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urinary tract, skin, and soft tissue infec-
tions.[4–7] Thus, there is an urgency to 
develop new strategies for alternative 
antibacterial treatments. Among various 
new strategies developed for antimicrobial 
treatment, an “old-fashioned” antibiotic, 
polymyxin B (PMB), regains the attention 
as it shows excellent bactericidal against 
gram-negative bacteria.[8,9] The drug can 
rapidly eradicate pathogens by interacting 
with the lipopolysaccharide of the outer 
membrane in gram-negative bacteria 
due to their amphiphilic and cationic 
nature.[10,11] However, one safety concern 
is the nephrotoxicity and neurotoxicity 
occurring during the systemic polymyxin 
therapy, which strongly limits the clin-
ical applications of polymyxins.[12,13] For 
instance, injection of high-dose polymyxin 
may cause kidney damage and nervous 
system dysfunction in many cases.[14–16] 
Hence, there is an emergency to find a 
strategy to minimize the toxicity of poly-
myxin with effective dose.

Several methods have already been 
used to reduce the toxicity of polymyxin 

through shielding the cationic part by negative-charged deriva-
tive or reducing the number of cationic residues. For instance, 
polymyxin prodrugs have been synthesized through chemical 
modification of cationic amino acid with anion or neutral sub-
stance,[17,18] such as methanesulfonate,[19] PEG,[20] etc. How-
ever, although the prodrug strategy could significantly reduce 
the adverse effects of polymyxin, the antibacterial activity was 
sacrificed due to the loss of positive charge. Alternatively, nano-
particles like liposome,[21] silica nanoparticles,[22] and poly-
meric particles,[23,24] were developed as delivery nanoplatforms 
to improve the drug safety. Despite the reduced toxicity, these 
nanocarriers also showed reduced bactericidal activity owing 
to the restricted molecular freedom and constrained access to 
bacterial membrane. Therefore, efficient release of polymyxin 
from nanoparticles is very important to maintain the excellent 
antibacterial performance. Based on recent researches, it can 
be inferred that preserving the cationic function and main-
taining the uncaged molecular condition are two key considera-
tions to retain antibacterial activity of polymyxin.[23,25] In order 
to enlarge the application of polymyxin in vivo, it is urgently 
needed to hammer out a solution that can remarkably reduce 
adverse effects while retaining its fine bactericidal capability.

The decade-old antibiotic, polymyxin B (PMB), is regarded as the last 
line defense against gram-negative “superbug.” However, the serious 
nephrotoxicity and neurotoxicity strongly obstruct further application of this 
highly effective antibiotic. Herein, a charge switchable polyion nanocomplex 
exhibiting pH-sensitive property is proposed to deliver PMB which is expected 
to improve the biosafety of PMB on the premise of retaining excellent antibac-
terial activity. The polyion nanocomplex is prepared through electrostatic inter-
action of positively charged PMB and negatively charged 2,3-dimethyl maleic 
anhydride (DA) grafted chitoligosaccharide (CS). The negative charge of CS-DA 
will convert to positive due to the hydrolysis of amide bonds in acidic infectious 
environment, leading to the disassembly of CS-DA/PMB nanocomplex and 
release of PMB. CS-DA/PMB nanocomplex does not show significant toxicity 
to mammalian cells while retaining excellent bactericidal capability equivalent 
to free PMB. The nephrotoxicity and neurotoxicity of CS-DA/PMB dramatically 
decrease compared to free PMB. Moreover, CS-DA/PMB nanocomplex exhibits 
superior bactericidal activity against Pseudomonas aeruginosa in an acute lung 
infection mouse model. The pH-sensitive polyion nanocomplexes may provide 
a new way to reduce the side effects of highly toxic antibiotics without reducing 
their intrinsic antibacterial activity, which is the key factor to achieve extensive 
in vivo clinical applications.
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The increasing number of drug-resistant pathogenic bacteria 
has caused a global threat to human health.[1,2] According to 
the report from World Health Organization (WHO) in 2017, 
antibiotic resistance kills about 700 000 people each year world-
wide under estimate, and the number will rise to 10 million 
by 2050 unless new interventions are developed.[3] WHO also 
ranked three carbapenem-resistant pathogens (Pseudomonas 
aeruginosa, Acinetobacter baumannii, and Enterobacteriaceae) as 
the most dangerous pathogens that brought serious threats to 
public health. These gram-negative bacteria can induce a variety 
of common diseases such as pneumonia, intra-abdominal, 
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Herein, we proposed a pH-sensitive polyion nanocom-
plex to deliver PMB for acute lung infection treatment, 
which was expected to exhibit reduced adverse effect without 
compromising intrinsic antibacterial effect. This polyion nano-
complex was prepared by mixing PMB and 2,3-dimethyl maleic 
anhydride (DA) grafted chitoligosaccharide (CS), exhibiting 
electrostatic complexation between positively charged PMB 
and negatively charged DA blocks at pH 7.4.[26] However, the 
nanocomplex could be disassembled at the acidic environment 
due to the charge reversal of DA moieties from negative to 

