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Chemotherapy is recognized as one of the significant treatment methods for liver cancer. The compound

celastrol (CSL) could effectively inhibit the proliferation, migration, and invasion of liver cancer cells, which is

regarded as a promising candidate to become a mainstream anti-liver cancer drug. However, the

application of CSL in liver cancer chemotherapy is limited due to its systemic toxicity, poor water

solubility, multidrug resistance, premature degradation, and lack of tumor targeting. Meanwhile, in order

to comply with the current concept of precision medicine, precisely targeted delivery of the anti-liver

compound CSL was desired. This paper takes into account that liver cancer cells were equipped with

hyaluronic acid (HA) receptors (CD44) on their surface and overexpressed. Hyaluronidase (HAase)

capable of degrading HA, HAase-responsive nanocarriers (NCs), named HA/(MI)7-b-CD NCs, were

prepared based on the electrostatic interaction between HA and imidazole moieties modified b-

cyclodextrin (MI)7-b-CD. HA/(MI)7-b-CD NCs showed disassembly properties under HAase stimuli, which

was utilized to trap, deliver, and the controllable release of the anti-liver cancer compound CSL.

Furthermore, cytotoxicity assay experiments revealed that CSL-trapped HA/(MI)7-b-CD NCs not only

reduced cytotoxicity for normal cells but also effectively inhibited the survival for five tumor cells, and

even the apoptotic effect of CSL-trapped NCs with a concentration of 5 mg mL−1 on tumor cells (SMMC-

7721) was consistent with free CSL. Cell uptake experiments demonstrated HA/(MI)7-b-CD NCs

possessed the capability of targeted drug delivery to cancerous cells. HA/(MI)7-b-CD NCs exhibited site-

specific and controllable release performance, which is anticipated to proceed further in precision-

targeted drug delivery systems.
1 Introduction

Liver cancer is one of the most frequently diagnosed solid
tumors worldwide and the third leading cause of cancer-related
deaths.1 In addition, liver cancer is the only one of the top ve
most lethal cancers to show an annual percentage increase in
occurrence.2 In recent decades, the effective treatment of liver
cancer has become one of the clinical challenges arising from
the growing number of liver cancer cases. Chemotherapy is
considered to be one of the most effective treatments for liver
cancer.3 Traditional Chinese medicine (TCM) has become
a research hotspot in the eld of chemotherapy drugs because it
can act on preventing tumorigenesis attenuating toxicity,
enhancing the treatment effect, and reducing tumor recurrence
and metastasis. Among them, celastrol (CSL) is a natural active
product extracted from the root bark of Tripterygium wilfordii
gineering, Yunnan Normal University,
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Hook, which displays strong antioxidant, anti-cancer, anti-
rheumatoid and other effects.4–7 In clinical practice, CSL has
been successfully used to treat autoimmune diseases such as
rheumatoid arthritis and leprosy reactions.8,9 It is worth
mentioning that recent research has demonstrated that CSL can
effectively inhibit the proliferation, metastasis, and invasion of
liver cancer cells.10 However, CSL is limited use in hepatocel-
lular carcinoma chemotherapy due to its systemic toxicity, poor
water solubility, multidrug resistance, premature degradation,
and lack of tumor targeting.11 Therefore, the development of
adjuvants that can reduce systemic toxicity and improve tumor
targeting of CSL is expected to advance the clinical application
of CSL.

Stimulus-responsive drug delivery system (DDS) is a func-
tional nanocarrier that can release drugs rapidly or at a certain
rate aer entering the body by changing the structure and
conguration of the carrier under the stimulation of a specic
environment including light, heat, ultrasound, enzyme, and pH
changes.12–18 Especially, enzyme-responsive nanocarriers have
been investigated extensively due to their high sensitivity,
catalytic activity, and mild reaction.19–24 As we all know,
abnormal expression of enzymes is one of the markers of the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra00693j&domain=pdf&date_stamp=2023-04-07
http://orcid.org/0000-0002-1638-7751
https://doi.org/10.1039/d3ra00693j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00693j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013016


