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Abstract The fabrication of supramolecular host in combination biomolecules is an interesting

idea in modern drug delivery for development of new polymer with advanced chemical and biolog-

ical properties. Herein, hyper-crosslinked copolymer was fabricated from b-cyclodextrin (b-CD)

and sialic acid (SA) monomers, which can be undoublty considered as a new class of copolymer.

The as-synthesized copolymer has complexation properties, which could cover the drug within

the structure and deliver to the site of action. The well-known inclusion capability of b-CD and tar-

geted efficacy of SA made it more appropriate for targeted drug delivery. The copolymer was char-

acterized using a wide range of spectroscopic and microscopic techniques such as synchrotron

radiation based FTIR spectroscopy (SR-FTIR), differential scanning calorimetry (DSC), thermo-

gravimetric analysis (TGA), and powder X-ray diffraction (PXRD). The surface area and porosity

were calculated by using Nitrogen adsorption method. Doxorubicin (Dox) was selected as a model

drug to evaluate the loading efficiency and cellular penetration ability of the copolymer. The

copolymer showed high adsorption towards Dox with no significant cytotoxic effects on HeLa cells

as proved by cell viability assay. High cellular penetration of Dox loaded copolymer was also

recorded by confocal microscopy when compared with free Dox in HeLa cells at 4 h of exposure.
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Thus, b-CD-SA copolymer could be a useful carrier for targeted drug delivery of cancer and has the

potential for further investigation in viral and nervous disease due to the targeting ability of SA.

� 2017 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The conventional drug delivery systems to target the specific

site are limited by non-targeted properties of the drug carriers,
metabolism of active drugs during circulation, stability and
solubility of drugs, and cytotoxic nature of drug carriers
(Hare et al., 2017; Shi et al., 2017). Polymers are historically

dominated material in medicine and successfully applied as
carriers for kind of drug delivery purposes. Supramolecular
assembly of bioactive and non-bioactive molecules or co-

assembly of drug with its vehicle has great potential in the
search for functional systems. These supramolecular biomole-
cules have been used for tissue engineering, cell mimetic, and

target the specific site with biofriendly nature (Freeman
et al., 2015; Rudra et al., 2010; Webber et al., 2016). Cyclodex-
trins (CDs) are a family of cyclic oligosaccharides with a
hydrophilic outer surface and a lipophilic central cavity that

have been used as multifunctional drug carriers (Crini, 2014;
Hirayama and Uekama, 1999; Hirotsu et al., 2017; Uekama,
1999). In addition to the parental CDs (a-CD, b-CD, and c-
CD), the commonly available derivatives including HP-b-
CD, SBE-b-CD, and methyl b-CD have been also used in
pharmaceutics due to their special physiochemical properties

(Alupei et al., 2005; Mendez-Ardoy et al., 2011). Especially,
b-CD has been used to fabricate nanogels (Kettel et al.,
2012), nanoparticles (Gil et al., 2012), high performance oral

drug delivery carriers (Zhang et al., 2015), taste masking
agents, nanofibers (Chen et al., 2011), siRNA delivery carriers
(O’Mahony et al., 2012), gene delivery carriers (Wang et al.,
2010), and nanosponges as drug delivery carrier [13]. CDs

crosslinked polymers are a class of hyper–reticulated poly-
meric materials used in pharmaceutical and gas storage appli-
cations (Cavalli et al., 2010; Russo et al., 2016). These

crosslinked polymers reported for enhancement of solubility
and bioavailability (Ansari et al., 2011; Darandale and
Vavia, 2013; Minelli et al., 2012; Rao et al., 2013; Torne

et al., 2013). The noncovalent interaction through host-guest
mechanism with guest molecules makes CDs potent carriers
for various purposes.

