IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Host—Guest Interaction-Based Self-Engineering of Nano-Sized
Vesicles for Co-Delivery of Genes and Anticancer Drugs

Bin Yang, Xing Dong, Qi Lei, Renxi Zhuo, Jun Feng,* and Xianzheng Zhang

Key Laboratory of Biomedical Polymers (Ministry of Education), Department of Chemistry, Wuhan University, Wuhan 430072, P. R.

China

ABSTRACT: On the basis of host—guest interactions, this
study reported a kind of linear—hyperbranched supramolecular
amphiphile and its assembled vesicles for the combined
achievement of drug encapsulation and DNA delivery. Amine-
attached p-cyclodextrin-centered hyperbranched polyglycerol
and linear adamantane-terminated octadecane were arranged
to spontaneously interlink together and then self-assemble into
nanoscale vesicles. As the model of a hydrophilic agent, DOX-
HCI was demonstrated to be readily loaded into the hollow
cavity of the vesicles. The drug release pattern could be
controlled by adjusting the environmental acidity, favoring the
intracellularly fast drug liberation in response to the cellular
lysosomal microenvironment. The nanovesicles displayed
superior serum-tolerant transgene ability and significantly
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lower cytotoxicity compared to those of PEI2SK, the gold standard of gene delivery vectors. The drug-loaded nanovesicle can co-
deliver DNA payloads into cells and allow the preferable accumulation of two payloads in nuclei. The drug encapsulation was
found to have little influence on the transfection. This co-delivery vehicle presents a good example of rational design of cationic
supramolecular vesicles for stimulus-responsive drug/DNA transport.
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1. INTRODUCTION

One promising trend in developing highly efficient nano-
medicines lies in the engineering of suitable nanoplatforms that
can simultaneously accommodate multiple biofunctional
species (e.g, therapeutic agents and diagnostic factors) and
concurrently transport them into the host cells.'™> The
integration of two or more different therapeutic mechanisms
in one nanosystem can potentially produce synergistic effects
and offer better treatment outcomes.’”® However, marked
differences in the physicochemical properties exist among these
biofunctional species, leading to great difficulties in the
engineering of suitable codelivery nanosystems.””'> For
instance, electrostatic condensation into nanocomplexes by
cationic carriers has been acknowledged to be the most
promising solution for the nonviral delivery of macromolecular
genes, whereas small-molecule drugs have to be physically
embedded into the nanoparticles (NPs) or conjugated to the
carriers via chemically labile linkages."”"*

Because of the fast diffusion rate of small hydrophilic agents,
their sustained delivery is difficult to achieve, and suitable
delivery systems are currently largely unavailable. Vesicles not
only can embed hydrophobic agents into the membranous layer
but also can encapsulate hydrophilic agents inside the aqueous
cavity, leading to their significant role in the field of sustained
drug delivery.'>'® Compared with liposome vesicles for drug
delivery applications, polymeric vesicles displayed superior
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advantages, including good stability, easy surface functionaliza-
tion (e.g., active targeting and fluorescent imaging),”’18 and no
usage of helper lipids.'”*’ However, controlling the liberation
of entrapped payloads remains a significant challenge, which
has to be addressed to overcome the low permeability of
polymeric vesicles.”"*” This predicament raises more rigorous
demands on the carrier design for the codelivery of a gene and a
small hydrophilic drug, and consequently, the studies in this
field are very limited.”*~>*

Supramolecular chemistry provides great convenience and
versatility in molecular design and the expansion of its function.
The inclusion complexation between cyclodextrin (CD) and
various guests has been extensively investigated in supra-
molecular chemistry.”*”” CD has been frequently chemically
conjugated to the materials for improved water solubility and
biocompatibility. In addition, CD can readily undergo chemical
modification for the acquisition of desired functions. Taking
advantage of host—guest chemistry, we report the supra-
molecular engineering of a polymeric nanovesicle for the
controlled codelivery of plasmid DNA and hydrophilic drugs.
Tris(2-aminoethyl)amine-attached f-cyclodextrin-centered hy-
perbranched polyglycerol (CD-HPG-TAEA) and linear ada-
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mantane-terminated octadecane (C,g-AD) were arranged to
interlink together, leading to the supramolecular amphiphilic
conjugate used as the building units for nanovesicle engineering
(Scheme 1). This amine-rich nanovesicle can entrap hydro-

Scheme 1. Illustration of Nanovesicle Self-Engineering
Driven by Host—Guest Interaction between AD-C,5 and CD-
HPG-TAEA for Gene Delivery and Drug Encapsulation

