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Selective reaction of conjugated polymers with
basic proteins for broad-spectrum antivirulence
therapy
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Abstract
Antivirulence therapy has proven to be an attractive method for the treatment of bacterial infections and
venomous injuries; however, the approaches for neutralizing multiple types of virulence through one platform are
limited. To address this challenge, we have developed a reactive conjugated polymer, PPV–NHS, which functions
as a broad-spectrum antidote for directly inactivating basic toxins. The antivirulence is achieved via multivalent
electrostatic recognition and subsequent amidation reactions between PPV–NHS and toxins. The resultant
bioconjugates significantly reduced neurotoxicity and cytotoxicity. In the mouse model, PPV–NHS effectively
inhibited the toxicity of cardiotoxin (CTX) and improved the survival rate of toxin-challenged mice. This work
represents the rational design of functionalized conjugated polymers for antivirulence therapy with both high
efficiency and broad applicability.

Introduction
Millions of lives are taken away each year due to the

pathogenicity caused by biotoxins. Proteins and peptides
from microorganism infections and venomous injuries are
the main pathogenic causes1–3. Toxin-targeted anti-
virulence therapy has proven to be an attractive method
for the treatment of these diseases4,5. Antisera6, anti-
bodies7, and vaccines8 are common methods to eliminate
toxins. Nevertheless, these treatments only target-specific
pathogens. Moreover, the shortage of antivenoms has
become a global problem due to their high storage cost
and long development period9. In recent years, some
small molecules10, polymers11,12, and nanomaterials13,14

have also been used for detoxification by binding to spe-
cific targets of toxins. However, the development of a

broad-spectrum detox platform remains limited and
urgent, especially for emergencies where poisonous bite
and pathogen subtypes cannot be identified and diag-
nosed in time.
Through the analyses of the structures and properties of

a large number of toxins, we found that many common
toxins are basic proteins. For example, all 50 determined
postsynaptic neurotoxins from snake venoms are basic
proteins with isoelectric points (pIs) in the range of
9–1015, and α-hemolysin, γ-hemolysin, and leucocidin of
different staphylococcal strains show similarities with
isoelectric points of 7.3–9.516. A family of homologous
toxins from scorpion venoms that affect Na-channel and
K-channel functions are basic peptides17,18. In addition,
many viruses also have positively charged envelope and
capsid proteins19–21. The positive charges on the surface
of basic toxins play important roles both in damaging
plasma membrane and binding membrane receptors
through electrostatic interactions with negatively
charged phospholipids and acidic domains of receptors.
Thus, the development of materials that recognize and
inactive basic protein toxins offers great potential for
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broad-spectrum detoxification treatment. Renner et al.
synthesized polymeric bisphosphonate hosts with high
affinities for basic proteins, which provides a foundation
to recognize basic toxins through multivalent electrostatic
interactions22. In addition, covalent inhibitors display
increased potency and prolonged activity over non-
covalent analogs. Therefore, designing a process of initial
recognition and then the covalent reaction may be useful
for antivirulence therapy.
We designed a series of reactive conjugated polymers that

can be attached to different amyloid proteins23,24. The
anionic poly(p-phenylene vinylene) functionalized with car-
bocyclic acid and N-hydroxysuccinimide ester (PPV–NHS)
can react with positively charged islet amyloid polypeptide
(IAPP) through amidation reactions, which effectively inhi-
bits the cytotoxicity of the IAPP. In this work, we system-
atically investigated the interactions of PPV–NHS with
different kinds of biomolecules. The results showed that
PPV–NHS selectively binds to basic proteins through elec-
trostatic recognition then covalent interactions (Scheme 1a).
PPV–NHS was subsequently used for the detoxification of
α-bungarotoxin (α-BTX) and cardiotoxin (CTX), demon-
strating excellent inhibitory effects on neurotoxicity and
hemolysis in vitro and in vivo (Scheme 1b). In addition, the
fluorescent property of the PPV–NHS backbone is also used
to track its distribution and metabolism in vivo. PPV–NHS
has great potential as a broad-spectrum detoxification plat-
form for antivirulence therapy.

