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a b s t r a c t

The combination of nucleic acid and small-molecule drugs in tumor treatment holds significant promise;

however, the precise delivery and controlled release of drugs within the cytoplasm encounter substantial

obstacles, impeding the advancement of formulations. To surmount the challenges associated with pre-

cise drug delivery and controlled release, we have developed a multi-level pH-responsive co-loaded drug

lipid nanoplatform. This platform first employs cyclic cell-penetrating peptides to exert a multi-level pH

response, thereby enhancing the uptake efficiency of tumor cells and endow the nanosystem with ef-

fective endosomal/lysosomal escape. Subsequently, small interferring RNA (siRNA) complexes are formed

by compacting siRNA with stearic acid octahistidine, which is capable of responding to the lysosome-to-

cytoplasm pH gradient and facilitate siRNA release. The siRNA complexes and docetaxel are simultane-

ously encapsulated into liposomes, thereby creating a lipid nanoplatform capable of co-delivering nucleic

acid and small-molecule drugs. The efficacy of this platform has been validated through both in vitro

and in vivo experiments, affirming its significant potential for practical applications in the co-delivery of

nucleic acids and small-molecule drugs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tumors have long been recognized as a significant peril to hu-

man well-being and survival. Traditional gene interference ther-

apy, specifically RNA interference (RNAi), has emerged as a highly

promising approach for treating cancer and other ailments [1–4].

Nevertheless, the limited efficacy in delivering therapeutic agents

[5], along with issues of instability [6] and suboptimal gene silenc-

ing efficiency, severely hinder the broader implementation of this

therapy in clinical settings [7–10]. Additionally, the delivery of nu-

cleic acid drugs to the cytoplasm and ensuring sustained effects

pose further challenges in the treatment process [11,12]. The de-

velopment of a targeted cytoplasmic effective and stable siRNA de-

livery system is of great significance for the precision diagnosis and

treatment of major diseases such as tumors.
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To improve the stability of the small interferring RNA (siRNA)

delivery process, researchers mostly use positively charged sub-

stances to absorb the siRNA to form a complex [13,14], thereby

safeguarding it against enzymatic degradation within the organ-

ism. However, the presence of numerous negatively charged sub-

stances in the organism can readily induce the off-target effect of

siRNA. Consequently, lipid nanoplatforms can be utilized to encap-

sulate the compressed siRNA complex, thereby further improving

its stability within the organism and alleviating the off-target ef-

fects of siRNA [15–17]. Moreover, the successful delivery of drugs

to the lesion site is also hindered by notable physiological barri-

ers, primarily due to the requirement for siRNA to operate within

the cytoplasm. Prior to reaching the cytoplasm, siRNA is prone to

capture by lysosomes, which house diverse enzymes capable of de-

grading siRNA. Even if evading the lysosomal capture, the release

of siRNA encounters further impediments. Therefore, this project,

based on previous laboratory studies [18], uses stearic acid and

octa histidine to form the pH-responsive copolymer SA-H8, which

exhibits hydrophobicity under physiological conditions and can
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effectively compress water-soluble siRNA. Moreover, SA-H8 can re-

spond to changes in gradient pH. In late endosomes/lysosomes (pH

4.0–5.5), SA-H8 assumes a more positively charged state, leading

to a tighter binding with negatively charged siRNA molecules. This

enhanced binding serves to safeguard the siRNA from enzymatic

degradation. Upon SA-H8/si escape from the endosomes/lysosomes

and arrival in the cytoplasm (pH 7.4), SA-H8 once again responds

to pH fluctuations. Specifically, the imidazole group on its histi-

dine undergoes deprotonation, resulting in the neutralization of

SA-H8. Consequently, the electrostatic interaction between SA-H8

and siRNA is disrupted, facilitating the successful release of siRNA.

This strategy effectively addresses the challenges associated with

unstable siRNA delivery and the difficulties in delivering siRNA to

the cytoplasm. If siRNA fails to disperse in the cytoplasm and is

recaptured by lysosomes, SA-H8 can once again act as a protective

shield to prevent siRNA from being destroyed.

Following the successful resolution of the issue pertaining to

the inadequate stability of siRNA transportation in both the body

and cells, our objective is to enhance the cellular absorption

and functionality of lipid nanocarriers. Consequently, our research

has been centered on the utilization of cell-penetrating peptides

(CPPs). Previous studies have demonstrated that CPPs exhibit the

ability to bind to extracellular receptors and undergo cellular ab-

sorption, while also offering notable advantages such as strong

affinity, minimal immunogenicity, and facile manufacturing [19,20].

