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Zwitterionic chitosan for the 
systemic treatment of sepsis
Eun Jung Cho1,*, Kyung-Oh Doh1,2,*, Jinho Park1,*, Hyesun Hyun1, Erin M. Wilson1, 
Paul W. Snyder3, Michael D. Tsifansky4 & Yoon Yeo1,5

Severe sepsis and septic shock are life-threatening conditions, with Gram-negative organisms 
responsible for most sepsis mortality. Systemic administration of compounds that block the action of 
lipopolysaccharide (LPS), a constituent of the Gram-negative outer cell membrane, is hampered by their 
hydrophobicity and cationic charge, the very properties responsible for their interactions with LPS. We 
hypothesize that a chitosan derivative zwitterionic chitosan (ZWC), previously shown to suppress the 
production of pro-inflammatory cellular mediators in LPS-challenged macrophages, will have protective 
effects in an animal model of sepsis induced by systemic injection of LPS. In this study, we evaluate 
whether ZWC attenuates the fatal effect of LPS in C57BL/6 mice and investigate the mechanism by 
which ZWC counteracts the LPS effect using a PMJ2-PC peritoneal macrophage cell line. Unlike its 
parent compound with low water solubility, intraperitoneally administered ZWC is readily absorbed 
with no local residue or adverse tissue reaction at the injection site. Whether administered at or prior to 
the LPS challenge, ZWC more than doubles the animals’ median survival time. ZWC appears to protect 
the LPS-challenged organisms by forming a complex with LPS and thus attenuating pro-inflammatory 
signaling pathways. These findings suggest that ZWC have utility as a systemic anti-LPS agent.

Severe sepsis (acute organ dysfunction secondary to infection) and septic shock (severe sepsis plus hypotension 
not reversed with fluid resuscitation) are life-threatening conditions frequently encountered in the intensive care 
units (ICUs) across the world1,2 and responsible for billions of dollars in medical costs every year in the United 
States3. As an infection overwhelms and disregulates the body’s defense mechanisms, sepsis may progress to 
shock, disseminated intravascular coagulation, and multiple organ failure4. Importantly, while some patients 
present to an ICU in severe sepsis or septic shock, others are admitted sepsis-free but develop an infection and 
progress along the above spectrum while being treated for something else. About 30–50% of septic shock patients 
die, even in the developed world5,6, and novel approaches to both therapy and prophylaxis of sepsis are urgently 
needed if we are to reduce this mortality.

The 2009 European Prevalence of Infection in Intensive Care (EPIC II) study has shown that Gram-negative 
organisms outnumber the Gram-positives as the etiology of septic shock, and that the only organisms associated 
with hospital mortality after multivariable logistic regression analysis are the Enterococcus, Pseudomonas, and 
Acinetobacter species7. The latter two species are, in fact, Gram-negative. Given this, efforts have been made to 
remove or inactivate the circulating lipopolysaccharide (LPS), a part of the outer cell membrane of Gram-negative 
bacteria and the primary trigger of the physiologic derangements seen in Gram-negative sepsis. LPS consists of 
a heteropolysaccharide chain and a glycolipid moiety (lipid A), which is partially phosphorylated (pKa 1.3) and 
negatively charged at neutral pH8. Lipid A is the most conserved and the most toxic part of LPS9,10; therefore, 
several compounds that can bind to lipid A via antigen-antibody, electrostatic, or hydrophobic interactions have 
been explored for the systemic treatment of sepsis11,12.

However, the very properties making these agents work well in vitro – their hydrophobicity and positive 
charge – limit their utility as a systemic therapy against Gram-negative sepsis. Polymyxin B, an amphiphilic poly-
cationic peptide and one of the most effective neutralizers of LPS, is a potent nephro- and neurotoxin when given 
systemically12,13, mainly due to its cationic nature14,15. Other investigational anti-LPS agents such as LPS-binding 
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proteins16–18, cationic peptide amphiphiles19,20, or cationic small molecules10,21–23 have also shown prohibitive sys-
temic toxicity and/or non-specific protein binding8,12. Finally, systemic anti-LPS antibodies have failed in clinical 
trials partly due to non-specific hydrophobic interactions between them and irrelevant proteins21,24–26.

In this regard, it is worthwhile to note a chitosan (CS) derivative we reported previously27 as a potential alter-
native. This derivative, which we call zwitterionic chitosan (ZWC), is distinguished from other CSs, including 
the parent CS, in that it is negatively charged and water-soluble at the physiological pH due to the carboxyl 
groups introduced by partial succinylation. In our previous study ZWC showed excellent biocompatibility and 
no pro-inflammatory effect on naïve macrophages and uniquely suppressed the production of pro-inflammatory 
mediators in LPS-challenged macrophages28. Importantly, its anionic and hydrophilic nature protects ZWC from 
undesirable interactions with proteins or blood cells – a unique advantage over polycationic amphiphiles. Thus 
we hypothesized that ZWC might be suitable for systemic administration and investigated whether and how 
systemically-administered ZWC would mitigate the effects of LPS in mice.

Results and Discussion
Preparation of ZWC.  ZWC was produced by reacting CS and succinic anhydride with an anhydride to 
amine (An/Am) molar ratio of 0.7, because this product was superior to one made with a lower An/Am ratio in 
suppressing the production of a pro-inflammatory chemokine, macrophage inflammatory protein (MIP)-2, from 
LPS-challenged macrophages28. 53.4% of the repeating units were amidated at this ratio (Supplementary Fig. S1).  
ZWC had an isoelectric point (pI) of 4.5 (Supplementary Fig. S2) and showed good water solubility at pH’s dis-
tant from the pI, unlike the parent CS, which precipitated at pH 7 (Supplementary Fig. S3). Prior to the in vivo 
administration, ZWC was prepared in different molecular weights (MW) to find the optimal form. Lower MW 
ZWC’s were prepared by digesting ZWC (15 kDa) with H2O2 for different times (30 or 60 min). All ZWCs (ZWC, 
ZWC30’, and ZWC60’) inhibited MIP-2 production in LPS-challenged PMJ2-PC mouse peritoneal macrophages 
in a dose-dependent manner; however, the undigested ZWC was more effective than the degraded ones at each 
concentration (Fig. 1). ZWC was also produced with a higher MW CS (50–190 kDa) but had no effect on MIP-2 
production, likely due to its limited solubility in the culture medium. Accordingly, we used 15 kDa ZWC for 
in-vivo administration.