Materials and methods
Materials
All organic solvents were purchased from Beijing

Chemical Works. Organic reagents were purchased
from Acros, Sigma-Aldrich, and Alfa-Aesar. Proteins
were purchased from Sigma-Aldrich. PPE–NHS was
synthesized by two-step esterification of a precursor
polymer, poly(p-phenylene vinylene), which contains
hydroxyl groups (PPV–OH) according to the litera-
ture23. The number average molecular weight of
PPV–OH is 25000 with a polydispersity of 1.15. The
number average degree of polymerization is 18. Che-
micals for SDS-PAGE and tricine-SDS-PAGE were
purchased from Solarbio. A peroxidase assay kit was
purchased from Thermo Fisher. α-BTX, crotamine, and
CTX were purchased from Guangzhou Whiga Tech-
nology, Ltd. The PC12 cell line was purchased from the
cell culture center of the Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences (Beij-
ing, China). Fresh mouse blood samples and mice were
kindly supplied by the Institute of Zoology, Chinese
Academy of Sciences. Human blood samples were
obtained from Sanbo Brain Hospital, Capital Medical
University (Beijing, P. R. China). These samples were
from patients without blood disease prior to any
treatment. Informed consent was obtained from all
patients prior to the study. C57BL/6 mice were used as
healthy mice for animal experiments.
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Polysaccharides

DNA
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PPV-NHS inhibits neutrotoxicity and hemolysis
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Scheme 1 Selective reaction of PPV–NHS with basic proteins for antivirulence therapy. a Selective recognition and reaction of PPV–NHS with
basic proteins. b PPV–NHS inhibits neurotoxicity and hemolysis caused by basic toxins.
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Apparatus
The 1H NMR spectra were recorded on a Bruker

AVANCE 300-MHz spectrometer. The absolute fluores-
cence quantum yield was recorded on a Hamamatsu
absolute PL C11347 series quantum yield spectrometer.
Gel electrophoresis experiments were performed with a
Mini-PROTEIN Tetra System from Bio-Rad. Gel photo-
graphs were taken with a Bio-Rad Molecular Imager
ChemiDoc XRS system. Zeta potentials and hydration
sphere diameters were measured on a Nano ZS
(ZEN3600) system. Fluorescence images were taken with
a confocal laser-scanning microscope (FV1000-IX81,
Olympus, Japan). UV–vis absorption spectra were mea-
sured on a JASCO V-550 spectrophotometer. Fluores-
cence spectra were recorded on a Hitachi F-4500
fluorometer with a xenon lamp excitation source or a
Varioskan Flash (Thermo Scientific Company, USA). SEM
images were captured using a Hitachi S-4800 scanning
electron microscope. Biodistribution of PPV–NHS in
mice was performed with an IVIS® spectrum imaging
system (Caliper Life Sciences, USA).

Gel electrophoresis
Sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) and tricine-SDS-PAGE were per-
formed to investigate the selective reaction of PPV–NHS
with different proteins. Proteins (20 μM) were incubated
with PPV–NHS in 10 mM PBS at 37 °C for 30 min at
molar concentration ratios of 1:1, 1:5, 1:10, and 1:20.
Proteins including HRP, BOD, GOD, BSA, G6PD, and
LPO were denatured in 2 × SDS-PAGE loading buffer at
90 °C for 10min. After cooling to room temperature, the
samples were loaded in a vertical SDS-PAGE system with
12% separating and 5% stacking layers. SDS-PAGE was
run on gels in running buffer (250 mM glycine, 25 mM
Tris Base, and 0.1% SDS, pH 8.3) for 60min at 200 V. As
low-molecular-weight proteins, α-CT, Pap, Cyt c, Lys, and
CTX were denatured in 2× Tris-Tricine-SDS-PAGE
loading buffer at 90 °C for 10 min. The proteins and
protein–polymer complexes were loaded in a vertical
tricine-SDS-PAGE system with 16.5% separating, 10%
intermediate, and 4% stacking layers. Anode buffer and
cathode buffer were added to the external and internal
electrophoresis tanks, respectively. Gels were run for
60min at 30 V, followed by 60min at 100 V. The resultant
gels were washed with dd-H2O and stained with Coo-
massie brilliant blue.

