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Abstract Hyaluronic acid (HA) is a natural ligand of tumor-targeted drug delivery systems (DDS) due

Hyalur_on_ic ?‘Cidf to the relevant CD44 receptor overexpressed on tumor cell membranes. However, other HA receptors
Ben.zmc 1mine Lirlees (HARE and LYVE-1) are also overexpressing in the reticuloendothelial system (RES). Therefore,
éaclt;:;—t;reg::;r;%; polyethylene glycol (PEG) modification of HA-based DDS is necessary to reduce RES capture.

’ Unfortunately, pegylation remarkably inhibits tumor cellular uptake and endosomal escapement,
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Natural ligand;

Supramolecular nanoplat-
form;

Transformative nanoparti-
cles;

PEG dilemma

significantly compromising the in vivo antitumor efficacy. Herein, we developed a Dox-loaded HA-based
transformable supramolecular nanoplatform (Dox/HCVBP) to overcome this dilemma. Dox/HCVBP
contains a tumor extracellular acidity-sensitive detachable PEG shell achieved by a benzoic imine linkage.
The in vitro and in vivo investigations further demonstrated that Dox/HCVBP could be in a "stealth” state
at blood stream for a long circulation time due to the buried HA ligands and the minimized nonspecific

interaction by PEG shell. However, it could transform into a "recognition" state under the tumor acidic
microenvironment for efficient tumor cellular uptake due to the direct exposure of active targeting ligand
HA following PEG shell detachment. Such a transformative concept provides a promising strategy to
resolve the dilemma of natural ligand-based DDS with conflicting two processes of tumor cellular uptake
and in vivo nonspecific biodistribution.

© 2019 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hyaluronic acid (HA) is an endogenous polysaccharide com-
posed of a simple repeating disaccharide of p-glucuronic acid and
N-acetyl-p-glucosamine linked by p(1—-3) linkages. HA
possesses superior characteristics as a nanocarrier and an active
targeting moiety of nanoparticles (NPs) for cancer therapy since
it is a ligand of CD44 receptor overexpressed on numerous tumor
cell membranes' . Unfortunately, HA is also a ligand of another
HA receptor (such as HARE and LYVE-1) usually expressed in
the reticuloendothelial system (RES), which results in unex-
pected off-target biodistribution of HA-based NPs in RES and
rapid clearance of NPs from blood*’. Despite relatively high
expression in tumors, similar nonspecific distribution pattern also
could be found for folate receptor, transferrin receptor, etc.o™
Accordingly, active targeting NPs based on these endogenous
natural ligands usually suffer from nonspecific distribution in the
body due to a far larger mass of normal tissues than tumor tissue
in spite of good biocompatibility'®~'>. Those works have
demonstrated that PEGylation could effectively reduce RES
capture, prolong the circulation time and enhance the accumula-
tion of tumor site after intravenous administration. Unfortunately,
such a successful strategy compromises tumor cellular uptake
and results in poor endosomal escapement and low targeting
efficacy, that is "polyethylene glycol (PEG) dilemma"'®'".

In recent years, many smart stimuli-responsive NPs have
achieved on-demand delivery, including external or tumor internal
stimulus (temperature, magnetic force, light, redox, pH, enzyme,
and hypoxia)''"'%2. In general, the physicochemical properties of
stimuli-responsive NPs (such as size, surface charge, and surface
targeting ligand) would change under the specific stimulus to
modulate their interactions with biological systems>*. Taking
advantage of tumor microenvironments is a promising approach to
address the "PEG dilemma", and significant efforts have been
made. The PEG was modified with chemical or enzymatic
sensitive bonds (such as the disulfide bond, Schiff base bond,
and benzoic imine bond) to prepare the detachable pegylated
layer' >~ These strategies could efficiently improve the cellular
uptake or facilitate the endosomal escapement for enhancing
intracellular drug delivery. Detachable pegylation layer could be
more meaningful for natural ligand-mediated targeting drug
delivery systems (DDS), but there are little relevant reports on it.

It is known that the extracellular pH (pH. 6.5) of tumor
microenvironment is lower than normal tissues (pHe 7.4) due to the

high rate of glycolysis in cancer cells’™'. Some pH-responsive

linkages provide a facile approach to achieve pH-sensitive NPs for
improved antitumor efficacy, such as histidine, f-amino ester, ortho
ester, and benzoic imine””**~*. The benzoic imine linkage attracted
much attention due to its rapid cleavage under tumor pH, condition
but good stability at the physiological pH.***” Wei et al.****>! have
successfully used it to elicit the charge reversion or ligand exposure
of NPs at tumor pH, for enhanced intercellular delivery of cargos.

