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Abstract: The functionalization of polysaccharides with synthetic nanopolymers 
has attracted great attention owing to the applications of this method in many 
industrial fi elds. This work aimed to investigate the effect of arsenic trioxide on the 
functionalization of dextran.   Dextran-arsenite nanoparticle formation was induced by 
microwave with sulfuric acid as a catalyst. Various analytical techniques were used to 
verify the structure of the nanopolymers. Besides, various reaction conditions, such 
as dextran concentration, arsenic trioxide concentration and pH, were investigated 
to determine their impact on particle size. The results indicated that the product 
was an arsenite-based nanomaterial retaining the basic confi guration of dextran and 
that the product size was positively correlated with pH but negatively correlated with 
arsenic trioxide concentration. Moreover, the inhibitory effects of the dextran-arsenite 
nanoparticles on the growth of the human colorectal cancer cell line HCT-116 and 
human hepatoma carcinoma cell lines Huh-7 and SMMC-7721 were studied. The results 
showed that the product could inhibit the proliferation of these three tumor cell lines 
in a dose-dependent manner. Therefore, the product could be a new type of functional 
nanomaterial for further study on the synthesis, biological activity and development of 
polysaccharide drugs.

Key words: Antitumor activity  , arsenic trioxide, nanopolysaccharides, nanoparticles.

INTRODUCTION

  Tumors are currently a global problem, and 
in recent decades, the incidence of tumors 
has been high. Treatment with drugs such 
as porphyrin (Batinic-Haberle et al. 2018), 
docetaxel (Braal et al. 2018) and oxaliplatin 
(Ganot et al. 2018) is generally used. However, 
this treatment modality suffers from problems 
such as poor water solubility, poor stability, 
high cost and complicated production, which 
lead to limitations on bioavailability and clinical 
application. These problems also result in a 
shortage of drugs. Therefore, the development 
of more antitumor drugs or antitumor drug-
based materials is urgently needed.

The development of new drugs and drug 
materials based on polysaccharides has 
always been a key area of concern (Mansur et 
al. 2018). Dextran (DEX) is commonly modifi ed 
to expand its function due to its advantages, 
such as its abundance, simple preparation, 
biocompatibility and biodegradability (Guoming 
 & Mao 2012). There are reports on the sulfuration, 
carboxymethylation, derivatization with biradical 
groups,   sulfonylation and phosphorylation of 
DEX. However, as far as we know, few studies 
have reported the arsenic acidification of 
DEX. Therefore, to solve the problems of the 
shortage of antitumor drugs and antitumor 
drug-based materials and the high cost of DEX 
and to enhance the medicinal value of DEX, the 
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modification of DEX with arsenic trioxide (ATO, 
As2O3) was pursued.

ATO is effective against solid malignant 
tumors (Glorieux & Calderon 2018). However, 
the bioavailability and bioactivity of ATO are 
greatly limited because of the narrow margin 
between its functional threshold and toxicity 
(Kong et al. 2014). Preparation of ATO into 
various micro- and nanoparticles (Liu et al. 
2016) and conversion into other organoarsenic 
compounds are ways to reduce its side effects 
(Saha et al. 1999). Moreover, our group has found 
that sucrose and ATO can produce sucrose 
arsenite, which can inhibit tumor cell activity 
and reduce the toxic side effects of ATO (See 
Figure S1 - Supplementary Material). However, 
to the best of our knowledge, few studies have 
reported the use of DEX and ATO to prepare a 
dextran-arsenite nanocomposite, including its 
synthetic mechanism and an evaluation of its 
antitumor activity. Moreover, the feasibility of 
controlling the size of this nanocomposite by 
adjusting parameters was given to increase 
attention (Skalickova et al. 2016). 

In this study, DEX-ATO nanomaterials from 
DEX and ATO were synthesized by sulfuric acid 
catalysis using a microwave heating method. The 
DEX-ATO nanoparticles were characterized, and 
the factors affecting their size were investigated. 
Besides, to analyze its potential as a therapeutic 
agent for cancer treatment, the antitumor 
properties of the product were evaluated. The 
research can provide a theoretical basis for the 
development of new antitumor materials.

MATERIALS AND METHODS
Materials
DEX standards with Mw values of 0.667, 5.90, 
11.80, 2.28, 4.73, 1.12×102, 2.12×102, 4.04×102, 7.78×102, 
and 2×103 kDa were obtained from Polymer 
Laboratories Ltd. (USA). DEX (Mw =10 kDa) was 

purchased from Ye Source Biotechnology Ltd. 
(China). The human colorectal cancer cell line 
(HCT-116), human hepatoma carcinoma cell 
line (Huh-7) and human hepatoma carcinoma 
cell line (SMMC-7721) were obtained from the 
Shanghai Cell Bank of the Chinese Academy of 
Sciences (China).