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

1:
06

:1
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
occurrence and development of tumors.25 For example, hyal-
uronidase (HAase) is demonstrated with high expression levels
in larynx cancer, bladder cancer, neck squamous cell, carci-
noma cells, breast tumor, and liver cancer cells.26–31 Thus,
HAase overexpressed in cancer cells provide the basis for the
targeted delivery of anticancer drugs. Besides, HAase plays an
important role in the degradation of hyaluronic acid (HA),
which is a glycosaminoglycan with the advantages of good
biocompatibility and biodegradability, low toxicity, and non-
immunogenicity.32–34 HA receptors, CD44 and RHAMM, are
highly expressed on the surface of many cancer cells, such as
breast, lung, colon, and liver cancers.35–38 Accordingly, it is
reasonable to assume that the HAase-based enzyme-responsive
DDS is capable of specically depolymerizing HA-containing
nanoparticles and is expected to be a model for precisely tar-
geted delivery antitumor drugs. For example, Kim et al.
designed HA stimuli-responsive nanoparticles by graed 3-
diethylaminopropyl (DEAP) to the carboxylic acid groups of
HA.39 The nanoparticles not only are destabilized at an acidic
pH but also can efficiently degrade in HAase-rich endosomes.
Raju et al. prepared HAase-responsive nanoparticles by coating
the surface of PEI-Au/Fe nanoparticles with HA.40 The nano-
particles as intracellular transport carriers of ADAM10 siRNA
can effectively inhibit the growth of prostate cancer cells.

Supramolecular nanocarriers are constructed based on non-
covalent interactions such as electrostatic forces, hydrogen
bonds, van derWaals forces, etc.41,42 They have the advantages of
a simple construction process, easy functionalization, and do
not depend on too many organic reagents, which is one of the
important branches of stimulus-responsive DDS.43,44 Cyclodex-
trins (CDs) is a naturally occurring, non-toxic, biodegradable
Fig. 1 Schematic diagram of the formation and the enzyme-responsive

© 2023 The Author(s). Published by the Royal Society of Chemistry
cyclic oligosaccharide that is used to form supramolecular
nanocarriers for various drug delivery systems.45–48 For example,
Bai et al. prepared supramolecular self-assemblies by graing b-
CD onto the HA backbone to achieve drug-targeted delivery.49

Singh et al. graed b-CD onto HA to generate a supramolecular
polymer (HA-b-CD) and explored its targeted drug delivery
applications.50 Although those nanocarriers exhibit good
biocompatibility, high drug loading capacity, targeted drug
delivery, and controlled release properties, the construction of
HAase-responsive nanocarriers is generally a tedious and time-
consuming process, i.e., the nanocarriers are not easily
destroyed due to HA was graed onto the nanocarriers by
covalent interaction, resulting to limit the development of such
nanocarriers for tumor therapy. Therefore, a simple combina-
tion of HA with nanocarriers would be an ideal vector for
precision-targeted delivery antitumor drugs.

In this study, HA and per-6-deoxy-6-(1-methylimidazol-3-
ium-3-yl)-b-CD ((MI)7-b-CD) were chosen as the targeted agent
and building block, respectively. The HAase-responsive supra-
molecular nanocarriers, named HA/(MI)7-b-CD NCs, were
prepared based on the electrostatic interaction between nega-
tively charged HA and positively charged (MI)7-b-CD as shown in
Fig. 1. The preparation method possessed some advantages
including easy preparation, cheap preparation cost, and short
preparation time. HA/(MI)7-b-CD NCs showed disassembly
properties under HAase stimuli, which was utilized to trap,
deliver, and controllable the release of anti-liver cancer
compound CSL. Furthermore, cytotoxicity assay experiments
revealed that CSL-trapped HA/(MI)7-b-CD NCs not only reduced
cytotoxicity for normal cells but also presented an effective
therapeutic effect for ve tumor cells, and even the apoptotic
behavior of CSL-trapped HA/(MI)7-b-CD NCs.

RSC Adv., 2023, 13, 11160–11170 | 11161
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effect of CSL-trapped NCs with a concentration of 5 mg mL−1 on
tumor cells (SMMC-7721) was consistent with free CSL. Cell
uptake experiments demonstrated that CSL-trapped NCs were
more easily taken up by cancer cells than free drugs, which
greatly increased the concentration of drugs in cancer cells. The
HAase-responsive nanocarrier exhibited the site-specic and
controllable release of the anti-liver cancer drug, whichmakes it
have potential applications in liver cancer therapy.

2 Experimental sections
2.1 Materials

b-CD, iodine, 1-methylimidazole, triphenylphosphine (PPh3),
methanol, and sodium methoxide were obtained from Adamas
company. Hyaluronidase was obtained from TCL corporation.
Lysozyme (LZM) was purchased from Sigma-Aldrich. b-CD
purchased from International Group Chemical Reagents.
Celastrol (CSL) was acquired from Chengdu Manster Biotech-
nology Co. Hyaluronan was provided from Shanghai Yuanye
Biotechnology Co., LTD.

