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Background and methods: A new cyclosporin A-loaded, PEGylated chitosan-modified 

lipid-based nanoparticle was developed to improve upon the formulation of cyclosporin A. 

PEGylated chitosan, synthesized in three steps using mild reaction conditions, was used to 

modify the nanoparticles. Cyclosporin A-loaded, PEGylated chitosan-modified nanoparticles 

were prepared using an emulsification/solvent evaporation method. The drug content 

and encapsulation efficiency of the cyclosporin A-loaded, PEGylated chitosan-modified 

nanoparticles were measured by high-performance liquid chromatography. The average size 

of the nanoparticles was determined by transmission electron microscopy and dynamic light 

scattering. The pharmacokinetic behavior of the nanoparticles was investigated in rabbits after 

intravenous injection. Cyclosporin A concentrations in a whole blood sample were analyzed 

by high-performance liquid chromatography using tamoxifen as the internal standard. The 

pharmacokinetic parameters were calculated using the 3p87 software program.

Results: Fourier transform infrared spectroscopy and nuclear magnetic resonance confirmed the 

structure of PEGylated chitosan. The drug content and encapsulation efficiency of the cyclosporin 

A-loaded, PEGylated chitosan-modified nanoparticles were 37.04% and 69.22%, respectively. 

The average size of the nanoparticles was 89.4 nm. The nanoparticles released 30% cyclosporin 

A-loaded in 48 hours in vitro, with no initial burst release. The mode of release in vitro was prone 

to bulk erosion. The in vivo results showed the biological half-life of the elimination phase (t
1/2β) 

of the nanoparticles was 21 times longer than that of the cyclosporin A solution, and the area under 

the curve for the nanoparticles was 25.8 times greater than that of the cyclosporin A solution.

Conclusion: Modification of PEGylated chitosan prolonged the retention time of the 

nanoparticles in the circulatory system and improved the bioavailability of cyclosporin A.

Keywords: nanoparticle, PEGylation, chitosan, pharmacokinetics, cyclosporin A, long 

circulation, bioavailability

Introduction
Cyclosporin A is one of the most effective immunosuppressive drugs. It inhibits 

T lymphocyte function, which plays an important role in induction of the immune 

response. Immune responses usually occur following organ transplants, such as liver, 

kidney, and bone marrow.1–3 However, cyclosporin A is a poorly water-soluble cyclic 

peptide comprising 11 amino acids. Use of cyclosporin A has been limited by several 

disadvantages, including low bioavailability, a narrow therapeutic window, nephrotoxicity, 

hepatotoxicity, and neurotoxicity.4–7 Moreover, cyclosporin A injection is limited in patients 

who are unable to take oral preparations because it carries a risk of anaphylactic shock 
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and nephrotoxicity due to Cremophor EL®, a solubilizing agent 

used in the commercial intravenous formulation.8–10 Because of 

the disadvantages of the commercial products discussed above, 

there is great interest in development of alternative dosage 

forms,11 including a solid dispersion,12 polymer nanoparticles,13 

and lipid-based formulations.14,15 Many papers16,17 have verified 

that the cyclosporin A released from nanoparticle formulations 

maintain or improve the efficiency of the immune response.

Lecithin vesicles can be used in lipid-based formulations. 

Lecithin derived from biological phospholipids is biodegradable, 

shows a relative lack of immunogenicity, and has low intrinsic 

toxicity.18 However, lecithin vesicles are detected by the host 

defense system rapidly because they are absorbed by proteins/

cells and lack steric stability in the systemic circulation.19 

Therefore, certain biodegradable polymers can be used to 

modify the surface of lipid-based nanoparticles. These modified 

lipid-based nanoparticles may enhance the delivery of drugs, 

increase drug uptake, and reduce drug toxicity. Poly(ethylene 

glycol) (PEG) is nontoxic and is eliminated by a combination 

of renal and hepatic pathways, which makes it ideal for use in 

pharmaceutical applications. It may be dissolved in both organic 

solvents and water. The US Food and Drug Administration has 

approved PEG for intravenous, oral, and dermal applications 

in humans.20 PEG has the lowest level of protein and cellular 

absorption among the known polymers.21 These properties 

have been exploited in numerous ways, including grafting/

mixing PEG to the surfaces of micro/nanoparticles to prevent 

deposition of proteinaceous material.22,23 Chitosan24–27 is also a 

compatible, biodegradable, and nontoxic polymer. Its cationic 

properties may be useful for neutralizing the negative surfaces 

of lipid-based nanoparticles. PEGylated chitosan is a graft 

polymer that has been synthesized by our group, as previously 

reported.28 It was synthesized using a novel procedure and 

linkage by our group. We hypothesized that using PEGylated 

chitosan would enable nontoxic cyclosporin A-loaded, lipid-

based nanoparticles to circulate for a long time in the blood 

system and increase the stability of the nanoparticles.