positive through the hydrolysis of the amide bond resulting in 
the release of PMB (Scheme 1A).[27,28] It is known that the typ-
ical pH of bacterial infectious sites ranges from 5.0 to 6.5.[29–31]  
The CS-DA/PMB nanocomplexes were expected to be stable 
in physiological environment with minimal adverse effect. 
Upon arriving in infectious sites,[32] the nanocomplexes could 
be readily disassembled and PMB could be released, exerting 
antibacterial activity with minimal dose (Scheme 1B). Mean-
while chitoligosaccharide could be excreted or biodegraded in 
vivo without side effect to human bodies (Scheme 1C).[33,34] The 
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Scheme 1. A) Schematic illustration of preparation process of CS-DA/PMB nanocomplexes. B) Schematics of acid-activated charge reversal of CS-DA 
at pH 5.5. C) Schematics of in vivo drug safety different from free PMB and CS-DA/PMB and the mechanism of antibacterial activity of CS-DA/PMB.
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CS-DA/PMB nanocomplexes were applied to treat acute lung 
infection caused by P. aeruginosa in a mouse model,[35,36] which 
were expected to have potent antibacterial activity and negli-
gible side effects in vivo (Scheme 1C).

To prepare pH-sensitive charge reversal polyion nanoparticles 
consisting of CS-DA and PMB, DA was grafted to CS at first. The 
successful synthesis of CS-DA was confirmed by 1H NMR with 
the appearance of characteristic DA signals at δ1.77 and δ1.74 
(–CH3; Figure S1, Supporting Information). Fourier transform 
infrared spectroscopy (FT-IR) was used to further confirm the 
synthesis of CS-DA (Figure S2, Supporting Information). The 
peak area of wavenumber about 2700 cm−1 decreased obviously 
indicating the less amino groups. CS-SA without pH-sensitive 
charge reversal ability was also synthesized by the same method 
using succinic anhydride (SA) as control (structure determined 
by 1H NMR; Figure S3, Supporting Information). Zeta potential of 
CS-DA and CS-SA measured in Table S1 in the Supporting Infor-
mation further confirmed the successful synthesis. Then, nano-
complexes with different weight ratio were prepared by mixing 
CS-DA and PMB (9:1–1:1) through electrostatic interaction. The 
hydrodynamic size of these nanocomplexes were measured by 
dynamic light scattering (DLS) (Figure 1A). CS-DA/PMB nano-
complexes with weight ratio of 9:1 (CS-DA: PMB) showed smaller 
hydrodynamic size (Dh = 154.2 ± 1.4 nm) and better stability, 
which were chosen for the following experiments. The CS-DA/
PMB nanocomplexes had a regular and well-defined spherical 
morphology, detected by transmission electron microscopy (TEM) 
(Figure S4, Supporting Information). The charge reversal and 
subsequent disassembly of CS-DA/PMB nanocomplexes was 
studied by measuring zeta potential and hydrodynamic size after 
incubation at pH 5.5 for 2 h while the zeta potential of free PMB 