In vivo effects of ZWC in LPS-challenged mice.  The protective effect of ZWC and CS was tested in 
a standard animal model of sepsis, where LPS is injected intraperitoneally (IP) to cause systemic inflamma-
tion that mimics the initial clinical features of sepsis, such as the production of pro-inflammatory cytokines, 
systemic hypotension, and decrease in glomerular perfusion29. C57BL/6 male mice were injected with LPS IP. 
ZWC or CS was administered IP together with LPS or 1 h prior to the LPS challenge, and the mice were observed 
for 1 week. Animals that received LPS indeed deteriorated quickly, showing acute hypothermia and weight loss 
(Supplementary Fig. S4). With no treatment, most animals died within 48 h, with a median survival time of 34 h 
(Fig. 2). On the other hand, animals receiving LPS simultaneously with ZWC or CS showed median survival 
times of 78 h and 85.5 h, respectively (LPS vs. LPS+​ZWC: p =​ 0.0465, LPS vs. LPS+​CS: p =​ 0.0634, by Log-rank 
(Mantel-Cox) test). Similarly, the treatment with ZWC or CS prior to the LPS challenge increased the median 
survival times to 74 h (ZWC) and 82 h (CS), although statistical difference from the LPS control was not observed 
due to the small sample size (Supplementary Fig. S5). In both simultaneous injection and pre-treatment, there 
was no significant difference between ZWC and CS-treated groups in the median survival time.

Although ZWC and CS appeared similarly effective in attenuating the effects of LPS in vivo, the tissue 
responses to these materials were different (Fig. 3a). Incidence of lesions in peritoneal tissues is summarized in 
Supporting Table 1. None of 9 LPS-challenged animals showed noticeable abnormalities or adhesions upon nec-
ropsy. Liver and spleen appeared grossly normal. In contrast, animals administered with CS (LPS+​CS) showed 
adverse tissue responses to CS. Upon necropsy, 7 out of 10 animals had portions of the abdominal viscera (liver, 

Figure 1.  Dose dependent effects of ZWC, ZWC30’, and ZWC60’ on MIP-2 production from LPS-
challenged PMJ2-PC mouse peritoneal macrophages. MIP-2 levels in the culture media of macrophages 
were determined by ELISA. The sampled media were diluted 10 times prior to analysis. Data are expressed as 
averages with standard deviations of three repeated measurements. *​p <​ 0.0005 vs. LPS, #p <​ 0.05 vs. 1 mg/mL; 
and ##p <​ 0.0001 vs. 1 mg/mL; +p <​ 0.05; ++p <​ 0.0001 by Tukey test.
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spleen, intestine, kidney and mesentery) encased in a mass of fibrin with focal areas of hemorrhage. In all animals 
examined histologically, the serosal and capsular surfaces of the spleen, the liver, and the intestine were inflamed 
and contained copious amounts of fibrin, blood, neutrophils admixed with macrophages, and immature granula-
tion tissue (Fig. 3b). Large collections of globular materials, presumably CS residues, were frequently associated 
with these changes. A similar but less severe reaction was present in the adjacent mesenteric fat. In the most 
severely affected regions, the inflammation extended into the muscular wall of the intestine or parenchyma of the 
liver (Fig. 3b). It is noteworthy that the organs connected to CS residues were those first exposed to the IP-injected 
solution, which indicates that CS precipitated out before it spread throughout the peritoneal cavity. On the other 
hand, there were no gross signs of adhesions or inflammation in any of the 9 ZWC-treated animals (LPS+​ZWC). 
The absence of residual materials in the peritoneal cavities of the animals treated with ZWC suggests that the 
IP-injected ZWC was systemically absorbed via the peritoneal capillaries. Upon histological observation, only 
minimal multifocal collections of fibrin were present on the capsular surface of the spleen (Fig. 3b). The benign 
tissue responses and systemic absorption of ZWC, clearly unlike those for CS, are likely due to ZWC’s water 
solubility at neutral pH, which makes it desirable for systemic administration. This result is consistent with our 
previous observation of ZWC in healthy animals28.

Mechanisms of ZWC action against LPS.  While the in-vivo results in LPS-challenged animals show 
promise for ZWC as a systemic treatment of sepsis, its mechanism of action remains unclear. We previously 
attributed the anti-inflammatory effect of ZWC in the LPS-challenged macrophages to the extracellular interac-
tion of LPS with ZWC28. On the other hand, we have also observed that ZWC entered macrophages and spread 
in the cytoplasm in 30 min, some co-localizing with lysosomes (Fig. 4). Therefore, we could not exclude an effect 
of ZWC on macrophages themselves. A series of experiments were performed to investigate extracellular and 
intracellular effects of ZWC on LPS.

Evidence for extracellular LPS-ZWC interaction.  First, to confirm that ZWC directly interacts with LPS, fluores-
cently labeled LPS (LPS-FITC conjugate) was incubated with ZWC for 1 h. At the end of the incubation, ZWC 
was removed by precipitation at pH 4.8 (close to the pI value of ZWC), and the supernatant was incubated with 
PMJ2-PC mouse peritoneal macrophages. As shown in Fig. 5a, these macrophages displayed lower fluorescence 
intensity than those incubated with mock-treated LPS-FITC (treated in the same way without ZWC: reduction of 
pH, centrifugation, and collection of supernatant), indicating that there was less LPS-FITC in the supernatant. This 
suggests that LPS-FITC was removed together with ZWC, due to a direct interaction between ZWC and LPS-FITC.