DOX-HCI

Vesicle

philic drugs and simultaneously bind with positively charged
plasmid DNA, allowing the concurrent cellular internalization
of two payloads with high efficiency. It is known that liposome
delivery vesicles commonly need helper lipids such as
dioleoylphosphatidylethanolamine (DOPE) to facilitate mem-
brane fusion and the destabilization of the endosome.”**’
Compared with it, the enrichment of multivalent amine groups
within the designed nanovesicle ensures the effective endo-
somal escape due to the well-established proton sponge
effect.’>" In addition, the amine protonation upon entry into
a gradually acidified endosome would enhance both the
hydrophilicity and the charge repulsion of vesicle-forming
units. This would weaken the compactness of the vesicular
membrane and make the membrane leaky to the encapsulated
drugs, benefiting the effective drug release inside cells. This
paradigm established on the host—guest interaction provides
great chances to extend the functions by partially changing the
guest molecules, e.g,, using bioimaging molecules.

2. EXPERIMENTAL SECTION

Materials. Tetrahydrofuran (THF, Shanghai Chemical Reagent
Ltd.) was purified by being distilled over Na with benzophenone as the
color indicator. N,N-Dimethylformamide (DMF, Shanghai Chemical
Reagent Ltd.) and dimethyl sulfoxide (DMSO, Shanghai Chemical
Reagent Ltd.) were distilled over CaH, under reduced pressure.
Glycidol (96%, Sigma) was distilled under reduced pressure before
being used. Potassium hydride (25—35 wt %, dispersion in mineral oil,
Alfa) was washed with dry tetrahydrofuran and then dried in vacuum.
B-Cyclodextrin (8-CD), 18-crown-6 ether, N,N’-carbonyldiimidazole
(CDI), 1-adamantanecarbonyl chloride, 1-octadecanol, and tris(2-
aminoethyl)amine (TAEA) were used as received (J&K Chemical
Ltd.). Doxorubicin hydrochloride (DOX-HCl) was purchased from
Zhejiang Hisun Pharmaceutical Co., Ltd., and other chemicals were
purchased from Shanghai Chemical Reagent Ltd. and used without any
treatments.

Dulbecco’s modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), phosphate-buffered saline (PBS), penicillin strepomycin,

trypsin, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were purchased from Invitrogen Corp.

Synthesis of Hyperbranched Polyglycerol Grafted from g-
Cyclodextrin (CD-HPG). CD-HPG was synthesized by the anionic
ring opening polymerization according to the method described in ref
32. f-Cyclodextrin (0.4 g, 0.352 mmol) and 18-crown-6 ether (0.66 g,
2.5 mmol) were dissolved in DMF (15 mL) and added to a 50 mL
flask with potassium hydride (0.112 g, 2.8 mmol). After being stirred
for 2 h at 50 °C, the mixture was warmed to 80 °C, and a glycidol (2.0
g 25.8 mmol; 1.0 g, 12.9 mmol) solution in DMF (10 mL) was
introduced slowly into the system over 24 h. The reaction mixture was
then dialyzed against distilled water [molecular weight cutoff
(MWCO) of 3500] for S days. After that, the sample was lyophilized
to give the transparent and viscous liquid product. Via adjustment of
the ratio of glycidol to CD in feed, two polymers were obtained and
denoted as CD-HPG;4 and CD-HPG,;, respectively (where 36 and 17
refer to the number of glycidols grafted from CD).

Synthesis of Amine-Attached f-Cyclodextrin-Centered Hy-
perbranched Polyglycerol (CD-HPG-TAEA). CD-HPG-TAEA was
prepared by a modification of the procedure described in the
literature.*>** Typically, to a solution of CDI (3.1 g 19 mmol) in
DMF (10 mL) was added dropwise CD-HPGj4 (1.0 g, 9.5 mmol
hydroxyl groups) in DMF (10 mL) over 1 h while the mixture was
being stirred. After reaction for 2 h, the solution was poured into a
large amount of Et,O. The precipitate was isolated by centrifugation
and further washed thrice with Et,O. Then the precipitate was
dissolved in anhydrous DMSO (15 mL). Triethylamine (TEA) (1
mL) was mixed with the as-prepared solution and then added
dropwise to a solution of TAEA (2.8 g, 19 mmol) in DMSO (S mL)
over 1 h. After 24 h, the reaction solution was dialyzed (MWCO of
3500) against water for 3 days. The dialyzate was freeze-dried to yield
pale yellow solids. Via this method, two polymers were obtained and
denoted as CD-HPG,-TAEA;, and CD-HPG,-TAEA,; (where 30
and 13 refer to the number of TAEA groups).