Herein, we explored a transformable tumor targeting Dox-loaded
HA supramolecular nanoassembly for overcoming the "PEG dilemma"
with the aid of benzoic imine linker, termed as Dox/HCVBP.
Specifically, the hydroxypropyl-f-cyclodextrin (HPCD)-grafting HA
polymer (HA-CD) and the pH-responsive adamantane-PEG conjugate
(AD-B-PEG) with the benzoic imine linkage were synthesized. The
non-pH sensitive adamantane-PEG conjugate (AD-O-PEG) was also
synthesized as a negative control. Then Dox/HCVBP NPs were
prepared by the host-guest inclusion interaction of cyclodextrin and
adamantane with the help of hydrophobic molecular vitamin E
succinate (VES) (Fig. 1). The VES served as a nanobridge to connect
HPCD grafted HA and Dox and could significantly improve drug
encapsulation efficiency, NPs stability and sustain drug release'’. After
Dox/HCVBP was intravenously administrated, it would keep the
"stealth” state in the blood stream due to the buried of HA and the
reduced interaction with biosystem by PEG shell. The "stealth" PEG
layer would be removed to expose the buried HA ligands at tumor
microenvironment and then the NPs could transform into the "recogni-
tion" state for improving cellular uptake via HA-mediated endocytosis.
After endocytosis, the increased acidity in the endo/lysosomes would
further accelerate the release of Dox for an enhanced antitumor effect
(Fig. 1). We systematically investigated the physiochemical and
pharmaceutical properties of the transformative NPs and evaluated
the effect on its overall antitumor effect. Such pH-sensitive modification
of PEG would effectively overcome "PEG dilemma" for improving the
long circulation time and enhancing intracellular drug delivery.

2. Materials and methods
2.1. Materials

HA-CD (HA molecular weight, MW =63 kDa) was previously
obtained by carboxyl of HA and hydroxy of HPCD reaction with
the catalyzation of 1-ethyl-3-(3-dimethyalminopropl) carbodiimide
(EDC) and 1-hydroxybenzotriazole (HOBT). Vitamin E succinate
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Figure 1 Schematic illustration of transformable Dox/HCVBP nano-
particle structure and targeting tumor delivery. Dox/HCVBP could be in
a "stealth" state at blood stream to prolong circulation time due to the
PEG shell and transform into a "recognition" state under the tumor
acidic microenvironment following PEG shell detachment to enhance
tumor cellular uptake. And the PEG shell could be detached more
completely in endo/lysosomes, which is advantageous to the endosomal
escape of NPs for enhancing antitumor efficacy.

(VES), mPEG 5000 and l-adamantane carboxylic acid (ADA)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). N,N'-
dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyrideine
(DMAP) were obtained from Pukang pharm Co., Ltd. (Quzhou,
China). Fetal bovine serum (FBS), 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES), the near infrared lipophilic
carbocyanine dye 1,1’-dioctadecyltetramethyl indotricarbocyanine
iodide (DiR) and 2-(4-amidinophenyl)-6-indolecarbamidine dihy-
drochloride (DAPI) were provided by Dalian meilun biotechnol-
ogy Co., Ltd. (Dalian, China). Doxorubicin hydrochloride
(Dox - HCl) was purchased from Huafeng United Technology
Co., Ltd. (Beijing, China), and was deprotonated with twice the
molar amount of triethylamine as a hydrochloride scavenging
agent to obtain the hydrophobic Dox for use. Other organic
solvents or reagents were analytic grade and used as received.

2.2.  Synthesis and characterization of the non-pH sensitive ada-
mantane-PEG conjugate (AD-O-PEG)

AD-O-PEG was synthesized as previously described with a little
modification'*"**, Briefly, the catalysts DCC (0.36 g, 1.8 mmol)
and DMAP (0.1 g, 0.8 mmol) were added to a solution of ADA
(0.16 g, 0.9 mmol) in 10 mL water-free dichloromethane (DCM).
After stirred for 2h in an ice-bath, the mPEG 5000 (1.5g,
0.3 mmol) dissolved in 5SmL anhydrous DCM was dropwise

added. The reaction mixture was stirred at 30 °C under the
atmosphere of N, for 48h. Then the solution was cooled at
—20 °C overnight and filtered to remove impurities. The filtrate
was concentrated, precipitated by absolute ethyl ether for three
times, recrystallized with isopropanol for purification and vacuum-
dried for 4 h to gain the final product. '"H NMR (600 MHz, CDCl;,
TMS, 6): 3.38 (s, -O-CH3), 3.82 (t, -CH,-CH,0C=0), 4.20
(t, -CH,-OC=0), 1.71-2.13 (m, -CH,- and -CH-of adamantyl
moiety), 3.54-3.72 (m, methylene of PEG).

2.3.  Synthesis of 4-carboxybenzaldehyde modified mPEG
(compound 1)

There were three steps to synthesize the AD-B-PEG*~. Firstly,
4-carboxybenzaldehyde (1.8g, 12mmol) and DMAP (0.04¢g,
0.3 mmol) were put into a flask, and 50 mL anhydrous tetrahydrofuran
(THF) was added under the atmosphere of argon gas. DCC (1.24 g,
6 mmol) dissolved in 10 mL anhydrous THF was dropped into the
above solution slowly by a syringe within 30 min. Then mPEG 5000
(3 g, 0.6 mmol) was added, and the liquid was stirred at 30 °C for 24 h.
The mixture was filtered to remove insoluble by-product before the
solvent was evaporated by a rotary (rotary vacuum evaporation,
Yarong, Shanghai). The rough product was dissolved in absolute
methanol and precipitated with absolute ethyl ether. The precipitation
was recrystallized by isopropanol three times to purify the product. We
gained compound 1 after drying for 4 h under vacuum.

2.4.  Synthesis of ethanolamine modified adamantane-1-carboxylic
acid (compound 2)

Ethanolamine (1.83 g, 30mmol), ALO; (8.15g, 80mmol) and
methane sulfonic acid (26 mL, 400 mmol) were added into a 100 mL
round-bottom flask and blended well under the atmosphere of argon
gas. Then adamantane-1-carboxylic acid (3.6 g, 20 mmol) was added.
After refluxed for 6 h at 75 °C, the mixture was poured into 1000 mL
5% sodium carbonate solution until there were no bubbles. The
solution was extracted with ethyl acetate. Obtained organic phase was
dried with calcium chloride anhydrous, filtered and evaporated by a
rotary to get the compound 2.