Synthesis of DEX-ATO nanoparticles
DEX-ATO nanoparticles were synthesized by the 
microwave-induced free radical polymerization 
method. Briefly, a DEX solution (500 mg/ml) 
was prepared by dissolving DEX in ultrapure 
water under stirring at room temperature. The 
DEX solution was diluted with ultrapure water 
to obtain different concentrations. Next, ATO 
solutions with various concentrations were 
slowly added to the DEX solution with mild 
stirring (400 rpm), and then 0.1 M sulfuric acid 
solution was added to adjust the pH. The mixed 
solution was transferred to a reaction vessel 
and placed in a microwave oven (Milestone, 
USA) with a temperature probe, as shown in 
Figure 1. Microwave irradiation was performed 
for 30 min. Finally, the solution was further 
heated to 170°C by an electric oven in 30 min. 
Then, the resulting solution was cooled to room 
temperature and filtered to remove residue. The 
filtrate was placed in a dialysis membrane bag 
for 36 h. Finally, lyophilization was performed to 
obtain the DEX-ATO nanoparticles.

Characteristic measurements
To verify the structure of the DEX-ATO 
nanoparticles, UV-Vis absorption spectra were 
collected from 200 nm to 800 nm by a Shimadzu 
UV-2501 UV spectrophotometer (Japan) (Dopp et 
al. 2010, Rana 2018). Fourier transform infrared 
(FTIR) spectra were obtained on a Tensor II 
FTIR spectrophotometer (Bruker, Germany) 
with a resolution of 1/cm and 16 scans in the 
range of 4,000-400/cm (Liu et al. 2018). 1H 
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NMR and 13C NMR spectra were obtained on an 
NMR spectrophotometer (Bruker, Switzerland) 
operating at a frequency of 600 MHz using D2O 
as the solvent (Chen et al. 2018, Mario et al. 
2015). A differential scanning calorimeter (DSC) 
Q2000 (TA Instruments, US) was used to obtain 
a thermal characteristic curve at a scanning 
heating rate of 10°C/ min from 30°C to 350°C.

The High-performance gel permeation 
chromatography (HPGPC) was performed on an 
Agilent 1100 HPGPC system with three Shodex 
Sugar columns (KS-801, KS-805 and KS-Guard) 
in series, and an Agilent G1362A differential 
refraction detector. The column temperature 
was maintained at 65 ± 1 °C, and the eluent was 
ultra-pure water at a flow rate of 1.0 ml/min. The 
standards were DEX (Huang et al. 2018).

To further confirm the structure of the DEX-
ATO nanoparticles, high-performance liquid 
chromatography-mass spectrometry (HPLC-
MS) was used. The DEX-ATO nanocomposite 
was dissolved with acetonitrile to obtain a 1 
μg/ml sample solution. The equipment model 
and chromatographic column used for the 
chromatography experiment were an I_CLASS 
UPLC system (Waters Corp., US) and an ACQUITY 
UPLC BEH C18 column (Waters, 2.1 mm×50 mm, 1.7 
μm), respectively. The mobile phase consisted 
of (A) 0.1% methanoic acid in water and (B) 

acetonitrile. The elution conditions were as 
follows: 0–5 min, 40% B; 5–20 min, 40–70% B; 20–
30 min, 70–95% B; 30–40 min, 95% B. The flow rate 
was 0.5 ml/min. The column was maintained at 
25 °C. MS analysis was carried out by a XEVOG2-
XSQ-TOF mass spectrometer (Waters, US) with 
an electrospray ionization source in positive-ion 
mode according to the method of Schipper et 
al. (2017) with some modifications. The capillary 
voltage was 3000 V. The source temperature 
and desolvation temperature were 100 and 450 
°C, respectively. The flow rates of the trap gas 
and desolvation gas were 0.012 and 640 L/h, 
respectively. The mass range (m/z) was 50-2000.

SEM was performed on a Hitachi SU8220 
FESEM (Hitachi Limited, Japan) with a 0.05% 
concentration (wt %) of sample drawn onto tin 
foil and then dried.

Particle size measurements were performed 
on a Zetasizer Nano ZS90 intrument (Malvern 
Instruments, UK).