However, it has been observed that linear CPPs exhibit a deficiency

in stability and specificity [21]. Over the course of the past two

decades, researchers have progressively directed their attention to-

wards the advancement of cyclic CPPs as a means to tackle this

matter [22–25]. Cyclic CPP not only encompasses the benefits of

linear CPP, but also exhibits enhanced stability and heightened cell

permeability [26–28]. Weerakkody et al. [29] has successfully syn-

thesized a series of cyclic peptides, among which the asymmetric

peptide (E4W5C) (Trp-Trp-Trp-Glu-Glu-Glu-Glu-Cys) exhibited su-

perior pH-dependent performance. This peptide consists of nega-

tively charged glucose residues on one side of the cycle and hydro-

dynamic tryptophan residues on the other side, thereby enhancing

its potential for drug delivery applications. However, the modifica-

tion of this cyclic peptide is challenging due to its significant steric

hindrance. To address this limitation, we have devised a novel ap-

proach by inserting alanine residues on both sides of the cysteine,

i.e., (E4W5ACA) to provide space for the modification of the cyclic

peptide. This design exhibits pH responsiveness towards cells and

also enhances the intracellular drug delivery, thereby enhancing

the efficiency of nanomedicine delivery [30].

To better verify the drug delivery effect of this particular de-

sign, we opted for breast cancer as the treatment model. Research

has shown that Polo-like kinase 1 (PLK-1) plays a critical regula-

tory role in cell cycle progression [31–33]. Silencing the expression

of PLK-1 using siRNA has been proven to cause cancer cell cycle

arrest and apoptosis [18], while exhibiting no detrimental effects

on normal cells and demonstrating favorable safety profiles. Unfor-

tunately, the utilization of a single drug therapy that focuses on

a particular pathway frequently results in inadequate effectiveness

of tumor therapy and can induce the activation of compensatory

pathways in cancer cells, leading to severe adverse reactions and

drug resistance. Consequently, the implementation of two or more

combination therapies that involve distinct mechanisms of action

is anticipated to achieve higher efficacy in cancer treatment [34].

The downregulation of PLK-1 gene expression through siRNA can

enhance the sensitivity of tumor drugs to chemotherapy [35], pro-

viding potential application prospects for the combination of nu-

cleic acid drugs and chemotherapy drugs.

In summary, this study developed a new lipid nano plat-

form (Scheme 1), Cyclic peptide modified liposomal delivery sys-

tem (Cyc-L), co-encapsulating siRNA (siPLK-1) and docetaxel (DTX)

(Cyc-LH/si-DTX) to overcome the defects of siRNA delivery. The

main considerations for adopting this design are as follows: On the

one hand, the combination of dioleoyl phosphatidylethanolamine

(DOPE) and cholesteryl hemisuccinate (CHEMS) has better loading

capacity and can contain chemical drugs and nucleic acid drugs

at the same time [36,37]. On the other hand, the use of SA-H8 to

Scheme 1. Cyclic peptides modified pH-responsive co-loaded lipid nanoplatform. (A) The structure of DSPE-PEG2000-MAL and Cyc(E4W5ACA). (B) The prepared complexes

of SA-H8 and SA-R8. (C) Preparation of cyclic peptides modified pH-responsive co-loaded lipid nanoplatform. (D) The processes of cyclic peptides modified pH-responsive

co-loaded lipid nanoplatform in vivo.
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compress siRNA increases the stability of siRNA and can reduce

drug failure caused by drug leakage during delivery. The struc-

ture of Cyc-LH/si-DTX allows drug delivery at different pH levels.

Firstly, the addition of the outer cyclic CPP increases cellular up-

take in response to pH changes. Once inside the cell, the peptide

can sense the decreased pH in the endosome, aiding the liposomal

drug in escaping the endosomal/lysosomal environment. When the

drug reaches the cytosol, SA-H8 responds to the higher pH, leading

to the efficient release of siRNA from its complexed form. Finally,

the concurrent release of siRNA and DTX in the cytoplasm demon-

strates a synergistic antitumor effect. Meanwhile, the downregula-

tion of PLK-1 by siRNA also increases the sensitivity of tumor cells

to chemical drugs, which can significantly enhance the antitumor

effect, reaching the effect of 1+1 > 2.

