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a b s t r a c t 

Although it is reported that the targeting ability of hyaluronic acid (HA)-based nanoparticles 

(NPs) is molecular weight (MW) dependent, the influence of HA MW on targeting efficiency 

of HA-functionalized NPs and the underlying mechanism remain elusive. In this study, we 

constituted three HA-functionalized Dox-loaded NPs (Dox/HCVs) different HA MWs (7, 63, 

and 102 kDa) and attempted to illustrate the effects of HA MW on the targeting efficiency. 

The three Dox/HCVs had similar physiochemical and pharmaceutical characteristics, but 

showed different affinity to CD44 receptor. Furthermore, Dox/HCV-63 exerted the best tar- 

geting effect and the highest cytotoxicity compared with Dox/HCV-7 and Dox/HCV-102. It 

was interesting to found that both the HA-CD44 binding affinity and induced CD44 cluster- 

ing by HA-based NPs were HA MW-dependent, the two of which determine the apparent 

targeting efficacy of Dox/HCV NPs in the conflicting directions. Those results laid a good 

foundation for rationally designing HA-based NPs in cancer therapy. 

© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 
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1. Introduction 

Comparing with conventional nontargeted nanoparticulate
drug delivery systems (Nano-DDS), active targeting Nano-DDS
has attracted great attention due to enhanced therapeutic
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effect and reduced undesirable side effects. They are usu-
ally fabricated by modifying nanocarriers with active target-
ing moieties which recognize specific biomarkers on the sur-
face of tumor cells, such as antibody [1] , nucleic acid [2] , pep-
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Scheme 1 – Schematic of self-assembled Dox/HCVs nanoparticles and illustration of internalization procedure of 
nanoparticles. Active targeting Dox-loaded nanoplatform (Dox/HCVs) was self-assembled by HPCD grafted HA conjugates 
(HA-CD) with the help of the inclusion interaction of cyclodextrin and the bridging effect of VES. The core–shell 
nanoparticles will be internalized via HA-CD44 interaction by tumor cells to achieve the targeting delivery. 
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ransporters like biotin [5] , amino acid [6] , folate [7] and other 
arious ligands. Among them, hyaluronic acid (HA) draws a 
reat of attention due to its good properties. 

HA is a natural occurrence linear anionic glycosaminogly- 
an polymer with a wide range of sizes composed of a sim- 
le repeating disaccharide of d -glucuronic acid and N-acetyl- 
 -glucosamine linked with a glucuronidic β (1,3) bond and 

s ubiquitous in tissues and fluids. HA possesses superior 
haracteristics in water solubility, biocompatibility, biodegra- 
ation, non-toxicity, and non-immunogenicity [8,9] . Together 
ith the abundance of readily-modified carboxyl and hy- 
roxyl groups, it has been widely utilized as carrier to de- 

iver low-molecule weight drug [10–12] , antibody [13] , nucleic 
cid [14] , protein [15] and tissue engineering [16,17] , etc. HA 

bundantly exists in extracellular matrix to exhibit vital mul- 
iple physiological functions by interacting with its specific re- 
eptors called hyaladherins, including CD44, lymphatic ves- 
el endothelial HA receptor (LYVE-1), inter- α-inhibitor (I αI),
D38, receptor for HA-mediated motility (RHAMM, also called 

D168) and tumor necrosis factor-stimulated gene-6 (TSG-6) 
18–20] , etc. Therein CD44 is a principal hyaladherins and a 
rans-membrane glycoprotein participating in diverse signifi- 
ant cellular functions, such as cell proliferation, differentia- 
ion, migration, angiogenesis and mediates cellular endocyto- 
is of HA for degradation [8,20–22] . In addition, CD44 is usually 
verexpressed in many kinds of malignant tumor cells, and 

any studies have demonstrated that nanoparticles modified 

ith HA exerted better tumor targeting effect due to HA-CD44 
pecific interaction [23–27] . 

