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An enzyme-responsive polysaccharide supramolecular targeted nanoassembly was successfully
constructed by the host-guest complexation of positively charged mono-(6-(tetraethylenepent-
amine)-6-deoxy)-p-cyclodextrin (TEPA-CD) with adamantane-grafted hyaluronic acid (HA-ADA).
Possessing a series of positively charged polyamine chains, the obtained polysaccharide nanoassembly
could serve as a biocompatible plasmid DNA (pDNA) container. More interestingly, the pDNA could be
released from the nanoassembly through the enzymatic degradation of HA skeleton, which realized the
controlled pDNA binding and release. Besides, the polysaccharide nanoassembly exhibited lower
cytotoxicity than the commercial transfection reagents 25 kDa bPEI (PEl;sy), accompanied by similar
gene delivery effect. We believe that this work might present a convenient method for targeted,
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Genetic engineering is a process of introducing nucleic acids to
modulate specific protein expression, which has fueled tremen-
dous interest in the biomedical fields [1,2]. To date, although some
non-viral gene delivery systems based on polymer nanoparticles,
dendrimers, mesoporous silica nanoparticles, liposomes, and core-
shell nanoparticles have presented promising alternatives to viral
vehicles [3-10], there still exist several challenges in constructing
these systems, such as complicated synthetic procedure, poor
aqueous solubility, high toxicity, lack of specificity, and insufficient
gene release [11-15]. Therefore, far more efficient gene vehicles are
still in imperative demand. In this regard, supramolecular
chemistry exhibits great potential [16-21]. Among the represen-
tative macrocyclic molecules, such as cyclodextrins (CDs), are a
popular class of biocompatible artificial receptors with a hydro-
philic external periphery and a well-defined hydrophobic hollow
cavity that can selectively bind a variety of guest species [22-29].
On the other hand, hyaluronic acid (HA), a sort of water-soluble
biocompatible and biodegradable polysaccharide with specific
recognition ability toward cancer cells, which could be used as the
targeting agent and building block for the construction of targeted
drug/gene delivery system [30-34]. Previously, we developed a
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pH-responsive and targeted polysaccharide conjugate based on the
boronate linkage of gluconamide-grafted HA with anticancer drug
bortezomib, which could exhibit targeted drug release behaviors at
acidic pH and possess lower cytotoxicity and a higher inhibition
effect toward cancer cells [35]. Chen et al. reported a platform for
siRNA delivery by Zn"—dipicolylamine complexes functionalized
HA nanoconjugate, which has a high affinity for siRNA and targeted
delivery it into cancer cells, demonstrating a safe and efficient
vector for targeted gene therapy [36].

Recently, grafting CDs/adamantane onto HA backbone has
attracted much attention from supramolecular chemists. For
instance, Liu et al. developed a photocontrolled supramolecular
nanoassembly for targeted delivery of siRNA, which was success-
fully constructed from a-cyclodextrin modified HA and a cationic
azobenzene-modified diphenylalanine derivative, demonstrating
this strategy has great potential to be an attractive one for targeted,
controlled gene delivery [37]. The incorporation of supramolecular
host-guest interactions with cell-specific polysaccharide building
blocks confer several practical superiorities [38,39]. Firstly, the
grafting of HA could be achieved by facile modification, and the
supramolecular host-guest interactions provide a facile and easy
strategy to construct assembly, which could avoid complicated
synthesis and purification process [40,41]. Besides, the targeting
ligands could selectively deliver the system to tumor cells, which
could improve therapeutic efficiency and decrease side effects
[42,43]. Also, owing to the biocompatible polysaccharide skeleton

1001-8417/© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



Y. Zhang, L. Wang, J. Wang et al.

in HA, the release of drug/gene could be readily achieved by the
enzymatic degradation with hyaluronidase (HAase) [44-46]. Thus,
this strategy may have potential application in gene therapy.

