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A B S T R A C T   

Recently, growing and conclusive evidences showed the particularly close ties between the vitamin D (VD) and 
breast cancer (BC). However, few researches were focused on the delivery system against breast cancer which 
based on cholecalciferol (VD3). Herein, we designed a series of self-assembled micelles. The conjugate (HA-VD) 
of VD3 with hyaluronic acid (HA) actively targeting breast cancer can efficiently delivery doxorubicin (DOX). 
The HA-VD conjugate was successfully synthesized, which was confirmed using 1H nuclear magnetic resonance 
(NMR) and Fourier transform infrared (FITR). Preliminary studies of its physical and chemical properties indi-
cated that VD3 was successfully grafted with the HA (HAVD). When the molar ratio was 1:2 and the degree of 
substitution (DS) was 18.6%, the minimum critical micelle concentration (CMC) value was 0.0137 mg/mL. For 
DOX-loaded HAVD micelles (DOX/HAVD), the drug loading (DL) was 6.2% and drug encapsulation efficiency 
(EE) was 79.5%. The DOX/HAVD micelles remain stable in serum for 48 h. The in vitro release rate of DOX 
decreased after encapsulating compared with that without HAVD encapsulation. The decrease with IC50 of DOX/ 
HAVD micelle was significantly stronger than that of free DOX (p < 0.05) and blank micelles (p < 0.01). At 50% 
cell inhibition rate, VD3 and DOX acted synergistically on BC cells. Hence, the HAVD micelles can significantly 
improve the therapeutic effect of DOX against BC cells. In a word, the DOX/HAVD micelles have great potential 
in treating breast cancer.   

1. Introduction 

Breast cancer, a kind of solid tumors, is a serious killer to women’s 
health. With the increase number of people diagnosed every year, BC is 
not only the most prevalent cancer worldwide, but also the 2nd leading 
cause of women’s death [1]. Many evidences have confirmed that low 
VD levels in the body increase the risk of BC development or progression 
[2]. Two major forms on VD are cholecalciferol (vitamin D3, VD3) and 
ergocalciferol (vitamin D2, VD2). In addition to food supplement, VD 
mainly comes from synthesized endogenous 7-dehydrocholesterol by 
skin after sunlight. As hormone precursors, VD3 and VD2 are metabo-
lized into 25-hydroxy VD (25(OH)D, calcidiol) in the liver and 1, 
25-dihydroxy VD (1,25(OH)D, calcitriol) in the kidney [3]. 

Although calcitriol exerts its final activity in vivo, and it has anti-
cancer activity in combination with chemotherapeutic drugs in BC, 

many reports also showed that VD3 has some special functions, which 
was of great significance for the treatment of BC [4,5]. Shallu Kutlehria 
synthesized VD3-PEG conjugate which was evaluated as a good carrier to 
deliver the broad-spectrum anti-cancer drug DOX. After DOX and VD3 
were in combination, the enhanced activity of cytotoxicity and anti-
migration were deemed significant. The micelles increased the accu-
mulation of DOX in tumor by inhibition P-glycoprotein mediated 
multidrug resistance (MDR) [6]. A study by Julianna M. was reported 
changes in expression and function of V–H+-ATPase in BC cells under 
specific inhibitor and VD3 therapy. The results showed that the VD3 
targeted V–H+-ATPase proton pump proved the therapeutic effect of 
VD3 on BC cells, so VD3 is recommended as a therapeutic agent [7]. 
Karen F Underwood found that vitamin D3 is a selective inhibitor of 
RUNX2 to positive endothelial cells, bone cells and BC proliferation 
cells, which can regulate RUNX2 DNA binding in the nucleus [8]. 
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Therefore, it is very promising to use VD3 to construct a delivery system 
and play a synergetic role in the treatment of BC with chemotherapy 
drugs. 

