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a b s t r a c t

Downregulated pro-apoptotic protein in cancer cells compromises the chemotherapy by a cytotoxic drug.

Here, we report co-delivery of a pro-apoptotic protein, caspase 3 (Cas 3), and cytotoxic agent, oridonin

(ORD), for synergistic cancer treatment, using a method of liposome-based anchoring and core encapsu-

lation. First, ORD is modified with hyaluronic acid (HA) to improve its solubility. Then, the targeted co-

delivery system is prepared by assembling the conjugate HA-ORD onto the Cas 3-loaded liposomes, which

the surface HA can target the CD44 receptor on cancer cells. In vitro, the co-loaded liposomes (120nm)

are specifically taken up by 4T1 cells and endow a 1.5-fold increase of Cas 3. After intravenous injection

into the tumor-bearing mice, the liposomes accumulate in the tumor with high efficacy and significantly

inhibit tumor growth via promoting apoptosis and anti-proliferation of cancer cells. Mechanistically, the

co-delivery works synergistically by upregulating the activated Cas form, cleaved-Cas 3.

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

Medica, Chinese Academy of Medical Sciences.

Breast cancer was the most commonly diagnosed cancer glob-

ally, accompanying approximately 2.26 million cases [1]. The can-

cer occurrence mainly results from cell apoptosis disorder, which

inhibits pro-apoptotic signals in tumor cells while anti-apoptotic

proteins are upregulated. Two initiation pathways are frequently

involved in cell apoptosis: activating death receptors through ex-

ternal damage and triggering the release of cytochrome c and other

substances from the mitochondria via intrinsic pathways [2]. Clini-

cal evidence shows that the combination of traditional chemother-

apy and pro-apoptotic agents can synergistically elevate the sur-

vival rate of cancer patients [3]. Furthermore, caspase 3 (Cas 3)

is a significant mediator of cancer cell apoptosis after exposure to

cytotoxic drugs or radiotherapy [4,5]. Therefore, we theorized that

combinatorial use of Cas 3 and the cytotoxic drug could represent

a promising regimen to combat cancer.

Poor drug delivery to the tumor site is a significant limitation

that hinders cancer treatment. Drug carriers can improve tumor

targeting because of their small size and penetration inside the

diseased area [6]. Liposomes (Lips) are enclosed spherical vesi-

cles composed of one or more lipid bilayers [7]. Lips are emerg-

ing as promising carriers to enhance drug delivery due to the ad-

vantages, including high payload capacity, prolonged blood circula-
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tion time, targeting ability to the disease site, and ignorable toxi-

city to the body [8–10]. Over 20 liposomal formulations were ap-

proved for clinical use [11]. In this study, we co-delivered oridi-

non (ORD) and Cas 3 using Lips for the combined treatment of

breast cancer in 4T1 tumor-bearing mice. ORD is a natural com-

pound with poor solubility isolated from the traditional Chinese

medicine Rubescenin [12]. It has a robust ability to fight against

various cancers such as liver cancer, prostate cancer, and breast

cancer [13–17]. Briefly, ORD was conjugated with hyaluronic acid

(HA) to improve its solubility. After that, the co-delivery system,

hybrid nanoparticles (HNPs), was prepared by assembling the HA-

ORD conjugate onto the Cas 3-loaded liposomes, which the conju-

gate hydrophobic segment anchored into the liposomal membrane

and, meanwhile, the HA part located on the HNPs surface to tar-

get CD44 receptor on cancer cells (Scheme 1) [18,19]. The targeted

co-delivery system efficiently accumulated in the tumor and inhib-

ited the tumor growth synergistically through upregulation of the

activated Cas 3 form, cleaved-Cas 3.

First, the conjugate HA-ORD was synthesized via esterification

reaction as described in previous report [20]. Cas 3-Lips were pre-

pared by the reverse-phase evaporation method [21]. As depicted

in Table S1 (Supporting information), the protein-encapsulated Lips

have a diameter of 120nm and a protein encapsulation efficacy

(EE) of greater than 50% in the formulations with protein/lipid ra-

tios (w/w) of 1:10–1:30. The protein encapsulation was identified

by SDS-PAGE, in which the demulsification separated protein bands
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Scheme 1. (A) Preparing the co-delivery system (HNPs) by anchoring the conjugate HA-ORD onto Cas 3-Lips. (B and C) Purposed performance in vivo. After intravenous

injection, (B) HNPs accumulate in the tumor, and (C-1) target tumor cells through CD44-HA receptor-ligand interaction, (C-2) release the two active ingredients inside the

cells, and (C-3) synergistically activate Cas-3 pathway to promote apoptosis of tumor cells.