It has been found that HA molecular weight (MW) de- 
ermines its diverse physiological functions, including cell 

igration, proliferation, angiogenesis, and gene expression 

nd so on [28,29] . As for HA-based active targeting Nano- 
DS, HA MW also affects its active targeting efficiency. For 

nstance, Fe 3 O 4 NPs coated with 31 kDa HA showed a bet- 
er targeting ability to Hela cells than 6 kDa HA [30] and 

he cellular uptake of HA-grafted liposomes was improved 

ith increase of HA MW (5–8 < 10–12 < 175–350 kDa) [31] . Sim-
lar conclusions also have been achieved by other reports 
32–34] . On the contrary, there are some different findings,
or example, the photodynamic therapy HACE NPs based 

n 20 kDa HA exerted better intracellular uptake capability 
nd therapeutic efficacy than those based on 50 kDa and 

00 kDa HA [35] . 
In this work, we intended to explore the relationship of 

A MW and active targeting efficiency for HA-functionalized 

ano-DDS and then to provide reliable scientific valid guid- 
nce for designing HA-based NPs. Based on our previous stud- 
es [36] , we modified HA covalently with hydroxypropyl- β- 
yclodextrin (HPCD) to prepare three different MWs HA-based 

anocarriers, and then assembled Doxorubicin (Dox)-loaded 

anoparticles (labeled as Dox/HCVs) by the host-guest inclu- 
ion interaction of cyclodextrin and bridging effect of vita- 
in E succinate (VES) ( Scheme 1 ). We further investigated 

heir physiochemical and pharmaceutical properties, evalu- 
ted cellular active targeting efficacy and probed the under- 
ying mechanism. 

. Materials and methods 

.1. Materials 

odium hyaluronate (HA, MW = 7, 63, 102 kDa) was ob- 
ained from Frida biological engineering Co. Ltd. (Shandong,
hina). Hydroxypropyl- β-cyclodextrin (HPCD) was kindly sup- 
lied by Shijiazhuang Pharmaceutical Group Co. Ltd. (Hebei,
hina). mPEG5000 and vitamin E succinate (VES) were pur- 
hased from Sigma-Aldrich (St, Louis, MO, USA). 1-Ethyl-3-(3- 
imethyalminopropl) carbodiimide (EDC) was purchased from 

hanghai Haiqu Pharm Co. Ltd and 1-hydroxybenzotriazole 
HOBT) was obtained from Pukang Pharm Co. Ltd. (Zhe- 
iang, China). Cell culture medium Dulbecco’s modified ea- 
le’s medium (DMEM) and Roswell Park Memorial Institute- 
640 (RPMI-1640) were purchased from Gibco, Invitrogen 

orp. (Carlsbad, California, USA). Fetal bovine serum (FBS),
-(4,5-dimthy-2 -thiazolyl)-2,5-dipphenyl-2H-terazolium bro- 
ide (MTT), 4-(2-hydroxyethyl)-1-piperazinee -thanesulfonic 



Asian Journal of Pharmaceutical Sciences 14 (2019) 521–530 523 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

acid (HEPES), trypsin and other materials for cell culture were
provided by Dalian Meilun Biotechnology Co. Ltd. Doxorubicin
hydrochloride (Dox • HCl) was purchased from Huafeng United
Technology Co. Ltd. (Beijing, China), and it was deprotonated
with twice molar amount of triethylamine before use. Other
organic solvents or reagents used were analytic grade. 

2.2. Synthesis and characterization of HPCD grafted HA 

conjugates (HA-CDs) 

To synthesize HPCD grafted HA conjugates, HA (0.2 g,
0.5 mmol), EDC (0.2 g, 1 mmol) and HOBT (0.11 g, 1 mmol) were
dissolved in 5 ml anhydrous formamide and stirred in ice-bath
for 2 h. Then, 0.5 g HPCD dissolved in anhydrous formamide
was dropwise into the reaction solution with stirring. After
the reaction solution was stirred at 40 °C for 48 h with the
protection of N 2 , the mixture was dialyzed against distilled
water for a week (four times changes one day and the MW
cut off 3500 Da) and then lyophilized after filtration to gain
white powder HA-CDs. The structures of conjugates were con-
firmed by 1 H nuclear magnetic resonance spectrometer ( 1 H
NMR, Bruker-600 MHz, Switzerland) and fourier infrared spec-
trometer spectroscopy (FT-IR, IFS55, Bruker, Switzerland). For
FT-IR, the samples were pressed with KBr and scanned from
4000 to 400 cm 

