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a b s t r a c t

Hypertension is the leading risk factor for death and disability, and hypertensive patients always need

long-term oral antihypertensive drugs. Some bioactive peptides that extracted from animals or plants

have shown excellent advantages on antihypertension. However, the oral delivery of these peptides is

always failure on account of instability and poor absorption in the gastrointestinal tract. Herein, we de-

veloped a core-shell lipid-polymeric nanoparticle for oral delivery of a highly efficient antihypertensive

peptide KY5 (KY5-CSs). KY5-CSs had a particle size of 216.7 ± 2.5 nm, with a narrow PDI of 0.07 ± 0.01.

The zeta potential was −4.1 ± 0.1 mV. It exhibited good stability in 4 °C and possessed a controlled

release behavior in gastrointestinal tract. The cellular uptake study proved that the lipid shell imparted

unique capability of permeation across the mucus layer and internalization by Caco-2/HT-29 cells. In

addition, KY5-CSs enhanced in situ intestinal absorption in SD rats. The pharmacokinetic studies and an-

tihypertensive efficacy showed a superior oral absorption and antihypertensive effect of KY5-CSs than

KY5-NPs. In conclusion, the core-shell lipid-polymeric nanoparticles will provide attractive potential for

oral delivery of antihypertensive peptides.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hypertension is a growing burden emerging as one of the ma-

jor healthcare challenges worldwide [1]. The International Soci-

ety of Hypertension has defined a blood pressure (BP) reading

of over 140/90 mmHg as hypertensive. It is recommended that

pharmacological treatment is applied if lifestyle interventions fail

to manage high BP [2]. Commercial antihypertensive drugs, such

as angiotensin converting enzyme (ACE) inhibitors, angiotensin re-

ceptor blockers, calcium channel blockers, β-blockers, and diuret-

ics, exhibit positive BP-lowering effects alone or in combination

therapy. However, these synthetic drugs always have side effects,

such as taste disturbances, tussis, headache, erythra and dizziness

[3–5]. Over the past two decades, many antihypertensive peptides

that inhibit ACE have been isolated from food, plants, and animals.

These peptides are usually more efficient and safer than synthetic

drugs on the market [6,7], and they exhibit excellent development

potential [8] due to their excellent biocompatibility and biodegrad-
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ability [9]. However, most peptides are fragile and easily degraded

in the gastrointestinal tract (GIT) before they reach the absorption

position. Furthermore, the mucus layer, tight junctions and intesti-

nal epithelial cells provide a physical barrier to limit the oral up-

take of macromolecules such as peptides [10,11]. These obstacles

hinder the application of antihypertensive peptides.

To solve these problems, polymer-based controlled drug de-

livery systems have been developed, such as poly-lactic acid

(PLA), poly-ε-caprolactone, chitosan, and poly-γ -glutamic acid

(PGA) [12–15]. Recently, Han et al. developed a DSPE-PCB

(poly-carboxybetaine conjugated to 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine) micelle for the oral delivery of insulin,

which showed a high oral bioavailability of >40% [16]. Liu and

Zhong loaded cyclosporine A with functional chitosan nanoparti-

cles, which increased its oral bioavailability three times [17]. To in-

crease the stability of liraglutide in the GIT, Uhl et al. designed a

surface-modified PLA nanoparticle to load liraglutide, and the oral

bioavailability of liraglutide increased by 4.5 times [18]. Poly(lactic-

co-glycolic acid) (PLGA) has been widely used for peptide deliv-

ery. It exhibited good biocompatibility and was approved by the

Food and Drug Administration (FDA) [19–21]. PLGA can encapsu-
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Fig. 1. Schematic illustration of the preparation of KY5-CSs (A) and the effect of prescription and processing parameters such as (B) the amount of PLGA, (C) the volume of

acetone, (D) the inner aqueous volume, (E) the volume of PVA, and (F) the ultrasonic power on the particle size and encapsulation efficiency of KY5-CSs.

late peptides and effectively protect them from degradation in the

GIT. In addition, the controllable release behavior of peptides from

PLGA nanoparticles can maintain the blood concentration and pes-

ticide effect [22–24]. For antihypertensive peptide delivery, PLGA

is popular for encapsulating peptides. Castro et al. have devel-

oped a PLGA nanoparticle with mucoadhesive guar-gum films for

buccal delivery of antihypertensive peptide [23]. The combination

system showed higher permeation ability in the TR146 cell mul-

tilayer. Yu et al. encapsulated VP5 into PLGA nanoparticles (PL-

GANPs) [25]. The PLGANPs enhanced the oral bioavailability and

antihypertensive efficacy of VP5. Nevertheless, PLGA nanoparticles

still face some problems for the oral delivery of bioactive pep-

tides, such as (i) the surface of PLGA nanoparticles is hydropho-

bic, which is limited to interacting with the mucosal surface, re-

sulting in easy removal under peristalsis, (ii) the permeation of

PLGA nanoparticles containing bioactive peptides through the mu-

cus layer is not efficient [25,26], and (iii) PLGA nanoparticles are

too rigid that internalization through enterocytes is limited [27,28].