In this work, the adamantane-grafted HA (HA-ADA) was
intermolecularly connected with the mono-(6-(tetraethylenepent-
amine)-6-deoxy)-p-cyclodextrin (TEPA-CD) to construct an en-
zyme-responsive polysaccharide nanoassembly HA-ADA/TEPA-CD,
which could be utilized as a functional nanocarrier to encapsulate
plasmid DNA (pDNA) (Scheme 1). Subsequently, benefiting from
the biocompatible HA skeleton, the gene could be released through
the enzymatic degradation. The constructed nanoassembly pos-
sesses some inherent characteristics as (1) the introduction of HA
and p-CD could efficiently increase the water solubility and
biocompatibility, (2) the nanoassembly could enrich the poly-
amine chains together and facilitate the interaction with DNA, thus
leading to the improvement of DNA encapsulation, (3) HA-HAase
pair were successfully applied in the construction of enzyme-
responsive nanoassembly, controllable pDNA binding and release
could be realized [47-49]. Consequently, the enzyme-responsive
polysaccharide supramolecular nanoassembly could be utilized as
a convenient platform for controlled gene delivery.

All chemicals were reagent grade unless noted otherwise.
Sodium hyaluronate (Mw 550kDa) were purchased from
commercial sources. Hyaluronic acid was prepared by treating
sodium hyaluronate with cation exchange resin. Adamantane-
grafted hyaluronic acid (HA-ADA) was synthesized according to the
reported method [50], mono-(6-(tetraethylenepentamine)-6-de-
oxy)-p-cyclodextrin (TEPA-CD) was synthesized according to the
reported method [51]. 293 T human embryonic kidney cell line was
obtained from China Infrastructure of Cell Line Resource.

The absorbance spectra were recorded in a conventional quartz
cell (light path 10 mm) by using UV-vis spectrophotometer (U-
2900, Hitachi). TEM images were acquired by a FEI Tecnai G2 F20
transmission electron microscope. The samples were prepared by
placing a drop of solution onto a carbon-coated copper grid and air-
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dried. The SEM images were recorded on a JSM-6700F scanning
electronic microscope. The DLS and zeta potential were recorded
on Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd.,
Worcestershire, UK). The zeta potential were examined on
NanoBrook 173Plus at 25°C. Gel electrophoresis experiments
were measured on a 1% (w/v) agarose gel at 60V for 45 min and
photographed using a UV transilluminator and WD-9415B gel
documentation system (Beijing Liuyi Instrument Factory, China).
The confocal laser scanning microscopy was performed on a
fluorescence inverted microscope (Zeiss LSM 800).

HA-ADA (9.75 mg), TEPA-CD (6.53 mg) were dissolved in 5 mL
deionized water, then the solution was ultrasonicated for 10 min.
The resulting solution was stored at 4°C.

The controlled condensation ability of polysaccharide nano-
assembly to pDNA was measured by evaluating the electrophoretic
mobility on agarose gel at different N/P ratios. The gel electropho-
resis experiments were performed in TAE (0.04 mol/L Tris,
0.02 mol/L acetic acid, and 2.0 mmol/L EDTA) buffer at 25°C. After
samples loading and electrophoresis process, pDNA bands were
stained in Gen Green solution and were photographed using UV
light at 302 nm.

293T human embryonic kidney cell line was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS). 293 T cells were seeded in 96-well
plates (5 x 10% cells/mL, 100 L per well) for 24 h, then the cells
were incubated with HA-ADA, TEPA-CD, HA-ADA/TEPA-CD and
PEl,s5 at different concentrations for 48 h, respectively. The relative
cellular viability was determined by MTT assay. All data were
presented as the mean =+ standard deviation.

293 Tcells were cultured in 6-well plates (5 x 10% cells/mL, 2 mL
per well) for 24 h at 37 °Cin 5% CO,. The cells incubated with TEPA-
CD@pDNA, HA-ADA/TEPA-CD@pDNA and PEl,5c@pDNA for 6h,
and then the medium in each well was replaced with fresh
medium. The cells were further incubated for 42 h, and then the
cells were washed with PBS buffer for three times. After that the

Scheme 1. Construction of the enzyme-responsive HA-ADA/TEPA-CD polysaccharide nanoassembly.
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cells were fixed with 4% paraformaldehyde for 15min, then
observed by a confocal laser scanning microscope (Aex = 480 nm).