−1 under vacuum. The HPCD grafting density
(degree of substitution, DS) was calculated by the peak areas of
the characteristic peak of HA around 2 ppm (A 2ppm 

) and HPCD
around 5 ppm (A 5ppm 

) according to the following formula: 

DS ( % ) = 

(
A 5ppm 

/ A 2ppm 

)×( 3 / 7 ) ×100% 

where 7 is the number of hydrogen atom in HPCD (H (1,1 ′ )) and
3 is the number of hydrogen atom of –CH 3 in HA [37] . 

1 H NMR (600 MHz, D2O, TMS, δ): 1.01(s, –CH3- of hydrox-
ypropyl); 1.88 (s, –CH3- of HA); 4.43 (S, H (1,1 ′ ) of HA glycoside);
4.94 (d, H (1,1 ′ ) of HPCD glycoside); 3.07–3.89 (m, H signals of
HA glycoside) 

2.3. Preparation and characterization of Dox-loaded 

HA-CDs nanoparticles (Dox/HCVs) 

Nanoparticles were prepared by emulsion solvent evap-
oration method. Briefly, 2 mg VES was dissolved in 1 ml
dichloromethane (DCM) then the solution was poured into
4 ml HEPES buffer (pH 7.4) which contains 10 mg HA-CD, then
the mixture was under sonication for 10 min at 100 W (turn
on for 2 s with a 3 s interval) in ice bath by a probe-type soni-
fier. Afterward, it was evaporated to remove the DCM under
reduced pressure with a rotary evaporator and centrifuged
10 min at 13000 rpm, and then filtered through 0.45 μm fil-
ter to gain the final preparations. For getting the Dox-loaded
nanoparticles, the same procedure was carried out except for
dissolving another 0.5 mg Dox in DCM. 

The size, zeta potential and polydispersion index (PDI)
were detected by dynamic light scattering (DLS) using Malvern
Zetasizer instrument (Nano ZS, Malvern, UK) at 25 °C. The col-
loidal stability of preparations was explored by determining
the particle size at time intervals by DLS. The micelle mor-
phology was observed by JEM-2100 trans-mission electron mi-
croscope (TEM, JEOL, Japan). Negatively stained method was
used on a carbon-coated copper grid with 2% phosphotungstic
acid. The encapsulation efficiency (EE) and drug-loading con-
tent (DL) were measured by a UV–vis spectrometer at 485 nm.
In general, the prepared nanoparticles (uncentrifuged) and
the centrifugal supernatant were diluted with methanol and
treated with ultrasonic to destroy the structure of nanopar-
ticles and dissolve the Dox completely, then the Dox con-
tents were measured. Meanwhile, a certain amount of drug
(M Dox ) was measured precisely, and the quality of total sam-
ple (M Total ) was weighted after lyophilization. The EE and DL
were calculated using following formulas. 

EE ( % ) = Do x suspernatant / Do x uncentrifuged ×100% 

DL ( % ) = M Dox / M Total ×100% 

2.4. In vitro release profiles of Dox-loaded preparations 

The kinetics of drug efflux were studied as previously de-
scribed [36] . Briefly, 1 ml preparation was packaged in dialy-
sis membrane bag (MW cut-off 14 kDa), then was immersed in
30 ml PBS (pH 7.4, pH 6.5 and pH 5) with a continuously shak-
ing at 100 rpm at 37 °C. At designated periods, 1 ml of medium
was extracted and another 1 ml fresh medium was refilled.
The concentrations of Dox were measured by HPLC method
after filtrating by 0.22 μm filter membrane. 

2.5. Cell culture growth and maintenance 

Monolayers of cells were grown with 10 cm dishes in an in-
cubator at 37 °C with 5% CO 2 and 95% relative humidity. Hela
cells and MCF-7 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 10% FBS and 1% penicillin-
streptomycin. H460 cells and A549 cells were maintained in
RPMI 1640 medium containing 10% FBS and 1% penicillin-
streptomycin. The cells were subculture with 0.25% trypsin-
EDTA in PBS. 