2.5.  Synthesis and characterization of the pH sensitive adamantane-
PEG conjugate (AD-B-PEG)

Compound 1 (2 g, 0.4 mmol) and compound 2 (1.8 g, 8 mmol) were
put in a 50mL flask, and 50 mL anhydrous THF and trimethyl
orthoformate (20 mL, 188 mmol) were added. Then the mixture was
stirred under reflux condition for 24 h at 45 °C. After removing the
solvent by rotary evaporation, the solid was recrystallized with
isopropanol for three times, washed with ethyl ether at last time
and vacuum-dried for 4 h to gain compound 3, the final product AD-
B-PEG. 'H NMR (600 MHz, CDCl;, TMS, 6): 3.38 (s, -O-CH),
438 (t, N-CH,-CHy-), 449 (t, -CH,OC=0), 7.80 (d, -CH- of
benzene ring), 8.11 (d, -CH- of benzene ring), 8.33 (s, CH=N),
1.66-1.96 (m, -CH,- and -CH-of adamantyl moiety), 3.64-3.88
(m, methylene of PEG, overlapped with N-CH,-).

2.6.  Preparation of HA-CD/AD-PEG inclusion complex
HA-CD/AD-PEG inclusion complex (HCPs) was obtained by

dissolving HA-CD and AD-O-PEG/AD-B-PEG in pH 7.4 HEPES
buffer and stirring at room temperature for 24 h. Then the mixture
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was lyophilized to gain white powder for use. HCPs with 5% molar
ratio of PEG and HA was prepared for constructing nanoparticles.

2.7.  The pH-dependent hydrolysis of the polymer

For AD-B-PEG, the pH-dependent hydrolysis of the benzoic imine
was assayed by the fluorescamine method™. Briefly, AD-B-PEG
was dissolved in different buffers (pH 7.4, 6.5, and 5.0) with a
final concentration of 1 mg/mL respectively, then incubated for the
specified time at 37 °C under oscillation. Then 20 pL of each
sample was added into 200 pL fluorescamine acetone solution
(50 pg/mL) in a black 96-well plate. After incubation at room
temperature for 10 min, the fluorescence intensity was measured at
the excitation wavelength of 382 nm and the emission wavelength
of 474 nm using a BioRad microplate reader (Model 500, USA).
All the processes should be away from light. The fluorescence
intensity of the sample incubated in 20 nmol/L acetic acid for 48 h
and blank buffer solution were treated as the positive control
(100% exposed of amine) and negative control (0%), respectively.
For HA-CD/AD-B-PEG inclusion complex (HCBP), the
pH-dependent hydrolysis was characterized by 'H nuclear mag-
netic resonance spectrometer (lH NMR, Bruker-600 MHz, Swit-
zerland)’”. HCBP with 10% molar ratio of PEG and HA was
prepared, and the structure analysis was performed on HCBP
solutions in D,O at a required pH adjusted by DCI or NaOD.

2.8.  Preparation and characterization of Dox-loaded PEG-modified
HA-CD nanoparticles

Dox-loaded PEG-modified HA-CD nanoparticles (Dox/HCVPs) were
prepared by the emulsion solvent evaporation method. Briefly, 1 mL
DCM organic solution containing 2mg VES and 0.5mg Dox was
mixed completely with 4 mL. water phase (pH 7.4 HEPES buffer)
consisting of 10mg HCPs. Then the mixture was subjected to
sonication using a probe-type sonifier at 100 W for 10 min (turn on
for 2s with a 3 s interval) in an ice bath and the organic solvent was
removed by rotary evaporation technology. After another 6 min
ultrasound in the same condition, the final micellar solution was
centrifuged at 10,000 x g for 10 min and filtered through 0.45 pm
filter. The preparation of DiR-loaded micelles was similar to the steps
listed above with the exception that Dox was replaced by DiR.

The average size, size distribution polydispersity index (PDI)
and zeta potential of nanoparticles were measured by dynamic
light scattering (DLS) using Malvern Zetasizer (Nano ZS, Mal-
vern, UK) at 25 °C and the measurements were repeated in
triplicate. The colloidal stability of nanoparticle stored at 4 °C was
explored by investigating the average size at time intervals by
DLS. The morphology of nanoparticles was visualized by
JEM-2100 transmission electron microscope (TEM, JEOL, Japan).
The negatively stained method was used on a carbon-coated copper
grid with 2% phosphotungstic acid. To calculate the encapsulation
efficiency (EE) and drug loading content (DL) of nanoparticles, the
amount of Dox was measured by using ultraviolet-visible (UV—-Vis)
spectrophotometry at 485 nm. And the EE and DL were calculated
using the Egs. (1) and (2), respectively:

EE (%) = (Amount of loaded Dox /Total amount of Dox) x 100 (1)

DL (%) = (Weight of loaded Dox /Weight of loaded Dox and carrier) x 100

@

2.9.  Invitro pH-responsive release behavior of Dox-loaded nano-
particles

The in vitro release behavior was carried out by dialysis method
using dialysis membrane bag (MW cut-off 14 kDa) in different
phosphate buffers (pH 7.4, 6.5 and 5.0 PBS). One milliliter of
preparation was transferred into a dialysis bag and immersed in
30mL above different mediums, then shaken in a water bath at
100rpm at 37 °C. At predetermined intervals, 1mL release
medium was withdrawn and refilled another 1 mL fresh medium.
The concentrations of Dox were determined by HPLC method
after filtration through 0.22 pm filter membrane. And all experi-
ments were conducted in triplicate.