The main functional material required for the multi-stage pH-

responsive lipid nano platform designed in this project is DSPE-

PEG2000-Cyc(E4W5ACA). Its synthesis route was illustrated in Fig.

S1A (Supporting information), primarily involving the reaction be-

tween the thiol group on the cyclic peptide and the maleimide

group. The structural formula of Cyc(E4W5ACA) is shown in Fig.

S1B (Supporting information), comprising four main components.

Firstly, four glutamic acids provide negative charges in physiolog-

ical conditions, ensuring resistance to capture in the physiological

environment. Secondly, five tryptophans in the structure can re-

spond to the tumor microenvironment, enhancing the tumor’s up-

take of the carrier. The third part consists of cysteines, which pro-

vide active groups for the modification of functional lipid mate-

rials. To reduce steric hindrance, two alanines are added to both

ends of cysteine. This design ensures the penetration effect of

the cyclic peptide at the tumor site and guarantees the feasibil-

ity of functional modification. Fig. S1C (Supporting information)

shows the mass spectrum of DSPE-PEG2000-Cyc(E4W5ACA), with

the peak centered at m/z 4616.45 consistent with DSPE-PEG2000-

Cyc’s calculated mean molecule weight. This result confirmed the

successful preparation of the product.

To demonstrate the pH-responsive nature, siRNA stability, and

enhanced cellular uptake conferred by the cyclic peptide lipo-

somes, we employed flow cytometry to investigate their effects on

MCF-7 and A549 cells (Fig. 1). As shown in Figs. 1D and E, FAM-si

(fluorescein amidite labelled siRNA) exhibited low fluorescence in-

tensity, indicating poor stability of free siRNA and its limited ability

to enter cells for sustained gene silencing effects. In contrast, N-

L/FAM-si (N-L containing FAM-si) and Cyc-L/FAM-si (Cyc-L contain-

ing FAM-si) displayed significantly increased fluorescence intensity,

highlighting the stabilizing effect of liposomes on siRNA. Notably,

N-L/FAM-si showed no significant changes in fluorescence under

different pH conditions, but Cyc-L/FAM-si demonstrated a signifi-

cant increase in fluorescence intensity under acidic pH condition,

indicating the excellent pH-responsive nature of Cyc and its ability

to enhance drug delivery efficiency across cell membrane.

To rule out the possibility of the drug adhering to the cell

membrane, leading to false-positive flow cytometry results, we fur-

ther employed confocal laser-scanning microscopy (CLSM) to ob-

serve the changes in siRNA intensity in the cytoplasm of different

groups. As shown in Figs. 1F and G, after several hours of incu-

bation, FAM-si displayed minimal fluorescence intensity, while N-

L/FAM-si and Cyc-L/FAM-si exhibited noticeable fluorescence. Ad-

ditionally, N-L/FAM-si showed no significant fluorescence changes

under different pH conditions, and Cyc-L/FAM-si exhibited a sig-

nificant increase in fluorescence intensity under lower pH condi-

tions, consistent with the flow cytometry results. Importantly, the

observed fluorescence intensity of FAM-si was primarily within the

cytoplasm, eliminating the possibility of false-positive results due

to drug adhesion on the cell surface, which indicates the change of

Cyc peptide under acidic conditions, thus mediating the transloca-

tion of liposomal siRNA across the cell membrane.

Once drugs enter the cytoplasm, they are prone to be se-

questered by lysosomes, rendering them ineffective. To facilitate

successful escape from lysosomes, we synthesized SA-H8 and SA-

R8 as depicted in Fig. S2 (Supporting information), we selected

SA-H8 for siRNA compression to enhance its stability. By screen-

ing the ratio of SA-H8 to siRNA, we ensured complete compres-

sion of siRNA by SA-H8, as shown in Fig. 1A, The interaction

of SA-H8/phosphate with siRNA (N/P ratio) was examined using

an agarose gel electrophoresis (AGE) assay. siRNA was completely

compressed into the complex with an N/P ratio of 5:1. As shown

in Figs. 1B and C, the liposomes were approximately spherical and

had a diameter of approximately 150–200nm, the results demon-

strated that the particle size of liposomes was uniform. Subse-

quently, the liposomes were examined using a Malvern particle

size analyzer. The particle size potential diagram is shown in Fig.