Hyaluronic acid (HA) is a kind of polysaccharide widely existing in 
vivo, which has biocompatibility and degradability [9]. More impor-
tantly, the CD44 receptor is on the surface of the most tumor cells which 
made HA act as a specific binding ligand to target [10]. The HA 
degradation mediated by hyaluronidase involves the internalization of 
HA and CD44 cell surface receptors [11,12]. Moreover, structure of HA 
containing carboxyl, amido bond and hydroxyl groups has outstanding 
advantages in modifying drug delivery carrier materials. HA can take 
advantage of its profile of active targeting tumor CD44 receptor, and 
promote more anticancer drugs entering cancer cells, thus effectively 
inhibit the growth of tumor cells. Recently, in active targeted drug de-
livery systems, based on the reason of its capacity to specifically bind 
many cancer cells that overexpress CD44 receptor, HA has attracted 
wide attention as a major part of the drug carrier conjugate [13,14]. 

The purpose of this current study is point at constructing a kind of 
novel delivery micelles based on HA conjugated with VD3 (HAVD) 
which can improve the therapeutic effect of delivering DOX for BC. First, 
VD3 was successfully coupled to HA, and we made a series of charac-
terization of the HA-VD conjugates. After that, as exhibited in Scheme 1, 
HAVD realized self-assemble into micelles, and the DOX was loaded into 
the previous micelles. Then, we characterized DOX/HAVD micelles, 
evaluated the release behavior of DOX in vitro and the stability in serum. 
Finally, we demonstrated the increased cytotoxicity of DOX/HAVD 
micelles to MCF-7 after DOX encapsulated. HAVD was not only an 
excipient, but also can enhance the anticancer ability of anti-cancer 
drugs in treatment of breast cancer. 

2. Materials and methods 

VD3 was procured from Solarbio Science (Beijing, China). HA (Mw =
11 kDa) was commercially purchased from Aladdin (Shanghai, China). 
Diethylamine and acetone were purchased from Fisher Scientific (Wal-
tham, USA). Dimethyl formamide (DMF), trimethylamine and potas-
sium bromide (KBr) were from Xin Yu Biological Technology (Shanghai, 
China). Dimethylsulfoxide (DMSO) and DMSO‑d6 were from Fu Yu 
Chemical (Tianjin, China). Doxorubicin hydrochlorate (DOX ⋅ HCl) and 
N-hydroxysuccinimide (NHS) were from Merck Chemicals (Shanghai, 
China). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was 
from Meilun Biotech (Dalian, China). Pyrene was from Yuanye 
(Shanghai, China). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) was obtained from ABclonal Technology (WuHan, 
China). All the chemicals were of analytically pure grade. 

The cell lines Michigan Cancer Foundation-7 (MCF-7) were pur-
chased from IMMOCELL (Fujian, China). And MCF-7 cells were cultured 
in cell culture plates (NEST Biotechnology, China) containing Dulbec-
co’s modified Eagle’s medium (DMEM, BNCC China) and added with 
10% certified fetal bovine serum (FBS, Vivacell Shanghai, China) with 
penicillin-streptomycin solution (Absin, China) at 37 ◦C. Culture me-
dium was freshened with Phosphate Buffer Saline (PBS, Invitrogen, CA) 
and DMEM once two days. When reached 70–80% confluence, the cells 
were passaged using trypsin-EDTA solution (Beijing T&L Biological 
Technology Co., China) or cryopreserved using cryopreservation (Sev-
enbio, China) once in every two days. 

2.1. Synthesis of the HA-VD conjugate 

The carboxyl groups of HA and hydroxy groups of VD3 were reacted 
by an esterification reaction with the solution of EDC and NHS. To begin, 
100 mg of HA was dissolved in 10 mL dry formamide at 1000 rpm 
magnetic stirring under the temperature of 50 ◦C. EDC (100 mg) and 
NHS (60 mg) were then added into the solution. To activate carboxylic 
group of HA, the mixture mentioned earlier was stirred for 2 h under the 
ice-cold environment. Later, different amounts of VD3 were dissolved in 
dry DMF in which the mole ratio between the carboxyl group of HA and 
hydroxyl group of VD3 was 1:0.5, 1:1 and 1:2, respectively. Meanwhile, 
the specific weight of VD3 were 48.8 mg, 97.7 mg and 195.5 mg. Then, 
the VD3 was dropped to the HA mixture which had been activated. After 
that, diethylamine was supplemented into the mixture as catalyst. The 
whole reaction solution was reacting and stirring at 40 ◦C for one day. 
After arriving at the appointed time, the reactive mixture was cooled 
down to 25 ◦C in an ice bath, dialyzed against ultra-pure water using a 
3.5 kDa dialysis bag for 48 h in order to remove unreacted species. 
Finally, the insoluble impurities were removed via filtration, and then 
the product HA-VD conjugate was stored at 4 ◦C after lyophilizing. 

