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a b s t r a c t

Breast cancer is the most prevalent cancer in women, and it was hard to prevent or diagnose at an early

stage. Thus, it is imperative to develop advanced therapeutics for effective treatment. Herein, a targeted

daunorubicin (DNR) and cytarabine (ara-C) co-delivery system was developed by modifying the ara-C

loaded liposomes (LIP-ara-C) with the hyaluronic acid-DNR (HA-DNR) prodrugs. The co-assembled hybrid

nanoparticles (HA-DNR/LIP-ara-C HNPs) exhibited good serum and storage stability with an average di-

ameter of approximately 100 nm. By specifically binding to the CD44 receptors that overexpressed on

cancer cells, these HNPs could be uptake via endocytosis and accumulate intracellularly, in which an op-

timized DNR and ara-C combination at a molar ratio of 1:5 could generate enhanced synergistic effects

with reduced dose-related toxicity on cancer cells.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Globally, aside from nonmelanoma skin cancer, the most preva-

lent cancer found in women is breast cancer [1]. In 2022, over

287,850 people will be newly diagnosed with breast cancer, with

the estimation of the American Cancer Society [2]. With the

growth of aging populations worldwide, these numbers will con-

tinue to rise relentlessly. Therefore, it is imperative to develop ad-

vanced therapeutics to treat breast cancer effectively.

Breast cancer occurs in four stages, stages I-IV, and can be

grouped into three major subtypes depending on the absence or

presence of molecular markers for estrogen or progesterone recep-

tors and human epidermal growth factor 2 (ERBB2) [3]. The three

major subtypes are as follows: hormone receptor-positive/ERBB2

negative (HR+/ERBB2−), ERBB2 positive (ERBB2+), and triple-

negative. Approximately 70%, 15%-20%, and 15% of patients are

grouped under HR+/ERBB2−, ERBB2+, and triple-negative, respec-

tively [4–6]. While stage I breast cancer have a 5-year breast

cancer-specific survival rates for HR+/ERBB2−, ERBB2+, and triple-

negative are approximately 99%, 94%, and 85%, respectively, the

median overall survival of stage IV breast cancer is about 5 years

for HR+ or ERBB2+ subtypes and 1 year for triple-negative, with
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the possible recurrence of the triple-negative breast cancer [7–

10]. Despite the related long- and short-term risks, the aversion

of recurrence and imperative breast cancer treatment relies on

chemotherapy.

Daunorubicin (DNR) is an anthracycline and exhibits its antim-

itotic and cytotoxic activities via multiple mechanisms, including

forming complexes with DNA, inhibition of topoisomerase II activ-

ity, inhibition of DNA polymerase activity, regulation of gene ex-

pression, and production of DNA-damaging free radicals [11]. Cy-

tarabine (ara-C) is an antimetabolite and mainly affects the cell

cycle by inhibiting DNA polymerase activity [12]. Combining these

two anticancer drugs at a molar ratio of 1:5 has been demon-

strated to yield maximally synergistic and minimally antagonistic

anticancer activities both in vitro and in vivo [13]. The optimized

drug combination has been further fixed in nanoscale liposomes,

which can deliver the most effective synergistic ratio of drugs to

cancer cells after being administrated in a relatively more straight-

forward manner [13]. However, these liposomes’ specific cancer

cell targeting capacity could be further improved to maximize their

therapeutic potentials.

Cancer cell targetability and site-specific drug release are crit-

ical factors that can facilitate liposomes with the capacity for ef-

fective eradication of malignancy [14]. It is generally accepted that

the maximum therapeutic potential can be achieved by modifying
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Scheme 1. Schematic illustration of HNP formation. The HNPs were co-assembled

from two functional building blocks: HA-DNR prodrug and LIP-ara-C. The HA-DNR

prodrug was firstly synthesized and then assembled onto the prepared LIP-ara-C to

form spherical HNPs.

liposomes, which can specifically bind to the receptor and be inter-

nalized by endocytosis, then quickly release drugs at the intracel-

lular level [15]. Fortunately, CD44, a receptor known to be overex-

pressed in patients with cancer [16], offers the possibility of opti-

mizing the liposomal formulation for the specific receptor-binding

mediated intracellular co-delivery DNR and ara-C.