Zeta potential and DLS measurements
BSA, GOD, HRP, α-CT, and Cyt c (10 μM) were mixed

with PPV–NHS (10 μM) in 1mL of water. Then, the
solutions were used for zeta potential and DLS mea-
surements. Untreated PPV–NHS (10 μM) was employed
as a control.

Measurement of the catalytic activity of the proteins
HRP and LPO are two kinds of peroxidases with

opposite surface charges. The impact of PPV–NHS on
enzyme activity was measured. PPV–NHS (200 μM) and
HRP (20 μM) were incubated at 37 °C for 30 min. The
solution was diluted 100,000-fold with PBS. The Amplex®

red reagent (10-acetyl-3,7-dihydroxyphenoxazine) was
used to detect peroxidase activity. The fluorescence
intensities of oxidized Amplex® red reagent at 590 nm
were recorded with time. The excitation wavelength was
565 nm. The slope of the linear regression of the linear
portion of the fluorescence over time was used to measure
the protein activity. The apparent activity was calculated
relative to the protein alone. For LPO, a similar procedure
was employed except that the sample was diluted 500-fold
with PBS to ensure that the values aligned with the linear
part of the fluorescence intensities as a function of the
enzyme concentrations.

Cell assay for Ca2+ influx
PC12 cells were cultured in RPMI 1640 medium con-

taining 10% fetal bovine serum under 5% CO2 at 37 °C.
The cells were washed with PBS and treated with
PPV–NHS (2.5 μM), α-BTX (0.5 μM), and PPV–NHS
(2.5 μM)/α-BTX (0.5 μM) mixtures in RPMI 1640 med-
ium for 1 h. Cells cultured with only RPMI 1640 medium
were used as a control. Then, the cells were washed with
PBS three times and stained with Fluo-8 (5 μM) in MEM
(without CaCl2) for 30 min. Then, the cells were washed
with PBS three times and treated with MEM containing
200mg/L CaCl2 and 500 μM ACh. The cells were
observed with confocal laser-scanning microscopy using a
488-nm laser.

Hemolytic assays
The ability of PPV–NHS to inhibit CTX toxicity was

investigated by hemolytic assays. Specifically, red blood
cells (RBCs) were collected into heparinized tubes and
washed two times by gentle resuspension with 10mM
PBS. The RBCs were centrifuged at 1500 RCF for 10 min
at 4 °C and diluted to 2% (v/v). A mixture of CTX (10 μM)
and RBCs in PBS was incubated with PPV–NHS (50 μM)
for 8 h at 37 °C. The absorbance of hemoglobin at 576 nm
was recorded at 1-h intervals after the RBCs were pelleted
by centrifugation (1500 RCF, 10 min). The group with
only PBS added was set as the negative control, and 1%
Triton-X 100 was added as the positive control.

The% hemolysis ¼ A576 of RBCs treatedwith sample � A576 of RBCs in PBS
A576 of RBCs treatedwith tritonX 100� A576 of RBCs in PBS

´ 100

SEM measurements
SEM characterization was employed to directly visualize

the morphological changes of the RBCs treated with CTX
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and PPV–NHS. After the procedure used in the hemolytic
assays, the pellets were fixed overnight with 1 mL of 2.5%
glutaraldehyde in PBS at 4 °C. Then, 10 μL aliquots of
RBC suspensions were transferred onto clean silicon slices
and dried. After drying, 0.1% glutaraldehyde was added
and incubated for 3 h for further fixation. Then, the spe-
cimens were washed with sterile water twice and dehy-
drated with increasing concentrations of ethanol (70% for
6 min, 90% for 6 min, and 100% for 6 min). Finally, the
dried specimens were coated with platinum for SEM
measurements.