2.2. Characterization of HA-VD conjugate 

The structure determination of HA-VD conjugate was performed 
with FTIR. The HA, VD3, and HA-VD conjugate were dried and ground 
respectively with an agate mortar and pestle, then using a KBr pressed 
tablet method to determine. The FTIR spectroscopy was performed on a 
Bruker Tensor 27 Bruker Fourier transform infrared spectrometer, and 
the spectra was detected over a wavenumber from 4000 to 400 cm− 1. 

The structure of HA-VD conjugate was further determined by Bruker 
1H NMR spectrometry (400 Hz, Switzerland). The chemical shifts were 
referenced to tetramethylsilane (TMS). HA and HA-VD conjugate were 
be analyzed by dissolving into D2O and VD3 dissolving in DMSO‑d6. 

2.3. The DS of VD3 

The HA-VD conjugates with various DS were prepared on the basis of 
the molar ratio 1:0.5, 1:1 and 1:2 between carboxyl group of HA and 
hydroxyl group of VD3. Then, the different DS of the conjugates were 
detected by NMR spectroscopy. The number of VD3 every 100 HA sugar 
residues in HA copolymer was defined as degree of substitution (DS). In 
addition, the DS was able to calculated by 1H NMR peak area relative 
intensity ratio of HA (-COCH3) to VD3 (-(CH3)2 in 1H NMR which ob-
tained by line fitting method was analyzed using ImageJ software [15]. 
The molecular weight of HA-VD conjugates with different DS was 
measured by gel permeation chromatography (GPC). GPC was per-
formed in CHCl3 at 30 ◦C using an Agilent liquid chromatograph 
equipped with an Agilent degasser [16]. Polystyrene standards were 
used for calibration. The calculation method of the DS was according to 
the following equation: 

DS(%)=

Integration of − (CH3)2 from VD3
6

Integration of− COCH3 from HA
3

× 100%  

Scheme 1. The DOX-loaded micelles based on HA-VD conjugates self-assembled in aqueous condition.  
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2.4. The CMC for the various DS 

The values for CMC in varying DS were analyzed by LS55 fluores-
cence spectrophotometer (Waltham, USA) using the hydrophobic probe 
of pyrene [17]. The solution of pyrene (3.0 × 10− 2 M) dissolved in 
acetone was diluted to a concentration of 6.0 × 10− 5 M, and then the 
acetone was blown away with mild nitrogen to prepare a solution con-
taining only pyrene in a volumetric flask. 40 mg of HAVD with different 
DS was added into 10 mL distilled water under 30 min ultrasound and 
finally used as mother liquor. Then, to obtain the concentration of 6.0 ×
10− 7 M, the varying concentrations of these mother liquor were added to 
the prepared volumetric flasks previously. After heating at 65 ◦C for 3 h 
in the dark, these solutions were allowed to shake in a 25 ◦C water bath 
shaker overnight. The entire procedures were protected from light 
throughout. Fluorescence measurements were carried out using 336 nm 
for excitation, 373 nm (I1) and 384 nm (I3) for emission wavelength to 
get the pyrene fluorescence spectra. 

2.5. Preparation of DOX/HAVD micelles 

The HA-VD conjugate was synthesized from the molar ratio of 
optimal DS. To get the free DOX base, DOX ⋅ HCl (5.8 mg) and trime-
thylamine (4.0 mg) were dissolved in DMSO stirring under nitrogen at 
room temperature [18]. 5 mL of solute HA-VD (20 mg) and DOX (3 mg) 
acetone solution was dropped into 95 mL PBS (pH 7.4) for continuous 
stirring. After the temperature of solution reduced to that of the room, 
the micelles were then carried out by ultrasonication (QS3, Cardiff, UK) 
for 20 min to reduce the article size of micelles [6]. 