Herein, we have developed a targeted DNR and ara-C co-

delivery system based on the hyaluronic acid (HA) modified li-

posomes. As illustrated in Scheme 1, HA-DNR prodrug was firstly

synthesized and then assembled onto the ara-C-loaded liposomes

(LIP-ara-C) to form the hybrid nanoparticles (HA-DNR/LIP-ara-

C HNPs). Since the HA, a linear polysaccharide composed of

d-glucuronic acid and N-acetyl-d-glucosamine, can specifically

bind to CD44 [17]. The HA-DNR/LIP-ara-C HNPs were hypothesized

to target the CD44 presented on cancer cells specifically, be in-

ternalized through endocytosis, and then released drugs intracel-

lularly. The released drug combination could inhibit the intracel-

lular synthesis of DNA and RNA, leading to the apoptosis of can-

cer cells. Accordingly, the maximum therapeutic potential of HA-

DNR/LIP-ara-C HNPs was believed to realize for the targeted and

synergistic treatment of AML.

To fabricate HA-DNR/LIP-ara-C HNPs, the two functional build-

ing blocks, we first prepared HA-DNR prodrug and LIP-ara-C. The

HA-DNR prodrug was synthesized by conjugating HA to DNR via an

acid-sensitive hydrazone linkage and had a DNR loading of 2.29%

[18]. The successful synthesis was confirmed by 13C nuclear mag-

netic resonance (13C NMR) spectrometer (Fig. 1). The amide ADH

peak at δ 175 transferred to δ 168 in the HA-ADH, and the peak

intensity reduced correspondingly in HA-ADH-DNR, owing to the

HA or DNR connection. In HA-ADH-DNR, the peaks at δ 175, δ 174,

and δ 168 were the characterized peak of amide in HA and ADH,

respectively. The special benzene ring peak of DNR also appeared

in HA-ADH-DNR at around δ 100, δ 150 and δ 160. Meanwhile, the

LIP-ara-C was prepared using the film hydration method followed

by extrusion [19]. By adjusting the amount of encapsulated ara-

C and condition of ultrasonication, the optimal LIP-ara-C with the

highest drug loading was prepared (Fig. S1 in Supporting informa-

tion). Based on the UV-vis spectrometer, the loading rate and en-

capsulation efficiency of ara-C in the optimized formulation were

calculated to be 13.7% and 23.75%, respectively, whereas the load-

ing rate and encapsulation efficiency of DNR were 0.45% and 7.48%,

respectively. The HA-DNR/LIP-ara-C HNPs were formed by mixing

the solutions containing the two functional building blocks and

vortex. According to our previous work, the HA-based prodrugs

have the potential to assemble directly onto liposomes since the

hydrophobic interactions could surpass the electrostatic repulsive

forces between the negatively charged HA prodrug and liposomes

[20]. Thus, the HA-DNR prodrug was assumed to assemble onto

the LIP-ara-C by inserting the hydrophobic DNR into the bilayers

of the liposome. As a result, the HA-DNR/LIP-ara-C HNPs, with the

decoration of HA-DNR prodrug at the surface, have a slightly larger

size (Fig. 2A) and higher zeta-potential (Table S1 in Supporting in-

formation) than the LIP-ara-C. The spherical morphology of these

nanoparticles with a diameter around 100 nm was further demon-

strated by TEM (Fig. 2B).

To confirm the successful assembly of the HA-DNR prodrug

onto the surface of the negatively charged LIP-ara-C, we utilized

fluorescence resonance energy transfer (FRET), an important tech-

nique for investigating molecular proximity (typically 10-100 Å)

[19]. Specifically, a donor molecular (FITC) with a wavelength of

515 nm was conjugated to the HA-DNR prodrug, while an accep-

tor molecular (RHO) with a wavelength of 575 nm was loaded into

the liposomes. The FITC-HA-DNR/RHO-LIP NPs were then prepared

at varying mass ratios (2:1, 1:1, 1:2) and their fluorescence emis-

sion spectra were recorded. As shown in Fig. 2C, both FITC-HA-

DNR and RHO-LIP emitted fluorescence upon excitation at 450 nm.

