incubated at 37 °C for 30 min. Following the incubation, cells were 
gently spun down and the concentration of released hemoglobin in the 
supernatant was quantified by measuring the absorbance at 540 nm. 
The degree of hRBC lysis was determined by comparing the absorbance 
with that of the hRBC samples disrupted with bath sonication, which 
served as the positive control of 100% release. In the study, hemolysis 
dosage 100% (HD100) was defined as the minimum toxin concentration 
that induced 100% hemolysis.

Toxin Neutralization In Vitro: In vitro toxin neutralization ability of 
hNS was examined in two regimens. In the first regimen, nanosponges 
with varying concentrations were added to toxins of HD100 and 
incubated for 30 min at 37 °C (the total solution volume was 60 µL 
with 10 × 10−3 m DTT). Then purified hRBCs (5 vol%, 100 µL) were 
added. The mixture was incubated for an additional 30 min at 37 °C 
prior to hemolysis quantification. In the second regimen, nanosponges 
with varying concentrations were added to purified hRBCs first  
(5 vol%, 100 µL), followed by the addition of toxins (60 µL, HD100 
with 10 × 10−3 m DTT). The mixture was incubated at 37 °C for 30 min, 
followed by hemolysis quantification. In either regimen, the minimum 
nanosponge concentration that completely inhibited toxin hemolytic 
activity was defined as inhibitory concentration 100% (IC100). RBC 
samples either without any treatment or subjected to bath sonication 
were used as negative and positive controls, respectively. All experiments 
were performed in triplicate.

Assessment of Cytotoxicity of hNS-Sequestered Toxins: HUVECs were 
obtained from ATCC (American Type Culture Collection) and cultured 
in RMPI1640 supplemented with 10 vol% FBS and 2 vol% penicillin–
streptomycin (PS). The cells were incubated at 37 °C with 5% CO2 
in a humidity-controlled cell incubator. Prior to the study, cells were 
seeded at a density of 1 × 104 cells per well on 96-well plates and 
cultured overnight. In the study, toxins were sequestered by adding 
nanosponges (toxin:hNS = HD100:IC100) and then incubated at 37 °C 
for 30 min. Then, the sequestered toxins at different concentrations were 
added to HUVECs and the cells were cultured for 48 h. Cytotoxicity of 
free toxins and hNS alone were evaluated in parallel. The cell viability 
was then determined by using an 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt 
assay (Abcam) following the manufacturer's instruction.

Toxin Neutralization In Vivo: All animal experiments followed protocols 
that were reviewed, approved, and performed under the regulatory 
supervision of the University of California, San Diego's institutional 
biosafety program and the Institutional Animal Care and Use Committee 
(IACUC). Free toxins of various dosages were first injected intravenously 
into ICR mice (n = 6). Lethal dosage 100% (LD100) was determined by 
observing mouse survival for a period of 15 min. To study neutralization 
in vivo, each toxin was first mixed with hNS (toxin dosage = LD100, 
toxin:hNS = HD100:IC100), respectively, followed by intravenous 
injection of 250 µL into ICR mice (n = 6 in each group). Alternatively, 
each toxin was first injected intravenously, immediately followed by 
injection of hNS, respectively (the interval between two injections 
was ≈1 min). Mice received LD100 of toxins without hNS served as 
positive controls (n = 6).

Hepatotoxicity of hNS-Sequestered Toxins: Surviving mice from the 
above in vivo toxin neutralization studies were monitored. On day 7 after 
the initial injections, mice were sacrificed. The liver was harvested and 
fixed in 10% formalin. The fixed tissue was then stained with H&E for 
histological analyses.

Statistical Analysis: DLS and plate reader data represent averaged 
values (obtained from three replicates) with standard deviation shown 
as error bars. For microscopic images of the histological sections, the 
experiments were performed in triplicate and a representative image 
was shown. For survival studies, an independent Log-rank (Mantel–Cox) 
test was performed in GraphPad Prism 7 with confidence level P = 0.05 
deemed significant.
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