Detoxification in mice
To investigate the detoxification effect of PPV–NHS

against CTX in vivo, healthy mice (weighing 18–22 g)
were used for relevant tests. Seven mice were treated with
CTX (25 μM, 200 μL) by intravenous injection into the tail
vein. Seven mice were treated with PPV–NHS (125 μM,
200 μL). Seven mice were first injected with CTX (25 μM,
200 μL), and 3 min later, they were injected with
PPV–NHS (125 μM, 200 μL). The survival time of the
mice was recorded. Both CTX and PPV–NHS were dis-
solved in 10mM PBS.

Results
Selective reaction of PPV–NHS
Ten proteins, horseradish peroxidase (HRP), bilirubin

oxidase (BOD), glucose oxidase (GOD), bovine serum
albumin (BSA), glucose-6-phosphate dehydrogenase
(G6PD), α-chymotrypsin (α-CT), papain (Pap), lactoper-
oxidase (LPO), cytochrome c (Cyt c), and lysozyme (Lys),
were employed to investigate the reaction selectivity of
PPV–NHS. The basic properties of these proteins are
listed in Supplementary Table S1. These proteins were
incubated with PPV–NHS at molar concentration (repeat
unit for PPV–NHS) ratios of 1:1, 1:5, 1:10, and 1:20 at
37 °C for 30 min. Denaturing polyacrylamide gel electro-
phoresis (SDS-PAGE) was used to characterize the extent
of the protein covalent reaction with PPV–NHS. As
shown in Fig. 1, proteins with isoelectric points (pIs)
lower than 7.4 did not exhibit changed molecular weights
in the gel after incubation with PPV–NHS, indicating that
the coupling reaction was prohibited. HRP, BOD, GOD,
and G6PD did not react with PPV–NHS even when
PPV–NHS was present in excess of 20-fold. Only the
bands of BSA decreased slightly with increasing con-
centrations of PPV–NHS. In contrast, proteins with pI

Fig. 1 SDS-PAGE gels of the proteins with and without the treatment of PPV–NHS. HRP, BOD, GOD, BSA, G6PD, and LPO were subjected to SDS-
PAGE on a 12% gel. α-CT, Pap, Cyt c, and Lys were visualized on 16.5% tricine-SDS-PAGE gel. The loading concentration of proteins was 20 μM. The
gel was stained with Coomassie brilliant blue.
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values above 7.4 exhibited good reactivity. The monomer
bands of Pap, LPO, Cyt c, and Lys decreased significantly
after incubation with PPV–NHS in fivefold excess. All
proteins were converted to protein–polymer conjugates
when PPV–NHS was in excess of 20-fold. These results
demonstrated that PPV–NHS could selectively react with
basic proteins in a dose-dependent manner. We also
investigated the reaction of PPV–NHS with other bio-
molecules, such as DNA and polysaccharides. The agarose
electrophoresis results showed that they could not react
with PPV–NHS (Supplementary Fig. S1).

The mechanism of the selective reactivity of PPV–NHS
To study the mechanism of the selective reactivity of

PPV–NHS towards basic proteins, zeta (ζ) potential was
used to measure the surface charge changes of PPV–NHS
after conjugation with proteins. Figure 2a summarizes the
potential of PPV–NHS in the absence and presence of
proteins with different pI values. PPV–NHS is negatively
charged with a ζ potential of −21.1 ± 0.1 mV. After
incubation with BSA, GOD, and HRP, the surface charge
of PPV–NHS did not change. In contrast, in the presence
of positively charged proteins (Pap, α-CT, and Cyt c), the ζ
potential of PPV–NHS shifted from negative to positive
values. These results indicated that PPV–NHS attached to
basic proteins through electrostatic interactions. Dynamic