2.1.1 Synthesis of per-6-deoxy-6-iodo-b-CD. Per-6-deoxy-6-
iodo-b-CD was synthesized according to previous ref. 51. Firstly,
triphenylphosphine (PPh3) (24.0 g) and solid iodine (24.5 g)
were resolved into the anhydrous DMF. The iodine solution was
then slowly dropped into PPh3. The mixture solutions were kept
stirred and increased to 50 °C for 10 minutes. Then b-CD (5.8 g)
was added to the mixture under nitrogen protection. The
temperature of the reaction was kept for 18 h. Finally, 6-deoxy-6-
iodine-b-CD with a yield of 31.95% was obtained aer cooling,
rotary evaporation, methanol washing, and vacuum suction
lter. 1H NMR (DMSO-d6, 500 MHz, dppm): 3.23–3.47 (m, 21H),
3.54–3.69 (m, 14H), 3.72–3.89 (d, 7H), 4.92–5.04 (d, 7H), 5.86–
5.98 (d, 7H), 6.01–6.12 (d, 7H).

2.1.2 Synthesis of per-6-deoxy-6-(1-methylimidazol-3-ium-
3-yl)-b-CD. Per-6-deoxy-6-(1-methylimidazol-3-ium-3-yl)-b-CD
((MI)7-b-CD) was synthesized based on previous report,51 and
the resultant roadmap is provided in Fig. S1.† Per-6-deoxy-6-
iodo-b-CD (2.0 g) was dissolved in methylimidazole (10.0 mL)
under nitrogen gas protection at a temperature of 80 °C. The
mixture was stirred continuously for 48 hours and then poured
into acetone (100.0 mL) to obtain a white precipitate. The
precipitate was ltered, washed with acetone, recrystallized in
deionized water, and dried under vacuum to obtain (MI)7-b-CD
with a yield of 32.1%. The 1H NMR is shown in Fig. S2.† 1H NMR
(D2O-d2, 500 MHz, dppm): 3.29–3.41 (t, 1H), 3.49–3.58 (d, 1H),
3.73–3.84 (s, 3H), 3.90–4.02 (t, 1H), 4.07–4.55 (m, 3H), 5.01–5.09
(s, 1H), 7.40–7.55 (s, 2H).

2.1.3 Preparation of HA/(MI)7-b-CD NCs. Supramolecular
nanoparticles were prepared by the homogeneous method. HA
and (MI)7-b-CD aqueous solutions were mixed and stood for 1 h
at room temperature. The nal concentrations of HA and (MI)7-
b-CD were 20.00 mg mL−1 and 14.73 mg mL−1, respectively.

2.1.4 Preparation of CSL-trapped HA/(MI)7-b-CD NCs. A
certain amount of HA, (MI)7-b-CD and CSL solution were mixed,
and the volume was xed to 25.0 mL in distilled water to obtain
CSL-trapped NCs. The nal concentrations of CSL, HA, and
(MI)7-b-CD were 45.06 mg mL−1, 20.00 mg mL−1, and 14.73 mg
11162 | RSC Adv., 2023, 13, 11160–11170
mL−1, respectively. CSL not trapped by HA/(MI)7-b-CD NCs was
removed by a 3500 Da dialysis bag.

2.2 Characterization of HA/(MI)7-b-CD NCs

2.2.1 UV-vis spectroscopy. The solution to be tested was
poured into a quartz cell with a 10 mm optical path and the
wavelength range was controlled from 190 to 825 nm at room
temperature. The absorbance and transmittance were recorded
by Shimadzu UV-3600.

2.2.2 X-ray diffraction (XRD).HA, (MI)7-b-CD and HA/(MI)7-
b-CD NCs were tested by Dandong DX-2700 diffractometer at
a scan rate of 5° min−1, with a scan step of 2q= 0.02° and a scan
range of 5–60°.

2.2.3 Transmission electron microscopy (TEM). The
transmission electronmicroscope images of nanocarriers, drug-
trapped nanocarriers, and depolymerized nanocarriers were
measured by JEM-1400 Flash transmission electron microscope
at an accelerating voltage of 120 keV.

2.2.4 Dynamic light scattering (DLS). The average particle
size of nanocarriers and drug-trapped nanocarriers was ob-
tained by using a laser scattering spectrometer with a scattering
angle of 90° and the average values were measured for three
tests.