significantly weakened compared with the control (Fig. 1A). The

protein/lipid ratios had a modest influence on the diameter and

EE; however, the ratio increase reduced the drug-loading capacity

from approximately 5% to 2%. Accordingly, the Lip formulation with

a protein/lipid ratio of 1:10 was selected for further study due to

its highest drug payload. Then, the co-delivery system, HA-ORD/Cas

3-Lip HNPs, was prepared by assembling the conjugate onto the

Cas 3-Lips. The particle size of HNPs increased from 113nm to

274nm with a gradual decrease in the zeta potential as HA/lipid

ratio elevated from 1:4 to 2:1 (w/w) (Table S2 in Supporting in-

formation). To investigate the co-assembly, we conducted the FRET

study for the HNPs with various HA/lipid mass ratios by using FITC

as a donor conjugated with HA-ORD and Rho as the acceptor en-

capsulated in the Lips. With the increase of Rho-Lips in the HNPs,

the maximal fluorescence intensity of the acceptor (Rho) at 575nm

increased significantly. In comparison, the maximal fluorescence

intensity of the donor (FITC) at 515nm decreased, indicating the

FRET occurrence (Fig. 1B). FRET is a potent tool for studying the in-

teraction between two materials by labeling fluorescent donor and

acceptor [22–24]. Consequently, the assembly of the conjugate and

the Lips was confirmed.

The HNPs with the HA/lipid ratio of 1:2 were selected for fur-

ther study due to the smaller diameter (∼118nm) and higher load-

ing of Cas 3. TEM test displayed that the Lips and HNPs had spher-

ical morphology (Fig. 1C). The drug EE% and DL% in total in HNPs

was 48.75% and 7.92%, respectively, which the DL% of Cas 3 and

ORD was 4.75% and 3.17%, respectively. Incubation in 10% serum

for 12h imposed a slight alteration in diameter, surface charge, and

morphology of the two nanoparticles (Figs. 1D–F). However, their

PDI and surface potential gradually increased during the incubation

period of 12–24h. It is worth noting that these increase from HNPs

was compromised compared with Lips. The data demonstrated that

the conjugate assembly could improve the serum stability of Lips.

Release study shows that 60%–80% of encapsulated dye carboxyflu-

orescence (CF) in the core of liposomes from HNPs was released at

2h under different pH conditions (Fig. 1G), indicating that HNPs

can effectively release the encapsulated drug. Meanwhile, the HA-

ORD release from HNPs was pH-dependent, increasing pH value re-

sulting in a faster release. Interestingly, the release at pH 5 was sig-

nificantly slower than at pH 6.8 and 7.4. The profile demonstrated

that the conjugate has an elevated force to anchor onto liposome

under low pH conditions and might help maintain the structural

stability of HNPs in the acidic tumor microenvironment (Fig. 1H).

Next, the uptake study in 4T1 cells was performed by flow cy-

tometry. As displayed in Figs. S1 and S2 (Supporting information),

the uptake of the conjugate and the two nanoparticles was time-

dependent in a specific period. Especially, HNPs reached their max-

imal uptake at 1h after incubation, while Lips did not get the most

significant uptake at even 4h (Fig. S1B), indicating faster endocy-

tosis of HNPs. The further experiment showed that the uptake of

HNPs was concentration-dependent (Figs. S1C and D).

The CD44 receptor is overexpressed on various tumor cells [25],

and HA is a specific ligand for CD44 [26–28]. To verify CD44 role

in HNPs uptake, we saturated the surface CD44 receptors by pre-

incubating 4T1 cells with excess free HA. Flow cytometry assay

showed that Rho-HNPs uptake in the pretreated cells was signifi-

cantly reduced compared with unsaturated cells (P<0.05, Fig. S1E).

Laser scanning confocal microscope (CLSM) observation indicated

HA pretreatment resulted in weaker intracellular fluorescence in-

tensity (Fig. S1F). To further prove the targetability of HNPs to can-

cer cells, we investigated the uptake in 4T1 cells and the control

cell line without over-expressing CD44 receptors, NIH 3T3. As ex-

pected, the uptake of HNPs in 4T1 cells was significantly higher

than that in NIH 3T3 cells under fixed FITC or Rho concentration

conditions (Figs. S1G and H). These results confirmed that the con-

jugate anchoring promoted the Lips uptake in tumor cells through

the specific HA/CD44 ligand/receptor affinity.