Synthesis of the Adamantane-Terminated Alkyl Chain (C,q-
AD). The synthesis of C;g-AD was based on the esterification reaction
between octadecanol and adamantanecarbonyl chloride. At 0 °C, 1-
adamantanecarbonyl chloride (1 g, 5.04 mmol) in dried THF (10 mL)
was dropwise added to the solution of l-octadecanol (1.65 g, 6.1
mmol) and triethylamine (0.85 mL, 6.1 mmol) in dried THF (30 mL)
over 30 min under a N, atmosphere. Then the mixture was warmed to
room temperature and reacted overnight. A crude product of white
solid was obtained after the salt of triethylammonium chloride had
been isolated and the solvent removed via rotation evaporation. The
product was purified by column chromatography on silica gel (1/8
CH,Cl,/hexane) to give C;3-AD as a white solid.

Construction of Supramolecular C,3-AD/CD-HPG-TAEA
Nanovesicles. Typically, CD-HPG,,-TAEA;, (135 mg, 0.01S
mmol) and C;g-AD (10 mg, 0.023 mmol) were dissolved together
in 5 mL of DMF at 50 °C and stirred for 1 h. Subsequently, 2 mL of
water was slowly added within 2 h. The solution became slightly blue,
indicating the occurrence of self-assembly. After being stirred
overnight at SO °C, the solution was dialyzed (MWCO of 3500)
against water for 3 days to remove DMF. The dialyzate was filtered
and freeze-dried to provide the supramolecular C,3-AD/CD-HPGg,-
TAEA;, assemblies.

Characterizations. 'H nuclear magnetic resonance (NMR) and
BC NMR spectra were recorded (Varian Unity 300 MHz
spectrometer) in CDCI; or D,0, and tetramethylsilane (TMS) served
as the internal standard. The molecular weight (M,) and
polydispersity index (PDI) of polymers were measured by a size-
exclusion chromatography and multiangle laser light scattering (SEC-
MALLS) instrument equipped with a dual-detector system consisting
of a MALLS device (DAWNEOS, Wyatt Technology) and an
interferometric refractometer (Optilab DSP, Wyatt Technology). A
0.1 M NaNO; solution and a 0.1 M HAc/NaAc (pH 4.2) buffer
solution were used as the eluent at a flow rate of 0.3 mL/min. The
MALLS detector was operated at a laser wavelength of 690.0 nm. The
hydrodynamic diameters of C,3-AD/CD-HPG-TAEA assemblies were
determined by dynamic light scattering (DLS) measurements at 25 °C
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(Malvern Zetasizer Nano-ZS ZEN3600 equipped with a 4 mW He—
Ne laser). Transmission electron microscopy was performed on a FEI
Tecnai G* 20 TWIN instrument with an acceleration voltage of 200
kV. The samples were prepared by dipping a copper Ttransmission
electron microscopy grid into the assembly solution and then drying
them in air.

Cell Culture and Amplification of Plasmid DNA. African green
monkey SV40-transformed kidney fibroblast (COS7) cells and human
breast adenocarcinoma (MCFE-7) cells were incubated at 37 °C in
DMEM containing 10% FBS and 1% antibiotics (penicillin-
streptomycin, 10000 units/mL) in a humidified atmosphere containing
5% CO,.

As the luciferase reporter gene, plasmid pGL-3 was transformed in
Escherichia coli JM109 and amplified in terrific broth medium at 37 °C
overnight at 250 rpm. After the treatment with an EndoFree QiAfilter
Plasmid Giga Kit (5) (QIAGEN), the purified plasmid was dissolved
in a TE buffer solution and stored at —20 °C. The integrity of plasmid
was validated by agarose gel electrophoresis. The concentration and
purity of the plasmid were measured on the basis of the ultraviolet
(UV) absorbance obtained at 260 and 280 nm, respectively.

Agarose Gel Retardation Assay. The vector/DNA complexes
were prepared at different N/P ratios, using 0.5 yL of pGL-3 DNA
(200 ng/uL). All the complex solutions were diluted with a 150 mM
NaCl solution to a total volume of 8 yL and then incubated at 37 °C
for 0.5 h. After that, the complexes were electrophoresed on the 0.7%
(w/v) agarose gel containing GelRed using Tris-acetate (TAE)
running buffer at 80 V for 60 min. The migration of DNA was
visualized and photographed on a UV lamp using a Vilber Lourmat
imaging system.

Particle Size and ¢ Potential of Complexes. The hydrodynamic
diameter and { potential of the obtained complexes were determined
by DLS at 173° scattering. Using a method similar to that described
above, the solutions of vector/DNA complexes prepared in 10 mM
phosphate buffer (pH 7.4) were vortexed for 10 s and incubated for 30
min at 37 °C prior to the measurement of hydrodynamic diameter. For
¢ potential measurement, ultrapure water was used as the solvent.