2.2.5 Zeta potential measurements. The zeta potentials of
nanocarriers and drug-trapped nanocarriers were measured by
the Malvern-Zetasizer Nano ZS 90 instrument. During the test,
deionized water was used as the background and the average
value of three tests was taken as the zeta potential value of the
sample.

2.2.6 Fourier transform infrared spectrometry (FT-IR). HA,
(MI)7-b-CD and HA/(MI)7-b-CD were mixed with KBr and
pressed respectively to obtain the samples to be tested. The
transmittance of each sample was measured by FT-IR in the
range of 4000–400 cm−1 (tensor 27; Bruker, Germany).

2.3 Calculation of loading efficiency (LE) and encapsulation
efficiency (EE)

Standard curves were drawn aer the CSL was dissolved in
ethanol and measured with UV-vis at 425 nm.

Loading efficiency and encapsulation efficiency were calcu-
lated by the following eqn (1) and (2), respectively.52

LE% = {mo/(mc + mo)} × 100% (1)

EE% = (mo/mD) × 100% (2)

mo is the mass aer encapsulating drugs in the nanocarriers;
mD is the total mass of drugs;mc is the mass of the nanocarriers.

2.4 Release studies of CSL from HA/(MI)7-b-CD NCs

The drug release behavior of CSL-trapped HA/(MI)7-b-CD NCs in
response to enzyme stimulation was studied by adding different
enzyme solutions. Dialysis bags with molecular weight trun-
cated 3500 Da were immersed in deionized water for 72 h in
advance. To simulate the tumor environment, the buffer solu-
tions (pH = 7.4 and 5) were used as drug release medium, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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kept stirred for 1 h at 37 °C. 4.0 mL solution was removed from
the dialysis bags and relled with the same volume of buffer at
regular intervals. The absorbance curve of the removed solution
was measured by UV-vis spectra and the cumulative release rate
of CSL was calculated by eqn (3).14

W% = (mt/mo) × 100% (3)

mt is drug amount of the CSL-trapped NCs aer dialysis; mo is
drug amount of initial solution before dialysis.

2.5 Cytotoxicity assay of CSL-trapped HA/(MI)7-b-CD NCs

The cytotoxicity of nanocarriers, CSL-trapped NCs, and free CSL
was detected by MTS assay. In short, ve strains of tumor cells
(liver cancer SMMC-7721, colon cancer SW480, leukemia HL-60,
breast cancer MCF-7, and lung cancer A-549 cell) and human
normal BEAS-2B cells were added to DMEMmedium containing
10% FBS, and various cells lines were seeded into 96-well plates
(3000 ∼ per well). The prepared cell solution was incubated at
37 °C with 5% CO2 for 48 h. The drug-trapped nanocarriers,
nanocarriers, and free CSL were dissolved in DMSO to make
different concentration solutions (0.10, 1.00, and 5.00 mg mL−1).
Different concentrations of solution were added to each cell
culture medium and incubated for 48 h. Then 20.0 mL MTS
solution and 100 mL culture medium were added to each well
and incubate for another 4 h. The absorbance of each sample
was recorded at 492 nm with a Multiskan FC microplate reader.
The cell growth curve was drawn with a cell survival rate as
ordinate and concentration as abscissa, and the IC50 value of
the compound was calculated by the two-point method.

2.6 Cell apoptosis analysis

PE Annexin V/7-AAD labeled with uorescein was used as the
uorescent probe and ow cytometry was used to detect the
apoptosis-inducing effects of CSL-trapped NCs and CSL on tumor
cells (SMMC-7721). Liver cancer cells were inoculated and
cultured in DMEM for 24 h. CSL-trapped NCs and CSL were dis-
solved in DMSO to make samples of different concentrations.
Tumor cells in the logarithmic growth stage were seeded into 6-
well plates (3× 105 cells per well), and a certain amount of sample
was added to each well. 1 mMDOXwas used as the positive control
group. Aer 24 h of incubation, the cells were collected and
centrifuged for 5 minutes (300 RPM per min), and the superna-
tant was discarded. Then 5.0 mL of PE Annexin V and 5 mL of 7-
AAD were added to the solution, mixed well, and incubated for 15
minutes at room temperature in the dark. The stained cell
samples were immediately analyzed by ow cytometry.