light-scattering (DLS) data revealed a significantly
increased hydration sphere diameter of PPV–NHS in the
presence of basic proteins, but when PPV–NHS was
treated with acidic proteins, the PPV–NHS diameter was
negligibly changed (Fig. 2b). The DLS and ζ potential
results are consistent with the SDS-PAGE experiment,
indicating the electrostatic recognition and reaction
between PPV–NHS and basic proteins.
A closer inspection of the surface charge distribution of

proteins provided further insight into factors that influ-
ence the bioconjugation process. For this purpose, the
electrostatic surface potential (ESP) of the proteins was
calculated. The crystal structures of the proteins were
obtained from the RCSB PDB. The Connolly surface was
colored in red (acidic domains) and blue (basic domains)
to display the ESP of proteins. As shown in Fig. 2c, the
surfaces of HRP, BOD, GOD, BSA, and G6PD showed a
high density of negative charges, which was unfavorable
for PPV–NHS binding. In contrast, α-CT, Pap, LPO, Cyt
c, and Lys were uniformly covered with basic residues,
which facilitated their high affinity for PPV–NHS. To
further confirm the effect of the protein surface charge
on the bioconjugation reaction, the reactions were per-
formed under high-salt concentrations to destroy the
electrostatic interactions. Compared with treatment in
0.01M phosphate-buffered saline (PBS), the reaction of

Fig. 2 Electrostatic recognition between basic proteins and PPV–NHS. Zeta potentials (a) and hydrodynamic diameters (b) of PPV–NHS (10 μM)
in the absence and presence of acidic proteins (HRP, GOD, and BSA) (10 μM) and basic proteins (Cyt c, α-CT, and Pap) (10 μM). c Connolly surface was
patterned with ESP to show the distribution of protein surface charges, which were colored in red (acidic domains) and blue (basic domains).
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PPV–NHS with proteins in 0.2M and 0.5M PBS was
suppressed (Supplementary Fig. S2). As the ionic strength
of the medium increased, the degree of reaction
decreased. These results demonstrate that the electro-
static recognition between basic proteins and PPV–NHS
is critical for the bioconjugation reaction. Although acidic
proteins show many reactive lysine residues (Supple-
mentary Table S1), they cannot react with PPV–NHS
under physiological conditions due to electrostatic
repulsion. We next investigated the effect of PPV–NHS
on protein function. HRP and LPO are both peroxidases
but possess opposite surface charges. As shown in Sup-
plementary Fig. S3, the activity of HRP did not change in
the presence of PPV–NHS. In contrast, when PPV–NHS
was added to an LPO solution, the activity was inhibited
to ~60%. We speculate that PPV–NHS selectively inhibits
basic protein activity through multivalent interactions
that change protein structure and block catalytic
active sites.

Detoxification of basic toxins
To investigate the ability of PPV–NHS to detoxify

basic toxins, three kinds of toxins (α-BTX, crotamine,

and CTX) from different snake venoms were used to
interact with PPV–NHS. The ESP calculation of these
toxins displayed a high density of positive charges on the
surface, which showed high reactivity to PPV–NHS
(Supplementary Fig. S4a). When PPV–NHS was in
tenfold excess, these toxins were totally converted into
PPV–toxin conjugates through amidation reactions, as
indicated with tricine-SDS-PAGE gel analysis (Supple-
mentary Fig. S4b). We further investigated whether
PPV–NHS can neutralize the toxicity of α-BTX and
CTX in vitro and in vivo. α-BTX can competitively and
irreversibly bind to nicotinic acetylcholine receptors
(nAChRs) in the vertebrate nervous system. nAChRs are
cation-selective ligand-gated ion channels with a high
permeability of calcium. The binding of α-BTX inhibits
nAChR function, causing paralysis, respiratory failure,
and death in patients. The rat pheochromocytoma cell
line (PC12) expresses multiple nAChRs and was used as
a model cell for studying the detoxification effect of
PPV–NHS on α-BTX. Calcium influx was detected by
the indicator Fluo-8, which is turned “on” in the pre-
sence of intracellular calcium. The intracellular fluor-
escence was monitored by confocal laser-scanning