Antitumor activity 
The antitumor activity of the tested sample 
was evaluated in HCT-116, Huh-7 and SMMC-
7721 according to Gomha’s method (Gomha 
et al. 2015). McCoy’s 5A medium was used for 
incubating the HCT-116 cells, and DMEM was used 
for incubating the Huh-7 cells and SMMC-7721 

Figure 1. Equipment drawing.
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cells. The medium was supplemented with 10% 
fetal bovine serum, phosphate-buffered saline 
(PBS) and 50 μg/ml-penicillin streptomycin 
solution. The propagated cells were maintained 
at 37 °C in a humidified atmosphere with 5% 
CO2. For the antimicrobial activity assay, the cells 
were seeded in 100 μL of growth medium in 
96-well plates at a cell concentration of 2×104 
cells/ml. After 24 h of seeding, fresh medium 
containing different concentrations of the 
tested sample with water as the solvent was 
added to the previously seeded cells. Serial 
dilutions of the tested samples were added 
to confluent cell monolayers dispersed in the 
96-well plates, which were incubated for 24 h 
in a humidified incubator at 37 °C with 5% CO2. 
Three wells were used for each tested sample 
concentration. Control cells were incubated 
without the polymeric sample. After incubation 
of the cells, tested polymeric samples at various 
concentrations were added, and the incubation 
was continued for 24 h at 37 °C. The cell viability 
was determined by a colorimetric method. 
All experiments were carried out in triplicate. 
The IC50 value was calculated using Origin 9.0 
software with a logistic model.

Statistical analysis
All experiments were performed in triplicate and 
analyzed as the mean ± standard deviation. The 
experimental data were analyzed by SPSS 11.0 
software (SPSS Inc., Chicago, IL, USA) and plotted 
by Origin 9.0 (Origin Lab Corp., USA). 

RESULTS AND DISCUSSION
Synthesis mechanism
The reaction pathway for the synthesis of DEX-
ATO is considered, as shown in formulas 1 and 
2. First, ATO is dissolved in water and converted 
into arsenic tri-hydroxide As(OH)3 and then 
arsenic acid (Ralph 2008). Second, DEX is 

positively charged under acidic conditions and 
forms DEX-ATO with arsenic acid under sulfuric 
acid catalysis (Stewart et al. 1999). Since the 
hydroxyl groups attached to the DEX sugar 
ring are secondary, they are highly sterically 
hindered and cannot rotate freely in the spatial 
conformation of DEX, resulting in poor reactivity. 
Also, the order of reactivity of the secondary 
hydroxyl groups on the sugar ring is C2-OH>C3-
OH>C4-OH. Therefore, the 2-hydroxyl group has 
the advantage over the hydroxyl groups at the 3- 
and 4-positions of being able to contact arsenic 
acid to form an arsenite group. 
As2O3 + 2As(OH)3H2O 2H2O+2As=O-OH 	 (1)
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Characterization analysis
To determine whether arsenic interacted with 
the hydroxyl groups and was converted into 
an organoarsenic compound, UV and FTIR 
spectroscopy were used. NMR, DSC, HPGPC, SEM 
and HPLC-MS were also used for characterization. 
The results are shown   in Figure 2, Figure 3 and 
Figure 4. As shown in Figure 2a, the absorbance 
peak of DEX-ATO was located at 283 nm, which 
indicated that As was connected to DEX to form 
an -organoarsenic compound (Kiranmayi et al. 
2015).

As shown in Figure 2b, the bands in the FTIR 
spectra of DEX-ATO are similar to bands in the 
DEX spectrum, including those corresponding 
to the OH, CH2, CH, C-O-C, C-C-O, C-C-C and 
pyran groups (Goretti Llamas-Arriba et al. 
2019). However,  two new bands at 1273.53 and 
842.33 cm−1 appeared, corresponding to the ATO 
stretching and bending vibrations, respectively 
(Sritham & Gunasekaran 2017). Furthermore 
the absorption peaks of -OH is shifted towards 
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lower wavenumbers, which confirmed the strong 
interaction between ATO and DEX. These results 
led to the conclusion that a rapid combination 
of ATO occurred at a high temperature because 
of the –OH groups of DEX and that the basic 
structure of DEX remained unchanged. 