Sedimentation coefficients (S) of LPS, ZWC, and LPS-ZWC mixtures, estimated by analytical ultracentrifuga-
tion (AUC), provided additional evidence for such an interaction. Here, LPS at a fixed concentration of 0.25 mg/
mL was titrated with ZWC at increasing concentrations (0.25–1.25 mg/mL) and subjected to AUC. As shown 
in Table 1, the LPS-ZWC complex showed much lower sedimentation coefficients than that of LPS with the 
increase of ZWC concentration in the mixture, approaching the values of ZWC alone. In order to confirm that 
the peaks in the ls-g*​ distributions of LPS-ZWC mixtures contained LPS, LPS was replaced with LPS-FITC and 
the sedimenting boundary at 495 nm and the interference were monitored simultaneously. The ls-g*​ distribution 
indicated that LPS-FITC was present in the dominant species, with sedimentation coefficients of 7.8, 6, and 3.6 
S according to the increase of ZWC concentration (Fig. 5b, Table 1). This suggests that LPS, which tends to form 
multimeric self-aggregates at a concentration above the critical value (13 μ​g/mL30), disaggregated in the presence 
of ZWC and underwent complexation/co-sedimentation with it. A similar observation was made with LPS-CS 
complexes by Yermak et al.31.

Nature of extracellular LPS-ZWC interaction.  Although the results of flow cytometry and AUC suggest that 
ZWC directly interact with LPS, this interaction may not be explained by the main mechanisms by which con-
ventional LPS antagonists (including CS) inactivate LPS. Electrostatic or hydrophobic interactions with LPS are 
not likely because ZWC is hydrophilic, anionic at neutral pH, and active in a cell culture medium with a phys-
iological ionic strength. To prove this, surface plasmon resonance (SPR) was performed with ZWC and an L1 

Figure 2.  Kaplan–Meier analysis of survival. C57BL/6 mice were injected IP with LPS (20 mg/kg) and 
treatments (CS or ZWC, 800 mg/kg). n =​ 9 (LPS); n =​ 10 (CS, ZWC). LPS vs. LPS+​ZWC: p =​ 0.0465, LPS vs. 
LPS+​CS: p =​ 0.0634, by Log-rank (Mantel-Cox) test.



www.nature.com/scientificreports/

4Scientific Reports | 6:29739 | DOI: 10.1038/srep29739

chip (GE Healthcare Life Sciences, Piscataway, NJ, USA), which had a surface composed of carboxymethylated 
dextran covalently conjugated with lipophilic groups (Supplementary Fig. S6a). Due to the negative charge of 
carboxymethylated dextran and hydrophobicity of lipophilic groups, the L1 chip served as an LPS-like platform 
to test the molecular binding of ZWC via electrostatic and hydrophobic interactions. According to the sensor-
gram, ZWC had little interaction with the L1 chip irrespective of the concentration, while a positive control 
(1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-550], PEG550-PE) flowed 
at the same rate and time showed significant binding to the chip (Supplementary Fig. S6b). Having excluded 

Figure 3.  (a) Peritoneal cavities of mice injected with LPS only, LPS+​CS, and LPS+​ZWC. (b) Hematoxylin and 
eosin staining of liver, spleen, and fat sections of animals treated with LPS, LPS+​CS and LPS+​ZWC. Scale bar: 
50 μ​m.
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electrostatic or hydrophobic interactions, the most likely mechanism of the ZWC-LPS interaction is the hydrogen 
bond between -NH2 and -NH-(C=​O)-CH2-CH2-(C=​O)-OH) groups of ZWC and the lipid A phosphates21. It 
is possible that ZWC is a more robust former of the hydrogen bond than CS, since each succinylation brings two 
more H-bond acceptor/donors (NH-H vs. NH-(C=​O)-CH2-CH2-(C=​O)-OH).

ZWC effects on macrophage activation.  Macrophages are the main effectors of innate immunity, respon-
sible for the initial pro-inflammatory phase of sepsis upon systemic exposure to LPS32,33. Given the evidence 
of ZWC entry into macrophages (Fig. 4), we suspected that ZWC may have direct effects on LPS-induced 
intracellular signaling in macrophages. This involves LPS binding to a receptor complex composed of CD14, 
toll-like receptor 4 (TLR4), and MD2, which triggers signal propagation via the Iκ​B kinase (IKK) and mito-
gen activated protein kinase (MAPK) pathways, leading to activation and nuclear localization of NF-κ​B and 
AP-1 and production of pro-inflammatory cytokines34,35. Previous studies have shown that pre-treatment 

Sample LPS (mg/mL) ZWC (mg/mL)
Sedimentation 
coefficient (S)

LPS 0.25 0 3.3, 15, 46

ZWC 0 0.25 2.1

ZWC 0 0.625 2

ZWC 0 1.25 2

LPS:ZWC (1:1) 0.25 0.25 2.1

LPS:ZWC (1:2.5) 0.25 0.625 2

LPS:ZWC (1:5) 0.25 1.25 2

LPS-FITC 0.25 0 7.8

LPS-FITC:ZWC (1:1) 0.25 0.25 6

LPS-FITC:ZWC (1:2.5) 0.25 0.625 3.6

Table 1.   Sedimentation coefficients of LPS:ZWC mixtures. LPS, ZWC, and LPS:ZWC mixtures were spun at 
201,600 rcf, and LPS-FITC and LPS-FITC:ZWC mixtures were at 32,256 rcf.