2.6. Analysis of cell surface CD44 

For flow cytometry, the presence of CD44 on the cell surface
was detected by indirect staining with secondary antibody
(Dlight-488 conjugated IgG) [25,32,38] . Firstly, cells were plated
on glass cover slips in 6-well plate for 24 h, washed twice
with PBS buffer and treated with 0.25% trypsin-EDTA to col-
lect cells. Then cells were fixed with 4% paraformaldehyde
(PFA), permeabilized by 0.1% Triton-X 100, incubated with anti-
CD44 antibody (Abcam119348, 1:200) overnight at 4 °C, the neg-
ative control sample were incubated with isotype antibody
(Affymetrix eBioscience, 14-4031). Then samples were treated
with Dlight-488 conjugated secondary antibody for 30 min at
room temperature. After washing with PBS three times, the
samples were resuspended in PBS and analyzed by flow cy-
tometry (BD Biosciences, Oxford, UK). 

For immunofluorescence method, 1 × 10 5 cells/well cells
were seeded on glass cover slips in 24-well plate to grow
overnight. After washed twice with PBS and fixed with 4%
paraformaldehyde (PFA), the cells were incubated overnight
with the primary antibody (Abcam119348, 1:200) at 4 °C and
then for 30 min with the secondary antibody at room temper-
ature. The nuclei were stained with DAPI for 10 min. Finally,
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Table 1 – Physiochemical and pharmaceutical characteristics of Dox/HCVs. All data was shown as mean ± standard devi- 
ation (mean ± SD, n = 3). 

Dox/HCVs Size (nm) PDI Zeta (mv) EE (%) LD (%) 

Dox/HCV-7 137. 2 ± 1.65 0.17 ± 0.0004 −31.5 ± 0.153 93.25 ± 2.007 2.66 ± 0.3867 
Dox/HCV-63 141.1 ± 1.528 0.181 ± 0.014 −33.9 ± 0.643 91.42 ± 3.8215 2.57 ± 0.28 
Dox/HCV-102 140.7 ± 0.889 0.181 ± 0.058 −33.2 ± 0.321 93.12 ± 1.6618 2.35 ± 0.1099 
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he slides were mounted with antifade mounting medium (Be- 
otime, P0126) and samples were visualized using confocal 
aser scanning microscopy (CLSM, Nikon C2SI, Japan). 

To visualize the CD44 receptors change of existence forms 
nd distribution, we pretreated cells with non-drug-loaded 

anoparticles (HCVs) for presupposed time and then disposed 

hem according to the above process. 

.7. Proliferation inhibition experiments 

he proliferation inhibition of various formulations was eval- 
ated using classical MTT method. Cells were plated in 96-well 
ell culture plates (5000 cells/well) and incubated overnight at 
7 °C. Cells were treated with varies of concentrations of Dox,
ox/HCV-7, Dox/HCV-63, Dox/HCV-102 for 48 h. After aspirat- 

ng the treatment medium, 100 μl of fresh medium and 20 ul of 
TT solution (5 mg/ml) were added to the cells. After 4 h incu- 

ation, plates were read at 570 nm using a BioRad microplate 
eader (Model 500, USA). The cells treated with medium with- 
ut drugs were treated as negative controls. The log dose- 
esponse curve was plotted and the median inhibitory con- 
entration (IC 50 ) was calculated with the software GraphPad 

rism 5. 

.8. Cellular uptake of Dox/HCVs 

riefly, the cells were plated on a 6-well plate (0.5 million 

ells per well) and cultured for 24 h, and the various prepa- 
ations diluted with serum-free media (the final concen- 
ration of 10 μg/ml of Dox) were added to the cells, with 

erum-free medium-treated cells as control. After 1 h or 3 h 

f incubation at 37 °C, the medium was discarded and the 
ells were washed three times with ice-cold PBS, harvested by 
entrifugation (3000 rpm, 5 min), washed with PBS three times 
gain. At last, the cells were resuspended in 0.3 ml PBS for 
nalysis based on the fluorescence of Dox by flow cytometer. 