The 1H and 13C NMR spectra are shown in 
Figure 3. The anomeric proton peak at δ 4.87 
ppm in the 1H NMR spectrum was attributed 
to the glycosidic protons involved in the α-(1–
6) linkages (Gomha et al. 2015), which was in 
good agreement with the presence of an FTIR 
absorption peak at δ 912.28 cm-1. The peaks at δ 
3.89, 3.82, 3.66, 3.48 and 3.42 ppm corresponded 
to H5, H6, H3, H2 and H4, respectively. The 
anomeric carbon signal was assigned to the 
peak at δ 97.64 ppm, which confirmed that the 
sugar residues were glycosidically linked (Du et 
al. 2018). The peaks at δ 73.31 71.32, 69.43 and 

70.09 ppm corresponded to C2, C3, C4, and C5, 
respectively (Mähner et al. 2001). In summary, 
the main structure of DEX was maintained in the 
DEX-ATO nanoparticles.

As shown in Figure 2c, the endothermic 
transition and exothermic transition of DEX-ATO 
appeared 73.34 and 308.84 °C, respectively, which 
were lower than the corresponding transitions 
of DEX (78.34 and 391.47 °C). This change can be 
attributed to the grafting of As-O groups onto 
backbone and the formation of free volume 
between branched chains upon grafting.

HPGPC spectra are shown in Figure 2d. The 
Mw of DEX-ATO was 1.03×104 Da, similar to the Mw 
of DEX. In the process of esterification, as the 
arsenite group combines with the hydrogen on 
the raw sugar chain, the Mw will increase. At the 
same time, because the reaction was carried out 
under strongly acidic conditions, some of the 

Figure 2. Structural characterization of DEX and DEX-ATO. (a) UV; (b)FTIR; (C) DSC; (d) HPGPC; (e) SEM of DEX; (f) SEM 
of DEX-ATO.
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sugar chains would degrade, causing the Mw to 
decline. The reason for the small change in the 
Mw of the DEX-ATO product might be because 
two factors had a similar degree of influence.

As shown in Figure 2e and 2f, SEM 
morphologies of the DEX and DEX-ATO 
nanoparticles revealed differences in their 
microstructures. These nanoparticles were 
spherical with little adhesion.

DEX-ATO was further analyzed by HPLC-MS 
concerning the product with a retention time of 
5.215 min, and the results are shown in Figure 
4. The main ion of DEX-ATO is the adduction 
ion at m/z 741.0561 ([M+2H2O+H]+). The chemical 
formula and simulation data are C18H39As2O21 and 
m/z 741.0410 respectively, which are assigned to 
Gluc3+2As(OH)3+2H2O+H. The results indicated 
that the DEX ring structure had not changed. 
Combined NMR, HPGPC and FTIR, it leads to the 
conclusion that the basic structure of DEX was 
retained in the process of DEX-ATO synthesis.

Effect of different formulations on particle size
Particle size is one of the most significant 
determinants in the mucosal and epithelial 
tissue uptake of nanoparticles and the 
intracellular trafficking of particles (Panyam 
& Labhasetwar 2003). The effects of DEX 
concentration, ATO concentration and pH on 
the particle size of DEX-ATO nanoparticles are 
summarized in Table I. With an increase in DEX 
concentration in the range of 100-200 mg/ml, 
the particle size decreased linearly from 502 to 
170 nm. This result can be explained by the fact 
that the DEX molecules with less concentrations 
have reacted completely and DEX does not 
play a role in steric stability. Additionally, due 
to the adjacent convergence of magnetic fields, 
naked ATO began to deposit based on the 
attraction between the two species. When the 
concentration of DEX was large enough, the 
particle size has clear trend since As-O bonds 
are formed on the macromolecular chains, 
causing the formation aggregates.However, 
when the ATO concentration increased from 2 

Figure 3. The 
NMR spectrum 
of DEX-ATO, a) 
is 1H spectrum, 
b) is 13C 
spectrum.
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Figure 4. MS spectrum of the HPLC-MS analysis of the peak at 5.215 min.

Table I. The particle sizes of different formulations.

Nanoparticle Particle size 
(nm) Nanoparticles

Particle
Size (nm)

Nanoparticles Particle size 
(nm)