The preparation of blank micelles was identical with DOX/HAVD 
micelles, except that DOX was not added during the procedure execu-
tion. Finally, to remove the insoluble stocks, the prepared micelles were 
passed through 0.45 μm filter. 

2.6. Characterization of DOX/HAVD micelles 

JEOL JEM 2100 (Tokyo, Japan) TEM was applied to obtain particle 
size and morphology of the DOX/HAVD micelles. One drop of the mi-
celles solution which made into sample solution of 5.0 mg/mL was put 
on a 200-mesh copper net covered by formvar membrane. The charac-
terization was performed with TEM after the sample drying at the room 
temperature. 

The DL and EE were to evaluate the excipient performance of the 
DOX/HAVD micelles. High performance liquid chromatography (HPLC) 
was used to determine DOX concentration. The values of DL and EE were 
obtained by the following equations: 

DL%=
WDOX

WMC
× 100%  

EE%=
WD

WFED
× 100%  

where WDOX represented the weight of DOX encapsulated in HAVD 
micelles, WMC was the weight of DOX/HAVD micelles and WFED was 
DOX fed initially. 

2.7. Serum stability of DOX/HAVD micelles 

The dynamic light scattering spectrophotometry (DLS, Vasco, 
Micromeritics, USA) was serviced to measure nanoparticle size of DOX/ 
HAVD micelles for determining the serum stability. The DOX/HAVD 
micelles solution was mixed with filtered DMEM containing 10% FBS in 
equal volume. The mixture performed for determining serum stability 
under mild shaking at 37 ◦C and was sampled at 0, 12, 24 and 48 h 
respectively to determine particle size. 

2.8. In vitro drug release 

The evaluation of DOX release behavior from DOX/HAVD micelles 
was studied via dialysis bag diffusion method [19]. 200 mL PBS solution 
(pH 7.4) was considered as the drug release medium. 1 mL DOX ethanol 
solution and DOX/HAVD micelles solution, both of which contained 20 
μM DOX, were respectively transferred into two dialysis bags (Mw 10, 
000, Fisher) containing 20 mL release media. Then, the above devices 
put on a shaker shielding from light with continuous shaking at 37 ◦C. At 
a scheduled interval, after the pipette removed 20 μL samples, the new 
release medium was supplemented to the release environment outside 
the dialysis bag. Previously, the absorption peak area of the DOX 
releasing into PBS was assayed by HPLC. The values from three repli-
cates were averaged. The cumulative release percentage (Q) of DOX was 
calculated with the formula below: 

Q(%)=

CnV0 + Vi
∑n− 1

i=1
Ci

mdrug
× 100%  

where, Cn, V0, Vi, Ci and m drug were the drug concentration (μg/mL) at 
the nth sample, the volume (mL) of the release mediums, replacement 
volume (mL) of PBS, concentration (μg/mL) of drug released in the ith 
sample and amount of DOX in micelles, respectively. 

2.9. The cytotoxicity assay 

The cytotoxicity study of three forms drug were analyzed by stan-
dard MTT assay [20]. To begin, MCF-7 cells seed on 96-well plates with 
7 × 103 cells per-well cultured for 24 h. After that, the blank micelles, 
DOX/HAVD micelles and free DOX were added into certain wells to 
incubate at 37 ◦C. The DOX/HAVD micelles and free DOX contained the 
equal concentration of DOX (from 0.1 μg/mL to 10 μg/mL). Meanwhile, 
the blank micelles were composed of different concentrations of VD3 
(from 4 μg/mL to 20 μg/mL). To investigate the combined treatment 
effect between VD3 and DOX on MCF-7 cells, the results of the cell 
viability assay were evaluated by Chou-Talalay Method [21]. According 
to this method, combination index (CI) is the evaluation that able to 
evaluate synergistic or antagonistic effects in drug interactions. The CI 
value was calculated with the formula below: 

CIx =
A1x

A2x
+

B1x

B2x  

where, CIx was the CI value when the inhibition rate was x%, the A1x and 
B1x were respectively the concentrations of A and B in drug combination 
when the inhibition rate was x%, A2x and B2x were respectively the 
concentrations of drugs A and B alone when the inhibition rate was x%. 
Three parallel holes were set for each treatment, and blank control 
group was given PBS of the same volume as experimental groups. After 
treatment for 48 h, the stale medium containing drugs was sucked up, 
and replaced with 100 μL MTT solution (0.5 mg/mL) to certain well for 
performing further 4 h incubation. After that, the MTT solution was 
dissected out, and 100 μL DMSO was placed into the well for 2 min to 
dissolve blue-purple formazan crystals. Finally, the optical density (OD) 
values of each well were from microplate reader (JD-SY96A, JingDao, 
China) at 490 nm. 