Cytotoxicity Assay. The in vitro cytotoxicity assay was tested in
COS7 and MCF-7 cells by the MTT method. Briefly, 100 uL of the
cell suspension with a density of 60 cells/uL was plated into 96-well
plates and subjected to a 24 h incubation in 100 L of DMEM
containing 10% FBS. The samples with different concentrations were
then added to each well. After a 4 h co-incubation, the medium was
replaced with 200 uL of fresh medium and continually cultured for 44
h. After a further 4 h incubation following the addition of 20 uL of
MTT (5 mg/mL), the medium was aspirated and the MTT-formazan
generated by live cells was dissolved in 150 uL of DMSO. The optical
density (OD) of the medium was measured by a microplate reader
(Bio-Rad, model 550) at 570 nm. The relative cell viability (RCV) was
defined as RCV (%) = (ODsamples - ODbackground)/(ODcontrol -
ODbackground) X 100, where ODg,pe and OD o) Were measured in
the presence and absence of samples. Data are shown as means =+ the
standard deviation (SD) on the basis of independent experiments.

Transfection Study by the Luciferase Assay. The in vitro
transfections mediated by the plasmid pGL-3-containing complexes
were conducted in COS7 and MCF-7 cells at 37 °C, using PEI2SK
complexes as the positive control prepared at the optimal N/P ratio.
Cells (6 X 10* cells/well) were seeded in 24-well plates and cultured
with 1 mL of DMEM containing 10% FBS for 24 h. Then the culture
media were replaced with the complex solution in serum-free or 10%
FBS-containing DMEM (1 mL). After a 4 h co-incubation and
subsequent removal of the medium, the cells were further cultured in
fresh 10% FBS containing DMEM for 44 h. Then the isolated cells
were washed with 0.25 mL of PBS, and the luciferase assay was
performed. The relative light units (RLUs) were determined on a
chemiluminometer (Lumat LB9507, EG&G Berthold). On the basis of
the obtained data about the total amount of protein according to a
BCA protein assay kit (Pierce), the luciferase activity (RLU/mg of
protein) was acquired.

Confocal Laser Scanning Microscopy (CLSM). The ability of
the vecors to transport DNAs and DOX-HCI into cells was

investigated by CLSM. COS7 cells (1 X 10° cells/well) were seeded
in a single dish and cultured for 24 h. One microgram of pGL-3 DNA
was labeled with 2.5 uL of 10 mM YOYO-1 at 37 °C for 15 min prior
to the observation. The polyplexes prepared with the empty and drug-
loaded vesicles were incubated for 30 min and subsequently
introduced into the dishes. After co-incubation for 4 h for drug-free
polyplexes and 8 h for drug-loaded polyplexes, the media were
removed and the cells were repeatedly washed with PBS. Following
the 15 min exposure to 10 uL (2 pg/uL) of Hoechst 33342 for
staining of nuclei, the cells were washed with PBS repeatedly and
introduced into 1 mL of DMEM for CLSM observation (C1-Si,
Nikon). The fluorescence originating from Hoechst 33342, YOYO-1,
and DOX was excited at 405, 488, and 543 nm, respectively.

Flow Cytometry. Flow cytometry was employed to quantify the
cellular uptake efficiency of the vectors. COS7 cells (5 x 10* cells/
well) were seeded in 24-well plates and cultured with 1 mL of 10%
FBS containing DMEM for 24 h. The polyplexes of YOYO-1-stained
pGL-3 (1 pug) were prepared at their optimal N/P ratios in 100 yL of
PBS and then diluted to 1 mL by adding 900 uL of serum-free
DMEM. Following a 4 h cell incubation with the polyplexes, the media
were withdrawn. The remaining cells were washed thrice with PBS and
digested with trypsin. Subsequently, the cells were collected by
centrifugation at 1000 rpm for S min. The bottom cells were washed
twice with pH ~7.4 PBS. Then the suspended cells were filtered and
analyzed by flow cytometry (BD FACSAria III). The instrument was
calibrated using nontransfected cells, and the transfected cells were
examined from a fluorescence scan performed with 1 X 10* cells using
the FL1-H channel.

Drug Loading and pH-Dependent Release. The process of
loading a drug in C;3-AD/CD-HPG;5-TAEA;, assemblies can be
briefly described as follows.> DOX-HCI (10 mg) was mixed with Cg-
AD/CD-HPG;5-TAEA;, (30 mg) in S mL of DMSO overnight and
then dialyzed against deionized water (2 L) using a regenerated
cellulose acetate membrane (MWCO of 3500) for 24 h to remove
DMF and unloaded DOX-HCI. During the process, the dialyzate was
replaced every 6 h. After that, the solution was lyophilized to obtain
the drug-loaded samples. The loading amount of DOX-HCI in the
assemblies was determined according to the UV absorbance intensity
measured at 485 nm in a DMF solution, using an experimentally
obtained standard calibration curve. The drug loading efficiency
(DLE) is calculated with the equation DLE (%) = (mass of drug
loaded/mass of drug-loaded nanoassemblies) X 100%.