In this study, we prepared cyclosporin A-loaded, 

PEGylated chitosan-modified, lipid-based nanoparticles. The 

morphology of the nanoparticle and its in vitro release was 

measured. The pharmacokinetic behavior of the nanoparticles 

in rabbits was also evaluated.

Materials and methods
Materials
Cyclosporin A was kindly donated by the Huadong Pharma-

ceutical Factory (Hangzhou, People’s Republic of China). 

Chitosan (molecular weight 120,000 with 75%–85% 

deacetylation) and mPEG5000 were purchased from Sigma-

Aldrich Chemical Company (St Louis, MO, USA). Soybean 

lecithin was purchased from the Lipoid Company (Ludwig-

shafen, Germany). All other chemicals were of analytical or 

chromatographic grade and used without further purification.

Synthesis of mPEG-grafted chitosan
Methoxypolyethyleneglycol (mPEG)-grafted chitosan was 

obtained in three steps using the method described in our 

previous paper.28 In brief, the hydroxyl groups at the end of 

mPEG5000 were converted to carboxyl groups and succinyl 

esters. mPEG was first converted to mPEG-Su-COOH using 

succinic anhydride. The condensation compound, mPEG-

Su-COONSu, was then obtained via the reaction between 

mPEG-Su-COOH and N-hydroxy-succinamide catalyzed 

by N,N′-dicyclohexyl carbodiimide. Finally, PEGylated 

chitosan was obtained by a condensation reaction between 

the -NH
2
 group on chitosan and the -COONSu group 

on mPEG-Su-COONSu. The whole synthetic scheme for 

mPEG-CO-(NH-chitosan) is shown in Figure 1.

Fourier transform infrared analyses of mPEG, mPEG- 

COOH, mPEG-Su-COONSu, and mPEG-CO-(NH-chitosan) 

were performed using an infrared spectrophotometer (IR-460, 

Shimadzu, Japan). The 1H nuclear magnetic resonance (NMR) 

spectrum for mPEG-CO-(NH-chitosan) was recorded using an 

Avance DMX500 spectrometer (Bruker, Ettlingen, Germany) 

at 500 mHz in dimethyl sulfoxide.

Many papers29,30 have reported that PEGylated chitosan 

has low cytotoxicity. The method used for calculating the ratio 

of PEG grafted to the chitosan backbone was as follows:

	 Graft ratio = N
1
/N

0

where N
0
 is the molar number of the NH

2
 groups on chitosan 

at the beginning of synthesis, and N
1
 is the molar number of 

PEG chains grafted to chitosan after the complete reaction. 

The weight of the grafted PEG chains was obtained from the 

difference between the weight of PEGylated chitosan and the 

initial weight of chitosan.

Preparation of cyclosporin A-loaded, 
PEGylated chitosan-modified 
nanoparticles
The nanoparticles were prepared using a modified emulsifica-

tion/solvent evaporation method. Cyclosporin A and soybean 

lecithin were dissolved in the solvent mixture (methylene 

chloride to acetone ratio, 3:1) as solution A. PEGylated chi-

tosan and Poloxamer were dissolved in an aqueous solution 
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as solution B. Solution A was injected slowly into Solution 

B under fast magnetic stirring, followed by ultrasonic dis-

persion with a probe-type ultrasonicator (400 W, JY92-II, 

Ningbo Xinzhi Scientific Instrument Institute, Zhejiang, 

People’s Republic of China). The ultrasonic treatments were 

performed 60 times, with one second of sonication followed 

by a 3-second interval in an ice bath. The methylene chlo-

ride and acetone in the resulting emulsion were removed 

under reduced pressure using a rotovap (RE-52C, Ya-Rong 

Biochemical Instrument Factory, Shanghai, People’s Repub-

lic of China) at room temperature. The whole dispersion 

system was then centrifuged (Hereaus Instruments, Thermo, 

Germany) at 12,000 × g for 30 minutes at 4°C to obtain the 

precipitates. An aqueous solution was obtained by dissolv-

ing the precipitate in water. A cellulose ester filter (0.22 µm, 

Millipore, Billerica, MA, USA) was used to separate micro-

spheres or agglomerates from this solution. The final product 

was freeze-dried in the presence of 10% (w/v) sorbitol.