Therefore, it is necessary to increase the surface hydrophilicity

and reduce the rigidity of PLGA nanoparticles. A phospholipid bi-

layer, such as liposomes, is a self-assembled system consisting of

phospholipid molecules and cholesterol. The hydrophilic surface,

high biocompatibility and deformability of liposomes make them

promising peptide vehicles for oral delivery. However, simple li-

posomes are instable in the GIT, and peptides are prone to leak-

age. To overcome these disadvantages of the two nanocarriers, a

lipid-polymeric nanoparticle may be available due to the high en-

capsulation efficiency of PLGA and the biocompatibility and fluid-

ity of phospholipids [29,30]. This core nanoparticle supported lipid

membrane nanocarrier is supposed to enhance the oral bioavail-

ability and prolong the circulation time [31]. Moreover, the non-

toxic components and simple preparation process make it com-

petitive in clinical translation [32]. Nevertheless, whether lipid-

polymeric nanoparticles facilitate mucus penetration and intestinal

absorption of peptides is not fully understood.

Lys-Tyr-Leu-Cys-Tyr (KYLCY, KY5) is an ACE inhibitory peptide

with an excellent antihypertensive effect. To improve the oral

bioavailability and antihypertensive effect of KY5, we designed

a core-shell lipid-polymeric nanoplatform (KY5-CSs) to load KY5.

The formulation parameters of KY5-CSs were systematically in-

vestigated, and the physicochemical properties, including particle

sizes, zeta potentials, morphologies, and stabilities, were compre-

hensively assessed. Additionally, an in vitro release study, cellu-

lar uptake and in situ absorption study were implemented. Finally,

pharmacokinetics and pharmacodynamics studies were conducted

to evaluate the antihypertensive effect. The materials and exper-

imental procedure are described in Supporting information, and

all the animal experiments were approved by the Animal experi-

mental ethics committee of State Key Laboratory of Biotherapy of

Sichuan University.

In this study, KY5-CSs were prepared using a modified thin-

film hydration-homogeneous dispersion method (Fig. 1A). The op-

timization of KY5-CSs was performed from the prescription and

preparation processes using a single factor analysis. As shown in

Fig. 1B, the particle size and encapsulation efficiency of KY5-CSs

increased as the PLGA amount increased. When the amount of

PLGA was 15 mg, KY5-CSs had a proper encapsulation efficiency

and smallest particle size. The acetone in the organic phase helped

to control the particle size but had little effect on the encapsula-

tion efficiency (Fig. 1C). As the volume of acetone reached 200 μL,

a higher encapsulation efficiency and smaller particle size were ob-

tained. The inner aqueous volume had a great influence on the en-

capsulation efficiency of KY5-CSs. From Fig. 1D, the encapsulation

efficiency decreased with increasing inner aqueous volume; thus,

20 μL of inner aqueous solution was chosen. In addition, as the

volume of PVA increased, a slight upward trend of encapsulation
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Fig. 2. Physical-chemical properties of KY5-CSs. (A) Size distribution and zeta potential of KY5-CSs. (B) DSC curves of (a) free KY5, (b) KY5-NPs and (c) KY5-CSs. (C) The

appearance under sunlight and the Tyndall effect under laser radiation. (D) TEM images of KY5-CSs. (E) Changes in encapsulation efficiency and particle size of KY5-CSs

when stored at 4 °C for 14 days. (F) Release profiles of free KY5, KY5-NPs and KY5-CSs in different phosphate buffers (pH 1.2, 6.8, and 7.4).

efficiency and a fluctuation of particle size were observed (Fig. 1E).

As the ultrasound power increased from 50 W to 200 W, the par-

ticle size decreased constantly, while the ultrasound power exhib-

ited the best encapsulation efficiency when the power was 100 W

(Fig. 1F). In addition, there was no significant change in PDI in all

groups. The optimal KY5-CSs were used for the following studies.