2.7 Cellular uptake

The cell uptake of CSL-trapped NCs was studied in SMMC-7721
cells. Rhodamine-B was used instead of non-uorescent CSL.
The preparation of Rhodamine B-trapped NCs was similar to
that of CSL-trapped NCs described above. Aer incubation with
free Rhodamine-B and Rhodamine B-trapped NCs for 4 h, the
SMMC-7721 cells were photographed by laser scanning confocal
microscope (LSM880, ZEISS).
© 2023 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1 Preparation of HA/(MI)7-b-CD NCs

The preparation process of the designed nanocarriers was per-
formed by adding (MI)7-b-CD in HA aqueous solution. As shown
in Fig. S3,† the mixture solution containing cationic (MI)7-b-CD
and anionic HA showed a noticeable Tyndall effect and reduced
transmittance, indicating aggregates formed between (MI)7-b-
CD and HA. Note that no Tyndall effects were observed aer
replacing (MI)7-b-CD with neutral b-CD, which suggested that
the electrostatic interaction may play a dominant role in the
formation of the aggregates. To study the critical aggregation
concentration (CAC) between (MI)7-b-CD and HA, the various
concentration of (MI)7-b-CD were added into HA solution (30.00
mg mL−1). The optical transmittance at 450 nm of HA showed
mildly change when the concentration of (MI)7-b-CD rose from
0 to 14.25 mg mL−1, while having a rapid downward trend with
(MI)7-b-CD concentration increasing from 14.25 to 18.21 mg
mL−1, indicating the CAC of (MI)7-b-CD was 14.25 mg mL−1 (see
in Fig. S4a and b†). Furthermore, the optimal concentration
between HA and (MI)7-b-CD was tested by adding the different
concentrations of HA into (MI)7-b-CD solution (14.73 mg mL−1).
The optical transmittance at 450 nm of the mixed solution
showed a downward trend with the concentration of HA
increasing from 0.00 to 20.00 mg mL−1, then rising, and even-
tually reaching a plateau with the concentration of HA
increasing from 20.00 to 110.00 mg mL−1, suggesting the
optimum mixing concentration between (MI)7-b-CD and HA w
14.73 mg mL−1 and 20.00 mg mL−1, respectively (see in Fig. S4c
and d†). The possible causes of decreased transmittance can be
illustrated in that the aggregates were formed based on elec-
trostatic interaction when HA and (MI)7-b-CD were reaching the
optimum mixing concentration. The reason that the optical
transmittance enhanced with adding extra HA in (MI)7-b-CD
solution could be summed up as that HA enters into the cavity
of (MI)7-b-CD, which leads to the disassembly of the polymer.

The structure and phase morphology of the nanocarriers
were characterized by DLS, TEM, zeta potential, XRD, and FT-IR
respectively. The DLS results illustrated that the HA/(MI)7-b-CD
NCs exhibited a narrow particle size distribution with an
average hydrodynamic diameter of ∼104 nm, and the PDI index
was 0.207 (see Fig. 2a). TEM images showed a spherical shape
with a diameter of about 100 nm, which was approximately
identical to the DLS (see Fig. 2b). As is shown in Fig. 2c, the zeta
potential of the HA/(MI)7-b-CD NCs was close to −18.0 mV,
suggesting the anionic charge HA was exposed on the surface of
the assembly. As is shown in Fig. 2d, XRD patterns of the
nanocarriers exhibited sharp and enhanced diffraction peaks at
2q = 28.35°, 31.69°, 45.40°, and 56.46° compared with the
individual (MI)7-b-CD and HA. In the analysis of FT-IR, HA at
3403, 2902, 1614, 1411, and 1041 cm−1 showed strong charac-
teristic absorption peaks from stretching vibration of –OH, –C–
H, –COO− and –C–O, respectively. (MI)7-b-CD in 3393 (hydroxyl
stretching vibration of CD), 3083 (C–H stretching vibration in
imidazole ring), 1634 (C]N stretching vibration), 1572 and
1421 (C]C stretching vibration), 1045 cm−1 (C–O stretching
RSC Adv., 2023, 13, 11160–11170 | 11163
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Fig. 2 The DLS diagram (a), TEM image (b), zeta potential (c), XRD patterns (d) of HA/(MI)7-b-CDNCsweremeasured at 25 °C, [HA]= 20 mgmL−1,
[(MI)7-b-CD] = 14.73 mg mL−1.
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vibration of CD). Compared with the FT-IR spectrum of HA and
(MI)7-b-CD, the absorption peak at 1411 and 1634 cm−1 moved
to 1417 and 1644 cm−1, possibly due to the electrostatic inter-
action between HA and (MI)7-b-CD (see Fig. S5†). The above
results indicated that HA/(MI)7-b-CD NCs have been success-
fully prepared. Moreover, the optical transmittance of the
nanocarriers with the various time and temperatures showed
unobvious changes, suggesting HA/(MI)7-b-CD NCs possessed
good stability (see Fig. S6a and b†).
3.2 Enzyme-responsive property of HA/(MI)7-b-CD NCs