2.10. Cell culture

All cells were cultured in an incubator at 37 °C with 5% CO, and
95% relative humidity and were subcultured with 0.25% trypsin—
EDTA in PBS. Hela cells were maintained in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% FBS and 1%
penicillin—streptomycin. H460 and 4T1 cells were maintained in
Roswell Park Memorial Institute-1640 (RPMI-1640) medium
containing 10% FBS and 1% penicillin—streptomycin.

2.11.  CD44 receptor expression

The level of CD44 expression of various cells was investigated by
immunofluorescence analysis. Generally, Hela, H460 and 4T1
cells were plated on glass coverslips in 24-well plate at a density of
1 x 10° cells/well for growing 24 h. After fixed with 4% paraf-
ormaldehyde, the cells were incubated with the anti-CD44 anti-
body (Abcam 119348, 1:200) overnight at 4 °C and with the
secondary antibody Dlight-488 conjugated IgG for 30 min at
37 °C. The nuclei were stained by DAPL Finally, the slides were
mounted with antifade mounting medium (Beyotime, P0126) and
observed with confocal laser scanning microscope (CLSM, Nikon
C2SI, Japan). The CD44 expression of 4T1 bearing mice tumor
tissue was also analyzed by CLSM. Tumor tissue was frozen in
OCT embedding medium and 20 pm thickness frozen sections
were prepared. After washed with PBS, the samples were treated
with the similar procedure as above.

2.12.  In vitro cytotoxicity of Dox/HCVPs

The cytotoxicity effect of Dox/HCVPs on Hela and H460 cells was
evaluated by MTT assay. Briefly, the cells (5000 cells per well) in a
logarithmic growth phase were seeded in 96 well plates and
incubated for 24 h. Then they were treated with different concentra-
tions of various formulations for 48 h. The solutions were aspirated,
and then 100pL fresh medium and 20pL of MTT solution
(5 mg/mL in PBS) were added. After incubation for 4 h at 37 °C,
the contents were removed and 200 pL DMSO was added to
dissolve the purple formazan products. The absorbances at 570 nm
were read using a BioRad microplate reader (Model 500, USA). The
median inhibitory concentration (ICso) was determined with the
software GraphPad Prism 5 (GraphPad Software, San Diego, USA).
The Dox/HCVPs were pretreated under pH 6.5 condition for 30 min
at 37 °C before use.
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2.13.  Cellular uptake of Dox/HCVPs

For flow cytometry, the cells were plated on a 6-well plate (0.5 million
cells per well) and cultured for 24 h. Various preparations which
diluted in serum-free media (the final concentration of 10 pg/mL of
Dox) were added to the cells, with serum-free media-treated cells as the
control. After 1 and 3h of incubation at 37 °C, the medium was
discarded, and the cells were washed three times with ice-cold PBS,
detached by trypsin, harvested by centrifugation (500 g, 5 min) and
washed with PBS three times again. At last, the cells were further
resuspended in 0.3 mL of PBS for analysis based on the fluorescence
of Dox by a flow cytometer (BD Biosciences, Oxford, UK).

2.14.  Mechanism of Dox/HCVPs cellular uptake

On the one hand, the cellular uptake of Dox/HCVPs without and with
pretreated under pH 74 and 6.5 conditions for 30min at
37 °C on Hela cells was measured by flow cytometer. On the other
side, their cellular uptake was investigated on Hela cells with or
without pre-incubated with excessive free HA. Briefly, Hela cells were
seeded in 6-well plate (0.5 million cells per well) and allowed to culture
for 24 h. Free HA (MW 102 kDa, 5 mg/mL) was added to each well to
pre-incubate for 1h. Then the mediums were replaced with nanopar-
ticles along with free HA (the same concentration as pre-incubation).
After culturing for 3 h at 37 °C, the cells were washed with cold PBS,
harvested and analyzed using flow cytometer.

2.15.  Intracellular trafficking of Dox/HCVPs by CLSM

Hela cells were seeded onto glass coverslips in 24-well plate
(0.1 million cells per well) and grown for 24 h. The cells were
treated with Dox/HCVPs nanoparticles (pretreated under
pH 6.5 condition for 30 min at 37 °C) for predetermined time
periods. Then the cells were washed with cold PBS for three times
and stained with LysoGreen (KeyGen Biotech, Jiangsu, China,
KGMP006-2) for 30 min at 37 °C. After fixed with 4% parafor-
maldehyde and stained the cellular nuclei with DAPI, the slides
were mounted with antifade mounting medium (Beyotime,
P 0126) for visualizing with CLSM. To quantify the endosomal
escape ratio of nanoparticles, the colocalization coefficient Pear-
son's correlation coefficient (PCC) was quantified using Image pro
plus 6.0 software (Media Cybernetics, Rockville, USA). Results
were presented as the mean of 10 individual cells.