2.10. HPLC assay conditions 

The DOX was quantified by HPLC (Waters, Dublin, Ireland) fitted 
with a Waters e2695 at 260 nm wavelength. The determination of DOX 
concentration was detected on a ZORBAX SB-C C18 column (4.6 mm * 
250 mm, 5 μm). The mobile phase was 30% acetonitrile mixed with 70% 
phosphate buffer at pH 3 and then the flow rate was 1 mL/min. The 
determination of DOX concentration “DL, EE and in vitro DOX Release” 
section was according to those conditions above. 

N. Gao et al.                                                                                                                                                                                                                                     
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2.11. Statistical analysis 

Each experiment was repeated at least three times for reproduc-
ibility, values were reported as mean ± SD (standard deviation). The 
results were performed with GraphPad Prism 9. and the Student’ s t-test 
between 2 groups and comparisons among the groups were made with 
an ANOVA test under the conditions of more than 3 groups. Statistical 
significance at *p < 0.05 or * *p < 0.01 was acceptable. 

3. Results and discussion 

3.1. Synthesis of HA-VD conjugate 

The esterification of hydroxyl and carboxyl groups was the most 
common reaction in HA hydrophobic modification [22]. As shown in 
Scheme 2, the accomplishment of the HA-VD conjugate synthesis was 
based on the esterification reaction through the carboxyl group of VD3 
coupled with hydroxy groups of the HA. For enhancing the anticancer 
effect, HA was aimed at binding to tumor targeting receptors, and DOX 
was encapsulated by VD3 grafted HA as a hydrophobic group. In HA-VD 
conjugate, the hydrophilic HA was responsible for actively targeting 
CD44 receptor expressed on the surface of tumor cells. Also, VD3, which 
has certain anticancer toxicity, acted as the hydrophobic section of the 
micelles. Exon 20 of CD44 has been shown to encode a cytosolic tail 
about 70 amino acids long. This domain is essential for hyaluronic acid 
internalization and enhances the binding of hyaluronic acid to CD44 
[23]. When passively targeted drug delivery was required, low molec-
ular weight hyaluronic acid-coated nanoparticles (NPs) do not have 
adverse effects such as complement activation and cytokine induction 
[24]. In addition, low molecular weight hyaluronic acid-coated NPs can 
be used to actively target CD44 overexpressing tumors [25]. In addition, 
small molecular weight (oHA) inhibits CD44 aggregation and reversibly 
binds CD44, allowing NPs to permeate tumor cells for efficient cellular 
uptake [26]. Hence, we used low molecular weight of HA. 

3.2. Characterization of HA-VD conjugate 

Fig. 1 (a) HA section exhibited that the peak at 3423.4 cm− 1 was 
owing to the –OH of hydroxy, and the C––O stretching vibration band of 

carboxy groups caused the signal at 1616.0 cm− 1. In addition, the 
absorbance peak at 1151.3 cm− 1, 1043.3 cm− 1 and 942.53 cm− 1 were 
completely observed as the characteristic peaks of sugar rings. In the 
spectrum of VD3, the peaks at 3406.4 cm− 1 and 1023.3 cm− 1–1463.1 
cm− 1 were respectively corresponded to the stretching vibration of –OH 
and C–H. Compared with the spectrums of HA and VD3, a new peak at 
1640.2 cm− 1 attributing stretching vibration of C––O appeared, also the 
signal at 1228.0 cm− 1 can collectively be proved the formation of ester 
bond. Moreover, the new peak at 950.4 cm− 1 was corresponded to 
(C––C) vibration of VD3. The accomplishment of synthesis was prelim-
inarily confirmed according to these differences. 