In vitro release behaviors of DOX-HCI from C,3-AD/CD-HPG;4-
TAEA;, assemblies were studied under different pH conditions. First,
drug-loaded assemblies were dissolved in deionized water (1 mg/mL)
and transferred into the dialysis membrane tube (MWCO of 3500).
The tube was immersed in 10 mL of a 0.01 M acetate buffer solution
(pH 5.0) and 0.01 M phosphate-buffered saline (pH 7.4) while being
shaken at 37 °C. At the predetermined intervals, the external buffer
was withdrawn and the same volume of fresh buffer was introduced.
The amount of released DOX-HCI was determined by measuring the
DOX-HCI concentration in the external buffer using an RF-5301PC
spectrofluorophotometer (Shimadzu), using an experimentally ob-
tained standard calibration curve. The excitation wavelength was set at
488 nm, and the spectra were recorded over the emission range from
500 to 650 nm. The initial mass of loaded drug was determined on the
basis of the as-obtained DLE.

Transfection with Drug-Loaded Polyplexes. To investigate the
influence of drug loading on transfection, C;3-AD/CD-HPGs4-
TAEA;)/DNA/DOX-HCIl polyplexes were also subjected to the
luciferase assay in the same manner as mentioned above. The
polyplexes were prepared at N/P ratios of 30, 40, and S0.

3. RESULTS AND DISCUSSION

Preparation and Characterization of Supermolecular
Nanovesicles. Vesicle formation relied on the self-assembly of
the supramolecular conjugate between tris(2-aminoethyl)-
amine-attached f-cyclodextrin-centered hyperbranched poly-
glycerol (CD-HPG-TAEA) and linear adamantane-terminated
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Scheme 2. Synthesis Routes of (A) CD-HPG-TAEA and (B) C,;-AD
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octadecane (C;5-AD) driven by the host—guest interaction. As
shown in Scheme 2, the chemical attachment of hyperbranched
glycerol (HPG) surrounding p-cyclodextrin (f-CD) was
accomplished by anionic ring-opening multibranching polymer-
ization of glycidol using S-CD as the core initiator in the
presence of 18-crown-6 ether and potassium hydride. Tris(2-
aminoethyl)amine (TAEA) was further chemically connected
to the hyperbranched CD-HPG by the CDI method. The
products were purified by the dialysis treatment. Hydrophobic
C,s-AD was synthesized through the esterification reaction of
octadecanol with adamantanecarbonyl chloride.

The structures of all the products were verified by NMR
spectroanalyses. In the "H NMR spectrum of CD-HPG (Figure
1B), the proton signals belonging to the HPG segment at 4.2—
3.3 ppm with strong intensities were overlapped with those
attributed to H2—H6 protons of CD. Meanwhile, the H1 signal
of CD was shifted to lower field after the reaction. The *C
NMR spectrum of CD-HPG disclosed the definite structure of
the hyperbranched HPG segment, including the linear,
dendritic, and terminal units (Figure 1E). In addition, the
resonance occurring at 101 ppm was attributed to C1 of the
CD group. The degree of polymerization (DP) of HPG can be
calculated on the basis of the 'H NMR spectrum using a similar
method reported in ref 32. After the reaction with TAEA, new
signals emerged in the range of 3.2—3.0 ppm (-CONHCH,-)
and 2.9-2.3 ppm (-CH,CH,NH,), indicating the successful
synthesis of CD-HPG-TAEA (Figure 1C). The actual degree of
grafting of TAEA was determined by comparing the signal
integrals of HPG and TAEA.*® Consequently, two polymers
denoted as CD-HPG;4-TAEA;, and CD-HPG,,-TAEA,; (the

subscripts refer to the number of HPG repeat units and TAEA
number per polymer molecule, respectively) were studied and
had approximate ratio values of HPG repeat units versus TAEA.

The SEC-MALLS technique was applied to give the
molecular weights [M,sgc)] of CD-HPG-TAEA polymers. All
the data, including the M,,szcy and M, mr) Values calculated
according to 'H NMR spectra, are listed in Table 1. Relative to
M, (inmr), @ higher M, gy was obtained for all the polymers
with a moderate polydispersity. This may be ascribed to the
special hyperbranched architecture of CD-HPG-TAEA and the
cause originating from different measurements.