2.16.  Animals and tumor xenograft model

All animal experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Shenyang pharmaceu-
tical university (Shenyang, China) and were performed in
compliance with the principles of care and use of laboratory
animals. All animals were kept under specific pathogen-free (SPF)
conditions and allowed free access to food and water. BALB/c
mice (female, 20g) were chosen to establish the 4T1 tumor
xenograft model obtained via subcutaneous injections with 107
4TI cells (suspended in 100 pL PBS) into the right hind leg.

2.17.  In vivo pharmacokinetic and biodistribution of Dox/
HCVPs

The male Sprague-Dawley (SD) rats weighing 200-220 g were
randomly divided into three groups (r=35). Rats were

administrated with a 5 mg/kg dose of Dox solution or Dox/HCVPs
as a single injection through the tail vein, respectively. At
scheduled time points, 300 pL of blood was drawn from the
retro-orbital plexus of the rat eye and put into heparinized tubes.
Supernatant plasma was obtained after centrifugation and stored at
—80 °C for measuring. The concentration of Dox in the plasma was
determined by UPLC-MS/MS, and the pharmacokinetic para-
meters including the area under the plasma concentration—time
curve (AUC) and terminal half-life (#,,) were calculated using
DAS 2.1.1 software ( Chinese Pharmacokinetic Society, Beijing,
China).

For imaging to study the biodistribution of nanoparticles, 4T1
tumor-bearing mice were administrated with free DiR, DiR-loaded
HCVPs (2 mg/kg) via tail vein injection when tumor size reached
200-300 mm>. Mice were sacrificed at pre-determined time points,
and the major organs and tumors were dissected for ex vivo
imaging using Caliper LifeSciences LIVIS® Lumina Series
(PerkinElmer, MA, USA) with the parameters for DiR:
excitation =745 nm, emission =800 nm.

2.18.  In vivo antitumor efficacy of Dox/HCVPs

When the tumor volume reached around 200 mm?> , the 4T1 tumor-
bearing mice were randomly divided into four groups (n=35) and
treated with saline, Dox solution, Dox/HCVOP and Dox/HCVBP by
injecting through tail vein with equivalent Dox dose (7 mg/kg, injection
volume about 0.2 mL/10 g) three times at a 3-day interval, respectively.
The tumor length (L) and width (W) were measured using digital
caliper every 3 days, and the body weight of mice was recorded at the
same time. Tumor volume (V, mm>) was calculated based on Eq. 3):

V=W?xL/2 3)

On day 15, all the mice were sacrificed, and tumors were
harvested, weighed and photographed. The tumor burden was
calculated with the Eq. (4):

Tumor burden (%) = Tumor weight/Body weight x 100 “4)

Thereafter, the tumor tissues were fixed, embedded, sliced for
hematoxylin and eosin (H&E) staining and terminal deoxynucleotidyl
transferased dUTP nick end labeling (TUNEL) assay (KeyGen
Biotech, KGA 7051). The TUNEL assay was conducted according
to the manufacturer's instructions. The cell nuclei were stained with
DAPI, and the samples were observed with CLSM.

2.19.  Statistical analysis

All data were presented as mean+ SD (standard deviation). The data
was calculated from a minimum of three independent trials. One-way
analysis of variance (ANOVA) or Student's r-test was applied to
evaluate significant differences among the treatment groups, and
P value of 0.05 or less was considered to be statistically significant.

3. Results and discussion
3.1.  Synthesis and characterization of conjugates

The HPCD grafted HA (HA-CD, grafted density is about 50%) was
previously obtained by carboxyl and hydroxy reaction with the
catalysis of EDC and HOBT. The ester linkage non-pH sensitive
adamantane-PEG (AD-O-PEG) and the benzoic imine-containing pH
sensitive adamantane-PEG (AD-B-PEG) conjugates were synthesized
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as illustrated in Supporting Information Scheme S1. The non-pH
sensitive AD-O-PEG was synthesized through the ester linkage in
the presence of DCC and DMAP, and the structure was confirmed by
'"H NMR in CDCl;. As shown in Supporting  Information
Fig. S1A, the newly formed characteristic signal at 4.2 ppm could
be ascribed to the methylene next to the ester bond suggesting that
ADA has been conjugated to PEG by an ester linkage. As for
synthesis of AD-B-PEG, the mPEG was first modified by 4-carbox-
ybenzaldehyde, and the adamantane-1-carboxylic acid was modified
by ethanolamine. Then the benzoic-imine linkage formed between
aldehyde group of benzene ring and amine of ethanolamine modified
adamantane-1-carboxylic acid, which is more stable than the
imine bond formed from aliphatic amine due to the #-z conjugation
between benzene ring and imine. In Supporting Information
Fig. S1B, the typical proton singlet attributed to the benzoic-imine
(6 8.33) indicated that AD-B-PEG was synthesized successfully.

3.2.  The pH-dependent hydrolysis of conjugates

The fluorescamine method was performed to evaluate the
pH-dependent hydrolysis of AD-B-PEG. Fluorescamine, an
amine-reactive fluorescence derivative reagent, could react with
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primary amines specifically to produce high fluorescence, but its
hydrolysis products and itself have no fluorescence. The fluores-
cence intensity of fluorescamine reaction indicated the PEG
detachment level of AD-B-PEG at the different pH values since
the primary amine was exposed after hydrolysis of benzoic imine.
In Supporting Information Fig. S2, we could find out that
AD-B-PEG was stable at pH 7.4, and less than 10% of the
polymer was hydrolyzed up to 12h, but it reached 58.75% at
pH 6.5 and 73.95% at pH 5.0 only for 5 min. It indicated that the
hydrolysis of benzoic imine was highly pH-dependent and very
sensitive to the acidic environment. This result was similar to the
previous studies that the hydrolysis reaction of benzoic imine was
rapid under acidic condition®®*”.