S1D (Supporting information). The particle size of N-LR/si (Non-

modified lipsosome-encapsulate SA-R8/si) was around 170nm. The

modified particle size increased slightly, but the polydispersity in-

dex (PDI) was below 0.2, indicating that the particle size was rela-

tively uniform. As shown in Fig. S1E (Supporting information), the

zeta potential results showed that the liposomes carrying siRNA

on the surface were negatively charged as a whole and were rela-

tively stable. Moreover, the liposomes showed good storage stabil-

ity in phosphate buffer solution (PBS) with different pH (Fig. S1F in

Supporting information). Subsequently, we prepared SA-H8/si using

this ratio to validate the enhanced lysosomal escape and prolonged

gene silencing effect of compressed siRNA. We conducted experi-

ments using MCF-7 and A549 cells under pH 6.5 conditions. As de-

picted in Figs. 1H and I, there was no significant difference in flu-

orescence intensity between SA-R8/si and SA-H8/si after 2h. How-

ever, after 6h, the fluorescence intensity of SA-H8/si was notably

stronger, indicating that siRNA compressed by SA-H8 was more

prone to escape from lysosomes, resulting in a more pronounced

and lasting effect.

In the previous phase of our research, we demonstrated that

the efficacy of SA-H8/si surpassed that of SA-R8/si (siRNA com-

plexes compressed by SA-R8). However, alterations in the cyclic

peptide may influence the drug’s behavior in vivo. To identify the

optimal formulation, we employed the same preparation method

to produce SA-R8/si as a control. Both formulations were incu-

bated on MCF-7 cells for 1h and 3.5 h. As depicted in Fig. 1J, sur-

prisingly, Cyc-LH/FAM-si exhibited stronger and scattered fluores-

cence at 3.5 h, indicating that SA-H8/si effectively facilitated the

intercellular release of siRNA. Importantly, through these improve-

ments, our multistage pH-responsive liposomal nano-system, de-

signed with the cyclic peptide, shortened the drug uptake time

within cells. This advancement represents a further enhancement

of our initial design and provides favorable evidence for the subse-

quent design of nucleic acid drug carriers.

The aforementioned experiments validated the successful cy-

toplasmic release of siRNA with this design but did not con-

firm its therapeutic efficacy. Considering that PLK-1 knockdown

induces apoptosis, to verify the therapeutic effect of this design

strategy on tumors, we tested the apoptosis induction by differ-

ent formulations on tumor cells using flow cytometry, as shown

in Fig. 2A. Free siRNA exhibited minimal cytotoxicity to the cells,

mainly due to the instability of siRNA, which is prone to enzy-

matic degradation in serum. The N-L/si (non-modified lipsosome-

encapsulated siRNA) induced approximately 7% apoptosis cells un-

der different pH conditions, indicating that liposomes can en-

hance the stability of siRNA. Moreover, the Cyc-L/si (Cyc-modified

lipsosome-encapsulated siRNA) increased the cytotoxic effect on

cells under different pH conditions, with a stronger impact ob-

served in acidic conditions. In the physiological environment, al-

though Cyc did not undergo charge reversal to increase the per-

meability of liposomes to cells, its rigid structure inherently en-
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Fig. 1. Morphological characterization and intracellular trafficking of lipsomes. (A) Binding of SA-H8 to siRNA at different N/P ratios. (B) Transmission electron microscope

(TEM) characterization of Cyc-L. Scale bar: 200nm. (C) Atomic force microscope (AFM) topographic image characterization of Cyc-L. Scale bar: 1 μm. (D) Flow cytometry was

used to detect different groups of preparations uptaken by MCF-7 and (E) A549 cells (n=3). Data are presented as the means ± SD. ∗∗∗P < 0.001. ns, no significance. (F)

CLSM was used to detect different groups of preparations uptaken by MCF-7 and (G) A549 cells. Scale bar: 25μm. (H) FAM-si traffics intracellularly and colocalizes with early

endosomes in MCF-7 cells and (I) late endosome/lysosome in A549. Scale bar: 10 μm. (J) Double-labeled liposomes were added to MCF-7 cells for 1 and 3.5 h to determine

their intracellular uptake. Scale bar: 7.5 μm.
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Fig. 2. Evaluating gene silencing’s effectiveness and cytotoxicity. (A) Drug-loaded liposomes induce cell apoptosis. (B) qRT-PCR was used to determine the expression of