.9. Potential mechanism of nanoparticle endocytosis 

he potential endocytic mechanisms of nanoparticles were 
erformed with the method reported before [39] . Hela cells 
ere seeded in 6-well plate (0.5 million cells per well) 
nd cultured for 24 h. Chlorpromazine hydrochloride (CPZ,
0 μg/ml), colchicine (8 μg/ml), quercetin (6 μg/ml), in- 
omethacin (6 μg/ml) and free HA (MW 102 kDa, 5 mg/ml) were 
dded to each well and pre-incubated for 1 h, respectively.
hen the mediums were replaced with Dox/HCVs nanoparti- 
les (the final concentration of 10 μg/ml of Dox) along with the 
orresponding endocytic inhibitors (the same concentration 
s pre-incubation) and the cells treated only with nanoparti- 
les were as control. After culturing for 3 h at 37 °C, the cells
ere washed with cold PBS, harvested and analyzed using 
ow cytometer. In addition, we investigated the effect of en- 
rgy on endocytosis by measuring the corresponding uptakes 
f Dox/HCVs at 4 °C. 

. Results and discussion 

.1. The synthesis and characterization of HA-CDs 

A with too large MW has some limitations for Nano-DDS,
uch as large particle size, wide size distribution and high 

iscosity [31,35,40] . Therefore, we chose series HA with MW 

, 63 and 102 kDa to modify in the study. HA was success-
ully functionalized by HPCD with the aid of catalysts EDC and 

OBT. The synthesis procedure of HA-CD was illustrated in 

ig. S1 and the chemical structure was confirmed by 1 H NMR,
s shown in Fig. S2. Based on the 1 H NMR spectra, the av-
rage degree of substitution was calculated to be about 50% 

PCD grafting (Table S1) for three kinds of conjugates. In Fig.
3, by comparing the FT-IR spectra of HA, HPCD and HA-CD,
 new specific band at 1755 cm 

−1 was observed in HA-CD due 
o the stretching vibration absorption of the formed ester link- 
ge, confirming the successful synthesis of HA-CDs with three 
ifferent HA MWs. 

.2. Characterization of Dox/HCVs 

ox/HCVs were prepared with a slight modification based on 

ur previous study [36] . The long alkyl chains of VES could 

e inserted into the CD cavity with host-guest inclusion in- 
eraction, and the other hydrophobic segments of VES would 

onstitute a hydrophobic core capable of loading Dox. The hy- 
rophilic hyaluronan would surround the hydrophobic core,
nally resulting in a core-shell nanostructure. The physio- 
hemical and pharmaceutical characteristics of Dox/HCVs 
ith three different HA MWs were summarized in Table 1 . All 
anoparticles showed a uniform size distribution and spher- 

cal shape morphology ( Fig. 1 A, B and Fig. S4), and possessed
imilar particle size ( ∼140 nm) and zeta potential ( ∼−30 mv).
nd the EE of three NPs were more than 90%. The similar 
haracteristics of Dox/HCVs should be attributed to the tight 
ydrophobic core interaction. The change of average diam- 
ters of Dox/HCVs was observed for ten days stored at 4 °C.
s shown in Fig. 1 C, all Dox/HCVs had barely change in par- 

icle size, suggesting that the obtained preparations exhib- 
ted excellent colloidal stability. It might benefit from the good 

ydrophilic and surface negative charge of HA. The release 
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Fig. 1 – Physiochemical and pharmaceutical characteristics of Dox/HCVs: (A) size distribution by intensity of Dox/HCV-7; (B) 
morphology observation of Dox/HCV-7 (a), Dox/HCV-63 (b), Dox/HCV-102 (c) by TEM (the scale bar was 100 nm); (C) Colloidal 
stability of Dox/HCVs stored at 4 °C; (D) In vitro drug release behaviors of Dox/HCV-7 in PBS (pH 7.4, pH 6.5 and pH 5). 