Figure 4.  Confocal microscopy of PMJ2-PC mouse peritoneal macrophages treated with 0.6 mg/mL  
fluorescently labeled ZWC (ZWC*) for 3 h. Cell nuclei were stained with Hoechst prior to imaging. For 
lysosome staining, macrophages were first incubated with ZWC*​ and further incubated with 100 nM 
LysoTracker Red for 30 min.
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with CS oligosaccharides interferes with MAPK signaling in endothelial cells36 and RAW264.7 macrophages37, 
thereby inhibiting LPS-induced IL-6 production in those cells. A similar result was obtained with the RAW264.7 
macrophages pre-treated with another water-soluble derivative of CS and then challenged with an allergen38. 
Opinions on how the CS derivatives suppress the LPS-initiated signaling events vary. While Wang et al. proposed 
that the CS effect was restricted to intracellular signaling38, Du et al. demonstrated that CS oligosaccharides inhib-
ited LPS binding to a TLR4/MD-2 receptor complex of RAW264.7 macrophages, thereby attenuating subsequent 
signaling pathways39. As a derivative of CS, ZWC may have a similar effect on LPS-macrophage binding and/or 
intracellular signaling; therefore, we tested its effect on both.

To investigate the ability of ZWC to interfere with LPS binding to macrophages and subsequent internaliza-
tion, PMJ2-PC mouse peritoneal macrophages were incubated with LPS-FITC simultaneously with ZWC or after 
pre-treatment with ZWC. Simultaneous incubation would mainly probe whether LPS-binding to macrophages is 
inhibited due to the LPS-ZWC complexation shown in Fig. 5, whereas pre-treatment would determine whether 
ZWC competes with LPS for the same receptor. Flow cytometry found little difference in the FITC level in mac-
rophages treated with LPS-FITC, whether they were treated with LPS-FITC alone, LPS-FITC and ZWC simul-
taneously, or pre-treated with ZWC prior to LPS-FITC addition (Supplementary Fig. S7). This indicates that 
neither the formation of LPS-ZWC complex nor ZWC itself interferes with the LPS binding to macrophages. To 
investigate the effect of intracellular ZWC on LPS-induced signaling, we examined the phosphorylation of p38, 

Figure 5.  (a) Flow cytometry of PMJ2-PC mouse peritoneal macrophages treated with LPS-FITC. Gray: a 
control group with no treatment; red: a group receiving LPS-FITC pre-incubated with ZWC, precipitated at pH 
4.8, centrifuged, and collected in the supernatant; blue: a group receiving mock-treated LPS-FITC. The graph on 
the left side shows averages and standard deviations of 3 measurements. All samples show significant difference 
from each other (Tukey test: p <​ 0.05). The plot on the right side shows a representative histogram. (b) Ls-g*​(s) 
distribution of ZWC and LPS-FITC complexes. The interference (IF) signal distribution is attributable to both 
ZWC and LPS-FITC. Absorbance (Abs) signal at 495 nm confirmed the presence of LPS-FITC in the dominant 
species.
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a prominent member of the MAPK family, in macrophages treated with LPS and/or ZWC. To focus on the intra-
cellular effect of ZWC, we performed an LPS challenge on macrophages pre-treated with ZWC (i.e., macrophages 
that had internalized ZWC) in the absence of excess extracellular ZWC. As shown in Fig. 6, the phospho-p38 
(p-p38) level in LPS-challenged macrophages increased at 10 min and returned to the basal level at 45 min, con-
sistent with the literature36; meanwhile, the ZWC-pre-treated macrophages showed a significantly reduced levels 
of p-p38 at 10 min, suggesting inhibitory effect of ZWC on LPS-initiated signaling pathways.

In summary, this study shows that ZWC, a partially succinylated CS derivative, provided a protective effect 
in a mouse model of LPS-induced shock when given simultaneously with or prior to the LPS challenge. Due 
to its water solubility at physiological pH, the IP-injected ZWC was readily absorbed with no local residues or 
adverse tissue reactions at the injection site, unlike the parent CS. ZWC appeared to protect macrophages from 
the LPS challenge by forming a complex with LPS, thus attenuating pro-inflammatory signaling pathways. Taken 
together, our findings suggest that ZWC may have utility as a systemic anti-LPS agent. While the effect of ZWC 
administered after the onset of sepsis (the more clinically relevant scenario for the treatment paradigm) remains 
to be seen, its potential for sepsis prophylaxis (e.g., given to all high risk inpatients before the onset of sepsis) is 
quite promising.

Materials and Methods
Materials.  Chitosan (CS; MW: 15 kDa; degree of deacetylation: 87%) was purchased from Polysciences 
(Warrington, PA, USA). LPS, LPS-FITC conjugate, and CS with a molecular weight of 50–190 kD and a 
deacetylation degree of 83% were purchased from Sigma-Aldrich (St. Louis, MO, USA). FPR-648 dye was a gift 
from BioActs (Incheon, Korea). PMJ2-PC mouse peritoneal macrophage cell line was purchased from ATCC 
(Manassas, VA, USA). Macrophage inflammatory protein (MIP)-2 enzyme-linked immunosorbent assay (ELISA) 
kit was purchased from R&D Systems (Minneapolis, MN, USA). LysoTracker Red DND-99, cell culture medium 
and supplements were purchased from Invitrogen (Carlsbad, CA, USA). p38 MAPK and p-p38 MAPK primary 
antibodies and HRP-conjugated anti-rabbit IgG were purchased from Cell Signaling Technology (Danvers, MA, 
USA). All other reagents were purchased from Sigma-Aldrich.

ZWC synthesis.  ZWC was produced as reported previously27,28. Briefly, 200 mg of CS acetate was dissolved 
in 30 mL of water, and 70 mg of succinic anhydride (anhydride to amine ratio, An/Am ratio of 0.7) was added as 
solid to the CS solution while stirring. The reaction mixture was maintained at pH 6–6.5 for 1 h, stirred overnight 
at pH 8–9, and dialyzed against deionized water prior to lyophilization. Optionally, ZWC was reacted with 30% 
H2O2 under vigorous stirring for 30 or 60 min at room temperature to produce lower molecular weight ZWC 
(named ZWC30’ and ZWC60’ according to the reaction time)40. For quality control of ZWC, the zeta potential 
of ZWC solution was measured at different pH’s, the pI determined, and H-NMR spectra examined as described 
in our previous report27.