With the proportion increase of RHO-LIP, the fluorescence peak of

FITC (donor) at 515 nm decreased, while the one for RHO (ac-

Fig. 1. 13C NMR spectra of hyaluronic acid (HA), adipic acid dihydrazide (ADH), hyaluronic acid- adipic acid dihydrazide conjugate (HA-ADH), daunorubicin (DNR), and

hyaluronic acid-daunorubicin prodrug (HA-ADH-DNR or HA-DNR).
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Fig. 2. (A) Particle size distribution of LIP-ara-C and HA-DNR/LIP-ara-C HNPs. (B) Representative TEM images of LIP-ara-C and HA-DNR/LIP-ara-C HNPs. The scale bar is 100

nm. (C) Fluorescence emission spectra of FITC-HA-PTX/Rho-LTSL HNPs with FITC/Rho mass ratios of 1:0, 2:1, 1:1, 1:2, and 0:1. The excitation wavelength is at 450 nm. (D)

Particle size and PDI of HA-DNR/LIP-ara-C HNPs incubated in 10% PBS at 37 °C for 10 h showing high stability in vitro. (E) Particle size and PDI of HA-DNR/LIP-ara-C HNPs

incubated in PBS at 4 °C for 48 h showing high storage stability in vitro. (F) In vitro release profile of DNR from HA-DNR/LIP-ara-C HNPs in PBS at pH 5.4, 6.4, and 7.4. (G) In

vitro release profile of ara-C from HA-DNR/LIP-ara-C HNPs in PBS at pH 5.4, 6.4, and 7.4. mean ± SD, n=3.

ceptor) at 575 nm increased gradually. These changes in fluores-

cence intensity indicated FITC-HA-DNR is in close interaction with

RHO-LIP so that the excitation from the FITC donor could trans-

fer to the RHO acceptor without emitting photons during the elec-

tronically excited states of the two molecules. Accordingly, co-

assembly of the HA-DNR prodrug and the LIP-ara-C was proven

successful.

For stability evaluation of HA-DNR/LIP-ara-C HNPs, their parti-

cle size and polydispersity index (PDI) value were monitored in

10% fetal bovine serum (FBS) or phosphate-buffered saline (PBS).

As depicted in Figs. 2D and E and Fig. S2 (Supporting information),

no significant differences were observed after incubation in 10%

FBS or PBS, suggesting the excellent serum stability and storage

stability of HA-DNR/LIP-ara-C HNPs, respectively. In other words,

increased circulation half-life should be achieved for HA-DNR/LIP-

ara-C HNPs after being administrated in vivo. Moreover, the high

stability of HA-DNR/LIP-ara-C HNPs also confirmed that the HA-

DNR prodrug co-assembled onto the LIP-ara-C via incorporation of

its hydrophobic moiety into the lipid membranes, rather than coat-

ing on the surface of HA-DNR/LIP-ara-C HNPs via electrostatic in-

teractions.

The release profile of DNR and ara-C from the HNPs was then

evaluated in vitro. Under different pH conditions, the release of

both DNR (Fig. 2F) and ara-C (Fig. 2G) reached equilibrium within

24 h. The highest release of DNR was obtained at pH 6.4 (Fig. 2F),

whereas the highest release of ara-C was obtained at pH 7.4 (Fig.

2G). These results indicated that both DNR and ara-C could be re-

leased at the target site in a sustained manner.

The 4T1 cell line with overexpressed CD44 receptors was

used to examine the CD44-mediated intracellular uptake of HNPs.