Copolymerization of CDs is an interesting area to fabricate
sophisticated drug carriers with advanced properties. Meo and
coworkers reported cyclodextrin-calixarene copolymer which
shows good absorption abilities towards nitroarenes (Lo

Meo et al., 2014). Poly (methyl vinyl ether-co-maleic anhy
dride)-graft-hydroxypropyl-b-cyclodextrin amphiphilic
copolymer showed 20 folds enhancement in bioavailability of

FK506 (Zhang et al., 2015). The copolymer of CD and chi-
tosan used for DNA and siRNA delivery showed good ability
to condense pDNA into nanoparticle with much lower cyto-

toxicity and superior transfection activity in comparison with
monomers (Ping et al., 2011). In another research, b-CD-
amphiphilic copolymer grafted with poly lactic acid (PLA)
and polyethylene glycol (PEG) was used in hydrophobic anti-

cancer drug delivery which shows pH responsive sustainable
release with high fluorescence intensity of drug inside the cells
(Xu et al., 2015).

The functionalization of CDs by crosslinking with bioactive

moiety improves their therapeutic properties. Herein, we
selected 5-acetyl neuraminic acid or specially called sialic acid
(SA) in this report for this purpose. SA is well known for effec-

tive block improvement in the antigenic site or recognition
marker on the cell surface and protection them from degrada-
tion by surrounding immune system. SA is anionic monosac-

charide 9-carbon sugar commonly located at the cell surface
and can be used as a ligand to target and detection of various
type cancer cells (Lee et al., 2006; Perillo et al., 1998). The role
of SA in the cells is, participant in carbohydrate-protein inter-

action to medicate recognition phenomenon. SA has proper-
ties to bind with sialic acid binding immunoglobulin like
lectin (Siglic) family which are immunomodulatory receptor

expressed by immune cells (Bull et al., 2017). SA was previ-
ously used for biochemical engineering purpose of cell surface
(Buttner et al., 2002). It was successfully used to decorate the

PLGA nanoparticles for targeted drug delivery (Bondioli
et al., 2010). Owing to SA’s monosaccharide structure and
freely available hydroxyl and carboxyl groups, other than a
conventional surface modification with SA, we envisaged to

fabricate the b-CD-SA copolymer using diphenyl carbonate
(DPC) as a cross-linking agent. The targeting efficacy of SA
in the copolymer and drug loading properties from monomer

b-CD are especially of interest to be confirmed for various
directional drug delivery purpose.

The aim of this research was to fabricate the copolymer of

SA with b-CD and evaluate the feasibility for targeted drug
delivery purpose. The b-CD-SA copolymer was successfully
synthesized using one step carbonate linking reaction and fully

characterized using various techniques including, SR-FTIR,
DSC, TGA, and PXRD. For the proof of concept, the most
studied anticancer drug, Dox (Minotti et al., 2004; Sultana
et al., 2010), was selected as a model compound to test the

loading and cellular uptake efficiency. The HeLa cells were
used to evaluate the cell viability assay and in vitro cellular
uptake study of free Dox and Dox loaded b-CD-SA

copolymer.

2. Experimental

2.1. Materials

The b-cyclodextrin was purchased from Anhui Sunhere Phar-
maceutical Excipients Co. Ltd., diphenyl carbonate was pur-
chased from Shanghai Aladdin Bio-Chem Technology Co.

Ltd., and cell eagle medium and fetal bovine serum (FBS) were
purchased from Thermo Fisher Scientific USA. Sialic acid was
obtained from Huzhou Xinaote Pharmaceutical & Chemical
Ltd. All organic solvents and chemicals including dimethyl for-

mamide (DMF), triethylamine (TEA) were of analytical grade
purchased from Sinopharm Chemical Reagents Co. Ltd. and

http://creativecommons.org/licenses/by-nc-nd/4.0/
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used without further purification. HeLa cervical carcinoma
cells line were obtained from the cell bank of Chinese Academy
of Sciences SIMM, China. Cell labeling dye DAPI H-1200 was

purchased from Vector Laboratories Inc. USA. MTT reagents
were purchased from Gibco Thermo Fisher Scientific Ltd.