MIP-2 production assay from LPS-challenged macrophages.  PMJ2-PC mouse peritoneal mac-
rophages were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 5% fetal bovine serum, 
5 mM HEPES, 100 units/mL of penicillin and 100 μ​g/mL of streptomycin (referred to as complete medium). The 
cells were seeded in a 24-well plate at a density of 150,000 cells per well in 1 mL of medium. After overnight 
incubation, LPS (from Escherichia coli O111:B4) was added to the medium in the final concentration of 1 μ​g/mL. 
Subsequently, 100 μ​L of ZWC solution was added to each well to bring the final chitosan concentration in the 
medium to 1 or 2 mg/mL. In control groups, PBS was added in lieu of ZWC solution. After a 24-h incubation, 
the plate was centrifuged at 931 rcf for 10 min to separate culture medium from the cells. The concentration of 

Figure 6.  Inhibitory effects of ZWC on LPS-induced phosphorylation of p38 in macrophages. PMJ2-PC 
mouse peritoneal macrophages were incubated with or without 2 mg/mL of ZWC overnight and challenged 
with 1 μ​g/mL of LPS for 10, 20, or 45 min after removing excess ZWC. Western blotting was performed with 
macrophage cell lysates. The bar graph indicates the band intensity normalized by the intensity of total p38 
using ImageJ. Data are expressed as averages and standard deviations of 3 independently and identically 
performed experiments. *​p <​ 0.05, *​*​p <​ 0.01 by one-tailed paired t-test.
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macrophage inflammatory protein (MIP)-2 in the medium was determined using an MIP-2 ELISA kit according 
to the manufacturer’s instruction. A standard calibration curve was prepared in the range of 0–500 pg/mL. The 
sampled medium was diluted 10 times prior to the ELISA analysis.

Confocal microscopy of macrophage uptake of ZWC.  ZWC was fluorescently labeled for tracking its 
uptake by macrophages. Twenty five milligrams of ZWC was dissolved in 2.5 mL of 0.1 M NaHCO3 buffer (pH 9.0)  
and mixed with 100 μ​L of 10 mg/mL aqueous FPR-648 dye solution (λ​Ex: 648 nm; λ​Em: 672 nm). The mixture was 
reacted overnight in darkness. The fluorescently labeled ZWC (ZWC*​) was purified by dialysis against deionized 
water and lyophilized. Peritoneal macrophages were plated in 35 mm dishes at a density of 160,000 cells/cm2. 
After 24 h, the medium was replaced with 1 mL of fresh complete medium containing 0.6 mg/mL ZWC*​. After 
3 h of incubation with, cells were washed twice with the medium in order to remove the free ZWC*​. When lys-
osomes were stained, the ZWC*​-laden cells were incubated in 100 nM LysoTracker Red for 30 min. After wash-
ing, Hoechst 33342 was added to 2 μ​g/mL 30 min prior to imaging. Confocal microscopy was performed using 
Nikon A1R confocal microscope equipped with a Spectra Physics 163C argon ion laser and a Coherent CUBE 
diode laser. ZWC*​ was excited with a 640 nm laser, and the emission was read from 660 to 710 nm. Cell nuclei 
were excited with a 408 nm laser, and the emission was read from 425 to 475 nm. LysoTracker was excited with a 
561 nm laser, and the emission was read from 570 to 620 nm.

Western blotting.  PMJ2-PC peritoneal macrophages were seeded in 24-well plate with a seeding density 
of 1.5 ×​ 105 cells per well in 1 mL of complete DMEM. After an overnight incubation, one tenth of medium was 
replaced with PBS (control group) or PBS containing 2 mg of ZWC (treatment group). After 20 h of incubation, 
the cells were centrifuged at 335 rcf for 5 min. After discarding the supernatant, the cells were redispersed in 
fresh complete medium containing 1 μ​g/mL LPS and incubated for 10, 20, or 45 min. The cells were then har-
vested and lysed in 0.25 mL of protein solubilizing mixture containing 25% sucrose, 2.5% sodium dodecyl sulfate 
(SDS), 25 mM Tris, 2.5 mM EDTA and 2.5% pyronin Y. Forty microliters of cell lysate was separated in 10% 
SDS-polyacrylamide gel and transferred to polyvinylidene fluoride membranes. The membranes were blocked 
with 0.5 v/v% goat serum in NP40 buffer for 0.5 h and incubated with p38 MAPK and p-p38 MAPK primary 
antibodies overnight at 4 °C. The antibodies were detected with HRP-conjugated anti-rabbit IgG for 1 h at room 
temperature. Immunoreactive bands were visualized with enhanced chemiluminescence reagents (ECL) and 
detected by Azure C300 (Azure Biosystems, Inc., Dublin, CA, USA).

Flow cytometry.  Flow cytometry was performed on peritoneal macrophages incubated with fluorescently 
labeled LPS (LPS-FITC) for different purposes. To test whether ZWC interacts with LPS, 50 μ​g of LPS-FITC 
was mixed with 10 mg of ZWC in 1 mL of 0.9% NaCl and incubated at room temperature for 1 h. ZWC was then 
precipitated by decreasing the solution pH to 4.8 with 0.1 M HCl and removed by a 15-min centrifugation at 
9,300 rcf. Assuming that LPS-FITC was present in the supernatant, a volume of supernatant equivalent to 1 μ​
g of LPS-FITC was sampled and added to 1 mL of the peritoneal macrophage culture in the complete medium. 
LPS-FITC treated in the same way without ZWC (mock-treated) was used for a control group of cells. After 10 h 
of incubation, cells were collected by gentle pipetting and analyzed with a BD Accuri C6 flow cytometer (San Jose, 
CA, USA).