The 1H NMR spectra characterization was applied to further confirm 
whether the VD3 was successfully grafted to HA. Comparison 1H NMR 
spectra of VD3, HA and HA-VD conjugate were shown in Fig. 1 (b). In the 
spectra of HA, the peaks for the hydrogen proton (δ 3.23–4.43 ppm) was 
owing to sugar moiety of HA and the δ 1.90 ppm was observed as 
carbonyl groups (-OCCH3). The signals at δ 4.91–5.10 ppm, δ 4.58 ppm 
and δ 0.9 ppm were respectively assigned to the proton of alkylene 
(C––CH2), hydroxy (-OH) and methyl (-CH3) belonging to the VD3. 

Compared with HA and HA-VD conjugate, the chemical shifts of δ 
4.90 ppm which attributed to the sugar ring of HA and 4.57 ppm of HA- 
VD conjugate disappeared, and the chemical shifts of δ 5.34 ppm 
increased. The reason for the results above was that the carboxyl 
structures of HA was esterified with the hydroxyl group of VD3, resulting 
in the chemical shifts of proton on HA sugar ring connected with -O- 
increased obviously. The forementioned results were indicative of suc-
cessful HA-VD grafting. 

In 1H NMR of HA-VD conjugate, the proton chemical shift values of 
CH2, CH1 and other groups in the molecular chain were located in the 
high frequency, which due to the longer chain and the spatial packing 
against each other of molecules. Fig. 1 (b) indicated that the peaks with 
chemical shift values in the δ 3.9–4.40 ppm range were numerous and 
mixed, and the peaks in the high frequency region were relatively 
chaotic. In addition, in the HA-VD structure, the groups of –COCH3 in 
HA and –(CH3)2 in VD3 were stable, thus the DS of HA-VD conjugate was 
obtained by the ratio of the intensity of characteristic peaks. 

Scheme 2. Synthesis route of HA-VD conjugate.  
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3.3. Determination of the DS of HA-VD conjugate 

After chemically modifying of HA, the DS was the major parameter to 
measure molecular characteristics [27]. As presented in Table 1, the DS 
increase was accompanied by the increased proportion of VD3. The 
different DS were named HVD-15, HVD-18 and HVD-21 respectively 
according to the value of DS 15.45%, 18.60% and 21.05%. Hydroxyl of 
VD3 reacted with excess carboxyl groups of the HA in reaction system as 
the molar ratio was 1:0.5, and thus the DS value was the lowest. And 
then, the DS of 18.60% was higher than before with the increase amount 
of hydroxyl groups of VD3. When the mole ratio was 1:2, the maximal 

value of DS was achieved at 21.05%. Those results can be explained that 
the complete reaction between adequate hydroxyl groups of VD3 and the 
carboxyl groups of the HA [28]. The results of number-average molec-
ular weight (Mn) measurement by GPC were shown complementally in 
Table 1. 

3.4. The CMC of HA-VD micelles 

CMC is a vital parameter not only affecting the self-assembly of 
amphiphilic copolymers in solution, but also involving the structural 
stability of micelles in the medium [29]. To get the CMC value of varying 
DS of HA-VD, the ratio of I384/I373 was plotted using log C of copolymer 
concentration as the horizontal coordinate. The CMC can be obtained 
from the inflection point of the I384/I373 plotting against the concen-
tration of HA-VD. As exhibited in Fig. 2 (a) and Table 1, the CMC values 
of HA-VD increased along with the molar ratio. 

These values were found to be lower than those of other small 
molecule surfactants [15]. The reasons of this were consistent with the 
polarity of the solution in which pyrene resided. More exactly, this was 

Fig. 1. (a) FTIR spectra. and (b) 1H NMR of HA, VD3 and HA-VD conjugate.  

Table 1 
The degree of substitution of HA-VD conjugates.  