We prepared fluorescence-labeled HNPs (HA-DNR/FITC-LIP HNPs)

and incubated them with the 4T1 cells to enable the quantita-

tive and qualitative analysis. When a fixed concentration of HA-

DNR/FITC-LIP HNPs (20 μg/mL of FITC) was used for the in-

cubation, the intracellular uptake of HNPs reached equilibrium

within 2 h and declined after 4 h (Figs. 3A and B). When an

increasing concentration of HA-DNR/FITC-LIP HNPs was used for

the incubation, the intracellular uptake of HNPs increased ac-

cordingly (Figs. 3C and D). Therefore, based on these quantita-

tive analyses by flow cytometry, the HA-DNR/FITC-LIP HNPs were

demonstrated to be efficiently internalized by the 4T1 cells in

both time- and concentration-dependent manners. The intracellu-

lar uptake of HA-DNR/FITC-LIP HNPs was also qualitatively mon-

itored by confocal laser scanning microscopy (CLSM). As pre-

sented in Fig. 3E, the uptake equilibrium at 2 h was observed

with strong fluorescence intensity, consistent with the flow cy-

tometry analysis. The green fluorescence of FITC-LIP was then

merged with the red fluorescent of HA-DNR and generated a yel-

low color, signifying the HA-DNR/FITC-LIP HNPs were located in

the lysosomes before accumulating in the cytoplasm. Overall, the

CD44 mediated intracellular uptake and localization of the HA-

DNR/FITC-LIP HNPs was confirmed to occur through an endocytic

pathway.

To evaluate the cancer-cell killing efficiency of HA-DNR/LIP-ara-

C HNPs, we first examined the cytotoxicity of the drug-free lipo-

somes. As displayed in Fig. 4A, cell viabilities were kept to almost

100% even after being treated with the highest concentration of

drug-free liposomes, suggesting the HNPs have no cytotoxicity be-

fore accumulating at the target site. The combinational effect of

the co-delivered DNR and ara-C, synergistic, additive, or antagonis-

tic, was then determined. Specifically, free DNR and ara-C combi-

nations with varying molar ratios were used to treat the 4T1 cells.

Based on their cytotoxicity, the combination index (CI) was calcu-

lated. The lowest CI value was obtained from the DNR and ara-C

combination at a molar ratio of 1:5 (Fig. S3 in Supporting informa-

tion), suggesting DNR and ara-C act synergistically on the 4T1 cells.

Additionally, the dose reduction index (DRI) of the free drug com-

binations was also determined to depict how many folds the dose

of each drug may be reduced based on synergism, compared with

the dosage of each drug alone. Fortunately, the 1:5 DNR and ara-

C combination presented the mostly reduced dose-related toxicity

compared to the other two combinations (Fig. S4 in Supporting in-

formation). On these bases, the CI and DRI values of HA-DNR/LIP-

ara-C HNPs were calculated. After being incorporated in the HNPs,

the optimized DNR and ara-C combination demonstrated a com-

paratively more significant synergistic effect (Figs. 4B and C) with

a significantly reduced dose-related toxicity (Figs. 4D-F) than its

free form.

To explore the cancer cell death mechanism induced by HA-

DNR/LIP-ara-C HNPs, we performed Annexin V-FITC/PI staining as-

say on the 4T1 cells treated with various drugs formulations. Then

both apoptotic and necrotic cells were quantified by flow cytom-

etry. Compared to the other formulations, the highest apoptotic

rate at 88.7% was observed for cells treated with HA-DNR/LIP-ara-
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Fig. 3. (A) Time-dependent uptake of HA-DNR/FITC-LIP in 4T1 cells at a fixed FITC concentration of 20 μg/mL measured by flow cytometry. (B) Bar chart for the time-

dependent uptake of HA-DNR/FITC-LIP in 4T1 cells at a fixed FITC concentration of 20 μg/mL (mean ± SD, n=3, ∗∗P < 0.01 and ∗∗∗P < 0.001). (C) Concentration-dependent

uptake of HA-DNR/FITC-LIP in 4T1 cells at varying FITC concentrations of 5 μg/mL, 10 μg/mL, and 20 μg/mL measured by flow cytometry. (D) Bar chart for the concentration-

dependent uptake of HA-DNR/FITC-LIP in 4T1 cells at varying FITC concentrations of 5 μg/mL, 10 μg/mL, and 20 μg/mL. (mean ± SD, n=3, ∗∗P < 0.01 and ∗∗∗P < 0.001). (E)

CLSM images of 4T1 cells treated with HA-DNR/FITC-LIP for 1 h, 2 h, and 4 h at a fixed FITC concentration of 7.5 μg/mL under 37 °C. The scale bar is 10 μm.