The stability of the benzoic imine bond of HCBP in D,O at
different pH values was monitored by 'H NMR to investigate whether
HA-CD/AD-B-PEG inclusion complex (HCBP) possesses the same
pH-sensitive hydrolysis effect or not. For prepared inclusion complex
HCBP, the correlative characteristic peaks of HA-CD could be found
except for the characteristic signals of AD-B-PEG (Supporting
Information Fig. S3). And the peak signals of HA glycoside were
partly overlapped with PEG methylene at chemical shift 34 ppm. In
Supporting Information Fig. S3, there was no aldehyde proton peak
observed at pH 7.4, but the clear aldehyde peak appeared around
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Figure 2 Physiochemical and pharmaceutical characteristics of Dox/HCVPs: (A) Size distribution by intensity of Dox/HCVOP (left) and
Dox/HCVBP (right); (B) In vitro drug release behaviors of Dox/HCVOP (left) and Dox/HCVBP (right) in PBS (pH 7.4, 6.5 and 5.0); (C) Colloidal
stability of Dox/HCVPs stored at 4 °C (D) Morphology observation of Dox/HCVOP (left) and Dox/HCVBP (right) by transmission electron

microscope (data are mean+SD, n=3).
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10 ppm when pH at 6.5 and 5.0. It suggested that PEG in HCBP
inclusion complex also could be detached at tumor pHe.

3.3.  Preparation and characterization of Dox/HCVPs nan-
oparticles

Dox/HCVPs were prepared according to our previously reported
method. The lyophobic molecular VES as a bridge molecular
could be inserted into the CD cavity via host-guest inclusion
interaction to form a hydrophobic core for loading Dox and
enhancing NPs stability. The hydrophilic hyaluronan and modified
PEG shell would surround the hydrophobic core, finally a core-
shell nanostructure (Fig. 1). The physiochemical and pharmaceu-
tical characteristics of Dox/HCVPs were summarized in
Supporting Information Table S1. Dox/HCVPs had negatively
charged surfaces, spherical shape morphologies, about 140 nm
average diameters, a uniform size distribution and high EE% for
Dox (Fig. 2A and D). It was worth mentioning that there were
some smaller particles around the nanoparticles. It could be the
crystal of HEPES buffer salt formed during the sample preparation
(Supporting Information Fig. S4). In Fig. 2C, Dox/HCVPs showed
slight changes in particle size for ten days stored at 4 °C,
suggesting the excellent colloidal stability. The release behavior
of Dox from Dox/HCVPs at 37 °C for 24 h under different pH
conditions was shown in Fig. 2B. They had similar release profiles
due to the same architecture of hydrophobic core. A pH-responsive
Dox release profiles could be observed, and it would be beneficial
for their stable blood circulation without leakage and rapid release
within tumor cells.

3.4.  CD44 receptor expression analysis

CD44 is a transmembrane glycoprotein overexpressed on the
surface of a variety of cancer cells and the most primary receptor
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of HA. It has been reported that CD44 density has a great effect on
targeting efficiency’®. Therefore, the expression of the CD44
receptor was analyzed by CLSM. As shown in Supporting
Information Fig. S5, the apparent fluorescence intensity could be
observed on the cell membranes of Hela, H460 and 4T1 cells, which
indicated they were CD44-overexpressed cells. And high fluores-
cence signals were also found in frozen section of 4T1 tumor tissue
excised from 4T1 tumor-bearing mice. Therefore, Hela and H460
cells were chosen as CD44" cells, and 4T1 tumor-bearing mice
were used as tumor xenograft model for further studies.

3.5.  Invitro cytotoxicity effect and cellular uptake of Dox/HCVPs

It should be considered that the incubation time of in vitro
cytotoxicity procedure was as long as 48h. Besides, the pH
change of cell culture medium might affect cell growth and
Dox/HCVPs had very different release behavior at pH 7.4 and
6.5 conditions. And the hydrolysis reaction of benzoic imine was
rapid enough to detach the PEG within 30 min. Therefore, the
Dox/HCVPs were pre-incubated under pH 6.5 condition for
30min at 37 °C allowed to detach the PEG shell before use.
Fig. 3A illustrated the cytotoxicity of free Dox and Dox/HCVPs at
different concentrations on Hela and H460 cells measured
using MTT assay, and the corresponding ICsy values were
shown in Supporting Information Table S2. Compared with
Dox/HCVOP, Dox/HCVBP showed a significantly higher cyto-
toxic effect on both Hela and H460 cells, even better than free Dox
on H460 cells.

The corresponding cellular uptake of Dox/HCVPs was also
studied by flow cytometry, and the result was shown in Fig. 3B.
From the histogram of fluorescence intensity, the cellular uptake of
NPs was time-dependent. Dox/HCVBP exhibited higher cellular
uptake at each time-point on both cell types in comparison with
Dox/HCVOP, and the differences were more remarkable at 3 h.
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Figure 3 (A) Cell viabilities when treated with various formulations at different concentrations for 48 h on Hela (left) and H460 (right) cells.
(B) Cellular uptake of Dox/HCVPs on Hela (left) and H460 (right) cells at 37 °C for 1 h and 3 h measured by flow cytometry (data are mean + SD,

n=3, "P<0.05; P<0.01).
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This tendency was similar to the result of in vitro cytotoxicity. It
indicated that Dox/HCVBP enhanced in vitro cytotoxicity by
increasing cellular uptake of NPs since PEG detachment under
pH 6.5 condition.