Fig. 3 Detoxication of α-BTX by PPV–NHS. a Schematic illustration of α-BTX competitively binding to nAChRs and blocking the ion channel.
b Schematic illustration of the detoxication effect of PPV–NHS on α-BTX. The intracellular Ca2+ indicator Fluo-8 was turned on, i.e., fluoresced, due to
the opening of ligand-gated the nAChR channels. c CLSM images of PC12 cells after the treatment with PPV–NHS (2.5 μM), α-BTX (0.5 μM), and
PPV–NHS (2.5 μM)/α-BTX (0.5 μM) complexes. Left: phase-contrast bright-field image. Middle: fluorescence image. Right: merged image.
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microscopy (CLSM). As shown in the control group of
Fig. 3c, with the treatment of only acetylcholine (ACh)
to PC12 cells, a significant fluorescence signal was
observed, demonstrating calcium influx through the
binding of ACh to nAChRs. The cells pretreated with
PPV–NHS also exhibited high fluorescence intensity,
indicating that PPV–NHS cannot influence the binding
process (Fig. 3c). As expected, cells pretreated with α-
BTX did not show an increase in fluorescence intensity
after ACh was added (Fig. 3c) because α-BTX compe-
titively blocks nAChR from accessing the Ach-binding
sites, which prevents calcium transfer into cells. In
contrast, upon treatment of with the PPV–NHS/α-BTX
complex, PC12 cells in ACh solution displayed a highly
intense fluorescence signal, which was similar to that of
the control group (Fig. 3c), indicating that PPV–NHS
effectively prevented the blocking effect of α-BTX on
nAChR. Therefore, PPV–NHS can inhibit the neuro-
toxicity of α-BTX in the neuromuscular junction.
CTX can disrupt the matrix of the cell membrane

organization, causing lysis of RBCs. The detoxification
effect of PPV–NHS on CTX was determined by hemo-
lysis assays. As shown in Fig. 4a, b, the addition of CTX
to the suspension of RBCs induced the obvious release
of hemoglobin. Human RBCs are more susceptible to
CTX than mouse RBCs. In the presence of PPV–NHS,
the RBC rupture by CTX was inhibited, and PPV–NHS
did not cause visible destruction to the RBCs. The
morphological changes of the RBCs under different
treatments were observed by scanning electron micro-
scopy (SEM). RBCs in PBS displayed the typical

discocyte shape (Supplementary Fig. S5). After the
addition of CTX, the RBCs changed into acanthocytes,
and membrane blebbing was observed (Fig. 4c). RBCs
treated with PPV–NHS maintained their discocyte
shape in the presence of CTX, indicating that the for-
mation of the PPV–CTX assemblies inhibited the
hemolytic activity of CTX. The hemolytic kinetics assay
and SEM images demonstrated the effective inactivation
of CTX by PPV–NHS.
Animal experiments were also conducted to explore

whether PPV–NHS can neutralize the toxicity of CTX
in vivo (Fig. 5a). Notably, most of the proteins in blood
are negatively charged with low pI values25,26. Thus,
their activity was not expected to be affected by
PPV–NHS. After intravenous injection of CTX (25 μM,
200 μL), all mice died within 18 min (Fig. 5b). Fifty-
seven percent of the mice survived when injected with
PPV–NHS (125 μM, 200 μL) after injection of CTX (Fig.
5b). Although 43% of the mice died, the survival time of
these mice was extended to ~50 min. Conjugated poly-
mers have been widely used in the bioimaging field
because of their excellent light-harvesting ability, optical
stability, and high fluorescence quantum yield27–29. The
UV–vis absorption and emission spectra of PPV–NHS
are shown in Supplementary Fig. S6. PPV–NHS dis-
played a maximum absorption peak at 450 nm and a
maximum emission peak at 555 nm with an absolute
fluorescence quantum yield of 16% in water. Therefore,
the biodistribution of PPV–NHS with and without CTX
was investigated in mice by measuring the fluorescence
signal of PPV–NHS. The mice were sacrificed, and the