Due to HA being the building block of HA/(MI)7-b-CD NCs, we
expected HA/(MI)7-b-CD NCs could respond to hyaluronidase
(HAase) specically. The enzyme-responsive of HA/(MI)7-b-CD
NCs was investigated by recording the optical transmittance of
HA/(MI)7-b-CD NCs solution aer adding HAase, lysozyme
(LZM), and denatured HAase. This is shown in Fig. 3, the optical
transmittance of HA/(MI)7-b-CD NCs enhanced from 77.25% to
91.46% with adding HAase for 1 h at 25 °C, while showed
negligible changes aer adding LZM and denatured HAase,
indicated the HAase-induced specic disassemble ability of HA/
(MI)7-b-CD NCs. TEM images were used to trace the disassembly
processes. As shown in Fig. S7a,† no spherical particles were
observed aer adding HAase for 1 h at 25 °C. The reason that
11164 | RSC Adv., 2023, 13, 11160–11170
HA/(MI)7-b-CD NCs disassembled could be attributed to the HA
chains being cleaved into small fragments by HAase, leading to
the increase of water solubility. Moreover, the disassembly rate
of HA/(MI)7-b-CD NCs was studied by recording the optical
transmittance by adding HAase into HA/(MI)7-b-CD NCs solu-
tion and maintaining the various culture time (Fig. S7b†). The
optical transmittance of HA/(MI)7-b-CD NCs solution increased
from 79% to 87% and 93% in 0.5 and 1 h, respectively, sug-
gesting HA/(MI)7-b-CD NCs could respond to HAase rapidly.
Thus, the HAase-responsive properties of HA/(MI)7-b-CD NCs
were the basis for achieving controlled drug release.
3.3 Drug loaded and HAase-induced release behavior studies

The HAase-induced disassembly of HA/(MI)7-b-CD NCs
provided a potential pathway for the release of the antitumor
drug CSL. The loading and release properties of HA/(MI)7-b-CD
NCs were investigated by recording UV-vis curves. As shown in
Fig. 4a, CSL-trapped HA/(MI)7-b-CD NCs showed the enhanced
characteristic absorption peak, revealing that CSL was
successfully loaded into HA/(MI)7-b-CD NCs. Meanwhile, the
dynamic light scattering (DLS) and transmission electron
microscopy (TEM) indicated that the average diameter of the
CSL-trapped NCs was signicantly larger than those of CSL-
untrapped NCs (see Fig. 4b and c). DLS showed that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The enzymes-responsive performance of HA/(MI)7-b-CD NCs. (a) Optical transmittance curves of HA/(MI)7-b-CD NCs solution were
obtained by adding HAase, denatured HAase, and LZM at 25 °C for 1 h. (b) The relationship of the transmittance changes at 450 nm in (a) versus
the enzyme type. [HA] = 20 mg mL−1, [(MI)7-b-CD] = 14.73 mg mL−1, [HAase] = 5 mg mL−1 and [LZM] = 5 mg mL−1.

Fig. 4 The characterization of CSL-trapped HA/(MI)7-b-CD NCs, UV-vis absorption curves (a), DLS results (b), TEM image (c), and zeta potential
(d).
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particle size of CSL-trapped NCs was about 259 nm, and the PDI
index was 0.289. TEM showed that the particle size was
consistent with that of DLS. The reason can be attributed to the
fact that CSL was captured inside HA/(MI)7-b-CD NCs, which in
turn occupies part of the space of HA/(MI)7-b-CD NCs, resulting
in an increased diameter. The zeta potential of CSL-trapped HA/
(MI)7-b-CD NCs decreased from −18.0 to −20.1 mV contrasting
with HA/(MI)7-b-CD NCs, which may be due to the partially
negatively charged CSL located on the surface of HA/(MI)7-b-CD
© 2023 The Author(s). Published by the Royal Society of Chemistry
NCs. The stability of CSL-trapped NCs was characterized by
continuously recording the UV-vis absorbance curves for 16 h.
As shown in Fig. S8,† no signicant absorbance changes were
observed showing that CSL-trapped NCs can exist stably at room
temperature. In short, the above results proved that CSL was
successfully trapped in HA/(MI)7-b-CD NCs.