2.2. Synthesis of b-CD-SA copolymer

A facile procedure was adopted for the b-CD-SA copolymer
synthesis according to the previously reported method of

cyclodextrin crosslinking by DPC (Trotta et al., 2012). For
synthesis process, 30 mM solution (10 mL) of each b-CD
(340 mg) and SA (92 mg) in DMF (10 mL) was prepared in

a clean and dry round bottom flask and heated up to 80 �C
to obtain a clear solution. DPC was added subsequently to
the flask and stirred for 10 mins. Finally, 300 mL of triethy-
lamine (TEA) was also added followed by stirring at 400

RPM for 12 h. The TEA was used as a catalyst to facilitate
the reaction. After completion of polymerization reaction,
the crude mass was cooled to the room temperature and

washed with 60 mL distilled water to get the precipitation of
crude copolymer. The reaction crude was then thoroughly
washed in ethanol (Soxhlet) and distilled water to remove

unreacted reagents and by-products especially phenol. The
product was subsequently lyophilized for 12 h using freeze
dryer (SIM international group Co., Ltd., USA). The amount
of catalyst (TEA) and reaction time (12 h) were set as mini-

mum values required for the copolymer production after com-
plete validation.

2.3. Characterization methods

FTIR spectroscopy of all samples was recorded by using syn-
chrotron radiation based Thermo-scientific system NicoletTM

iSTM5 FT-IR Spectrophotometer (SR-FTIR) in the region of
4000–650 cm�1. The IR spectra of SA and b-CD were also
recorded as controls to compare with that of the copolymer

for structure confirmation. All samples were processed by
OMNIC software.

The synthesized product was characterized by microscopic
and spectroscopic methods. Particle size and zeta potential of

copolymer particle were measured by Malvern Zetasizer, Nano
series (Nano ZS90). All samples were measured in triplicates.

The thermal profile of copolymer was recorded using differ-

ential scanning calorimeter (DSC 822, Mettler Toledo,
Switzerland). About 2.0 mg of each sample was heated in a
pierced aluminum pan from 50 �C to 300 �C with a heating

rate of 10 �C min�1. Thermal data analyses of the DSC ther-
mal profiles were conducted using Mettler Toledo STAR sys-
tem software. TGA was carried out in Perkin-Elmer Pyris-1

TGA equipment, using dry air with a nitrogen gas flow of
20 mL min�1 and a scan rate of 10 �C min�1. Samples were
weighed (approximately 5 mg) in a hanging aluminum pan
and the weight loss percentage of the samples was monitored

from 40 to 600 �C. The obtained data were processed by star
pyris software. The data were further processed with Origin
Pro 8 software.

The lyophilized samples were used for the powder X-ray
diffraction (PXRD) analysis measurement to keep the original-
ity of internal structure. The particles were examined by

PXRD using a D8 Advance (Bruker, Germany) with a locked
coupled scan type. The scan speed was 0.1 s per step and the
increment was 0.021. The running conditions were 40 kV, 40
mA, and the scan range was from 3 to 40�.

Nitrogen adsorption-desorption isotherm was measured
with a liquid nitrogen bath (�196 �C) using a porosimeter
(TriStar 3000 V6.05 A, USA). In order to remove the intersti-

tial solvents, the samples were activated by immersing in DCM
for three days and dried under vacuum at 50 �C for 12 h.
Known amounts of samples (e. g. 150–200 mg) were loaded

into the sample tubes and degassed under vacuum (10�5 Torr)
at 100 �C for 5 h. Brunauer–Emmett–Teller (BET) model was
applied to measure the specific surface areas of the samples.
The pore size of the copolymer was analyzed by Barrett, Joy-

ner, Halenda (BJH) model.