Morphology of cyclosporin A-loaded, 
PEGylated chitosan-modified 
nanoparticles
Transmission electron microscopy (TEM) was performed 

using a JEM-1200EX instrument (JEOL, Tokyo, Japan) 
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Figure 1 Synthetic scheme for mPEG-CO-(NH-chitosan).
Abbreviation: RT, room temperature.
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operating at 100 kV. The TEM samples were obtained 

by diluting a 1  mg/mL suspension of cyclosporin 

A-loaded, PEGylated chitosan-modified nanoparticles 

with phosphate-buffered saline at pH 7.4 to 2.5% (w/v) 

with ultrapure water. The sample solution was stained with 

1% osmium tetroxide. The solution was then dropped onto 

carbon-coated copper grids and dried at room temperature 

before measurement.

The mean size and size distribution of the cyclosporin 

A-loaded, PEGylated chitosan-modified nanoparticles were 

measured by dynamic light scattering using a Zetasizer 

(3000HS, Malvern Instruments Ltd, Worcestershire, UK) 

in ultrafine water. The zeta potential of the nanoparticles 

was also measured using the Zetasizer. Each sample was 

measured three times, and the values are reported as the mean 

diameter ± standard deviation.

Determination of drug content  
and encapsulation efficiency
The cyclosporin A concentration in the preparation and 

in vitro release samples was analyzed by high-performance 

liquid chromatography performed on an Agilent system 

consisting of an 1100 isopump (Hypersil 5  µm ODS2 

4.6  ×  250  mm). The mobile phase was a mixture of 

acetonitrile and water (85:15 v/v) with 0.16% phosphoric 

acid. The detection wavelength was 221 nm. The column 

temperature was 70°C, the flow rate was 1.0  mL per 

minute, and the injected volume of the sample was 20 µL. 

The retention time of cyclosporin A in this mobile phase 

was 8.161  minutes. The drug content and encapsulation 

efficiency were determined by high-performance liquid 

chromatography measurement.

Acetonitrile was used to extract cyclosporin A thoroughly 

from the nanoparticles. The mixture of cyclosporin A 

nanoparticles in acetonitrile was vortexed and centrifuged at 

5000 rpm for 10 minutes to remove the precipitated excipients. 

The supernatant was collected for measurement. The diluted 

cyclosporin A concentration was calculated according to a 

cyclosporin A standard curve. The encapsulation efficiency 

and drug content of the cyclosporin A-loaded nanoparticles 

were calculated as reported elsewhere.31,32 The equations 

were as follows:

Encapsulation efficiency % = (Loaded drug weight/ 
  Initially fed drug weight) × 100

Drug content % = (Total weight of drug in nanoparticles/ 
  Total weight of drug and polymer of nanoparticles) × 100

In vitro release studies
Release of cyclosporin A from the nanoparticles was 

determined by the dialysis method. A suspension of 

cyclosporin A-loaded, PEGylated chitosan-modif ied 

nanoparticles in 100  mL of 0.1 M phosphate buffer 

(pH 7.4) was transferred into a dialysis bag (molecular 

weight cutoff 3500). This bag was placed in a brown flask 

filled with 0.1 M phosphate buffer (pH 7.4). The total 

concentration of cyclosporin A in this flask was maintained 

under sink conditions, meaning that the total cyclosporin A 

concentration in this flask was maintained at 1/3–1/7 of the 

concentration of cyclosporin A in saturated solution. The 

whole release system was stirred at room temperature. At a 

predetermined time point, 1 mL of solution was sampled from 

the flask and the same volume of fresh medium was added. 

The amount of cyclosporin A released into the medium was 

analyzed by high-performance liquid chromatography.

Bioavailability study
Five rabbits weighing approximately 2  kg were selected 

for this study. The rabbits were fasted for 12 hours before 

administration of the trial preparation and for the whole 

experiment (only water was permitted during this period). 

A single intravenous dose equivalent to 5 mg cyclosporin A per 

kg weight of the rabbit was injected into the auricular vein in the 

form of cyclosporin A-loaded, PEGylated chitosan-modified 

nanoparticles, cyclosporin A-loaded, chitosan-modified 

nanoparticles, or cyclosporin A solution (formulation: 50 mg 

cyclosporin A was dissolved in 0.32 mL of ethanol and 650 mg 

of Cremophor was added to assist the solubility of cyclosporin 

A). Prior to injection, the solution was diluted to 5 mL by sterile 

saline (0.9% NaCl). At predetermined time intervals (0, 2, 5, 

10, 20, and 40 minutes, and at 1, 2, 4, 8, 12, and 24 hours), 

blood samples were drawn from the auricular artery of the 

rabbits into heparin-containing tubes.