Molar Ratioa DS (%) Named Mn 

1:0.5 15.45 HVD-15 14025 
1:1 18.60 HVD-18 14791 
1:2 21.05 HVD-21 15393  

a Molar feed ratio of –COOH of HA and –OH of VD3. 
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due to the elevated amounts of the hydrophobic part and the reduced 
polarity of the micelles core. After entering the micelles hydrophobic 
core, the pyrene molecule has a stronger fluorescence, manifested by the 
decrease of CMC [30]. The CMC values were 0.0148 mg/mL, 0.0154 
mg/mL and 0.0137 mg/mL when the molar ratio was 1:0.5, 1:1 and 1:2, 
respectively. It was observed that the CMC reached a minimum value 
0.0137 mg/mL, when the molar ratio was 1:2. These values were 
probably observed to be complying with Wang reported and promising 
to in vivo injection [27]. For micelles, high thermodynamic stability was 
expected in the blood, which required a lower CMC value as well as no 
dissociation of micelles due to decreased concentration after intrave-
nous injection [31, 32]. Therefore, based on the results of CMC and DS, 
the molar ratio of 1:2 was selected as the optimal ratio of HA-VD con-
jugate for subsequent experiments. 

3.5. Characterization of DOX/HAVD micelles 

The characterization of the micelles presented in Fig. 2 (b) showed 
that the forming micelles had a sphere shape with high degree of ho-
mogeneity in size and narrow distribution. The average particle size was 
about 100 nm detected by DLS. The behavior of nanoparticles in vivo was 
closely related to the reticuloendothelial system (RES). For tumor, 
through enhanced permeability and retention effect, reducing particle 
size of nanoparticles into 10–200 nm decreases the odds of RES uptake 
and promotes the endocytic uptake [33]. 

The characterization of these micelles indicated that the drug-loaded 
micelles had the favorable potential to maintain drug stability in vivo. 
Determination of DL and EE were calculated according to the afore-
mentioned methods, the DL and EE were about 6.2% and 79.5%. 

3.6. Serum stability of DOX/HAVD micelles 

As presented in Fig. 2(c), it could be seen that DOX/HAVD micelles 
were relatively stable after 48 h incubation with fetal bovine serum. The 
reason for this result may be as follows: The change of micelles in vivo 
was related to the interaction between serum protein and copolymer 

micelles [34, 35]. The mechanism for the better stability of the micelles 
was connected with the hydration of hydrophilic chain. The HA chain of 
amphiphilic copolymer can greatly render the copolymer more hydro-
philic and resist the adsorption of serum protein [36]. Other micelles, 
including those based on DSPE-PEG2K and block copolymers, were 
absorbed by serum proteins and final clearance by RES system because 
the hydrophobic tail could not be shielded by the head group [37]. 
DOX/HAVD micelles were required to be extremely stable in the process 
of delivering anti-cancer drug DOX in vivo. They were expected to be 
stable in systemic circulation and have a long blood circulation time, 
which could not be cleared by RES resulting in the loss of efficacy. The 
result showed that less serum protein could be absorbed by the serum. 
Therefore, a high serum stability made the micelles an excellently po-
tential carrier for drug delivery. 

3.7. In vitro drug release 

In vitro cumulative DOX release curve was exhibited in Fig. 2 (d). In 
that, over 80% of DOX release within 8 h indicated that the release rate 
of free DOX was extremely fast. In contrast, DOX/HAVD micelles 
showed stable release behavior in same release medium. Then the 
release rate of micelles was gradually slowed down, and the release ratio 
reached about 40% achieving at 12 h. The micelles released drugs slowly 
under physiological conditions, showing a good slow-release effect of 
drugs, not only can effectively carry drugs to target tumor tissue and 
cells, but also reduce leakage of toxic drugs to normal tissues and organs 
of human body. 

3.8. The cytotoxicity assay 

For comparing cytotoxicity of three forms of drugs, cell viability was 
measured after treatment with blank micelles, free DOX and DOX/HAVD 
micelles via MTT assay against MCF-7 cells. Reduced cell viability from 
increased doses of VD3 contained in blank micelles was shown in Fig. 3 
(a). As demonstrated in Fig. 3 (b), the cells incubated with increasing 
doses of free DOX and DOX/HAVD micelles showed decreased viability 

Fig. 2. (a) Deference of the fluorescence intensity ratio of I373/I384 vs. log concentration. (b) The TEM and DLS images of blank HAVD micelles. (c) Change of the 
DOX/HAVD micelles size in 48 h. (d) In vitro DOX cumulative release curve of DOX/HAVD micelles. 