To test whether the ZWC-LPS interaction interferes with LPS binding to macrophages, LPS-FITC was 
added to macrophages together with ZWC, bringing their concentrations in culture to 2 μ​g/mL and 2 mg/mL, 
respectively, and incubated for 1 or 2 h at 37 °C. To test whether ZWC competes with LPS for the same recep-
tor, the macrophages were pre-treated with 2 mg/mL of ZWC for 1 h prior to the addition of LPS-FITC. After a 
2-h incubation, the macrophages were collected and analyzed with a Beckman Coulter FC500 flow cytometer 
(Indianapolis, IN, USA). LPS-FITC-bound macrophages were detected with an FL1 detector (λ​Ex: 488 nm; λ​Em: 
525/40 nm). For all analyses, untreated cells were used as a negative control. A total of 10,000–20,000 gated events 
were acquired for each analysis.

Analytical ultracentrifugation.  To elucidate the shape distributions of ZWC and LPS and their interac-
tions, sedimentation velocity experiments were conducted on a Beckman Coulter XLI analytical ultracentrifuge. 
LPS (or LPS-FITC) and ZWC samples were mixed and dialyzed extensively against PBS buffer at room temper-
ature. LPS concentration was kept constant at 0.25 mg/mL, whereas ZWC concentration was varied from 0.25 
to 1.25 mg/mL. The samples were then centrifuged at 201,600 or 32,256 rcf using two-sector 1.2 cm path-length 
carbon-filled Epon centerpieces. The experiments were conducted on an An-50 Ti rotor at 20 °C. Interference 
scans were collected every five minutes for a total of 150 scans. LPS-FITC was measured at 495 nm in absorb-
ance in addition to interference optics. The density and relative viscosity of the buffers were calculated with 
SEDNTERP version 20120828 BETA41 to be 0.99823 g/mL and 0.01018 P, respectively. ls-g*​ distributions were 
analyzed using SEDFIT version 14.3e42.

Surface plasmon resonance.  SPR analysis was performed using a Biacore 3000 (GE Healthcare Life 
Sciences, Piscataway, NJ, USA) to detect the ability of ZWC to establish electrostatic and/or hydrophobic inter-
actions with a surface. An L1 sensor chip with negatively charged carboxymethylated dextran and hydropho-
bic alkyl chains was used as a model surface. ZWC was dissolved in HEPES-buffered saline (HBS, pH 7.4) 
at a concentration of 10 μ​M or100 μ​M and injected for 5 min at a flow rate of 4 μ​L/min. As a positive control, 
PEG550-PE was injected at a concentration of 0.5 mM for 5 min. The L1 chip was regenerated using 40 mM 
n-octyl β​-D-glucopyranoside prior to each injection. The running buffer was HBS, and experiments were per-
formed at 25 °C.



www.nature.com/scientificreports/

9Scientific Reports | 6:29739 | DOI: 10.1038/srep29739

Administration of ZWC in septic animals.  All animal procedures were performed according to a proto-
col approved by the Purdue Animal Care and Usage Committee, in accordance with the NIH Guideline for the 
Care and Use of Laboratory Animals. Male C57BL/6 mice at 8–9 weeks of age weighing 24.8 ±​ 1.5 g were used for 
this study. The animals were kept at 25 °C with 12 h light-dark cycles, and food and water were allowed ad libitum. 
After a one-week acclimatization period, the mice were randomly divided into LPS (n =​ 9), ZWC (n =​ 10), and 
CS groups (n =​ 10). The animals in the LPS group received an IP injection of the LPS (E. coli O111:B4, 20 mg/kg) 
solution in 1 mL of sterile saline, and those in the ZWC and CS groups received a mixture of LPS (20 mg/kg) and 
ZWC or LPS and CS (800 mg/kg) in 1 mL of sterile saline. For the observation of pre-treatment effect, ZWC or 
CS (800 mg/kg) was injected IP 1 h prior to the LPS injection (n =​ 5 for each group). The animals were observed 
every 6–8 h up to 1 week. The body temperature was measured with a Pocket Infrared Thermometer (Braintree 
Scientific, Inc., Braintree, MA, USA) at each observation, and the body weight recorded daily. Buprenorphine 
(0.05 mg/kg) was injected subcutaneously every 6–8 h for 2 days and when severe signs of distress (labored 
breathing, hunched positioning, and reluctance to move) were observed. When an animal was found dead at the 
time of observation, the time of death was estimated to be in the middle of the last two observation times. When 
an animal was found to be moribund at the time of observation, animals were euthanized by CO2 asphyxiation 
followed by cervical dislocation. Upon necropsy, organs in the peritoneal cavity were sampled, fixed in 4% forma-
lin, and embedded in paraffin for hematoxylin and eosin staining.

Statistical analysis.  All data were expressed as means ±​ standard deviations. Statistical analyses were per-
formed with GraphPad Prism 6 (La Jolla, CA, USA). Unless specified otherwise, one-way ANOVA was performed 
to determine the difference among the groups, followed by pairwise comparison based on the Tukey procedure. 
In-vivo survival data were plotted using the Kaplan-Meier method and analyzed with the Log-rank (Mantel-Cox) 
test. A value of p <​ 0.05 was considered statistically significant.

References
1.	 Dellinger, R. et al. Surviving Sepsis Campaign: International guidelines for management of severe sepsis and septic shock: 2008. 

Intensive Care Med. 34, 17–60 (2008).
2.	 Angus, D. C. et al. Epidemiology of severe sepsis in the United States: analysis of incidence, outcome, and associated costs of care. 