Owing to the large association constant and high reliability of
the interactions between adamantane and p-cyclodextrin, the
enzyme-responsive polysaccharide supramolecular nanoassembly
(HA-ADA/TEPA-CD) was constructed by simply mixing the aqueous
solutions of HA-ADA and TEPA-CD together. The critical aggrega-
tion concentration of the nanoassembly was measured by
monitoring the dependence of optical transmittance at 400 nm
upon increasing nanoassembly concentration from 2 pmol/L to
35 wmol/L, an inflection point at 6 umol/L was observed due to the
formation of a large-sized nanoassembly (Fig. S1 in Supporting
information). The size and morphology of the enzyme-responsive
polysaccharide nanoassembly comes from the transmission
electron microscopy (TEM), scanning electron microscopy (SEM),
dynamic light scattering (DLS), and zeta potential experiments. As
shown in Fig. 1a, the nanoassembly existed as homogeneous
spherical nanoparticles with an average diameter of ca. 110 nm was
observed in TEM image, and the SEM image (Fig. 1b) also showed
about 110 nm spherical nanoparticles with homogeneous disper-
sity, which was also suitable for passive tumor targeting via the
enhanced permeability and retention (EPR) effect [52]. Moreover,
the results of DLS experiments (Fig. 1c) gave a hydrodynamic
diameter of HA-ADA/TEPA-CD nanoassembly as ca. 140 nm with a
narrow distribution, which was in accordance with the results in
electron microscopy. Furthermore, the zeta potential of HA-ADA/
TEPA-CD nanoassembly was measured as ca. —17.5 mV (Fig. 1d) due
to the negative charged hydrophilic HA surface of the nano-
assembly, which would facilitate the stability, dispersibility, and
biocompatibility of HA-ADA/TEPA-CD nanoassembly in biological
environments and prolong the circulation time in vivo. In addition,
HA-ADA/TEPA-CD nanoassembly also exhibited an excellent
stability in aqueous solution for months (Fig. S2 in Supporting
information).

Binding with DNA is one of the crucial prerequisites for
polysaccharide nanoassembly to achieve efficient loading of the
therapeutic gene and then transfer it into target cells. Considering
that the polyamine chain of TEPA-CD was positively charged in
aqueous solution, it is believed that the HA-ADA/TEPA-CD
polysaccharide nanoassembly may impart good condensation
abilities to DNA. Therefore, agarose gel electrophoresis was firstly
performed to examine the pDNA condensation ability of nano-
assembly at different N/P ratios. As shown in Fig. 2, the
nanoassembly completely retarded the pDNA while TEPA-CD

Fig. 1. Typical (a) TEM and (b) SEM images of HA-ADA/TEPA-CD polysaccharide
nanoassembly. (c) DLS and (d) zeta potential results of polysaccharide nanoas-
sembly in deionized aqueous solution.
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Fig. 2. Agarose gel electrophoresis retardation of pDNA by (a) TEPA-CD, (b) HA-
ADA/TEPA-CD polysaccharide nanoassembly at N/P ratios of 5, 10, 30, 60, 70, 80 and
90 from lane 1 to lane 7, respectively, (c¢) HA-ADA/TEPA-CD polysaccharide
nanoassembly with pDNA before (lane 1) and after (lane 2) treated with HAase at
the N/P ratio of 80.

partially retarded at N/P ratio of 80, indicating the stronger ability
of the nanoassembly to condense pDNA than that of TEPA-CD. This
phenomenon revealed that the nanoassembly could enrich the
polyamine chains together to increase the charge density, thus
leading to the enhanced DNA encapsulation. Simultaneously, other
information about the pDNA condensation by HA-ADA/TEPA-CD
polysaccharide nanoassembly was further confirmed by TEM, SEM,
DLS and zeta potential experiments. The TEM image (Fig. S3a in
Supporting information) revealed that pDNA was condensed into
even tighter spherical nanoparticles with an average diameter of
90nm at the N/P ratio of 80, similar phenomenon was also
observed by SEM (Fig. S3b in Supporting information). The DLS
result and zeta potential further indicated that the HA-ADA/TEPA-
CD polysaccharide nanoassembly could effectively condense pDNA
into nanoparticles with a hydrodynamic diameter of 126 nm
(Fig. S3c in Supporting information) as well as zeta potential of
ca. —30mV (Fig. S3d in Supporting information).