To test the anti-tumor activity, we incubated preparations with

4T1 cells. Cas 3-Lips display improved cytotoxicity to 4T1 cells at

the protein concentrations of ≥2.5 μg/mL compared with free Cas

3 (Fig. S3A in Supporting information), owing to that liposome

encapsulation can improve the protein stability and promote the

uptake. The conjugate HA-ORD had concentration-dependent cyto-

toxicity. The ORD in the conjugate could be released due to the
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Fig. 1. Characterization: (A) SDS PAGE of free Cas 3 and separated Cas 3 after Cas 3-Lips demulsification. (B) Fluorescence emission spectra of FITC-HA-ORD, Rho-Lips and

FITC-HA-ORD/Rho-Lip HNPs with various HA/lipid mass ratios. λex =450nm. (C) TEM images of Cas 3-Lips and HA-ORD/Cas 3-Lip HNPs. The scale bar is 100nm. (D and E)

Serum stability of Lips and HNPs in 10% FBS at 37 °C. The change of the (D, E) morphology, size, PDI, and (F) ζ -potential of Lips and HNPs. (G) In vitro release of CF from

CF-labeled HNPs at 37 °C. CF was encapsulated in the cores of HNPs. (H) In vitro release of FITC-HA-ORD from HNPs. Data are presented as mean ± SD (n=3). The samples

collected at specified time intervals were placed in a 96-well plate to measure fluorescence intensity using a fluorescence spectrometer (CF, λex =492nm and λem =515nm;

FITC, λex =490nm and λem =520nm).

ester-bond degradation by the cytosol esterase [29]. Therefore, the

conjugate HA-ORD demonstrated toxicity against cancer cells. In

contrast, HNPs showed the most profound cytotoxicity among the

preparations at specific drug concentrations (31.3 μg/mL, Fig. S3B

in Supporting information), accompanied with a 2-fold cytotoxicity

increase in contrast with the simple combination of Cas 3 and the

conjugate.

The synergy effect was investigated by measuring the cytotox-

icity of HNPs with different mass ratios of HA/lipid (2:1, 1:1, 1:2,

1:4) and calculating the combination index (CI) by Compusyn soft-

ware. The CI values from formulations with ratios of 2:1, 1:1, 1:2

are <1 at a specific low inhibition rate (Fa), while, at all Fa, the CI

from 1:4 ratio is not great than 1 (Figs. S3C and D in Supporting

information), indicating its improved synergy. As a result, the HNPs

with HA/lipid of 1:4 were selected for further study.

Apoptosis determination displayed that HA-ORD and Cas-Lips

had 60% and 10% of 4T1 cell apoptosis after 48h incubation. How-

ever, the simple combination formulation did not lift the apopto-

sis rate (60%) compared with HA-ORD. In contrast, HNPs exhibited

an 83% apoptosis rate and thus indicated the co-delivery allowed

enhanced apoptosis of cancer cells (Figs. S3E and F in Supporting

information).

Then, the level of critical proteins in the apoptosis process was

determined by WB. Cas 3 exists in an inactive precursor form in

cells. After being activated, it is cleaved at an aspartate and is bro-

ken down into cleaved-Cas 3 [30]. Finally, cleaved-Cas 3 initiates

the downstream protein pathway or blocks DNA repair to induce

cell apoptosis [31–33]. Therefore, we determined the expression

level of Cas 3 and cleaved-Cas 3 after preparation incubation. As

depicted in Fig. 2, the dosing with HNPs endorsed the highest level

of Cas 3 and cleaved-Cas 3 in tumor cells, verifying the intracellu-

lar delivery of Cas 3 and its activation. Also, the conjugate induced

Cas 3 expression and implied its potential ability to promote tumor

cell apoptosis.

To study the biodistribution, we labeled fluores-

cence probe DiR (DiIC 18 (7); 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindotricarbocyanine iodide) to the nanoparticles

for imaging [34]. After intravenous injection, in vivo imaging of

4T1 tumor-bearing mice at specific time points was executed.

Both DiR-Lips and DiR-labeled HNPs effectively accumulated at

the tumor site for 24h period compared with free DiR (Fig. 3).