PLK-1 mRNA (n=3). (C) Western blot analysis was used to determine the expression of PLK-1. (D) Codelivery liposomes induce cell apoptosis. (E) Various formulations have

been analyzed for their cytotoxicity (n=3). (F) Images taken with confocal microscope of 3D tumor spheroids of MCF-7 cells after 24h incubation with Cyc-L at pH 6.5 and

7.4. Scale bar: 100μm. (G) Layer-by-layer reconstruction in 3D. Scale bar: 150μm. (H) Ratio of tumor spheroid volume (n=6). Data are presented as the means ± SD. ∗P <

0.05, ∗∗P < 0.01. PE, phycoerythrin; FITC, fluorescein isothiocyanate.

hanced the permeability of liposomes to the cell membrane, re-

sulting in a good therapeutic effect. Furthermore, we found that

Cyc-LH/si (Cyc-modified lipsosome-encapsulated SA-H8/si) further

increased tumor apoptosis, which was within the expected range.

This is mainly because SA-H8 can protect siRNA during lysosomal

escape. Once SA-H8/si escapes into the cytoplasm, the pH change

causes SA-H8/si to disintegrate, releasing siRNA to exert its func-

tion. Therefore, Cyc-LH/si demonstrated the optimal therapeutic

effect.

Subsequently, we further investigated the rationality of this for-

mulation design at the genetic and protein levels. As shown in

Fig. 2B, we observed a significant decrease in PLK-1 mRNA levels

with Cyc-LH/si at pH 6.5 compared to pH 7.4, indicating improved

siPLK-1 internalization and escape from endosomes/lysosomes. In

order to determine whether the reduction in PLK-1 mRNA levels

corresponds to a decrease in PLK-1 protein levels, we performed

western blot analyses on MCF-7 cells. In Fig. 2C, siPLK-1 deliv-

ered via liposomes exclusively reduced PLK-1 expression. However,

both free siPLK-1 and Negative Control-siRNA (siN.C.)-loaded Cyc-

LH (Cyc-LH/siN.C.) had little effect on reducing PLK-1 protein levels,

the results indicated that siRNAs with no definite role cannot play

a role when they reach the target cells, and siRNAs with definite

efficacy lack delivery vectors are prone to fail and cannot function

during delivery [5]. PLK-1 protein expression was significantly in-

hibited only in MCF-7 cells treated with siPLK-1-loaded Cyc-L at

pH 6.5, but not at pH 7.4. In addition, the lowest levels of PLK-

1 protein expression were detected in cells treated with Cyc-LH/si,

providing further evidence for the anticipated pH responsivity of

Cyc-L and SA-H8 to the extracellular and intracellular tumor mi-

croenvironments, respectively.

MCF-7 cells were incubated with formulations encapsulating

siPLK-1 and DTX to study the pro-apoptotic effects of their co-

administered groups. As shown in Fig. 2D, transfection with Cyc-

LH/DTX-siPLK-1 (Cyc-LH/DTX-si) resulted in an increased percent-

age of apoptotic cells (∼53%), much higher than that of the Cyc-

L/DTX and Cyc-L/DTX-siN.C., which closely correlated with the re-

sults of the cell proliferation assay (Fig. 2E), demonstrating the

combined inhibitory effect on cancer cells by simultaneous deliv-

ery of siPLK-1 and DTX. As a microtubule stabilizer, DTX selectively

prompts cell cycle arrest in the G2/M phase, leading to subsequent

apoptosis. Additionally, the suppression of PLK-1 expression halted

tumor growth and heightened the sensitivity of MCF-7 cells to tax-
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Fig. 3. The antitumor activity of different formulations in vivo. (A) A fluorescent imaging study of tumor-bearing nude mice given Cy5-siRNA formulations in vivo. (B) An

analysis of the changes in tumor volume and (C) body weight in MCF-7 tumor-bearing mice treated with different formulations (n=6–7). (D) Detection of mRNA and (E)

protein in tumors 24h after last administration (n=3). (F) Slices of MCF-7 tumor stained with TUNEL. Scale bar: 100μm. Data are presented as the means ± SD. ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001.

ane treatment. Consequently, the simultaneous delivery of siPLK-

1 and DTX halts the cell cycle progression and subsequently en-

hances the occurrence of apoptosis.