Fig. 2 – (A) Analysis of surface CD44 receptor by immunofluorescence image with CLSM on various tumor cells; (B) CD44 
receptor expression was measured on Hela (a), H460 (b), MCF-7 (c) and A549 (d) cells by flow cytometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

behavior of Dox at 37 °C for 24 h under different pH condi-
tions was carried out. As shown in Fig. 1 D, the accumulative
release of Dox from Dox/HCV-7 NPs in 6 h was only 8.37% at
pH 7.4, 16.9% at pH 6.5, but 51.91% at pH 5, suggesting Dox re-
lease was pH-dependent which probably due to the protona-
tion of doxorubicin at acidic environment [41,42] . The similar
pattern was found in Dox/HCV-63 and Dox/HCV-102, as shown
in Fig. S5. The distinct release property would be in favorable
for targeted drug delivery, since it could avoid the Dox leakage
during blood circulation (physiology condition pH value ∼7.4)
while rapidly release drug once internalized by tumor cells
(endosome and lysosome pH value 6.5–5 or even more
lower). 

HA as an active targeting ligand for CD44 receptor has
attracted great attention in Nano-DDS and many reports
demonstrated the active targeting efficiency of Nano-DDS
was MW-dependent. But some investigation results were only
based on free HA rather than HA-modified NPs. In addi-
tion, the physicochemical characteristics of NPs such as par-
ticle size, shape, surface chemical composition and so on,
have a significant influence on their cellular internalization
and intracellular delivery [43,44] , but it was rarely taken into
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Fig. 3 – Cell viabilities when treated with various formulations at different concentrations for 48 h on Hela (A), H460 (B), 
MCF-7 (C) and A549 (D) cells. 
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Table 2 – IC 50 values (nM) of Dox, Dox/HCVs on different 
tumor cells for 48 h incubation. 

Dox/HCVs Hela H460 A549 MCF-7 

Dox 44.4 422.7 138.6 636.1 
Dox/HCV-7 78.7 415.4 165.5 707.5 
Dox/HCV-63 36.2 153.3 139.0 686.5 
Dox/HCV-102 89.2 174.4 138.5 701.6 
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onsideration in many studies. The three HA-based NPs we 
repared had the similar physicochemical and pharmaceu- 
ical characteristics, it laid a significant fundamental for il- 
uminating the relationship between HA MW and its active- 
argeting efficacy. 

.3. CD44 receptor expression analysis 

D44 is a transmembrane glycoprotein overexpressed on the 
urface of a variety of cancer cells and is the most primary 
eceptor of HA. It has been reported that CD44 density has a 
reat effect on targeting efficiency [31] . With the aim to iden- 
ify the suitable cell models for the further studies, the ex- 
ression levels of CD44 on several cancer cells were conducted 

y confocal laser scanning microscope (CLSM). In Fig. 2 A, the 
trong fluorescence intensity could be observed on the cell 
embranes of Hela and H460 cells, indicating CD44 overex- 

ression. By contrast, there was little fluorescence signal on 

CF-7 and A549 cells, indicating CD44 low-expression. CD44 
xpression levels were also evaluated with flow cytometric 
ethod, as shown in Fig. 2 B. The mean fluorescence intensity 

MFI) suggested that both Hela and H460 cells overexpressed 
D44, but MCF-7 and A549 cells had a very low expression of 
D44, which in consistent well with CLSM results. Next, Hela 
nd H460 as positive cell models (CD44 + ), in contrast, MCF- 
 and A549 as negative cell models (CD44-) were used for the 
ollowing studies. 

.4. Influence of HA MW on cytotoxicity of Dox-loaded 

ormulations 

ig. 3 illustrated the cytotoxicity of free Dox and various 
ox/HCVs at different concentrations on four cancer cells for 
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Fig. 4 – Cellular uptakes of free Dox and Dox/HCVs on CD44 + cells Hela (A) and H460 (B) at 37 °C for 1 h and 3 h were 
measured by flow cytometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

48 h and Table 2 summarized the corresponding IC 50 values.
There existed a big difference for IC 50 values of free Dox on
four cancer cells, suggesting cytotoxicity being the cell type-
dependent. In addition, among the three Dox-loaded NPs,
there were different degrees of cytotoxic effects on Hela and
H460 cells, but similar cytotoxicity on MCF-7 and A549 cells.
It indicated that the targeting effect of Dox/HCVs was in a
CD44-mediated manner and the HA MW may affect cytotoxic
effect through adjusting cellular internalization capacity of
NPs [38] . This result also agreed well with the previous re-
sults of CD44 expression. Furthermore, in comparison with
Dox/HCV-7 and Dox/HCV-102, Dox/HCV-63 exhibited remark-
ably higher cytotoxicity on Hela cells ( Fig. 3 ). It had the lowest
IC 50 values (36.2 nM), much lower than Dox/HCV-7 (78.7 nM)
and Dox/HCV-102 (89.2 nM). Additionally, the similar trend
could be found on H460 cells. 