was also detected as +1.4 ± 0.43 mV (Table S1, Supporting Infor-
mation). As shown in Figure 1B, the zeta potential of CS-DA/
PMB nanocomplexes changed from −8.75 to +2.63 mV due to 
the hydrolysis of the amide bond between DA and amino group, 
indicating pH-triggered charge reversal. Meanwhile, the hydro-
dynamic size of CS-DA/PMB nanocomplexes increased to 9 µm 
(Figure 1C), which further supported the disassembly of nano-
complexes. The very large hydrodynamic size of nanocomplexes 
after disassembly might be ascribed to the electrostatic interac-
tion of CS and 2,3-dimethyl maleic acid. However, CS-SA/PMB 
nanocomplexes did not show obvious change of zeta potential 
and hydrodynamic size after incubation at pH 5.5 (Figure 1D). 
Therefore, PMB could be released from CS-DA/PMB nano-
complexes at acidic infectious sites.

To evaluate the bactericidal activity of CS-DA/PMB nanocom-
plexes, the minimal inhibitory concentration (MIC) and min-
imal bactericidal concentration (MBC) were determined against 
two gram-negative bacterial strains of P. aeruginosa and Escheri-
chia coli (Table 1). Compared to free PMB, CS-DA/PMB exhib-
ited equivalent antimicrobial efficacy both in MIC (2 µg mL−1) 
and MBC (4–8 µg mL−1), which indicated that PMB could be 
released from CS-DA/PMB nanocomplexes and killed bacteria. 
Meanwhile, the MIC and MBC of CS-SA/PMB were much 
higher than CS-DA/PMB showing much weaker antibacterial 
activity, especially against P. aeruginosa. It was mainly because 
CS-SA/PMB nanocomplexes were stable in acidic infectious 
site and PMB molecules were restricted in nanocomplexes. 
The MIC and MBC of CS-DA and CS-SA without PMB were 
also evaluated to clarify that they did not show significant con-
tribution to bacteriostatic or bactericidal effect. The standard 
plates counting assay was conducted to further confirm the 
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Figure 1. A) Average particle size of CS-DA/PMB nanoparticles with different weight ratios (CS-DA:PMB). B) Zeta potentials of CS-DA/PMB and CS-SA/
PMB nanoparticles at pH 5.5 and pH 7.4, respectively; conversion of hydrodynamic diameter (Dh) of C) CS-DA/PMB and D) CS-SA/PMB. All data are 
expressed as mean ± SD (n = 3 independent experiments).
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bactericidal activity of CS-DA/PMB in vitro. Sample solutions 
with different concentration (4, 8, and 16 µg mL−1) were incu-
bated with P. aeruginosa suspension for 4, 8, or 12 h at pH 5.5. 
CS-DA/PMB showed the same antibacterial activity as free 
PMB, which might be ascribed to the efficient release of PMB 
in acidic environment. Compared to CS-SA/PMB, CS-DA/PMB 
exhibited stronger bactericidal capability when incubating with 
4 × 108 CFU (colony forming units) P. aeruginosa for 8 h. Most 
of bacteria (>99.9%) were killed when treated with 8 µg mL−1 
CS-DA/PMB or free PMB solution, while only half of bacteria 
died when treated with CS-SA/PMB at same concentration 
(Figure 2A). When incubation for 12 h, 99.99% of bacterial 
cells were killed in CS-DA/PMB group, indicating more PMB 
was released for enhanced antibacterial activity. The number of 
P. aeruginosa colonies was directly shown in Figure S5 in the 
Supporting Information.