2.4. Monomer composition ratio

The determination of chemical composition is the most funda-
mental type of characterization in copolymer although there is
molecular weight distribution is important as well as chemical

composition. The HPLC is a most sophisticated technique
used for determination of composition ratio distribution of
copolymer. The composition ratio of SA in the copolymer

was determined by HPLC (Agilent Technology, 1290 infinity)
with evaporative light scattering detector (ELSD) (model- Agi-
lent Technology, 1260 ELSD). The SA was recovered from
copolymer by hydrolysis of ester and anhydride bond using

ammonia (NH3). Briefly, 30 mg of copolymer samples dis-
persed into 1 mL aqueous solution of ammonia (80:20). After
20 min sonication, 2 mL of water was added to dilute the solu-

tion and sonicated for 5 mins. The samples were centrifuged at
12,000 RPM and filtered through 0.22 mm filter membrane and
injected into HPLC. Standard samples of SA prepared in the

same way by using 3.0 mg of standard SA. The details of
HPLC method are listed in ESI.

2.5. Drug adsorption

The Dox was taken into account for optimization of drug
adsorption efficiency and cellular uptake study. Distilled water
was used as a medium for loading experiments due to Dox

good aqueous solubility. In loading experiments, 100 mg of
the copolymer was incubated with 25 mL of 0.5 mg mL�1

aqueous Dox solution. During shaking (100 RPM) at room

temperature, samples were taken at different time period till
for 8 h and centrifuged (10,000 RPM), the supernatant was
evaluated for loading capacity. The HPLC method was used

for Dox is listed in ESI. The concentration of drug and shaking
time was also set up after validation and drug loading capacity
of b-CD-SA copolymer was calculated according to formula

(1)

Drug loading ð%Þ ¼ Dt�Dr

Dt
� 100 ð1Þ

where Dt is the total amount of drug in solution, Dr is the drug
amount in the supernatant layer.

2.6. Cell viability study

The HeLa cells obtained from cell bank of Chinese Academy
of Sciences and further sub-cultured as per protocol listed in
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ESI. To determine the in vitro cytotoxicity of the b-CD-SA
copolymer, HeLa cells were seeded into 96-well plates and
incubated for 24 h with samples (10 lL). MTT stock solution

(5 mg mL�1) was then added to each well and incubated for
4 h. At the end of the experiment, the medium was replaced
with DMSO to dissolve the formazan crystal and the absor-

bance was measured at 490 nm using microplate reader
(Thermo scientific, Multiscan Go). The cell viability was calcu-
lated by using following formula (2):

Cell Viability ð%Þ ¼ ODexp �ODblank

ODcontrol �ODblank

� 100 ð2Þ
Fig. 2 SR-FTIR spectra of b-CD-SA copolymer show the

presence of carbonyl bond between two monomers. The peaks at

1804 cm�1 and 1750 cm�1 show the successful formation of

carbonyl bond between two monomers.
2.6.1. Cellular uptake study

To determine the cellular uptake, the cells were incubated with
Dox and Dox loaded b-CD-SA copolymer particles at 37 �C
for 4 h. To determine the intracellular localization of b-CD-
SA copolymer particles in HeLa cells, the cells were seeded
into 8 well-chambered glasses and incubated with free Dox
and Dox loaded b-CD-SA copolymer particles for 4 h, and

the cells were labeled with DAPI H-1200 to identify the lyso-
somes and nucleus. Intracellular localization was recorded by
confocal microscopy (Leica microscopic system) and confocal

images were processed by LAS-X software.

3. Results and discussion

3.1. Synthesis of b-CD-SA copolymer

In order to accomplish the b-CD-SA copolymer synthesis, dif-
ferent approaches from previously reported literature have
exploited. The easily accessible crosslinking between sialic acid

and b-CD have done by crosslinking between secondary
hydroxy groups of b-CD and carboxyl and a secondary hydro-
xyl group of SA groups through DPC via carbonyl bond. The
DPC has been reported as a suitable electrophile for crosslink-

ing and able to produce carbonyl bond between the hydroxyl
groups of two monomers (Binello et al., 2008; Oba et al.,
2000). Due to the occurrence of polysubstitution side process,

the reaction produced a mixture of products which bear the
different number of by-products.