3.6.  Mechanism of Dox/HCVPs cellular uptake

The cellular uptake of Dox/HCVPs pretreated under pH 7.4
and 6.5 conditions was measured on Hela cells with or without
free HA added for 3 h at 37 °C by flow cytometry, and the result
was shown in Fig. 4. Firstly, the cellular uptake of Dox/HCVPs
pretreated under pH 7.4 and 6.5 conditions for 30 min at 37 °C
was measured to reveal the effect of pH on cellular uptake. As
shown in Fig. 4B, the cellular uptake of Dox/HCOVP and
Dox/HCVBP was similar at pH 7.4, but Dox/HCVBP showed
much higher cellular uptake than Dox/HCVOP at pH 6.5. It
indicated that pH had a great influence on cellular uptake of
Dox/HCVBP but had little effect on Dox/HCVOP uptake. It might
be attributed to the exposed HA ligands of Dox/HCVBP after
detaching PEG shell at pH 6.5 which could make NPs transform
from "stealth" state to "recognition" state.

To further disclose the role of HA in cellular internalization, the
cellular uptake was investigated on Hela cells with or without pre-
incubated with excessive free HA. In Fig. 4C, the cellular uptake
of Dox/HCVPs was remarkably suppressed by added free HA,
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indicating the CD44 receptor-mediated cellular endocytosis.
Around 25% fewer Dox/HCVOP uptakes observed at both
pH 7.4 and 6.5 conditions, and there was no significant difference
between them. On the contrary, the uptake of Dox/HCVBP
declined by near 50% at pH 6.5, 2-fold greater than that
at pH 7.4. This different inhibition effect of HA towards
Dox/HCVBP at pH 7.4 and 6.5 further verified that Dox/HCVBP
could increase the cellular uptake by converting to "recognition”
state to improve the HA-CD44 recognition at pH 6.5.

3.7.  Intracellular trafficking of Dox/HCVPs by CLSM

The intracellular trafficking of Dox/HCVPs was observed using
CLSM to investigate their endosomal escape capability which is
significant to antitumor drugs acting with DNA in the nucleus. For
visualizing the subcellular localization, fluorescent dye LysoGreen
was used to label acidic endo/lysosomes and DAPI for the cellular
nucleus. As shown in Fig. 5, nearly all the red fluorescent of Dox
was localized in endo/lysosomes when treated for 1h, and a
portion of Dox could be found in the cellular nucleus after 3 h
incubation on both Dox/HCVPs NPs. And much stronger red
fluorescent was shown on the cells treated with Dox/HCVBP than
those incubated with Dox/HCVOP due to its higher cellular uptake
at 3 h. It was so exciting that much red fluorescence was localized
in the nucleus, but little was localized in endo/lysosomes on
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Figure 4 The cellular uptake mechanism investigations of Dox/HCVPs. (A) The cellular uptake histograms of Dox/HCOP (left) and
Dox/HCVBP (right) pretreated under pH 7.4 and 6.5 conditions on Hela cells with or without free HA addition for 3 h at 37 °C was measured by
flow cytometry. Groups are untreated (control), pH 7.4 without HA added (pH 7.4 HA-), pH 6.5 without HA added (pH 6.5 HA-), pH 7.4 with HA
added (pH 7.4 HA+) and pH 6.5 with HA added (pH 6.5 HA+) respectively. (B) The cellular uptake of Dox/HCVPs pretreated under pH 7.4 and
6.5 conditions was quantified via fluorescent intensity relative to untreated controls. (C) The fluorescent intensity of Dox/HCVPs cellular uptake on
free HA-treated Hela cells was normalized by the fluorescent intensity of cellular uptake on without free HA-treated Hela cells (data are

mean+SD, n=3, "P<0.05; P<0.01).
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Dox/HCVBP group at 5h. By contrast, a significant portion of
fluorescence can still be observed in endo/lysosomes on
Dox/HCVOP group. The corresponding colocalization coefficient
PCC measured by Image pro plus 6.0 software further manifested
this difference (Supporting Information Fig. S6), demonstrating
that pH-triggered detached PEG shell is advantageous to the
endosomal escape of NPs comparing with non-detached
PEG-modified NPs.

3.8.  In vivo pharmacokinetic and biodistribution of Dox/HCVPs

The in vivo pharmacokinetic of Dox solution, Dox’HCVOP and Dox/
HCVBP were investigated in SD rats. The mean plasma
concentration-time curves were shown in Fig. 6A and the main
pharmacokinetic parameters were listed in Supporting Information
Table S3. The two Dox/HCVPs showed the similar in vivo pharma-
cokinetic profiles. Although the AUC of Dox/HCVBP was a little
less than Dox/HCVOP (AUC,, were 3931.593+770.229 and
4462.3874+1001.992 pg/L - h respectively), they all significantly
increased the AUC (about 4-fold) and remarkably prolonged the #,
> (about 3-fold) in comparison with Dox solution.