To determine the concentration of cyclosporin A in the 

blood samples correctly, tamoxifen was used as an internal 

standard for high-performance liquid chromatography 

measurement.33 A 50 µL tamoxifen/methanol (2.5 µg/mL) 

internal standard solution was added to a 400 µL blood 

sample. After a few minutes, 1.75 mL of deionized water 

was added. The red solution turned brown after 200 µL of 

NaOH (1 M) and 4 mL of ether-methanol (95:5) were added. 

Cyclosporin A and tamoxifen were extracted into the organic 

layer. The organic layer was separated by vortexing for 

30 seconds. Organic solvents, including ether and methanol, 

were evaporated in a N
2
 atmosphere in a 50°C water bath. 
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The resulting deposit, ie, the cyclosporin A and tamoxifen 

extract, was stored at −20°C.

Before measurement using high-performance liquid 

chromatography, the cyclosporin A and tamoxifen extract 

were resuspended in 200  µL of acetonitrile:0.5% (v/v) 

phosphoric acid solution (65:35, v/v). To this resuspension, 

1 mL of n-hexane was added, and the solution was vortexed. 

After centrifuging, the bottom layer of the solution was used 

for high-performance liquid chromatographic analysis.

High-performance liquid chromatographic analysis of the 

in vivo samples was performed on an Agilent system (Hypersil 

5 µm ODS2 4.6 × 250 mm column) with a 1100 isopump. 

The mobile phase was a mixture of methanol:acetonitrile:

monopotassium phosphate 0.01 M (57:25:18, v/v/v). The 

detection wavelength was 205 nm. The flow rate was 1.0 mL 

per minute, and the injected volume of the sample was 20 µL. 

The retention time of cyclosporin A was 9.948 minutes, while 

the retention time of tamoxifen was 13.89 minutes.

Results and discussion
Preparation of cyclosporin A-loaded, 
PEGylated chitosan-modified 
nanoparticles
As reported in our previous paper,28 the structure of PEGylated 

chitosan was confirmed by Fourier transform infrared 

spectroscopy and NMR experiments (Supplementary Material 

and Figure S1). This synthetic procedure and the linkage 

between PEG and chitosan were reported by us for the first 

time. The conditions used in the synthesis were mild, although 

the time taken to finish the whole process was lengthy. The 

cyclosporin A-loaded nanoparticles were prepared using a 

modified emulsion/solvent evaporation technique.

In this formulation, soybean lecithin was selected as 

a carrier. The crystal nucleus of cyclosporin A was first 

separated out following evaporation of the organic solvent. 

Lecithin was deposited on the cyclosporin A nucleus as a 

result. As this occurred, interactions developed between the 

polar groups of lecithin and the amino/hydroxyl groups of 

PEGylated chitosan. These two segments wrapped around 

each other and changed the electronic properties of the 

nanoparticle surface. Moreover, the solubility of cyclosporin 

A in lecithin was increased because of the similar polar 

properties of these two substances.

PEGylated chitosan has the hydrophilic PEG segment and 

the hydrophobic backbone of chitosan, so it acts not only as 

a cationic polymer to coat the lecithin carrier but also as an 

emulsion stabilizer in this formulation. The Poloxamer present 

in this formulation increased the PEGylated chitosan dissolution 

in the Poloxamer/water mixture and enhanced the stability of the 

emulsion. Therefore, the function of PEGylated chitosan in our 

formulation was used to modify the lipid-based nanoparticles. 

PEGylated chitosan-modified nanoparticles are different from 

nanoparticles using PEGylated chitosan as a carrier23 and those 

using chitosan to coat lipid nanoparticles.25

Morphology of cyclosporin A-loaded, 
PEGylated chitosan-modified 
nanoparticles
Figures 2 and 3  show the morphology of the cyclosporin 

A-loaded, PEGylated chitosan-modified nanoparticles. 