A1 502±5.32 B1 430±7.54 C1 135±4.39

A2 351±3.25 B2 410±6.44 C2 170±5.32

A3 170±3.35 B3 314±5.21 C3 238±4.64

A4 242±2.46 B4 258±6.38 C4 262±6.88

A5 341±8.29 B5 170±5.32

Where, A1, A2, A3, A4 and A5 were the nanoparticle samples with DEX concentrations of 100, 150, 200, 250, and 300 mg/
ml respectively, when the ATO concentration and pH were 10 mg/ml and 3.5 respectively. B1, B2, B3, B4, and B5 were the 
nanoparticles samples with ATO concentrations of 2, 4, 6, 8, and 10 mg/ml respectively, when the DEX concentration and pH were 
100 mg/ml and 3.5 respectively. C1, C2, C3 and C4 were the nanoparticle samples with pH of 2.5, 3.5, 4.5 and 5.5 respectively, when 
the DEX concentration and ATO concentration were 100 mg/ml and 10 mg/ml respectively. The values were expressed as mean ± 
standard error.
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Figure 5. OD value curves of HCT-116(a), Huh-7(b) and 
SMMC-7721(c) cells as a function of the concentration 
of DEX-ATO.

to 10 mg/ml, the particle size decreased slightly 
from 430 to 170 nm. These trends were following 
previously reported results (Hong et al. 2008). 
Besides, the particle size increased linearly from 
135 to 262 nm with increasing pH in the range 
of 2.5–5.5 (R2 = 0.9686). This could be explained 
by the fact that in an acidic medium, DEX will 
be positively charged, conferring a high charge 
density to the polysaccharide. Therefore, the 
surface charge density of the DEX molecules is 
strongly dependent on the solution pH (Ko et 
al. 2002), and the ionic cross-linking process for 
the formation of DEX–ATO nanoparticles is pH-
dependent. Also, the increase in the measured 
average particle size when the solution pH 
increased could be caused mainly by particle 
aggregation, rather than by further growth of the 
individual particles after their initial formation 
(Gan et al. 2005). This result was consistent with 
the results of previous research (Ko et al. 2002).

Evaluation of the antitumor properties of the 
DEX-ATO nanoparticles
The antitumor activity of the samples was tested 
against three different cancer cell lines (HCT-
116, Huh-7 and SMMC-7721), and the results are 
shown in Figure 5. OD values decreased with 
increasing DEX-ATO concentration, indicating 
that DEX-ATO had a strong inhibitory effect on 
the proliferation of these cells in vitro and had a 
selective and dose-dependent inhibitory effect 
on different cells. The reason was that the DEX 
modified with ATO interacted with the negatively 
charged cancer cells through electrostatic 
and H-bonding interactions (Elella et al. 2018). 
Moreover, based on a four-parameter logistic 
fitting, the IC50 values of DEX-ATO were 254, 134 
and 192 µg/ml against HCT-116, Huh-7 and SMMC-
7721 cells, respectively.

After 24 h of DEX-ATO treatment, the cell 
morphology is shown in Figure 6. The cells in the 
control group grew vigorously and densely, and 
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size can be modulated by controlling critical 
fabrication parameters, including the pH and 
DEX and ATO concentrations. Besides, DEX-ATO 
inhibits tumor cell growth and has a selective 
and concentration-dependent effect on tumor 
cells. Therefore, DEX-ATO not only may be able 
to prepare antitumor drugs independently, 
but also can be used as the basic material to 
prepare antitumor drugs. It is likely to be a new 
type of functional nanomaterials. However, DEX-
ATO contains arsenic, so it is poisonous and 
may be a carcinogen. Hence, some basic studies 
should be performed before it is used as a 
legal drug, including toxicological experiments, 
drug metabolism and accumulation tests and 
process improvement studies. Moreover, there 
is a long way to go to further explore the role 
and mechanism of the product as an anticancer 
drug.

the sizes of the cells were different. However, 
after DEX-ATO treatment, the morphologies of 
the HCT-116, Huh-7 and SMMC-7721 cells changed 
significantly, the number of cells significantly 
decreased, and the cells contracted into a 
circle, undergoing disintegration and necrosis. 
Therefore, DEX-ATO can induce apoptosis in HCT-
116, Huh-7 and SMMC-7721 cells. This result was 
consistent with previous studies (Sadaf et al. 
2018). It was further proven that DEX-ATO has an 
antitumor effect and was very likely to be used 
as a nanomaterial drug.

CONCLUSION

The present study demonstrated that DEX-ATO 
nanoparticles were synthesized via microwave 
thermal polymerization using sulfuric acid as a 
catalyst. The formation mechanism is that the 
hydroxyl group on the DEX molecule forms a 
chemical bond with arsenic acid. The particle 

Figure 6. The cell morphology of HCT-116(a), Huh-7(b) and SMMC-7721(c) cells after 24 h of treatment.
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Figure S1. OD value curve of HCT-116(a), Huh-7(b) and 
SMMC-7721(c) cells on the function of the concentration 
of the product.
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