After confirming the pDNA condensation ability of the
obtained nanoassembly, we further investigated the controlled
pDNA release behavior of supramolecular nanoassembly after
enzymatic hydrolysis of HA. As shown in Fig. 2c, pDNA could be
released from HA-ADA/TEPA-CD polysaccharide nanoassembly
after treating with HAase, in agreement with the decrease of the
Tyndall effect (Fig. S4 in Supporting information). These results
jointly indicated that the obtained polysaccharide nanoassembly
could be specifically degraded as soon as the polysaccharide
backbone of HA was hydrolysed to low-molecular-weight
oligomers upon exposure to HAase, which realize the controlled
binding and release of pDNA.

Subsequently, the cytotoxicity of the supramolecular nano-
assembly was investigated by measuring the cellular viability of

Fig. 3. Cellular viability of 293 T cells after the treatment with HA-ADA, HA-ADA/
TEPA-CD, TEPA-CD, PEl,sy at different concentrations in 48 h.
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Fig. 4. Confocal fluorescence images of 293 T cells transfected with (a) TEPA-CD, (b) HA-ADA/TEPA-CD at N/P ratio of 80, and (c) PEl,sx at N/P ratio of 10 for 48 h.

293 T human embryonic kidney cells treated by HA-ADA, HA-ADA/
TEPA-CD, TEPA-CD by means of MTT assay, with molecular weight
of 25 kDa polyethylenimine (PEl;si), the golden standard of gene
transfection among the polymeric gene carriers as the control.
Owing to the satisfactory biocompatibility, HA-ADA/TEPA-CD
nanoassembly exhibited no cytotoxicity even when the concen-
tration was up to 1mmol/L after 48h of incubation (Fig. 3).
Moreover, the cellular viabilities of 293 T cells treated with HA-
ADA/TEPA-CD nanoassembly was higher than 80% after 48 h even
when the concentration was up to 1 mmol/L, which was much
higher than that of treated with PEl,s, further collaborating the
low cytotoxicity of the polysaccharide supramolecular nano-
assembly. In addition, the toxicity of the HA-ADA/TEPA-CD
nanoassembly was always lower than that of TEPA-CD at any
concentration, implying that the introduction of HA exactly
improve biocompatibility to some extent.

After verifying the low cytotoxicity of the HA-ADA/TEPA-CD
nanoassembly, we continued to investigate its ability to transport
plasmid DNA into 293T cells by the confocal laser scanning
microscope with EGFP gene as a reporter gene. As shown in Fig. 4,
293 T cells exhibited bright green fluorescence in cytoplasm after
transfected with HA-ADA/TEPA-CD nanoassembly (Fig. 4b) and
25 kDa PEI (Fig. 4¢), but in contrast, slight green fluorescence was
observed in TEPA-CD group (Fig. 4a). These phenomena suggested
that the supramolecular nanoassembly was able to act as a gene
carrier to transfer the EGFP information into cells, which might
have potential application value in genetic engineering.

In conclusion, an enzyme-responsive pDNA encapsulation
polysaccharide nanoassembly HA-ADA/TEPA-CD was successfully
constructed by the strong supramolecular interaction between
HA-ADA and positively charged TEPA-CD, thereby displaying a
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satisfactory enhanced DNA encapsulation ability along with good
biocompatibility. The release of pDNA could be readily achieved by
the enzymatic degradation of polysaccharide nanoassembly with
HAase due to the biocompatible HA skeleton in nanoassembly.
Moreover, as investigated using confocal laser scanning micro-
scope, it can be seen that the transfection efficiency of TEPA-CD
was dramatically improved by introducing HA-ADA. Considering
the facile construction of polysaccharide nanoassembly and its
specific targeting ability, we can envision that the obtained
nanoassembly has great potential to be an attractive one for
targeted, controlled gene delivery.
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