C HNPs, even though the free DNR and ara-C combination-treated

cells also exhibited a high apoptotic rate at 75.7% (Figs. 4G and

H). Since apoptosis is a highly controlled and regulated cell death

process, the inadequate apoptosis typically results in cell prolifera-

tion and cancer development [21]. Therefore, the highest apoptotic

rate of HA-DNR/LIP-ara-C HNPs indicates its success in cancer-cell

killing.

In summary, a targeted DNR and ara-C co-delivery system

were developed based on hybrid nanoparticles (HA-DNR/LIP-ara-C

HNPs), in which synthesized HA-DNR prodrug were co-assembled

onto prepared LIP-ara-C. The HA-DNR/LIP-ara-C HNPs, with parti-

cle size at approximately 100 nm, exhibited good serum and stor-

age stability, indicating improved circulation half-time when ad-

ministrated in vivo. Through targeted binding to the CD44 recep-

tor that overexpressed on 4T1 cancer cells, these HNPs could be

internalized by 4T1 cells via endocytosis, enabling enhanced in-

tracellular accumulation. The optimized DNR and ara-C combina-

tion at a molar ratio of 1:5 could then be sustained released in-

tracellularly, generating enhanced synergistic effects with reduced

dose-related toxicity. Unlike other lipid prodrugs, which are gen-

erally absorbed passively to tumor or target sites [22], assembling

our prodrug onto the liposomes potentially allows the co-delivery

system to actively target tumors at specific sites with increased

stability and retention. Even though further pharmacological and

pharmacokinetic studies on proper animal models should be done,

these promising properties of HA-DNR/LIP-ara-C HNPs envisioned

4603



G.F. Boafo, Y. Shi, Q. Xiao et al. Chinese Chemical Letters 33 (2022) 4600–4604

Fig. 4. (A) Cell viability of 4T1 cells treated with varying concentrations of LIP, ranging from 3.125 μg/mL to 100 μg/mL for 48 h, n=3. (B) Combination index (CI) for 4T1

cells treated with HA-DNR/LIP-ara-C HNPs of molar ratio 1:5 for 48 h. CI < 1, CI=1 and CI > 1 indicate synergistic, additive and antagonistic effects, respectively. (C) Bar

chart of the combination index (CI) for 4T1 cells treated with HA-DNR/LIP-ara-C HNPs of molar ratio 1:5 for 48 h. (D) Dose reduction index (DRI) for 4T1 cells treated with

HA-DNR/LIP-ara-C HNPs of molar ratio 1:5 for 48 h. (E) Cell viability of 4T1 cells after treatment with ara-C concentration ranging from 3.125 μg/mL to 100 μg/mL for 48 h.

The mass ratio for free ara-C and HA-DNR combination and HA-DNR/LIP-ara-C HNPs were 1:1.25 (mean ± SD, n=3). (F) Cell viability of 4T1 cells after treatment with ara-C

concentration ranging from 3.125 μg/mL to 100 μg/mL for 24 h. The mass ratio for free ara-C and HA-DNR combination and HA-DNR/LIP-ara-C HNPs were 1:1.25 (mean ±
SD, n=3). (G) A flow cytometry analysis for apoptosis on 4T1 cells after treatment with different formulations at DNR or ara-C concentration of 100 μg/mL for 48 at 37 °C,
n=3. (H) Quantitative analysis of apoptosis in 4T1 cells. The mass ratio for free ara-C and HA-DNR combination and HA-DNR/LIP-ara-C HNPs were 1:1.25 (mean ± SD, n=3,
∗∗P < 0.01 and ∗∗∗P < 0.001 as compared to the control).

their improved anticancer efficacy than the commercialized li-

posomal formulation for the treatment of breast cancer in the

future.
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