The encapsulation efficiency (EE%) and loading efficiency
(LE%) of HA/(MI)7-b-CD NCs on CSL were calculated according
to formulas (1) and (2) and the standard curve of drugs. The
RSC Adv., 2023, 13, 11160–11170 | 11165
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Fig. 5 (a) UV-vis absorbance curves of CSL-trapped HA/(MI)7-b-CD NCs at various times after adding HAase under pH5. (b) The release rate was
obtained after treating CSL-trapped NCs solution with HAase at pH of 5.0 and 7.4 for 72 h.
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LE% and EE% of HA/(MI)7-b-CD NCs on CSL were 25% and
33.42%, respectively, which indicate HA/(MI)7-b-CD NCs could
be used as a drug delivery system.

The release behavior of CSL-trapped HA/(MI)7-b-CD NCs was
studied by recording the absorbance changes within 72 h under
different conditions (pH, enzyme). As shown in Fig. 5a, when
pH was 5 and HAase was added, the absorbance curves
decreased gradually with treatment time, indicating pH and
HAase triggered the depolymerization of CSL-trapped NCs, as
well as led to the release of CSL. Furthermore, the above results
were compared with the absorbance of CSL-trapped NCs in
different environments (pH 7.4 with HAase, pH 5, and pH 7.4).
The pictures were displayed in Fig. S9a–c,† and the drug release
rate were calculated. As depicted in Fig. 5b. In addition, in order
to better simulate the tumor environment, it was found that the
release rate of CSL increased to 86.82% when pH was set at 5.0
and HAase was present. Compared with pH 7.4, the release rate
was slightly increased, indicating that the drug release behavior
of the nanocarriers was mainly controlled by HAase. The results
indicated that CSL-trapped NCs possessed HAase-triggered
release properties, which enabled the release of CSL at the
HAase overexpression site.
3.4 Cytotoxicity assay

The cytotoxicity activity and antitumor efficiency of CSL-trapped
HA/(MI)7-b-CD NCs against ve human cancer cell lines (SMMC-
Table 1 The cytotoxicity of CSL, HA/(MI)7-b-CD NCs and CSL-trapped
normal cells BEAS-2B

Compounds

IC50 � SD (mg L−1)

HL-60 A549 SMMC

HA/(MI)7-b-CD NCs 41.850 � 0.780 45.360 � 0.901 45.077
CSL-trapped NCs 0.851 � 0.090 0.833 � 0.068 0.359
CSL 0.201 � 0.011 0.387 � 0.012 0.072
Cisplatin 8.245 � 0.306 25.630 � 0.530 16.830
Taxol <0.008 <0.008 0.558

11166 | RSC Adv., 2023, 13, 11160–11170
7721, SW480, HL-60, MCF-7, and A-549 cells) and normal lung
human epithelial cells (BEAS-2B) were researched by MTT
assay.53 Cisplatin and Taxol were used as control groups. As
shown in Table 1, HA/(MI)7-b-CD NCs showed IC50 of∼41–65 mg
L−1 for ve tumor cells and∼45 mg L−1 for normal cells, proving
that the NCs showed no obvious toxicity to normal cells and
cancer cells. IC50 value of some cancer cells (MCF-7, SW480) was
slightly higher than that of normal cells, which might be caused
by the intrinsic drug resistance of cancer cells.54,55 CSL-trapped
NCs and free CSL displayed higher cytotoxicity to the ve tumor
cells compared to cisplatin, suggesting that both CSL-trapped
NCs and free CSL can effectively inhibit the growth of tumor
cells. The overall antitumor activity of CSL-trapped NCs against
tumor cells was lower than that of free CSL. The possible reason
is that the content of CSL trapped in HA/(MI)7-b-CD NCs is lower
than free CSL in the samemass of the sample. The above results
demonstrated that CSL-trapped HA/(MI)7-b-CD NCs showed
favorable performance in inhibiting cancer cells, as well as low
toxicity to normal cells, which exhibited great promise in the
treatment of cancer.
3.5 Cell apoptosis analysis