The particle size and PDI of the optimal KY5-CSs were mea-

sured using a dynamic light scattering method. As shown in

Fig. 2A, the average particle size of KY5-CSs was 216.7 ± 2.5 nm

with a narrow size distribution (PDI=0.07 ± 0.01). The zeta po-

tential was −4.1 ± 0.1 mV. In addition, the encapsulation effi-

ciency of KY5-CSs was 89.88% ± 1.23%, and the drug loading was

1.54% ± 0.25%. The DSC pattern (Fig. 2B) showed that free KY5 pre-

sented an endothermic peak at 195.8 °C followed by an exothermic

peak, probably due to its degradation. For KY5-NPs and KY5-CSs,

the endothermic peak of KY5 disappeared, while the two broad-

ening endothermic peaks at 125.2 °C and 195.6 °C corresponded

to the glass transition temperature (Tg) of PLGA and PVA, respec-

tively. This suggested that KY5 in KY5-NPs and KY5-CSs were in

an amorphous or molecular state. The appearance of the prepa-

rations is shown in Fig. 2C. The colloidal solution exhibited slight

blue opalescence under sunlight and a strong Tyndall effect un-

der laser radiation. The TEM images (Fig. 2D) showed that KY5-CSs

were generally spherical and homogeneous with a core-shell struc-

ture. The particle diameters ranged from 170 nm to 240 nm, which

was in good agreement with the narrow particle size distribution.

In the stability study, KY5-CSs displayed good stability with no

detectable changes in particle sizes and encapsulation efficiency for

at least 5 days (Fig. 2E). When KY5-CSs were stored beyond 5 days,

an enlargement of particle size and a reduction in encapsulation

efficiency were detected. Thus, KY5-CSs were suggested to be sta-

ble at 4 °C for five days. It could be further investigated to develop

a freeze-drying formulation for long-term storage.

The in vitro release profiles of KY5 from KY5-CSs are presented

in Fig. 2F. Free KY5 showed an obvious burst release behavior in

all release media. After 8 h, 100% of the free KY5 was released.

When loaded in KY5-NPs, only approximately 30% of KY5 was re-

leased from KY5-NPs in all the release media. In addition, approx-

imately 20% of the KY5 was released from the KY-CSs. The results

suggested that KY5-NPs and KY5-CSs exhibit controlled release be-

havior. In addition, KY5-CSs could better protect against KY5 than

KY5-NPs due to the existence of lipid membranes.

To explore the penetration efficiency of Cou-6-NPs and Cou-6-

CSs in the small intestinal mucus layer, porcine mucus was spread

in a Transwell membrane. As shown in Fig. 3A, Cou-6-CSs showed

significant (P < 0.001) improvement in transport from the upper

side of the mucus to the lower side. This may be due to PEG2000,

and the phospholipid bilayer on the surface of Cou-6-CSs increased

the hydrophilicity of the particles, which facilitated penetration

[33–35].

After penetrating through the mucus layer, the KY5-CSs were

supposed to be absorbed from intestinal epithelial cells before en-

tering the systemic circulation. Herein, the cellular uptake of the

preparations was investigated in Caco-2/HT-29 coculture cells. The

FCM results (Fig. 3B) showed that the uptake of free Cou-6, Cou-

6-NPs and Cou-6-CSs was time-dependent in Caco-2/HT-29 cells.

The mean fluorescence intensities (MFIs) of the three preparations

achieved a balance after 2 h of incubation. The MFI of Cou-6 was

the lowest because free Cou-6 in Caco-2/HT-29 cells was absorbed

through passive diffusion [36]. Cou-6-NPs can enhance cellular up-

take by endocytosis [37,38]. The MFI of Cou-6-CSs was the highest

from 0.5 h to 2 h in Caco-2/HT-29 cells. This may result from the
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Fig. 3. (A) Papp values of Cou-6-NPs and Cou-6-CSs across the mucus. (B) The MFIs of Caco-2/HT-29 cells treated with free Cou-6, Cou-6-NPs and Cou-6-CSs for 3 h. (C)

Endocytosis mechanisms of Cou-6-NPs and Cou-6-CSs on Caco-2/HT-29 cells. (D) Papp value of Cou-6-NPs and Cou-6-CSs transported across Caco-2/HT-29 monolayers. Data

are the mean ± SD (n=3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P <0.0001 vs. control.

good biocompatibility and viscoelasticity of the phospholipid shell.

Additionally, the MFI of Cou-6-CSs in Caco-2/HT-29 cells was 2.11

and 1.24 times higher than those of free Cou-6 and Cou-6-NPs af-

ter 2 h of incubation.

To identify the endocytosis pathways of Cou-6-NPs and Cou-6-

CSs, the endocytosis mechanism was further investigated in Caco-

2/HT-29 cells using uptake inhibitors, including chlorpromazine,

nystatin, amiloride and cytochalasin D. These inhibitors were used

to inhibit clathrin-mediated endocytosis, caveolin-mediated endo-

cytosis, macropinocytosis and phagocytosis [39–41], respectively.

The uptake of Cou-6-NPs and Cou-6-CSs by Caco-2/HT-29 cells

without endocytosis inhibitors was defined as the control group.