Crit.Care Med. 29, 1303–1310 (2001).
3.	 Angus, D. C. et al. Cost-effectiveness of drotrecogin alfa (activated) in the treatment of severe sepsis. Crit.Care Med. 31, 1–11 (2003).
4.	 Kumar, V., Abbas, A. K., Fausto, N. & Aster, J. C. Robbins & Cotran Pathologic Basis of Disease. 8th edn (Saunders/Elsevier, 2010).
5.	 Kaukonen, K. M., Bailey, M., Suzuki, S., Pilcher, D. & Bellomo, R. Mortality related to severe sepsis and septic shock among critically 

ill patients in Australia and New Zealand, 2000-2012. JAMA 311, 1308–1316 (2014).
6.	 Shiramizo, S. C. et al. Decreasing mortality in severe sepsis and septic shock patients by implementing a sepsis bundle in a hospital 

setting. PLoS One 6, e26790 (2011).
7.	 Vincent, J. L. et al. International study of the prevalence and outcomes of infection in intensive care units. JAMA 302, 2323–2329 

(2009).
8.	 Friedrich Birger, A. Endotoxin removal by affinity sorbents. J. Biochem.Biophys. Methods 49, 665–681 (2001).
9.	 Magalhaes, P. O. et al. Methods of endotoxin removal from biological preparations: a review. J. Pharm. Pharm. Sci. 10, 388–404 

(2007).
10.	 David, S., Silverstein, R., Amura, C., Kielian, T. & Morrison, D. Lipopolyamines: novel antiendotoxin compounds that reduce 

mortality in experimental sepsis caused by gram-negative bacteria. Antimicrob. Agents Chemother. 43, 912–919 (1999).
11.	 Andra, J., Gutsmann, T., Garidel, P. & Brandenburg, K. Mechanisms of endotoxin neutralization by synthetic cationic compounds. 

J. Endotoxin Res. 12, 261–277 (2006).
12.	 Manocha, S., Feinstein, D. & Kumar, A. Novel therapies for sepsis: antiendotoxin therapies. Expert Opin. Investig. Drugs 11, 

1795–1812 (2002).
13.	 Davies, B. & Cohen, J. Endotoxin removal devices for the treatment of sepsis and septic shock. Lancet Infect. Dis. 11, 65–71 (2011).
14.	 Dai, C. et al. In vitro toxicity of colistin on primary chick cortex neurons and its potential mechanism. Environ. Toxicol. Pharmacol. 

36, 659–666 (2013).
15.	 Keirstead, N. D. et al. Early prediction of polymyxin-induced nephrotoxicity with next-generation urinary kidney injury biomarkers. 

Toxicol. Sci. 137, 278–291 (2014).
16.	 Hoess, A., Watson, S., Siber, G. R. & Liddington, R. Crystal structure of an endotoxin-neutralizing protein from the horseshoe crab, 

Limulus anti-LPS factor, at 1.5 A resolution. EMBO J. 12, 3351–3356 (1993).
17.	 Elsbach, P. The bactericidal/permeability-increasing protein (BPI) in antibacterial host defense. J. Leukoc. Biol. 64, 14–18 (1998).
18.	 Flegel, W. A., Baumstark, M. W., Weinstock, C., Berg, A. & Northoff, H. Prevention of endotoxin-induced monokine release by 

human low- and high-density lipoproteins and by apolipoprotein A-I. Infect.Immun. 61, 5140–5146 (1993).
19.	 Rustici, A. et al. Molecular mapping and detoxification of the lipid A binding site by synthetic peptides. Science 259, 361–365 (1993).
20.	 Brandenburg, K., Andrä, J., Garidel, P. & Gutsmann, T. Peptide-based treatment of sepsis. Appl. Microbiol. Biotechnol. 90, 799–808 

(2011).
21.	 David, S. A. Towards a rational development of anti-endotoxin agents: novel approaches to sequestration of bacterial endotoxins 

with small molecules. J. Mol. Recognit. 14, 370–387 (2001).
22.	 Burns, M. et al. Lysine-spermine conjugates: hydrophobic polyamine amides as potent lipopolysaccharide sequestrants. Bioorg. Med.

Chem. 13, 2523–2536 (2005).
23.	 David, S., Bechtel, B., Annaiah, C., Mathan, V. & Balaram, P. Interaction of cationic amphiphilic drugs with lipid A: implications for 

development of endotoxin antagonists. Biochim. Biophys. Acta 1212, 167–175 (1994).
24.	 Cross, A. S. Vol. 53 Subcellular Biochemistry (eds Wang, Xiaoyuan & Quinn, Peter J.) 285–302 (Springer Netherlands, 2010).
25.	 Baumgartner, J. D. & Glauser, M. P. Immunotherapy of endotoxemia and septicemia. Immunobiology 187, 464–477 (1993).
26.	 Helmerhorst, E. J., Maaskant, J. J. & Appelmelk, B. J. Anti-lipid A monoclonal antibody centoxin (HA-1A) binds to a wide variety of 

hydrophobic ligands. Infect. Immun. 66, 870–873 (1998).
27.	 Xu, P., Bajaj, G., Shugg, T., Van Alstine, W. G. & Yeo, Y. Zwitterionic chitosan derivatives for pH-sensitive stealth coating. 

Biomacromolecules 11, 2352–2358 (2010).
28.	 Bajaj, G., Van Alstine, W. G. & Yeo, Y. Zwitterionic chitosan derivative, a new biocompatible pharmaceutical excipient, prevents 

endotoxin-mediated cytokine release. PLoS One 7, e30899 (2012).
29.	 Yuen, P. S. T., Doi, K., Leelahavanichkul, A. & Star, R. A. Animal models of sepsis and sepsis-induced kidney injury. J. Clin. Invest. 

119, 2868–2878 (2009).



www.nature.com/scientificreports/

1 0Scientific Reports | 6:29739 | DOI: 10.1038/srep29739

30.	 Yu, L., Tan, M., Ho, B., Ding, J. L. & Wohland, T. Determination of critical micelle concentrations and aggregation numbers by 
fluorescence correlation spectroscopy: Aggregation of a lipopolysaccharide. Anal. Chim. Acta 556, 216–225 (2006).