N. Gao et al.                                                                                                                                                                                                                                     



Carbohydrate Research 522 (2022) 108706

7

against MCF-7 cells. As shown in Fig. 3 (c), the reduction in IC50 of DOX/ 
HAVD micelles (0.84 ± 0.35 μg/mL) was significant, as compared to 
blank micelles (12.94 ± 0.86 μg/mL) (p < 0.01). Meanwhile, the toxicity 
enhanced after HAVD micellar encapsulation was confirmed by which, 
cytotoxicity of DOX/HAVD micelle was significantly stronger than that 
of free DOX (3.01 ± 0.64 μg/mL) (p < 0.05). Based on Khriesha’s report, 
the IC50 of VD3 in blank micelles was lower than that of free VD3 [38]. As 
for the effect of VD3 concentration on the cytotoxicity of blank micelles, 
as Kutlehria’s reported, when free VD3 was directly administered to 
MCF-7 cells, the IC50 was 64 μM, equivalent to 24 μg/mL which is higher 
than the IC50 value (12.94 ± 0.86 μg/mL) of the targeted micelles 
designed by us. The possible reason is that the targeting effect of HA 
enhanced the anticancer effect of VD3 on tumor cell MCF-7. Compared 
IC50 of free VD3 with blank micelles and free DOX with DOX/HAVD 
micelles, the reasons of increased cytotoxicity might be as follows: the 
high affinity of HA with CD44 receptor promoted receptor-mediated 
uptake of micelles by tumor cells and thus higher cytotoxicity to 
MCF-7 cells, whereas the free DOX enters cells by passive diffusion [39]. 

Anticancer effect of VD and DOX in synthesized HA-VD nanomicelles 
loading with DOX was evaluated by CI value. The DS value was used to 
calculate the concentration of VD3 in the drug-loaded micelles, that is, 
when combined treatment. According to the report of the researcher, we 
selected the dosage concentration under the inhibition rate of 50% to 
participate in the calculation, and obtained the IC value of 0.48, which 
was lower than 1 [40]. Therefore, VD and DOX were synergistic under 
this condition. 

4. Conclusion 

In this study, HA-VD conjugate was successfully synthesized and 
characterized, drug-loaded self-assembled micelles were prepared to 
promote DOX targeted delivery to the HA receptor overexpressed BC 
cells. Importantly, in vitro researches indicated that DOX/HAVD micelles 
showed slow-released manner for DOX. The DOX/HAVD micelles were 
observed significantly high cytotoxicity to blank micelles (p < 0.01). 
Meanwhile, significant difference for cytotoxicity was shown between 
the free DOX and DOX/HAVD micelles, and the latter was higher than 
the former with p value < 0.05. Despite VD3 has aroused great interest in 
the treatment of BC, the delivery systems based on VD3 have not been 

fully explored. Our research shows that HVAD can increase the potential 
of anticancer drugs for BC treatment. However, as a drug delivery sys-
tem, HAVD micelles were only preliminarily evaluated. In the follow-up, 
we should further evaluate whether HAVD enters cells through CD44 
receptor-mediated endocytosis, whether VD reverses MDR, and the in-
hibition of proton pump. In particular, animal model evaluation will be 
conducive to further verify the assumptions expected. Just as Wang et al. 
constructed a dual-functional delivery system of DOX, which consist of 
hyaluronic acid and vitamin E succinate conjugated polymer micelles 
[41]. In Wang’s study, the in vivo experiment showed that the 
dual-function micelles could target the tumor through the HA receptor, 
deliver DOX to the nucleus, and thus have a significant effect on tumor 
inhibition. Yan et al. designed micelles with glutathione response and 
tumor targeting effect [42]. The micelles were prepared by hyaluronic 
acid-tetraphenyl ethylene conjugate (HA-SS-TPE). In vivo experiments 
showed that DOX@HA-SS-TPE not only significantly inhibited tumor 
growth, but also had good biosafety due to be encapsulated in micelles. 
Therefore, HAVD micelles have extraordinary value for the treatment of 
breast cancer. 
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