As shown in Fig. 3C, both Cou-6-NPs and Cou-6-CSs showed signif-

icantly reduced cellular uptake at 4 °C. Low temperature is known

to suppress the production of adenosine triphosphate (ATP) in

cells, thus hindering endocytic pathways [42]. The internalization

of Cou-6-NPs and Cou-6-CSs was energy dependent. In addition,

chlorpromazine significantly decreased the uptake rate of Cou-6-

NPs and Cou-6-CSs by Caco-2/HT-29 cells, indicating that clathrin-

mediated endocytosis was involved in their cellular uptake.

To better mimic mucosal tissues, Caco-2/HT-29 cocultured cell

monolayers were used to investigate the effect of lipid shell modi-

fication on the transcytosis of KY5-NPs [43,44]. Then, the Papp val-

ues were calculated to evaluate the transepithelial transport rate of

KY5-NPs and KY5-CSs. As shown in Fig. 3D, the Papp value of Cou-

6-CSs was 1.4-fold higher than that of Cou-6-NPs. This resulted

from the good compatibility of the lipid shell with the cell mem-

brane, which enhanced the endocytosis and exocytosis of NPs [30].

Moreover, Cou-6-CSs have a semielastic structure, which is con-

ducive to cellular uptake [45].

To further assess whether the compatibility of KY5-NPs with

intestinal epithelium in vivo would be improved after lipid shell

modification, in situ intestinal loop models were constructed us-

ing SD rats. Cou-6-NPs and Cou-6-CSs were separately adminis-

tered into the intestinal loops of the ileum. From the results (Fig.

S1 in Supporting information), Cou-6-CSs more easily adhered to

the surface of the intestinal villi and entered the inner matrix of

the villi. The results revealed that the phospholipid bilayer facili-

tated the adhesion of nanoparticles to the mucus and internaliza-

tion into the intestinal epithelium.

To study the in vivo behavior of the formulations, Cou-6-NPs

and Cou-6-CSs were administered by oral gavage (Fig. 4A), and the

blood concentration of Cou-6 was measured. The pharmacokinetic

profiles are shown in Fig. 4B, and the pharmacokinetic parameters

are listed in Table S1 (Supporting information). After oral adminis-

tration, Cou-6-CSs exhibited faster and higher absorption than Cou-

6-NPs. The area under the curve (AUC0-24 h) was 3.2-fold that of

Cou-6-NPs. In addition, the maximum concentration (Cmax) of Cou-

6-CSs was 4.0 times higher than that of Cou-6-NPs. These results

demonstrated that Cou-6-NPs modified with a phospholipid bilayer

could significantly improve the bioavailability of bioactive peptides.

In the antihypertensive efficacy study, SHRs were randomly di-

vided into four groups (control, free KY5, KY5-NPs, and KY5-CSs) to

measure the blood pressure lowering effect of the formulations. In

Fig. 4C, free KY5, KY5-NPs and KY5-CSs all had significant effects

on lowering blood pressure. While free KY5 can only reduce blood

pressure to 196 mmHg for 9 h, KY5-NPs and KY5-CSs showed en-

hanced and lasting antihypertensive effects compared with free

KY5. At 96 h post-administration, the systolic blood pressure (SBP)

of KY5-NPs increased to the initial level, while the antihypertensive

effect lasted for 144 h of KY5-CSs. In addition, KY5-CSs showed the

best blood pressure lowering effect at 9 h post-treatment, with

blood pressure reducing to 172 mmHg. These results suggested

that KY5-NPs and KY5-CSs could protect against and slowly re-

lease KY5. KY5-CSs exhibited superior long-term antihypertensive

efficacy.

In this study, we designed a core-shell lipid-polymeric nanopar-

ticle platform (KY5-CSs) to deliver a water-soluble KY5 peptide

for hypertension therapy. KY5-CSs were successfully prepared by

a modified thin-film hydration-homogeneous dispersion method

with high encapsulation efficiency. The phospholipid bilayer cover-

ing the surface of the nanoparticles enhanced mucus penetration,
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Fig. 4. (A) Schematic illustration of the process of KY5-CSs penetration across mucus and epithelial barriers. (B) Plasma concentration versus time profiles of Cou-6 after oral

administration of Cou-6-NPs and Cou-6-CSs at a dosage of 1 mg/kg (n=4). (C) Changes in SBP after oral administration of free KY5, KY5-NPs and KY5-CSs. Saline was used

as a control (n=6).

cellular uptake, transmembrane transport ability and in situ in-

ternalization for oral antihypertensive peptides. Furthermore, KY5-

CSs significantly improved the oral bioavailability and the long-

term antihypertensive effect of KY5. In conclusion, the core-shell

lipid-polymeric nanoparticles developed in this study have simple

preparation technology and good antihypertensive effects. Further

evaluation of the safety is considered to facilitate the application of

this nanocarrier for oral peptides. Our study provides a promising

platform for oral peptide delivery.
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