Whereas the tumor accumulation of DiR-labeled HNPs, especially

at 24h post-injection, was greater than that of DiR-Lips (P<0.05,

Fig. 3C). Ex vivo imaging for separated major tissues collected at

24h further verified that DiR-labeled HNPs had improved tumor-

targeting ability over DiR-Lips (Fig. 3B). These results indicated

that the conjugate anchoring promoted the tumor accumulation of

Lips and prolonged the residence time.

To study the anti-tumor efficacy, we intravenously administered

different preparations to 4T1 tumor-bearing mice every 3 days for

5 doses in 18 days. The tumor volume at 18 days in the saline-

or free Cas 3-treated group increased by >10-fold compared to

that at 0 day, while the tumor volumes in the group treated with

HA-ORD group or the physical mixture (free Cas 3 plus HA-ORD)
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Fig. 2. Expression of the pro-apoptotic protein in 4T1 cells: (A) WB analysis of Cas 3 and cleaved-Cas 3 expressions in cells after treatment with preparation for 48h at an

ORD concentration of 0.5mg/mL or Cas 3 concentration of 10 μg/mL. β-Actin was used as a loading control. Dark bands indicate protein expression. Quantitative analysis of

the expression of (B) Cas 3 and (C) cleaved-Cas 3. mean ± SD, n=3, ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001. Preparations: 1, saline; 2, free Cas 3; 3, HA-ORD; 4, HNPs.

Fig. 3. Tumor targeting in vivo: (A) In vivo fluorescence imaging of 4T1 tumor-bearing mice after i.v. injection of DiR-labeled preparations at the dye dose of 0.5mg/kg,

according to the body weight. (B) Ex vivo fluorescence images of important tissues were collected at 24h post-injection. (C) Quantitative analysis of tumor accumulation at

different time points (n=3, ∗P<0.05, ∗∗P<0.01).

group has 7-fold growth. Significantly, the tumor volume from the

groups dosed with HNPs at low or high does exhibited a 5-fold in-

crease and demonstrated significant tumor growth inhibition (Fig.

4A). The animal’s body weight in all groups did not decline and,

instead, increased at a steady rate (Fig. 4B). These results indicated

that HA-ORD and HNPs safely regressed the tumor growth in 4T1

tumor-bearing mice, whereas HNPs had improved inhibition.

The cancer-cell apoptosis in the isolated tumors was examined

by TUNEL and Ki67 assay [35]. Positive cells shown in TUNEL-

stained sections were most profound in the groups treated with

high or low doses of HNPs, followed by the groups treated with

preparations containing HA-ORD (Fig. S4 in Supporting informa-

tion). Quantified determination displayed that HNPs treatment al-

lowed a 50% apoptosis rate in the tumor cell, 5 folds as great

as saline treatment. The apoptosis rate of the two groups dosed

with preparations containing HA-ORD, HA-ORD, and physical mix-

ture, reached 30% as well (Fig. 4C). The apoptosis result was con-

firmed by the anti-proliferation determination by Ki67 assay (Fig.

4D and Fig. S4). The H&E staining assay further demonstrated that

the fewest cell numbers were observed in the tumor treated with

HNPs (Fig. S4).

We hypothesized that the tumor-suppressor effect of HNPs was

directly related to the delivery and activation of Cas 3. Accordingly,

the protein in the isolated tumors was determined by WB assay.

Administration with low dose HNPs increased the Cas 3 level by

50% compared with treatment with other preparations (P<0.05,

Figs. 4E and F). Moreover, the activated Cas 3 form, cleaved-Cas 3,

in the group dosed with low dose HNPs raised by approximately

2 folds compared to that from the saline-treated group (P<0.001,

Figs. 4E and G). The results indicated that the HNPs could effec-

tively deliver Cas 3 into the tumor.

Overall, HNPs played a significant therapeutic role in the 4T1

breast cancer model by inhibiting tumor growth and promoting tu-

mor cell apoptosis.

In this study, we demonstrated that the liposome-anchored

strategy was promising to promote the co-delivery of active com-

ponents with high molecular weight. Co-delivery of small molec-

ular drugs using drug carriers has obtained breakthroughs, as evi-

dent by the approval of Vyxeos liposomes co-loading daunorubicin

and cytarabine to treat acute myeloid leukemia in 2017 [36]. How-

ever, co-delivery of two molecules with a high molecular weight

with carriers is still a considerable challenge due to their lim-

ited space for loading. To enlarge the loading space, researchers

incorporated cationic materials, such as polyethyleneimine (PEI)

and dioleoyl phosphatidyl ethanolamine, into the liposomes to

condense the second macromolecular drug on the surface [37].