Bacterial cells observed by scanning electron microscopy 
(SEM) supported the above antibacterial results in vision. 
As shown in Figure 2B, bacterial morphology was changed 
to an irregular division obviously when cells incubated with 
8 µg mL−1 CS-DA/PMB for 8 h at pH 5.5. Moreover, CS-DA/
PMB nanoparticles binding on the membrane of bacteria could 
also be observed under SEM since the amino groups on CS 
were exposed in an acidic environment to render nanoparti-
cles interact with bacteria cells. However, 8 µg mL−1 CS-SA/
PMB did not exhibit critical antimicrobial effect, and most of 
bacteria cells preserved normal morphology. Live/dead staining 
assay was also carried out to the antimicrobial activity of PMB 
nanocomplexes and free PMB (Figure 2C). Red fluorescence 
which represented dead bacterial cells in the CS-DA/PMB was 
similar to the free PMB group. Meanwhile, much weaker red 
fluorescence was observed in CS-SA/PMB group, indicating 
a stronger bactericidal capability of CS-DA/PMB over CS-SA/
PMB nanocomplexes.

PMB is well known as a high toxic antibiotic.[13] The bio-
compatibility of PMB after complexation with CS-DA was 
then studied. Free PMB exhibited hemolytic toxicity to some 
extent at high concentration of 1024 µg mL−1. However, both 
two PMB nanocomplexes did not display any hemolysis of 
mouse red cells even the concentration of PMB was as high 
as 1024 µg mL−1 (Figure 3A). The cytotoxicity of CS-DA/PMB 
nanocomplexes was investigated by incubation with NIH-3T3 
fibroblast cells. The cell viability treated with CS-DA/PMB was 
higher than 75% at a very high concentration (256 µg mL−1 
equivalent to free PMB) while nearly 50% cells died by treating 
with free PMB at the same concentration (Figure 3B). These 

results demonstrated that CS-DA/PMB nanoparticles could be 
used in vivo safely without hemolysis and cytotoxicity.

PMB can cause severe nephrotoxicity and neurotoxicity 
after intravenous injection in vivo. To investigate the safety 
of CS-DA/PMB nanocomplexes, we first tested the acute 
neurotoxicity by directly injecting a high concentration dose 
(12 mg kg−1, equivalent to free PMB) of sample solutions into 
healthy mice. Based on the observation, mice received free 
PMB exhibited rapid breathing and massive twitching imme-
diately after injection while mice received PMB nanocomplexes 
groups behaved as normal (Videos S1–S3, Supporting Informa-
tion). Death rate was measured 24 h post injection to further 
clarify the safety (Figure 3C). 100% of mice survived after injec-
tion of nanocomplexes with one dose (12 mg kg−1, equivalent 
to free PMB) in contrast of only 40% of mice injected with free 
PMB survived. The assessment of acute neurotoxicity certi-
fied that CS-DA/PMB nanoparticles could relieve shortness of 
breath, body convulsions, and even death caused by neurotox-
icity which was aroused by PMB.

Then, we conducted a 3 day histological toxicity study on mice 
to test the nephrotoxicity of CS-DA/PMB. 8 mg kg−1 (equivalent 
to free PMB) sample solutions were injected into mice through 
caudal vein three times a day and lasted for 3 days. Mice were 
then asphyxiated and the organs were harvested at 24 h after 
last dosing. The nephrotoxicity and neurotoxicity of PMB nano-
complexes were evaluated by hematoxylin and eosin (H&E) 
staining of kidney and brain sections (Figure 3D). Compared to 
those treated with free PMB (protein-like precipitate filled the 
gaps in the renal tubules), kidneys of mice treated with either 
CS-DA/PMB or CS-SA/PMB displayed normal morphology 
which was the same as PBS group. Neuronal shrinking could 
be observed in the brains of mice that received free PMB in 
Figure 3D, and brain H&E staining of CS-DA/PMB and CS-SA/
PMB groups showed less neurotoxicity to mice. All the results 
demonstrated that PMB nanocomplexes fabricated by electro-
static interaction could efficiently improve the biosafety of PMB 
with reduced nephrotoxicity and neurotoxicity. Furthermore, 
other organs were also stained at 24 h after last dosing and no 
toxicity was observed, indicating a systemic drug safety in vivo 
(Figure S6, Supporting Information).