In order to synthesise the copolymer, the predetermined

molar ratio of b-CD: DPC: SA were reacted in DMF to get
the final b-CD-SA copolymer. All the by-products and catalyst
of the reaction were thoroughly washed with water and etha-

nol. The final product was purified by a soxhlet extraction
Fig. 1 Diagrammatic representation of react
(6h) method using ethanol to remove the traces of phenol from
the copolymer.

3.2. Copolymer characterization

3.2.1. FTIR characterization

Preliminary spectroscopic characterization of b-CD-SA imme-
diately confirmed the presence of ester and anhydride carbonyl

bond between b-CD and SA. The possible structure of copoly-
mer was diagrammatically designed with help of Chem Draw
software (Fig. 1). The SR-FTIR spectra of monomers and b-
CD-SA copolymer depicted in Fig. 2. The IR spectra of SA

showed absorption stretching band of an amide group
(NAH) and a hydroxyl group at between 3340 and 3500
cm�1, ACH2 group observed at near 2933 cm�1 and carbonyl

(C‚O) group of amide group observed at 1650 cm�1. The car-
bonyl bond peak of the carboxylic acid observed at 1725 cm�1.
The b-CD-SA copolymer showed a characteristic broad

stretching of carbonyl bond of anhydride between a carboxylic
acid group of SA and hydroxyl group of b-CD, at 1804 cm�1.
The second bond of the copolymer was predicted as an ester

bond between the hydroxyl group of both monomers was
observed at 1758 cm�1. The FTIR spectra showed the success-
ful linkage of b-CD and SA as we predicted.

The average particle size and average zeta potential of

copolymer particles were recorded as 441 ± 30 nm and �21
ion and structure of b-CD-SA copolymer.



Fig. 3 DSC (A) and TGA (B) graphs of b-CD-SA copolymer indicate the better thermal stability of copolymer than its monomer (SA

and b-CD). The DTG graph of all samples (C) and copolymer (D) show the copolymer contains both monomers degradation peaks.

Fig. 4 PXRD graph represents the amorphous nature of b-CD-

SA copolymer. The crystallinity of parent compounds lost after

crosslinking.
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± 2 mV, respectively, which confirmed good stability of the
copolymer.

3.3. Thermal behavior study

The obtained b-CD-SA copolymer was thermally evaluated by
DSC and TGA techniques and obtained graphs are shown in

Fig. 3. The b-CD-SA copolymer exhibits different thermal
properties when compared with the monomers (b-CD and
SA). The results of DSC were interpreted in accordance with

a previous report (Eastman, 1998). The shape of the DSC
curve was recorded very different from that DSC peaks of par-
ent compounds. The parent compound, b-CD, showed a broad

endothermic peak for dehydration between 80 and 130 �C
whereas, SA crystallization peak was observed at 198 �C.
Overall, it could be seen that the b-CD-SA copolymer dis-
played phase transition that corresponds to amorphous solid

material and did not show any specific peak. It must be men-
tioned that in all cases the samples showed extensive degrada-
tion on heating (curves were not reversible on cooling and

carbonized residue was always found at the end of the experi-
ment). The DSC data also showed the amorphous nature of
this copolymer as later confirmed by PXRD.

Thermal stability is an important requirement in view of
any possible application of copolymer. TGA under the nitro-
gen atmosphere was used to determine the thermal degrada-

tion of the b-CD-SA copolymer and the two monomers. The
TGA curve of copolymer showed an initial loss of solvent
and one sharp degradation step, centered at 350 �C, accounted
nearly 92 % mass loss. Thus the crosslinked copolymer was
recorded more thermally stable. Subsequently heating up to
600 �C resulted in almost 96 % degradation of the copolymer.
While the parent compounds SA showed quite different ther-

mal properties than the copolymer showed the copolymer con-
tains less part of SA. The most part of copolymer contained by
b-CD and followed similar degradation pattern.