31.	 Yermak, I. M. et al. Forming and immunological properties of some lipopolysaccharide–chitosan complexes. Biochimie 88, 23–30 
(2006).

32.	 Cavaillon, J. M. & Adib-Conquy, M. Monocytes/macrophages and sepsis. Crit. Care Med. 33, S506–S509 (2005).
33.	 Cohen, H. B. & Mosser, D. M. Extrinsic and intrinsic control of macrophage inflammatory responses. J. Leukoc. Biol. 94, 913–919 

(2013).
34.	 Bode, J. G., Ehlting, C. & Haussinger, D. The macrophage response towards LPS and its control through the p38(MAPK)-STAT3 

axis. Cell Signal. 24, 1185–1194 (2012).
35.	 Lu, Y.-C., Yeh, W.-C. & Ohashi, P. S. LPS/TLR4 signal transduction pathway. Cytokine 42, 145–151 (2008).
36.	 Liu, H. T. et al. Chitosan oligosaccharides inhibit the expression of interleukin-6 in lipopolysaccharide-induced human umbilical 

vein endothelial cells through p38 and ERK1/2 protein kinases. Basic Clin. Pharmacol. Toxicol. 106, 362–371 (2009).
37.	 Ma, P. et al. Chitosan oligosaccharides inhibit LPS-induced over-expression of IL-6 and TNF-α​ in RAW264.7 macrophage cells 

through blockade of mitogen-activated protein kinase (MAPK) and PI3K/Akt signaling pathways. Carbohydr. Polym. 84, 1391–1398 
(2011).

38.	 Chen, C. L., Wang, Y. M., Liu, C. F. & Wang, J. Y. The effect of water-soluble chitosan on macrophage activation and the attenuation 
of mite allergen-induced airway inflammation. Biomaterials 29, 2173–2182 (2008).

39.	 Qiao, Y. et al. Chitosan oligosaccharides suppressant LPS binding to TLR4/MD-2 receptor complex. Carbohydr. Polym. 82, 405–411 
(2010).

40.	 Liu, K. C. & Yeo, Y. Zwitterionic chitosan-polyamidoamine dendrimer complex nanoparticles as a pH-sensitive drug carrier. Mol. 
Pharmaceut. 10, 1695–1704 (2013).

41.	 University of New Hampshire, Biomolecular Interaction Technologies Center, http://sednterp.unh.edu/ (Date of access: 15/10/2015).
42.	 Schuck, P. Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation and lamm equation modeling. 

Biophys. J. 78, 1606–1619 (2000).

Acknowledgements
E.J.C., K.O.D. and J.P. contributed equally to this work. This research was supported by the NIH R21 AI119479, 
Trask Innovation Fund and the Ralph W. and Grace M. Showalter Research Trust Award. Part of this work was 
performed at the Purdue/CTSI Imaging Facility and Flow Cytometry and Cell Separation Facility. The authors 
also thank Mariya Krisenko and Dr. Robert Geahlen for the help with Western blotting, Dr. Keith Chadwick 
for light microscopy, and Dr. Lake Paul at the Bindley Bioscience Center for technical assistance with the AUC 
analyses.

Author Contributions
E.J.C., K.-O.D., J.P., H.H. and E.M.W. planned and performed experiments and analyzed data. P.W.S. performed 
and described the histological analysis, M.D.T. provided consultation and revised the manuscript, Y.Y. supervised 
experiments and wrote the manuscript, and all authors reviewed and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Cho, E. J. et al. Zwitterionic chitosan for the systemic treatment of sepsis. Sci. Rep. 6, 
29739; doi: 10.1038/srep29739 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://sednterp.unh.edu/
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Zwitterionic chitosan for the systemic treatment of sepsis

	Results and Discussion

	Preparation of ZWC. 
	In vivo effects of ZWC in LPS-challenged mice. 
	Mechanisms of ZWC action against LPS. 
	Evidence for extracellular LPS-ZWC interaction. 
	Nature of extracellular LPS-ZWC interaction. 
	ZWC effects on macrophage activation. 


	Materials and Methods

	Materials. 
	ZWC synthesis. 
	MIP-2 production assay from LPS-challenged macrophages. 
	Confocal microscopy of macrophage uptake of ZWC. 
	Western blotting. 
	Flow cytometry. 
	Analytical ultracentrifugation. 
	Surface plasmon resonance. 
	Administration of ZWC in septic animals. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Dose dependent effects of ZWC, ZWC30’, and ZWC60’ on MIP-2 production from LPS-challenged PMJ2-PC mouse peritoneal macrophages.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Kaplan–Meier analysis of survival.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Peritoneal cavities of mice injected with LPS only, LPS+​CS, and LPS+​ZWC.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Confocal microscopy of PMJ2-PC mouse peritoneal macrophages treated with 0.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Flow cytometry of PMJ2-PC mouse peritoneal macrophages treated with LPS-FITC.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Inhibitory effects of ZWC on LPS-induced phosphorylation of p38 in macrophages.
	﻿Table 1﻿﻿. ﻿  Sedimentation coefficients of LPS:ZWC mixtures.



 
    
       
          application/pdf
          
             
                Zwitterionic chitosan for the systemic treatment of sepsis
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29739
            
         
          
             
                Eun Jung Cho
                Kyung-Oh Doh
                Jinho Park
                Hyesun Hyun
                Erin M. Wilson
                Paul W. Snyder
                Michael D. Tsifansky
                Yoon Yeo
            
         
          doi:10.1038/srep29739
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29739
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29739
            
         
      
       
          
          
          
             
                doi:10.1038/srep29739
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29739
            
         
          
          
      
       
       
          True
      
   