In order to evaluate the antibacterial activity of PMB nano-
complexes in vivo, a P. aeruginosa acute lung infection model 
was fabricated. Before infection, nanoparticles were directly 
administrated into the lung of healthy mice via a catheter to 
investigate the histological response of the biomaterials. Two 
doses (8 mg kg−1 for each dose) of sample solutions were 
administrated into lung 4 h apart, respectively. 24 h after last 
dosing, lungs were harvested and stained with H&E. Tissue 
from all groups appeared normal which demonstrated that  
nanoparticles did not exhibit toxicity to lung (Figure S7, 
Supporting Information).

The antibacterial activity of CS-DA/PMB nanocomplexes 
against acute lung infection was then evaluated. Pathogens 
about 106 CFU were instilled into the lung directly via a catheter 
to construct the acute lung infection mice model (Figure 4A). 
Mice received two doses solution of nanoparticles (4 mg kg−1 
equivalent to PMB) or free PMB (4 mg kg−1). The first dose was 
instilled at the time of infection and the second was instilled 
4 h postinfection. The mice were observed for 24 h after last 
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Table 1. Minimal inhibitory concentrations (MIC) and minimal bacteri-
cidal concentrations (MBC) (unit: µg mL−1).

Entry MIC [µg mL−1] MBC [µg mL−1]

P. aeruginosa E. coli P. aeruginosa E. coli

PMB 2 1 8 2

CS-DA/PMB 2 1 4 2

CS-SA/PMB 8 2 32 8

CS-DA >1024 >1024 >1024 >1024

CS-SA >1024 >1024 >1024 >1024
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dosing and their lungs were harvested and photographed after 
they were asphyxiated. To confirm the effect of CS-DA/PMB 
nanoparticles, we homogenized lungs in PBS and counted the 
number of bacteria in them (Figure 4B; Figure S8, Supporting 

Information). Treatment of mice with CS-DA/PMB caused an 
apparent decrease in number of bacteria comparable to free 
PMB due to the efficient release of PMB in acidic infectious 
site. Lungs treated with CS-SA/PMB still remained a relatively 
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Figure 2. A) In vitro related quantitative results of standard plate counting assay. B) Morphology of P. aeruginosa bacteria after incubation with PBS, 
PMB, CS-DA/PMB, and CS-SA/PMB for 8 h characterized by SEM. Scale bar: 1 µm. C) Live/dead staining assay of P. aeruginosa incubated with PBS, 
PMB, CS-DA/PMB, and CS-SA/PMB nanoparticles, respectively. Scale bar: 50 µm. All data are shown as mean ± SD (n = 3).
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large number of pathogens (10–11 log CFU). The H&E staining 
of lung sections were assessed at the same time (Figure 4C). 
The tissue sections of untreated mice in PBS group exhibited 
fibrosis shadow, sloughing of the bronchial epithelium, and 
bronchitis showing that P. aeruginosa caused server damage 
to lungs. In contrast, the normal morphology of lungs treated 
with CS-DA/PMB observed in tissue sections showed that these 
nanoparticles exhibited excellent antibacterial ability which was 
the same as free PMB. Moreover, the evidence of lung damage 
of mice treated with CS-SA/PMB showed a poor antibacterial 
effect of CS-SA/PMB nanoparticles. Photographs of lungs in 
color and morphology were consistent with the experimental 
results (Figure 4B).