Like amphiphilic copolymers, the C,3-AD/CD-HPG-TAEA
conjugate intended to assemble into the microphase-separated
aggregates that are well-dispersed in aqueous media. The
morphology of the obtained aggregates can be inspected by a
transmission electron microscope (TEM), which is a
commonly used tool for examining the vesicular morphology.
As shown in panels A and B of Figure 2, neat vesicles ~200 nm
in size were formed and uniformly distributed for both Cg
AD/CD-HPG,, TAEA,, and C,;-AD/CD-HPG,,-TAEA; con-
jugates. The former appeared to have a thinner membrane
layer, indicating the relatively looser structure resulting from
the stronger charge repulsion among the vesicle-forming units.
The two conjugates had similar hydrodynamic diameters of
~310 nm determined by dynamic light scattering (DLS).
Relative to the size measured by the TEM, the larger DLS
diameter was mainly due to the dry state of the nanovesicles
during TEM observation. The assembly diameter remained
almost steady in solution at 25 °C over 2 weeks, indicative of
good stability. The { potentials of C;3-AD/CD-HPG34-TAEA;
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Figure 1. "H NMR spectra of (A) CD, (B) CD-HPG,, and (C) CD-
HPG,,-TAEA,, in D,0 and (D) C,;-AD in CDCL,. (E) 3C NMR
spectrum of CD-HPG;;4 in D,O (L, linear; T, terminal; D, dendritic).

Table 1. Results of CD-HPGs and CD-HPG-TAEAs

sample M,* M’ PDI®
CD-HPGy 3800 5800 1.40
CD-HPG,, 2400 3900 1.06
CD-HPG;-TAEA,, 8960 14600 1.56
CD-HPG,,-TAEA,, 4630 7500 1.38

“Determined by 'H NMR. “Determined by SEC-MALLS using a 0.1
M NaNO; solution as the eluent for CD-HPGs and a 0.1 M HAc/
NaAc (pH 4.2) buffer solution for CD-HPG-TAEAs.

and C;3-AD/CD-HPG,,-TAEA; conjugates were determined
to be 30.1 and 28.4 mV, respectively, by DLS. The higher
potential of the former can be explained by the higher density
of amine groups.

DNA Condensation. The capability of combining DNA is a
fundamental requisite for DNA delivery vectors. The agarose
gel retardation assay was applied to investigate the DNA affinity
of the nanovesicles. As shown in Figure 3A—D, raw CD-HPG-
TAEAs can entirely retard the migration of DNA starting from
a lower N/P ratio of 4, while that occurred at a N/P ratio of 6
for corresponding C,s-AD/CD-HPG-TAEA vesicles. In most
cases, the assembly of amphiphilic cationic polymers into solid
micelles would more or less improve the electrostatic affinity
for DNA.”” This is mainly due to the fact that within the
micellar structure, the cationic segment was compactly
condensed as the shell to surround the hydrophobic core,
which differed sharply from the free polycations. The resulting
high charge density of nanomicelles would strengthen the
electrostatic interaction with DNA. On the other hand, the
weakened capability of DNA capture detected herein ought to

Figure 2. TEM images of (A) C,-AD/CD-HPG;5-TAEA;, (B) Cjq-
AD/CD-HPG,, TAEA,; vesicles, (C) C,-AD/CD-HPG+-TAEAs)/
pGL-3, and (D) C,3-AD/CD-HPG,,-TAEA,;/pGL-3 complexes
prepared at a N/P ratio of S0.

relate to the special hollow architecture of C,3-AD/CD-HPG-
TAEA vesicles.

The surface potential and hydrodynamic diameter of DNA/
vector nanocomplexes may affect their cellular internalization.
The positively charged nanoparticles with diameters of <200
nm are documented to be suitable for the efficient cellular entry
and passive accumulation in tumor tissues.””>’ As shown in
Figure 3F, with the increase in N/P ratios, the { potential
displayed a gradual increment and then remained steady within
a narrow range of 35—42 mV. This tendency appeared to hold
true for the variation of hydrodynamic diameter, which
fluctuated within the range from 100 to 210 nm (Figure 3E).
Next, the complex morphology was observed by the TEM
(Figure 2C,D). After binding with DNA, compact nanoparticles
<100 nm in size were formed.”

In Vitro Cell Viability. Low toxicity is required for synthetic
delivery vehicles. The cell-toxic effects of the samples in
tumorous MCF-7 cells and normal COS7 cells were tested by
the MTT assay. PEI2SK possesses high transfection activity and
therefore is commonly used as the gold standard for the
evaluation of nonviral gene vectors. However, its serious
damage to cells impedes the practical applications. As shown in
Figure 4, all the prepared samples exhibited cell safety
apparently better than that of PEI25K. As expected, CD-
HPG;-TAEA;, displayed stronger inhibition toward cell
proliferation than CD-HPG,,-TAEA,; because of the higher
charge density of the former. The host—guest conjugation with
C,5-AD led to the considerable reduction of the cell-toxic effect
for both CD-HPG-TAEAs in the two cell lines. This result
sounds reasonable when considering the reduced binding
ability with DNAs after insertion of C3-AD into CD-HPG-
TAEAs. The weakened affinity for DNAs would result in less
damage to the cell membranes.