Since CSL-trapped NCs exhibited good toxicity to liver cancer
cells SMMC-7721, we chose SMMC-7721 as model cells to
investigate the apoptosis rate of CSL-trapped NCs. Apoptosis
les of SMMC-7721 were investigated by PE Annexin V-APC/7-
NCs, cisplatin and Taxol against five human cancer cell lines and the

-7721 MCF-7 SW480 BEAS-2B

� 0.823 65.493 � 0.785 64.636 � 0.898 44.340 � 0.820
� 0.005 3.040 � 0.037 1.973 � 0.037 1.864 � 0.043
� 0.006 1.071 � 0.093 0.435 � 0.038 0.379 � 0.004
� 0.660 20.000 � 1.140 22.250 � 0.190 >40

� 0.030 <0.008 <0.008 1.833 � 0.090

© 2023 The Author(s). Published by the Royal Society of Chemistry
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AAD double staining assay with incubating SMMC-7721 with
various concentrations of free CSL and CSL-trapped NCs. As
shown in Fig. 6, the apoptosis rate showed a concentration-
dependent relationship, i.e., it increased from 17.29% to
94.40% and 96.50% for free CSL, and from 14.23% to 36.30%
and 94.90% for CSL-trapped NCs with the concentration of free
CSL and CSL-trapped NCs increasing from 0.1 mg mL−1 to 5 mg
Fig. 6 The apoptotic activity for treating SMMC-7721 cells with different c
mL−1, 1 mg mL−1, and 5 mg mL−1) for 24 h. Graphics are divided into fo
apoptotic cells, and (Q4) live cells.

© 2023 The Author(s). Published by the Royal Society of Chemistry
mL−1. Notably, when the concentration of CSL-trapped NCs was
5 mg mL−1, the apoptosis rate was similar to that of free CSL
even though the CSL content in the CSL-trapped NCs was lower
than that of free CSL. The reason could be attributable to the
ability of nanocarriers to targeted delivery CSL compared with
free CSL, resulting in an increased cumulative concentration of
CSL in SMMC-7721 cells.
oncentrations of free CSL and CSL-trapped HA/(MI)7-b-CDNCs (0.1 mg
ur quadrants: (Q1) necrosis cells, (Q2) late apoptotic cells, (Q3) early
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Fig. 7 Laser scanning confocal microscope images of SMMC-7721 cells at 200× and 630× magnification after incubating with Rhodamine-B-
trapped NCs and free Rhodamine-B for 4 h, respectively (the scale is 50 mm and 10 mm, and [Rhodamine-B-trapped NCs] = 5 mg mL−1,
[Rhodamine-B] = 5 mg mL−1).
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3.6 Cellular uptake

To evaluate the feasibility of targeted delivery of HA/(MI)7-b-CD
NCs, we replaced non-uorescent CSL with Rhodamine-B and
selected CD44 receptor overexpressed tumor cells SMMC-7721
for cell uptake studies. As shown in Fig. 7, aer the sample
was incubated with the SMMC-7721 cells for 4 hours, red uo-
rescence appeared in the cells, and the uorescence intensity of
Rhodamine B-trapped NCs was signicantly higher than that of
free Rhodamine B, which indicated that the NCs had a highly
specic binding ability to CD44 receptors and were internalized
through receptor-mediated endocytosis. Therefore, the HA/
(MI)7-b-CD NCs could accurately transport drugs into SMMC-
7721 cells and effectively increase the cumulative concentra-
tion of drugs in the cells.
4 Conclusion

In conclusion, we designed and synthesized HAase-responsive
supramolecular nanocarriers, HA/(MI)7-b-CD NCs, based on
electrostatic interaction between negatively charged HA and
positively charged (MI)7-b-CD. HA/(MI)7-b-CD NCs exhibit rapid
depolymerization behavior in the presence of HAase, which was
used as a nanocarrier for the capture, delivery, and release of
the anti-hepatocellular carcinoma drug CSL. In cellular experi-
ments, CSL-trapped NCs not only reduced cytotoxicity for
normal cells but also showed good performance in therapeutic
effect for ve tumor cells. Furthermore, when SMMC-7721 cells
were treated with CSL-trapped NCs and free CSL at a concen-
tration of 5 mg mL−1, respectively, CSL-trapped NCs exhibited
11168 | RSC Adv., 2023, 13, 11160–11170
apoptotic rates similar to those of free CSL. The above results
suggested that CSL-trapped HA/(MI)7-b-CD NCs may be poten-
tially useful in the eld of anti-liver cancer drug targeting
delivery.
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