The DTG data of copolymer (Fig. 3C & D) show the two
step weight loss of the copolymer. The copolymer showed
the initial degradation of SA due to low melting point at

250 �C and 270 �C followed by degradation peak of b-CD cen-
tered at 329 �C. Herein, the thermal study shows that the ther-



Fig. 5 BET adsorption curve and pore size distribution of b-CD-SA copolymer. The graph (A) shows the N2 adsorption and (B)

represents the large pore diameter of the copolymer.

Fig. 6 HPLC chromatogram showing the peak of SA in

copolymer along with b-CD after hydrosis of chemical bonds.

The chromatogram was obtained employing ELSD detector.
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mal stability of copolymer, as well as extensive degree of
crosslinking, has been achieved in ideal composition.

3.4. Crystallinity study by PXRD

Since PXRD is a useful technique to understand the crystalline
behavior of compounds, it is most widely used for crystal

structure determination. The PXRD spectra of b-CD-SA
copolymer showed no specific diffraction peak positioned at
Bragg angle 2h (Fig. 4). In the case of b-CD and SA, PXRD
patterns show a large number of peaks indicating crystallinity,

but PXRD patterns of copolymer show no specific peaks.
Crystalline intense signals of b-CD were observed at 2h of
4.7�, 9.1�, 10.7�, 11.8�, 14.9�, 17.2, 19.8� and 23�. In the case

of SA, signals were observed at 5.8�, 10.2�, 11.9�, 14.1�, 21.9
and 23.9� which are consistant with previous records
(Flippen, 1973). However, the PXRD pattern of the copolymer
confirmed the amorphous nature as expected for crosslinking
and obtained behavior is in complete agreement with previ-

ously published reports on b- CD polymers (Li et al., 2016;
Raoov et al., 2014).

3.5. Specific surface area and porosity

To evaluate the internal microscopic structure of the copoly-
mer, specific surface area (SSA) measurements and pore tex-

ture analysis were performed. Nitrogen adsorption/
desorption technique was applied to determine the SSA and
porous structure. The relevant textural parameter in term of
SSA (obtained by applying BET method to the adsorption

branch of the adsorption/desorption isotherm), mean pore
diameter, and cumulative pore volume (obtained by analysis
of the desorption branch using the BJH calculation method)

are shown in Fig. 5. The BET surface area was recorded low
as 15.1 m2 g�1 with a wide range of pore dimensions (5–100
nm). The obtained data suggested the mesoporous to microp-

orous nature of this copolymer which is not very suitable to
absorb nitrogen. These results are in consistent with previously
reported literature for CD based crosslinked polymers. The
pore size distribution of the b-CD-SA copolymer calculated

from the adsorption branch of isotherms with the BJH
approach indicated that copolymer exhibits a dominant pore
diameter centered about 51 nm.

3.6. Monomer composition ratio

Copolymers have been classified on the basis of chemical com-

position as well as molecular weight distribution. For SA chem-
ical composition quantification, we herein developed HPLC
methodbased onELSDdetector due to lowbaseline noise, accu-

rate precision qualities of ELSD and suitability for detections of
SA and CDs. Following ICH guideline for HPLC method vali-
dation, themethod validated with linearity, specificity, and limit
of detection (LOD), and limit of quantification (LOQ) parame-

ters (Fig. S-1). FromHPLCanalysis, the composition of copoly-
mer largely contributed by b-CD which holds the high
compositional percentage over SA (Fig. 6). This differentiation
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might be due to high reactivity of b-CD as compare to SA. The
average content of SAwas 5.52% (w/w) of the copolymer, which
shows the average molar concentration in 100 molar copolymer

solution contained 18 moles of SA and remaining 82 moles con-
tain b-CD.Nevertheless, the detection amount is proved enough
for the targeted effects in cellular experiments.