We further investigated the antibacterial efficacy of CS-DA/
PMB nanocomplexes by treatment of postinfected acute lung 
infection mice models (Figure 4D). Mice were administrated 
with 103 CFU P. aeruginosa for 12 h to ensure that every mouse 
was infected, which was verified by counting the number 

of bacteria in lungs. Mice were then received two doses of 
free PMB (4 mg kg−1 per dose) or nanoparticles (equivalent 
to 4 mg kg−1 of free PMB per dose). Lungs were harvested 
and homogenized for bacteria counting 24 h after last dose. 
The average log10 value decreased to 4 CFU with treatment 
of CS-DA/PMB in contrast of 8.2 CFU bacteria per lung still 
existed in the CS-SA/PMB group (Figure 4E; Figure S9, Sup-
porting Information). Photographs and H&E staining of lungs 
further supported that the antibacterial effect of CS-DA/PMB 
was excellent as free PMB (Figure 4F). CS-DA/PMB exhibited 
excellent antibacterial activity and it might be applied to clinical 
treatment of P. aeruginosa infection with reduced nephrotox-
icity and neurotoxicity.

The main purpose of this study is to improve the drug safety 
of PMB and maintain its excellent antimicrobial activity simul-
taneously. A pH-sensitive CS-DA/PMB nanocomplex was suc-
cessfully fabricated based on the electrostatic combination of 
positively charged PMB and negatively charged CS-DA. It is 

Figure 3. A) Hemolysis of mouse red cells after being incubated with PMB, CS-DA/PMB, and CS-SA/PMB with different concentrations (n = 3).  
B) Cytotoxicity of NIH-3T3 fibroblast cells after incubation with PMB, CS-DA/PMB, and CS-SA/PMB with different concentrations (n = 3). C) Survival rate 
of mice which received a high dose (12 mg kg−1) of PMB, CS-DA/PMB, and CS-SA/PMB. D) H&E staining of kidneys and brains from mice which received 
injection of PMB, CS-DA/PMB, and CS-SA/PMB after 3 days (n = 5). Scale bar: 100 µm (inset scale bar: 10 µm). All data are shown as mean ± SD.
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noticeable that CS-DA/PMB nanocomplexes improved the drug 
safety in vivo. PMB was restricted in nanoparticles when the 
pH value of environment was 7.4. Once they arrived at bacte-
rial infection site, negatively charged CS-DA would convert 
to positively charged CS at acidic environment and PMB was 
released to kill the pathogens. The antimicrobial efficacy of 

CS-DA/PMB nanocomplexes to gram-negative bacteria was as 
excellent as free PMB. In mice study, nephrotoxicity and neu-
rotoxicity caused by PMB decreased dramatically. The antibac-
terial activity CS-DA/PMB nanocomplexes were also observed 
to be same as free PMB in an acute lung infection mouse 
model of P. aeruginosa. Moreover, this method of electrostatic 

Figure 4. A) Schematic of experimental design for physiologic infection timescales of infection with P. aeruginosa. B) Bacterial CFU tittered from lungs 
of mice (infected with 106 CFU) treated with PBS, PMB CS-DA/PMB, and CS-SA/PMB, respectively. C) H&E staining of lungs from infective mice 
treated with PMB, CS-DA/PMB, and CS-SA/PMB, compared to PBS. Scale bar: 50 µm. D) Schematic of experimental design for physiologic infection 
timescales of postinfection with 103 CFU P. aeruginosa. E) Bacterial CFU tittered from lungs of mice (infected with 103 CFU) treated with PBS, PMB 
CS-DA/PMB, and CS-SA/PMB, respectively. Statistical analysis was conducted using t-test of GraphPad Prism 6, no significance: n.s, ***P < 0.001. 
F) H&E staining of lungs from infective mice treated with PBS, PMB, CS-DA/PMB, and CS-SA/PMB, respectively. Scale bar: 50 µm. All data are shown 
as mean ± SD (n = 6 independent experiments).
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combination of antibiotic and biocompatible materials could be 
extended to other antibiotics, thereby as a general strategy for 
reducing the side effects of high toxic antibiotics.
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