Cellular Uptake. The ability of the vectors to deliver the
entrapped DNA into host cells is one of the important factors
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Figure 4. Cell viabilities of vectors and PEI2SK in COS7 and MCF-7 cells. Data are means = SD (n = 4).

affecting transfection efficacy. A confocal laser scanning
microscope (CLSM) was applied to investigate the cellular
internalization of vector/DNA complexes. As shown in Figure
S, all the vectors can effectively mediate the intracellular
transport of the carried plasmid pGL-3. The green YOYO-1-
labeled pGL-3 was mainly distributed in the cytoplasm domain
after a 4 h co-incubation. In terms of the fluorescence intensity
inside cells, CD-HPG;s-TAEA;, and its inclusion assembly
displayed transport capability stronger than that of the
corresponding CD-HPG,;-TAEA,; counterparts. This result
was associated with the higher surface potential of the former
because the electrostatic interaction was the main driving force
accounting for the cellular access. As indicated from the CLSM
observation, it seemed that the host—guest inclusion of C;3-AD
into CD-HPG-TAEA had an insignificant influence on the
delivery ability.

Flow cytometry provided quantitative data about the
endocytosis efficiency (Figure 6). The best outcome of
endocytosis rate (75.1%) was detected for CD-HPG;4-
TAEA;,, which was even superior to the positive control of
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PEI2SK (65.8%). Unlike CLSM observation, the obtained data
indicated that the assembly with C,3-AD would impair the
endocytosis efficiency by 17 and 21% for CD-HPG;4-TAEA;,
and CD-HPG,,-TAEA;, respectively. The higher the amine
density within the polymer, the weaker this tendency toward
decline. This finding can be explained by the better ability of
CD-HPG;-TAEA;, in mediating the cellular uptake. Con-
sequently, the influence caused by C3-AD inclusion was
represented less profoundly.

In Vitro Transfection. The in vitro transfection assays were
conducted in COS7 and MCEF-7 cells in the absence or
presence of 10% serum. PEI2SK was used as the positive
control. As shown in panels A and B of Figure 7, CD-HPGg¢-
TAEA;, and its assembly with C,3-AD exhibited transfection
activities better than those of the corresponding CD-HPG,,-
TAEA,; counterparts in both cell lines. This correlated well
with the higher cellular entry efficiency of the former. With
respect to the transfection activity, the CD-HPG;5-TAEA;,/
C,s-AD nanovesicle can even compete with PEI2SK. Never-
theless, in contrast to the tendency of endocytosis efficiency,
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Figure S. Confocal images of COS7 cells after a 4 h co-incubation with
vector/DNA complexes prepared at the optimal transfection N/P
ratios: (A) CD-HPG,4-TAEA,,, (B) C;5-AD/CD-HPG;,-TAEA,, (C)
CD-HPG,-TAEA,;, (D) C,+-AD/CD-HPG,,-TAEA,;, and (E)
PEI2SK. Plasmid pGL-3 was stained green by YOYO-1. Nuclei of
cells were stained blue by Hoechst 33342. Scale bars are 20 pm.

the inclusion of C;3-AD into CD-HPG-TAEA led to little
variation and even a slight enhancement of the protein
expression level. The results suggested that cellular entry may
not be the sole factor determining the transfection perform-
ance.

The negatively charged components in the bloodstream
would adsorb onto the polycations and thus cause the
aggregation and/or sedimentation of polycation/DNA com-
plexes, leading to the sacrifice of carried DNA payloads.*”*'
The serum-conditioned transfection has thus been a
fundamental model used for the predictive evaluation on in
vivo transfection. Therefore, the transfection assays were further
conducted in the presence of 10% serum. As shown in panels C
and D of Figure 7, the serum-conditioned transfection
efficiencies mediated by the prepared vectors remained at a
similar level in COS7 cells and had a small reduction in MCF-7
cells as compared with the serum-free controls. In comparison,
the transfection efficiency of PEI2SK was dramatically reduced
by 18-fold in MCEF-7 cells. The results suggested that the
vectors including CD-HPG-TAEAs and their assemblies can
effectively resist the serum-associated transfection inhibition.
Our previous work had reported that the hydroxylation
modification toward polycations can help prevent the
complexes from the serum-caused aggregation and thus inhibit
the downregulation of transfection efficiency.” Therefore, the
result is thought to be associated with the enrichment of
hydroxyl groups within HPG.