DAPI Dox

(1h

{ 3n

Dox/HCVOP

\ 5h

3h

Dox/HCVBP

\ 5h

The biodistribution of DiR-loaded HCVPs NPs was carried
out in 4T1 tumor-bearing mice by ex vivo imaging of major
organs and tumor tissue. As shown in Fig. 6B, a strong
fluorescence intensity could be found in the tumor of DiR-
loaded HCVPs groups at 4 h post-administration, and it further
increased at 24 h. However, bare fluorescence signals could be
observed in tumor tissue of mice treated with free DiR and signal
in other organs was much weaker. The enhanced accumulation
of NPs in tumor should be attributed to the long circulation time
in blood and the enhanced permeability and retention (EPR)
effects in tumor of DiR/HCVPs. The corresponding quantitative
analysis of the average fluorescence intensity of DiR in tumor
tissues indicated that tumor accumulation did not have a
significant difference between Dox/HCVOP and Dox/HCVBP
(Supporting Information Fig. S7). These results further demon-
strated that benzoic imine was stable enough in blood circulation
for guaranteeing the "stealth" state of Dox/HCBP to prolong
circulation time of NPs and enhance accumulation of tumors
after intravenous injection. The strong fluorescence signals in
liver, spleen, and lung even at 24 h might result from the
metabolism characteristic of DiR.

LysoGreen

Merged

LA

Figure 5 The intracellular trafficking of Dox/HCVPs was observed by confocal laser scanning microscope when incubated with Hela cells for 1, 3 and 5 h.
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Figure 6 (A) Pharmacokinetic profiles of Dox, Dox/HCVOP and Dox/HCVBP in rats after a single intravenous administration of 5 mg/kg
(data are mean+SD, n=>5). (B) Ex vivo imaging of major organs and tumor tissue excised at 4 and 24 h post-administration of free DiR and
DIR/HCVPs (from top to bottom: heart, liver, spleen, lung, kidney, and tumor).

3.9.  In vivo antitumor efficacy of Dox/HCVPs

In vivo anticancer effect of Dox/HCVPs was studied in the 4T1
tumor xenograft model and the results were shown in Fig. 7.
Tumors in the control group grew very fast and the average
volume of tumor up to approximately 1000 mm® at the end of
the investigation (Fig. 7A and B). In contrast, all of drug
treatment groups exhibited antitumor efficacy to different degrees
(Fig. 7A-C). Comparing with free Dox group, the significant

inhibition effect of Dox/HCVPs on tumor growth might result from
the different pharmacokinetic behavior that PEGylated Dox/HCVPs
had longer circulation time than Dox solution. The high inhibition
efficiency of Dox/HCVBP compared to Dox/HCVOP should be
ascribed to the enhanced cellular uptake due to the transformation of
"recognition" state and improved endosomal escapement after
PEG shell detachment at tumor microenvironment. Notably, it was
worth noting that free Dox solution caused a remarkable loss
of body weight, indicating the severe systemic toxicity.
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Figure 7 In vivo antitumor efficacy of Dox/HCVPs in 4T1 tumor-bearing mice. (A) Pictures of excised tumors in different groups at the end of
the experiment. (B) 4T1 tumor growth curves of various groups with different treatments. (C) Tumor burden of various treatment groups was
calculated by body weights and tumor weights at the end of the study. (D) The variation curves of 4T1 tumor-bearing mice body weight during the

test (data are mean=+SD, n=>5, *P<0.05; P<0.01).
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FITC DAPI

Merged

Figure 8 (A) Representative H &E staining of tumors in various groups. (B) TUNEL assay representative images of tumors after different

treatments visualized using confocal laser scanning microscope.

Therefore, the tumor burden of Dox-treated groups was still high,
although it showed an excellent antitumor effect. In contrast, Dox/
HCVPs had little influence on body weight owing to their improved
biodistribution and decreased systemic toxicity.

The tumor growth inhibition was further confirmed by H&E
staining and TUNEL assay. As shown in Fig. 8A, an obvious blue-
pink interlaced image could be observed in the tumor admini-
strated with saline, indicating the active cell division and growth.
And these tumor cells showed an infiltrative growth manner. By
contrast, there were some vacuoles found in tumors of other
groups, and Dox/HCVBP-treated tumor had more vacuoles,
suggesting more apoptosis or necrosis of tumor cells. Additionally,
TUNEL assay illustrated the obviously highest apoptosis level in
tumor tissue of Dox/HCVBP group (Fig. 8B).

4. Conclusions

Dox-loaded HA-based transformable supramolecular nanoplatform
was successfully prepared by introducing the pH.-sensitive ben-
zoic-imine-linked PEG for simultaneously prolonging blood cir-
culation time and promoting active targeting cellular uptake of
tumor cells. The in vitro and in vivo experiments strongly
suggested that Dox/HCVBP significantly prolonged the circulation
time, enhanced tumor cellular uptake, as well as endosomal
escapement, and manifested the most effective antitumor effect
on 4T1-bearing mice. In general, after intravenous injection,

nanotransformable Dox/HCVBP could maximize the advantage
of PEGylation to make NPs "stealth" for avoiding the unfavorable
biodistribution and prolonging the blood circulation time. On the
other hand, it could be converted into "recognition" state for
enhancing cellular uptake and facilitating intracellular drug deliv-
ery by detaching the PEG shell at tumor microenvironment pH,.
Our findings paved the way to rationally design the natural ligand-
targeting NPs by balancing two conflicting processes of tumor
cellular uptake and in vivo nonspecific biodistribution.
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