Dynamic light scattering revealed that the average diameter of 

the majority of the PEGylated chitosan-modified nanoparticles 

was 89.3 nm. The polydispersity index of the nanoparticles 

was 0.456. The diameters of nanoparticles measured by 

TEM were smaller than the data obtained from dynamic 

light scattering analysis because of the vacuum-drying 

conditions required for TEM. Moreover, although the zeta 

potential of the cyclosporin A-loaded, PEGylated chitosan-

modified nanoparticles was low (−8.5 mV), a majority of the 

nanoparticles had a uniform, monodispersed, nonaggregated 

morphology. This unusual morphology may be in part due to 

the nonreactive PEG chains. There are many hydroxyl groups 

on the PEG chain, which may develop hydrogen bonds with 

water molecules. Therefore, the conformational entropy is 

lowered and the interfacial free energy of PEG chains in water 

is reduced. Thus, a large exclusion volume developed around 

the nanoparticles. This phenomenon was also called steric 

hindrance or steric stability. All the nanoparticles dispersed 

uniformly without adhesion.

The zeta potential of the cyclosporin A-loaded, PEGylated 

chitosan-modified nanoparticles and the chitosan-modified 

nanoparticles was −8.5 mV and +15.2 mV, respectively. In 

these two formulations, the amount of PEGylated chitosan 

and chitosan fed was initially the same. Thus, the molar 

equivalents of the free amine groups of chitosan were more 

than that of PEGylated chitosan. The zeta potential values 

were +15.2 mV (chitosan-modified nanoparticles), −8.5 mV 

(PEGylated chitosan-modified nanoparticles), and −17.5 mV 

(pure lipid nanoparticles). The near zero value of the zeta 

potential for the PEGylated chitosan-modified nanoparticles 

also confirmed that PEGylated chitosan was indeed deposited 

on the lecithin carrier. The nanoparticles with a near neutral 

charge were safer than those with a positive charge because 
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cationic nanoparticles and biomaterials would lead to 

electrostatic interaction with in vivo biomacromolecules, 

such as protein and DNA, and induce cytotoxicity in 

nonspecific cells.

Determination of drug content  
and encapsulation efficiency
The drug content was 37.04% in the cyclosporin A-loaded, 

PEGylated chitosan-modified nanoparticle formulation, while 

the encapsulation efficiency was 69.22%. This encapsulation 

efficiency value is higher than that of nanoparticles prepared 

by a chitosan-tripolyphosphate cross-link reaction.34,35 The 

encapsulation efficiency value depended on the high affinity 

between cyclosporin A and lecithin. Moreover, the low 

solubility of cyclosporin A in aqueous Poloxamer solution 

also helped to increase encapsulation efficiency.

In vitro release study
The amount of cyclosporin A released into the medium 

was analyzed by high-performance liquid chromatography. 
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Figure 2 Morphology of cyclosporin A-loaded, PEGylated chitosan-modified nanoparticles. (A) Transmission electron microscopy graph (bar, 50 nm) and (B) dynamic light 
scattering graph.
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Figure  4  shows the percentage of cyclosporin A released 

from the nanoparticles.

The profile showed that the percentage of cyclosporin A 

released from the nanoparticles was 32.6% after 48 hours, 

compared with less than 4% after 52 hours for free cyclosporin 

A in the saturated solution. When the poorly soluble drug, 

cyclosporin A, was dispersed in a nanoparticle formulation, 

the amount of cyclosporin A released from the nanoparticles 

increased. To understand the mode of drug release from the 

nanoparticles, the release data were analyzed according to 

the prediction equation proposed by Korsmeyer et al36 and 

Lee and Peppas.37

	 Q = M
t
/M

0
 = K × tn

where M
t
/M

0
 is the percentage of drug released, t is time, 

K is the constant associated with the characteristics of 

the geometry skeleton of the release system, and n is 

the release index representing the release mechanism. If 

n = 0.5, the release mode was predicted to be bulk erosion 

release, while 0.66 , n , 1 represented a diffusion release 

system.

The result of the simulation was:

	 Q = 0.3144t1/2, r = 0.9656

Therefore, n  =  1/2. The value of n indicated that the 

release mode of cyclosporin A from the PEGylated chitosan 

nanoparticles was prone to bulk erosion release.

Bioavailability study
Because metabolites of cyclosporin A are found in vivo, 

high-performance liquid chromatography has been used by 

many researchers to measure cyclosporin A in samples33,38 

because of its sensitivity and specif icity. Moreover, 

to measure the cyclosporin A concentration in blood 

accurately, tamoxifen is used as the internal standard for 

high-performance liquid chromatography.