Drug Loading and pH-Dependent Release. Red
fluorescent DOX-HCI frequently serves as the model of
hydrophilic drugs and thus is used herein.*”** The formation
of C3-AD/CD-HPG;¢-TAEA;, nanovesicles and drug encap-
sulation into the hollow cavity were achieved through the
dialysis method. The drug loading content was determined to
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Figure 6. Flow cytometry profiles of naked pGL-3 and vector/pGL-3 complexes at their respective optimal transfection N/P ratios.
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of PEI2SK).

be 7.1%. The TEM image of the drug-encapsulated nanovesicle
showed the appearance of dark areas in the hollow cavity
(Figure 8A), suggesting that the drug was mostly loaded in the
cavity.*> The hydrodynamic diameter after drug loading
underwent a slight increase from 310 to 340 nm.
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Figure 8. (A) TEM images of DOX-HCl-loaded C,-AD/CD-HPGj;-
TAEA,, vesicles. (B) In vitro DOX-HCI release profiles of C 3-AD/

CD-HPG;5-TAEA; nanovesicles at different pH values of 7.4 and S.0.
Data are means + SD (n = 3).

The release of the drug from the vesicle was investigated at
different pH values (Figure 8B). The drug was released in a
sustained manner at pH 7.4. Less than 40% of the initial loaded
drug was liberated during a long period of 156 h. However, the
decline of the solution pH to 5.0 simulating the endosomal pH
induced an obvious acceleration of release; more than 80% of
the drug was eventually released. Under acid conditions, the
cohesion within the vesicle membrane ought to be weakened
because of the increased hydrophilicity and strengthened
charge repulsion among the protonated amine groups,**™*
making the vesicle membrane leakier with respect to
encapsulated drugs and resulting in accelerated drug release.
This pH-dependent characteristic would facilitate the DOX
release inside cells upon endocytosis into the acid endosome/
lysosome, thus propelling the diffusion of DOX into nucleus for
the pharmacological action.
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The drug-loaded vesicles were complexed with YOYO-1
iodide-labeled pGL-3 plasmid (green) and then co-incubated
with COS7 cells for 8 h. The following CLSM observation
offered information about the localization of the condensed
plasmid and the entrapped drugs inside cells. The nuclei were
stained blue by Hoechst 33342 to distinguish them from the
green plasmid and red DOX. As shown in Figure 9, the
overlapping of green and red fluorescent spots was evident,
suggesting a high degree of colocalization of DNA and the drug.
This finding demonstrated the simultaneous coloading and
concurrent cellular internalization of drugs and DNAs through
the carrier-mediated endocytosis pathway. In addition, it was
found that two kinds of payloads can efficiently enter the
nucleus domain. This is appealing because both the DOX and
therapeutic gene have to be taken up by the nuclei for the
effective therapeutic actions.””*

The in vitro transfection mediated by the drug-loaded
complexes was further performed to study the possible
influence of drug inclusion on the transfection perform-
ance.>** As shown in Figure 10, regardless of the addition
of serum, the transfection efficiencies of the vesicles remained
at a comparably high level after the drug had been loaded into
the vesicles, suggesting the weak influence of drug loading on
transfection.

4. CONCLUSIONS

This work developed a supramolecular amine-rich amphiphile
derived from the host—guest interaction between C,3-AD and
CD-HPG-TAEA. The cationic amphiphile can readily assemble
into nanovesicles. The vesicle could condense DNA into
nanoscale complexes and mediate the serum-tolerant trans-
fection in vitro at a high level even comparable to that of
PEI25K while displaying a much lower cytotoxicity. This kind
of vesicle can encapsulate the hydrophilic anticancer drug of
DOX-HCI and make the drug release behavior sensitive to the
acidic pH. CLSM observation indicated that by the aid of the
nanovesicle, the loaded DOX-HCI can be efficiently codelivered
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Figure 9. Confocal images of intracellular trafficking of DOX-HCI and DOX-HCl-loaded C,3-AD/CD-HPG;5-TAEA;)/DNA complexes prepared at
the optimal transfection N/P ratios into COS7 cells for an 8 h co-incubation. Plasmid pGL-3 and nuclei of cells were stained green with YOYO-1

and blue with Hoechst 33342, respectively. The scale bar is 50 pm.
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Figure 10. Transfection activities of DOX-loaded and empty C,5-AD/
CD-HPG;4-TAEA,, vesicles at various N/P ratios in the absence or
presence of 10% serum in COS7 cells. Plasmid pGL-3 was used as the
reporter gene. Data are means + SD (n=3).

into the cells together with the condensed DNA through the
same endocytosis pathway. In addition, the drug loading was
found to have little influence on in vitro transfection, showing
the potential for combinational gene/drug therapy. This
paradigm established on the host—guest interaction provides
a great chance to extend the functions by partially changing the
guest molecules.
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