Fig. 4 PPV–NHS inhibited the hemolytic activity of CTX. Time course of hemolysis induced by CTX (10 μM) with and without PPV–NHS (50 μM) in
mouse (a) and human (b) blood. c Morphology of human red blood cells (RBCs) treated with CTX in the absence and presence of PPV–NHS. Arrows
indicate acanthocytes and membrane blebbing of RBCs. The scale bars are 5 µm.
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organs, including the heart, liver, lung, spleen, and
kidney, were harvested after intravenous injection of
PPV–NHS and CTX followed by PPV–NHS. The
fluorescence images and corresponding statistical
results are displayed in Figs. 5c and Supplementary Fig.
S7. PPV–NHS was mainly distributed in the kidney, and
eliminated in 7 days. However, PPV–NHS injected after
CTX exhibited prolonged retention time, suggesting
that PPV–NHS reacted with CTX in vivo and formed
complexes that caused its longer half-life. Combined
with the aforementioned experiment, we concluded that
PPV–NHS could inhibit the toxicity of CTX in vivo and
is excreted over time.

Discussion
Toxin proteins can cause physical damage, biochemical

degradation, and signaling interruption in mammals,
leading to disabilities and even death. Antivirulence
therapy is receiving increasing attention, especially
because it does not directly kill bacteria, which may delay
the development of bacterial resistance. However, most of
the current antitoxins were developed against specific
toxins, and broad-spectrum antitoxic platforms are rare.
By analyzing their amino acid sequences, we found that
many toxins are basic proteins. These representative

toxins are listed in Table 1 and ranged from bacterial
exotoxins, animal venom toxins, and marine toxins to
plant toxins. Some viruses also exhibit positive charges on
the surface, such as poliovirus and rotavirus A. The
selective and irreversible binding to these toxins may
change their structure and function, which may be an
effective strategy to neutralize the toxicity of the biotoxins
and achieve a broad-spectrum detoxification effect.
In this work, we studied the interactions of PPV–NHS

with different proteins. PPV–NHS can selectively react
with basic proteins through multivalent electrostatic
recognition before amidation reactions. Peroxidase
activity experiments showed that the formation of
PPV–protein bioconjugates can reduce the activity of the
proteins. Then, we used α-BTX and CTX as models to
study the detoxification effects of PPV on their ability to
induce neurotoxicity and hemolysis in vitro and in vivo.
PPV–NHS effectively prevented the blocking of nAChRs
by α-BTX, protected RBCs from CTX damage, and sig-
nificantly improved the survival rate of toxin-challenged
mice. Taking advantage of the high fluorescence quan-
tum yield of PPV–NHS, we tracked the distribution and
metabolism of PPV–NHS in mice using an IVIS spec-
trum imaging system. PPV–NHS can be excreted in a
week, indicating the possibility that it has biodegradable

Fig. 5 Detoxication of CTX by PPV–NHS in vivo. a Schematic illustration of the detoxification of CTX by using PPV–NHS in vivo. b The percentage
of mice that survived after intravenous injection of CTX (25 μM), PPV–NHS (125 μM), and successive injection of CTX and PPV–NHS, for which the
interval time was 3 min. c Biodistribution of PPV–NHS (100 μM, 150 μL) in mouse organs without CTX and preinjected CTX (20 μM, 150 μL); the interval
time of injection was 3 min. Fluorescence images were taken on days 1, 3, 5, and 7 by an IVIS® spectrum imaging system with an excitation
wavelength of 465 nm and an emission wavelength of 540 nm.
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properties. Overall, these results demonstrated the broad
applicability and effectiveness of PPV–NHS as an anti-
virulence platform against basic toxin proteins.
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