Figure  5  shows the plasma drug concentrations at 

different time points in rabbits after intravenous injection 

with cyclosporin A-loaded, PEGylated chitosan-modified 

nanoparticles, cyclosporin A-loaded chitosan-modified 

nanoparticles, and cyclosporin A solution.

Many mathematical models39 including single and two 

compartment models can be used for pharmacokinetic 

analysis. The single compartment model depicts the 

body as a single, kinetically homogeneous unit. The two 

compartment model assumes that the whole body is divided 

into two compartments, ie, a central compartment (including 

the blood and all readily accessible fluids and tissues, such 

as the liver and kidney) and a peripheral compartment 

(including all poorly perfused tissues). Compared with the 

simple single compartment model, the two compartment  

model is more reasonable and more practical. According 

to Akaike’s information criterion and the degree of fitting 

(r2) in pharmacokinetics, the two-compartment open model 

was chosen to analyze the data in our experiment. 3p87, 

a practical pharmacokinetic software program devised by 

the Chinese Pharmacological Society, was used to analyze 

these data. The pharmacokinetic parameters are shown in 

Table 1.

Our in vivo results show that the elimination half-life 

(t
1/2β) of the nanoparticles was 21 times longer than that of 

the cyclosporin A solution, and the area under the curve 

for the nanoparticles was 25.8 times larger than that for 

the cyclosporin A solution. These observations suggest 
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that the PEG chains provided the nanoparticles with 

stabilizing properties. The conformational clouds of PEG 

hindered interaction between the proteins in plasma and the 

nanoparticles, reduced the number of nanoparticles identified 

and taken up by mononuclear macrophage cells, prolonged 

the retention time of the nanoparticles in the circulation, and 

improved their bioavailability.

Conclusion
In this study, we prepared cyclosporin A-loaded, PEGylated 

chitosan-modified nanoparticles using an emulsification/

solvent evaporation technique with high encapsulation 

efficiency and monodispersion properties. From the in 

vitro release test, we found that the release profiles of the 

nanoparticles approximated bulk erosion release kinetics in 

the first 52 hours, with a negligible initial burst. These results 

indicate that PEGylated chitosan-modified, lipid-based 

nanoparticles can be useful in providing new opportunities 

to improve cyclosporin A formulations. These formulations 

may possibly endow nanoparticles with a long circulation 

time and the bioavailability of cyclosporin A may be 

increased.
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Figure S1 1H nuclear magnetic resonance spectra of mPEG-CO-(NH-chitosan) in dimethyl sulfoxide.

Supplementary data
Structural characterization of PEGylated 
chitosan
The structures of mPEG, mPEG-COOH, mPEG-Su-

COONSu, and mPEG-CO-(NH-chitosan) were confirmed 

by Fourier transform infrared data as follows: mPEG 

(3400 cm−1, broad and blunt peak, hydroxyl group; 2900 cm−1, 

saturated C-H; 1100  cm−1, CH
2
OCH

2.
); mPEG-COOH 

(3400  cm−1, broad and blunt peak, hydroxyl; 2900  cm−1 

saturated C-H; 1110  cm−1, CH
2
OCH

2
; 1738  cm−1, C=O.); 

mPEG-Su-COONSu (3400 cm−1, broad and blunt, hydroxyl 

group; 2900  cm−1 saturated C-H; 1114  cm−1, CH
2
OCH

2
; 

1740 cm−1, C=O, 1780 cm−1, 1812 cm−1, succinimide group); 

mPEG-CO-(NH-chitosan) (3400  cm−1, broad and blunt, 

hydroxyl; 2900 cm−1 saturated C-H; 1114 cm−1, CH
2
OCH

2
; 

1740 cm−1, C=O, becomes weaker, 1662 cm−1, 1586 cm−1, 

the characteristic peak of the amide group of chitosan).

The 1H-NMR spectrum of mPEG-CO-(NH-chitosan) in 

dimethyl sulfoxide is shown in the Supplementary Figure S1. 

In the spectrum, there are four characteristic peaks, which 

indicate the target substance. ∆ 3.24 ppm (methyl group on 

head of mPEG); δ 3.24–3.68 ppm (-CH
2
CH

2
O, the repeated 

unit of mPEG); δ 5.55 ppm (hydrogen on the α-C adjacent 

to oxygen on the saccharide ring of chitosan); δ 8.3 ppm 

(hydrogen of amide group on the saccharide ring of chitosan). 

The data presented above indicate that mPEG was grafted 

successfully to the amino group of chitosan. The graft ratio 

of PEG to PEGylated chitosan was 16.71%.
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