3.5. Effect of HA MW on cellular uptake of Dox/HCVs 

We further measured the cellular uptakes of nanoparticles
on CD44 + and CD44- cells at 37 °C for 1 h and 3 h by flow
cytometry. As shown in Fig. 4 , S6 and S7, all formulations
exerted a stronger MFI at 3 h than those at 1 h, indicating a
time-dependent cellular uptake. And Dox/HCVs nanoparticles
presented different MFI values on CD44 + cells, in sharp con-
trast to those on CD44- cells, confirming that CD44 recep-
tor played a vital role in HA-mediated active targeting. On
CD44 + Hela and H460 cells, Dox/HCV-63 showed the high-
est uptake of Dox at 3 h in comparison to Dox/HCV-7 and
Dox/HCV-102, in well consistent with their cytotoxic effects.
But it was interesting that Dox/HCV-102 exerted the better cel-
lular uptake than others after incubation for 1 h at 37 °C. 

3.6. Potential mechanisms of nanoparticles endocytosis 

Due to the endocytic pathway also has a strong effect on the
intracellular delivery of Nano-DDS [45] , we investigated the
potential mechanisms of Dox/HCVs endocytosis. As shown
in Fig. 5 A, a dramatic decrease of cellular uptakes could be
observed at 4 °C for Dox/HCVs, suggesting the cellular en-
docytosis of NPs was energy-consuming. Furthermore, sev-
eral endocytic inhibitors were chosen to investigate the
specific mechanisms. Chlorpromazine is an inhibitor inter-
rupting the clathrin-dependent endocytosis by dissociating
clathrin and adapter proteins from the membrane [45] , and
colchicine can block the macropinocytosis through interfer-
ing the microtubule transportation [46] , while indomethacin
and quercetin are inhibitors for caveolae-mediated endocy-
tosis and caveolae-/clathrin-independent endocytosis respec-
tively [47] . In Fig. 5 A, HA MW had a negligible influence on their
endocytic pathways. And the cellular uptakes of Dox/HCVs
treated with chlorpromazine were significantly decreased by
about 50%, but no significant changes were observed for other
inhibitors. Those results indicated that the cellular inter-
nalization of Dox/HCVs was primarily mediated by clathrin-
mediated endocytosis. 

Aim to understand the role of CD44 receptor during NPs
internalization, a competitive uptake inhibition was carried
out on Hela cells pre-added excessive free HA with the largest
molecule weight (102 kDa) to saturate the CD44 receptor by
multivalent interactions. In Fig. 5 B, the cellular uptakes of
the three Dox/HCV NPs were all significantly decreased, fur-
ther confirming CD44-dependent endocytosis for HA-based
Nano-DDS [10,48] . In addition, the decreasing percentages of
Dox/HCV-7 (47.45%) and Dox/HCV-63 (50.97%) were slightly
higher than Dox/HCV-102 (40.64%), owing to the highest bind-
ing affinity of 102 kDa HA with CD44 receptor [34] . 

3.7. Influence of HA MW on the binding affinity of 
Dox/HCVs 

The binding affinity of Dox/HCVs to CD44 receptor was fur-
ther estimated by measuring their cellular uptake at 4 °C for
3 h, which impedes the following endocytosis process after
NPs binding to cell plasma membrane. As shown in Fig. 6 and
Fig. S8, Dox/HCVs showed similar MFI as free Dox on CD44-
cell lines, but higher MFI than free Dox on CD44 + cells, due
to the specific HA-CD44 interaction. Comparing the MFI val-
ues of Dox/HCVs, their binding affinities followed an order
of Dox/HCV-102 > Dox/HCV-63 > Dox/HCV-7, and the tendency
was more apparent on Hela cells. This result agreed with the
previous reports that higher MW HA exhibited greater affin-
ity ability to CD44 via the multivalent binding interaction [30–
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Fig. 5 – (A) Effects of endocytosis inhibitors on cellular uptakes of Dox/HCVs were studied by flow cytometry: Hela cells were 
incubated with medium containing fixed Dox concentration formulations without (a, control; b, at 4 °C) or with 10 mg/ml 
chlorpromazine(c), 8 mg/ml colchicine(d), 6 mg/ml indomethacin(e) and 6 mg/ml quercetin (f) for 3 h after pretreated with 