Nonetheless, their incorporation often induces significant toxicity

to the body and hinders the translation of the co-delivery sys-

tem. Herein, we found that the strategy of liposome-based an-

choring and core encapsulation enabled the co-delivery of the

two active molecules without additional cationic materials. The

functional protein was encapsulated in the core of liposomes and

whereas the second drug-polymer macromolecule was anchored

onto the liposomes via inserting the hydrophobic groups inside the

lipid membrane. As well known, most drug-polymer or antibody-

drug conjugate has hydrophobic side or residues on their struc-

ture [38]. Consequently, we believe the current approach is a uni-

versal platform to co-deliver polymer-based conjugate/prodrug and

biopharmaceuticals.

The anchoring allowed the liposomes to have enhanced target-

ing ability to the tumor (Fig. 3). HA-ORD-anchored liposomes pos-

sessed a 50% increase of tumor accumulation over the liposomes.

The profound tumor accumulation is mainly ascribed to the lig-

and/receptor affinity of HA/CD44 that allowed HNPs to target the

tumor tissue via potentially overcoming the shear forces of blood

flow [39,40]. Moreover, the conjugate anchoring led to an increase

in the negative charge of Lips (Table S2 in Supporting informa-

tion) and, as a result, could potentially reduce the adhesion of
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Fig. 4. In vivo anti-tumor activity: (A) Tumor-volume growth curves and (B) body-weight change profiles of 4T1 tumor-bearing mice (mean ± SD, n=7). Quantitative analysis

of (C) apoptosis and (D) proliferation of tumor cells (mean ± SD, n=3). (E) Western blot analysis of Cas 3 and cleaved-Cas 3 expression in the isolated tumors. Preparations:

1, saline; 2, free Cas 3; 3, HA-ORD; 4, physical mixture of Cas 3 and HA-ORD; 5, HNPs. β-Actin was used as a loading control. Dark bands indicate protein expression.

Quantified expression of (F) Cas 3 and (G) cleaved-Cas 3 (mean ± SD, n=3). The preparations (0.2mL) were injected to 4T1 tumor-bearing mice via tail veins every 3

days at an ORD dose of 5mg/kg or a Cas 3 dose of 150μg/kg, according to the body weight. HNPs were administrated at two doses of ORD/Cas 3, 5mg/150μg/kg, and

7.5mg/225μg/kg. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

blood proteins to nanoparticles, thereby protecting the nanopar-

ticles from excessive exposure to blood proteins and extending

the circulation time [41]. Third, the congruence principle might

also contribute to the tumor accumulation because HNPs have rich

HA on their surface, while a large HA matrix distributes in the

tumor.

Various approaches were employed to improve the stability

and performance of liposomes in vitro and in vivo, including

nanoparticle-coating [42], polymer-stabilization by covalently link-

ing a polymer to the head groups of lipids [43], and embedding li-

posomes inside another nanodevice [44]. These reported strategies

either impaired the biocompatibility of liposomes or limited their

translation due to the complicated preparation process. A previous

report indicated that the surface coating could reduce the mem-

brane fluidity of liposomes and enhance liposome stability in vivo

[45]. The conjugate anchoring might decrease the membrane flu-

idity of liposomes as well. Consequently, our HA-based anchoring

represents a promising strategy to improve the use of liposomes as

drug carriers.

Co-delivery of Cas 3 and ORD is promising to inhibit tumor

growth. Cas 3 is the final apoptosis executor of cancer cells and

is downregulated, which has become one critical restriction for

chemotherapy in cancer treatment [46,47]. Though the two thera-

peutics are entirely different in water solubility, molecular weight,

and stability, the developed HNPs could co-load the Cas 3 and the

cytotoxic ORD and precisely deliver them to cancer cells. The re-

sults displayed that the two therapeutics worked synergistically to

combat cancer. The study offers a route to improve chemotherapy.

In summary, a liposome-based anchoring and core encapsu-

lation strategy enables targeted co-delivery of two therapeutics,

the conjugate HA-ORD and Cas 3, to the tumor, allowing efficient

anti-tumor activities by suppressing tumor growth and enhancing

apoptosis of tumor cells. Moreover, the conjugate anchoring con-

fers positively targeting ability on liposomes, expands their drug-

loading capacity, and provides the potential to facilitate the utiliza-

tion of liposomes as drug carriers.
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