3.7. Drug adsorption

Dox was selected as a drug candidate to evaluate the cellular

penetration ability of b-CD-SA copolymer. The supernatant
layer method was adopted to investigate the adsorption/seques-
tration abilities of the copolymer towards Dox. The drug load-
Fig. 7 MTT assay data represent cytocompatible nature and no

significant cytotoxic effect of the b-CD-SA copolymer on HeLa

cells.

Fig. 8 The confocal images of cellular uptake of b-CD-SA-copolymer

fluorescence intensity of the Dox penetrated inside the cell nucleus wh

supporting the target properties of the copolymer.
ing was checked by HPLC using the validated method used in
our previous experiments (Singh et al., 2017). Drug loading
capacity of the b-CD-SA copolymer namely, 1.13 % (w/w)

recorded high as compared to only b-CD due to the contribu-
tion of external cavities formed by crosslinking of SA and b-
CD (Fig. S-2). The drug loading capacity of copolymer demon-

strates the amphiphilic nature of copolymer which can be used
for the carrier of hydrophilic as well as hydrophobic drugs
(characteristic properties of b-CD).

3.8. Cell viability study

MTT assay was performed to investigate the cytotoxicity of

the b-CD-SA copolymer. The copolymer was exposed for 24
h, the samples were capable of metabolizing a dye (3-(4,5
dimethylthiozol-2yl)-2,5 diphenyl tetrazolium bromide) effi-
ciently and the purple colored precipitate dissolved and ana-

lyzed spectrophotometrically. The viability of HeLa cells was
tested at five different concentrations of the copolymer
(Fig. 7). As a result, HeLa cells showed excellent viability at

even high concentration. Cell viability assay indicated that
the b-CD-SA copolymer did not have any toxic effect on HeLa
cells over 24 h exposure and has good potentials for a pharma-

ceutical preparation.

3.9. In vitro cellular uptake study

To examine the cellular uptake efficiency, the Dox loaded

copolymer was compared with free Dox under the same set
particles and free Dox in vitro. The merged channel represents the

ich show the high amount of drug accumulate on the cell nucleus
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of conditions. After 4 h of exposure, the copolymer particles
can be easily located because of intracellular accumulation
(Fig. 8) in DAPI labeled HeLa cells. The figures showed

Dox-loaded b-CD-SA copolymer particles have good perme-
ability and particles accumulated either at the wall or penetrate
into the nucleus of cells. The Dox loaded b-CD-SA copolymer

showed strong Dox fluorescence in nuclei after 4 h exposure,
indicating internalization of Dox. The Dox fluorescence inten-
sity and accumulation of particles on the cell nuclei are more

evidence for targeting and enhancing cellular uptake. Possibly,
SA played a role in promoting cell internalization of Dox as
reported previously (Bader and Wardwell, 2014).

4. Conclusions

The synthesis of the b-CD-SA copolymer was inspired by the

high drug encapsulation and inclusion efficiency of b-CD for
drug molecules and site specific targeting properties of SA.
The copolymer of b-CD and SA was successfully synthesized
by crosslinking approach aimed at targeting function and high

cellular penetration. The copolymer possesses the amorphous
nature and better thermal stability when compared with b-
CD or SA. Cell viability assay demonstrates that b-CD-SA

copolymer does not have a significant cytotoxic effect on HeLa
cells. What’s more, the obtained copolymer has good drug
loading capacity for Dox and high cellular penetration ability

as compare to b-CD. In summary, integrated with both of, the
loading capacity of CDs and the targeting function of SA, the
resultant copolymer can be a novel effective carrier for tar-
geted drug delivery.
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