inhibitors for 1 h at 37 °C. (B) Effect of competitive inhibition of free HA (MW 102 kDa, 5 mg/ml) on cellular uptake of 
Dox/HCVs at 37 °C for 3 h. 

Fig. 6 – Binding affinity of various Dox/HCVs was studied by investigated uptake at 4 °C for 3 h on Hela (A), H460 (B), MCF-7 
(C) and A549 (D) cells by flow cytometry. 
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Fig. 7 – The change of existence forms and distributions of 
CD44 receptors on Hela cells before and after incubation 

with blank nanoparticles HCVs for periods of time were 
observed by CLSM. 
3,49] . It might explain that Dox/HCV-102 exerted the better 
ellular uptake when incubation for 1 h at 37 °C ( Fig. 4 ). 

.8. Effect of Dox/HCVs towards to CD44 receptors 

ome studies reported that free large MW HA can trigger 
D44 clustering but low MW HA or hyaluronidase can disrupt 

his process. And CD44 clustering not only involves in HA 

W-dependent CD44-mediated cell signaling [20,50] , but also 
articipates in regulating the binding ability of HA to CD44 
eceptors [51–53] . In addition, receptor clustering has been 

bserved in some active targeting NPs based on integrins and 

pidermal growth factor receptor, and was reported to de- 
rease the apparent binding affinity of ligand to receptor [54] .
nspired by those findings, we observed the change of CD44 
eceptors on Hela cells after incubation with blank NPs HCVs 
or periods of time using CLSM ( Fig. 7 ). In the control group,
he fluorescence signals of CD44 receptors were uniformly 
istributed on the cell surface. By contrast, some granu- 

ar fluorescence points appeared in HCVs groups and the 
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distribution of receptors was uneven when incubated
for only 10 minutes, representing the formation of
CD44 clustering, especially in HCV-102 group. Further-
more, more fluorescence signals could be found within
cells, probably as the result of the internalization of
CD44 receptors along with NPs into cells. It is known
that HA is internalized into cells via CD44-mediated
endocytosis and then delivered to endosomes, finally trans-
ferred and degraded within the lysosomes [20,22,55] . With the
increase in incubation time, increased CD44 clustering could
be found, in particular for the HCV-102 group. 

Above results indicated that HCV-102 induced more CD44
receptor clustering than HCV-7 and HCV-63. It might affect the
overall targeting efficiency by decreasing the available num-
ber of CD44 receptors [56] . To a certain degree, it led to the
lower cellular uptake at 3 h and cytotoxicity of Dox/HCV-102
when compared with Dox/HCV-63. Ultimately, binding affin-
ity might be the rate-limiting step of cellular internalization
at the early stage, but the apparent targeting efficacy was
the combined result of binding affinity and induced CD44
clustering. 

4. Conclusion 

In this work, the three active targeting Nano-DDS with differ-
ent MWs HA (7, 63, and 102 kDa) were prepared for exploring
the effects of HA MW on the targeting efficiency. The three
Dox/HCVs NPs had the similar physiochemical and pharma-
ceutical properties. Furthermore, the cell proliferation inhibi-
tion and cellular uptake experiments indicated that Dox/HCV-
63 manifested better active targeting ability than Dox/HCV-7
and Dox/HCV-102. It was found that HA MW could tune the ac-
tive targeting capacity of HA-based NPs via modulated bind-
ing affinity and induced CD44 clustering effect in a conflict-
ing manner. The results might lay a reliable foundation and
provide relative theoretical guidance for rationally designing
HA-based Nano-DDS. 
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