While significant therapeutic efficacy was achieved in the above

results, the validation was limited to a two-dimensional cellular

context. The elevated interstitial fluid pressure (IFP) at tumor sites

significantly hampers the permeability of drug delivery systems,

limiting their therapeutic applications [38]. Three-dimensional tu-

mor spheroids, which mimic the solid tumor’s pathological envi-

ronment, including interstitial pressure and cellular network, serve

as a bridging model between two-dimensional cells and animal

models [39]. MCF-7 tumor spheroids were utilized to evaluate Cyc-

L/si penetration at different pH values (pH 6.5 and 7.4) using CLSM.

In Figs. 2F and G, a stronger fluorescence signal was observed in

the core spheroids after treatment at pH 6.5, these results indi-

cated that the preparation was able to increase the penetration of

the drug under acidic conditions, further indicating the cell pene-

tration ability of Cyc peptide.

The control group in Fig. 2H showed that PBS (pH 6.5) treat-

ment led to a 1.8-fold increase in the average spheroid volume

after 5 days, indicating the rapid growth of the cancer. Free siRNA

and Cyc-LH/siN.C. had minimal inhibitory effects. However, Cyc-L/si

exhibited significantly enhanced antitumor effects (P < 0.05)

compared to N-L/si. Furthermore, when combined with SA-H8

compressed siPLK-1, Cyc-LH/si further enhanced inhibitory effects

on the growth of tumor spheroids, reducing the spheroid volume

to 96% of the initial value after 5 days. These results support that

the combined effect of Cyc and SA-H8 enhances the inhibitory

effect on tumor spheroid growth. Furthermore, Cyc-LH/DTX-si had

a remarkable inhibitory effect on the growth of MCF-7 tumor

spheroids, this is supposed to be attributed to the combined

chemotherapeutic DTX and gene therapeutic siPLK-1delivery

system.

In vivo, imaging experiments investigated the biodistribution of

siRNA-loaded liposomal systems in MCF-7 tumor-bearing mice. All

procedures involving animal housing and treatment were approved

by the Institutional Authority for Laboratory Animal Care of Hebei

Medical University. Cy5-labeled N-LH/si and Cyc-LH/si were admin-

istered to MCF-7 xenograft tumor models, respectively, and tissue

distribution was recorded, in which the red dotted box was the tu-

mor inoculation location and the black solid box was the metabolic

excretion location of mice. As shown in Fig. 3A, we can see that

free-si began to be metabolized at 6h, and only a small amount

of fluorescence accumulated at the tumor site, and no fluorescence

accumulated at the tumor site after 12h, mainly because the siRNA

was not stable in vivo and was easily degraded by enzymes in vivo.

After 6h of tail i.v. injection, there was an obvious accumulation

of fluorescence at the tumor site, and no obvious metabolism was

observed, and after 12h, we could observe a large amount of accu-

mulation of fluorescence at the excretion site, but most of it had

been excreted, indicating that the excretion time of the N-LH/si

group was 6–12h, the fluorescence accumulated the most at the

tumor site at 12h, and the accumulation of fluorescence at the

tumor site could still be observed until 48h, which showed that

the liposomes could prolong the circulation time of siRNA in vivo,

while the Cyc-modified liposomes were only observed to be me-

tabolized from the body at 96h, and strong fluorescence could still

be observed in the axillary of mice at 96h, indicating that the Cyc-

modified liposomes could not only prolong the circulation time of

the drug in vivo but also had good tumor permeability.

We measured the size of the tumor volume of nude mice after

treatment (i.v. injection), and the results were shown in Fig. 3B,

which confirmed that Cyc-LH/DTX-si has the best treatment effect,

mainly because the modification of Cyc provides better drug reten-

tion and penetration in the tumor site, and the synergistic admin-

istration of DTX and siRNA improves the treatment effect, while

6
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the use of siRNA alone has no treatment effect compared with the

control group treated with 5% glucose, which once again verifies

the instability of siRNA. Compared with Cyc-L/si, N-L/si only had

a slight inhibitory effect on tumor growth, while the Cyc modi-

fication group significantly inhibited the tumor growth rate (P <

0.05), indicating that Cyc modification enhanced liposomal siPLK-1

antitumor effect in vivo. Furthermore, in order to verify the contri-

bution of SA-H8 to siRNA, we investigated the inhibitory effect of

Cyc-LH/si compared with Cyc-L/si on tumors, and the results were

consistent with cell experiments and SA-H8 could significantly im-

prove the effect of siRNA on tumors. In order to rule out the effect

of Cyc-LH on tumors, we encapsulated Cyc-LH with siN.C., which

showed no therapeutic effect compared with the control group,

which showed that the Cyc-LH/DTX-si experimental design was

reasonable and the results were reliable.

In this study, we assessed the antitumor efficacy of Cyc-

modified liposomes co-loaded with DTX and siPLK-1 using an

MCF-7 xenograft model. Cyc-LH/DTX-si significantly inhibited tu-

mor growth, resulting in a much smaller tumor size compared to

the DTX and siRNA group (P < 0.001). These findings highlight the

potent antitumor effects of Cyc-LH/DTX-si, mainly because PLK-1

and DTX work together, PLK-1 can kill tumor cells on the one hand,

and increase the sensitivity of chemical drugs to tumor cells on the

other hand, so that it can exert a greater effect (Fig. 3C), we found

no significant change in the body weight of mice in the treatment

group compared to the control group. These results suggest that

there was no significant difference between the liposomes group

and the control group, indicating negligible acute or severe toxic-

ity associated with the tested dose of the treatment.

To investigate the correlation between the observed tumor

growth inhibition and PLK-1 gene silencing, we conducted a com-

prehensive analysis of PLK-1 expression at both the mRNA and pro-

tein levels in tumor tissues. This was achieved through quantifica-

tional real-time polymerase chain reaction (qRT-PCR) and Western

blot analyses. As depicted in Figs. 3D and E, the mRNA and PLK-

1 protein expressions in the free siRNA group or the Cyc-L/siN.C.

group were comparable to those in the 5% glucose group. In con-

trast, the liposome groups loaded with siPLK (N-L/si, Cyc-L/si, and

Cyc-LH/si), especially Cyc-LH/si, exhibited a significant reduction in

both mRNAs and protein levels. Notably, the addition of SA-H8 in

the Cyc-LH/si group induced a more pronounced silencing of the

PLK-1 gene. These findings align with the previously observed an-

titumor effects, establishing a direct and consistent link between

the retardation of tumor growth and PLK-1 gene silencing.

The assessment of tumor cell apoptosis was conducted through

terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick

end labeling (TUNEL) following the study treatment, as illustrated

in Fig. 3F. In the control group, which included free siPLK-1 and

Cyc-LH/siN.C., no TUNEL-positive tumor cells (depicted in red)

were detectable, indicating no apparent apoptosis. Conversely, the

TUNEL assay revealed an increased level of apoptosis when using

Cyclic peptide modified nanosystem compared to non-mondifed

one, and coloading group compared to the siRNA or DTX one.

In this research, a cyclic pH-responsive peptide was engineered

to effectively target the highly acidic microenvironment within tu-

mors. Various environmentally responsive lipid delivery systems

have been developed due to the unique characteristics of the tu-

mor microenvironment, particularly pH changes at the tumor site.

However, these systems mostly respond to a single pH change,

such as enhancing effective cellular uptake or selective drug re-

lease. They seldom adjust to the entire process encountered by

the drug. A pioneering multi-level pH-responsive liposomal sys-

tem was constructed for the simultaneous delivery of Cyc-LH/DTX-

si. Additionally, SA-H8 was employed to condense siRNAs, facilitat-

ing efficient release into the cytoplasm. The Cyc-modulated liposo-

mal system exhibited substantially heightened cellular uptake, fa-

vorable evasion from endosomes/lysosomes, and effective diffusion

of payload into the cytoplasm. As a consequence of this co-delivery

system, the PLK-1 gene was significantly silenced, MCF-7 cells were

induced to apoptotic, and tumor spheroids were impermeable and

inhibited. Specifically, the Cyc-LH/DTX-si co-delivery system dis-

played the most significant impact by impeding cell proliferation,

curtailing tumor spheroid growth, and constraining tumor expan-

sion in vivo. Given its adept intratumor penetration, cytoplasmic

release mechanism, and remarkable therapeutic efficacy for both

lipophilic therapeutic agents (DTX) and nucleic acid-based active

biomolecules (siRNA), this Cyc-mediated pH-responsive platform

exhibits substantial promise for amalgamated chemo/gene therapy.
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