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a b s t r a c t

Early pathogenesis of ischemia-reperfusion (I/R)-induced acute kidney injury (AKI) is dominated by in-

tracellular calcium overload, which induces oxidative stress, intracellular energy metabolism disorder, in-

flammatory activation, and a series of pathologic cascaded reactions that are closely intertwined with

self-amplifying and interactive feedback loops, ultimately resulting in cell damage and kidney failure. Cur-

rently, most nanomedicines originate from the perspective of antioxidant stress, which can only quench

existing reactive oxide species (ROS) but cannot prevent the continuous production of ROS, resulting

in insufficient efficacy. As a safe and promising drug, BAPTA-AM is hydrolyzed into BAPTA by intracel-

lular esterase upon entering cells, which can rapidly chelate with overloaded Ca2+, restoring intracel-

lular calcium homeostasis, thus inhibiting ROS regeneration at the source. Here, we designed a KTP-

targeting peptide-modified yolk-shell structure of liposome–poly(ethylene glycol)methyl ether-block-poly

(l-lactide-co-glycolic) (mPLGA) hybrid nanoparticles (<100nm), with the characteristics of high encap-

sulation rate, high colloid stability, facile modification, and prolonged blood circulation time. Once the

BA/mPLGA@Lipo-KTP was targeted to the site of kidney injury, the cholesteryl hemisuccinate (CHEMS)

in the phospholipid bilayer, as an acidic cholesterol ester, was protonated in the simulated inflamma-

tory slightly acidic environment (pH 6.5), causing the liposomes to rupture and release the BA/mPLGA

nanoparticles, which were then depolymerized by intracellular esterase. The BAPTA-AM was diffused and

hydrolyzed to produce BAPTA, which can rapidly cut off the malignant loop of calcium overload/ROS gen-

eration at its source, blocking the endoplasmic reticulum (ER) apoptosis pathway (ATF4–CHOP–Bax/Bcl-

2, Casp-12–Casp-3) and the inflammatory pathway (TNF-α–NF-κB–IL-6 axes), thus alleviating patholog-

ical changes in kidney tissue, thereby inhibiting the expression of renal tubular marker kidney injury

molecule 1 (Kim-1) (reduced by 82.9%) and also exhibiting prominent anti-apoptotic capability (TUNEL-

positive ratio decreased from 40.2% to 8.3%), significantly restoring renal function. Overall, this research

holds huge potential in the treatment of I/R injury-related diseases.

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

Medica, Chinese Academy of Medical Sciences.
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Acute kidney injury (AKI), a severe systemic syndrome, is char-

acterized by a progressive decline in glomerular filtration rate

(GFR) to less than 75%, abnormally elevated blood urea nitrogen

(BUN) and creatinine (CRE), and a sharp decrease in urine out-

put (less than 0.5mL kg−1 h−1) [1,2]. Without prompt manage-

ment, the toxin continues to accumulate, resulting in dehydra-
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tion, electrolyte disturbances, and acid-base imbalance, which can

eventually culminate in acute renal failure (ARF) with up to 50%

in-hospital mortality [3,4]. However, no licensed pharmacological

therapy offers a comprehensive, synergistic, and multifaceted im-

provement in the treatment of AKI. Clinically, renal replacement

therapy (RRT), specifically hemodialysis and kidney transplanta-

tion, remain the only effective treatment choice for severe AKI.

Moreover, RRT-related complications, such as infection induced by

dialysis catheters, hemodynamic disorders, and immunological re-

jection following transplantation, are still unavoidable [5–7]. In the

later stages of AKI, it is urgent to develop effective AKI drugs that

may alleviate AKI in a short period (within a few hours) and pro-

mote the recovery of renal function, thus preventing the complica-

tions of AKI and the high mortality rate.

Renal ischemia-reperfusion (I/R)-induced AKI is prevalent in all

types of cardiovascular disease (CVD), shock, acute renal artery oc-

clusion, etc., with an incidence of up to 60% in intensive care unit

(ICU) patients [8,9]. The pathological mechanism of I/R-induced

AKI is complex, involving intracellular calcium ion (Ca2+) over-

load, oxidative stress, inflammatory activation, and cellular energy

metabolism disorders, among which oxidative stress was once con-

sidered to be one of the most important contributors to the de-

velopment of AKI [10]. Increasing evidence reveals that intracellu-

lar calcium overload is currently the dominant cause of oxidative

stress. During I/R, the inflow of excessive extracellular Ca2+ and

the efflux of endoplasmic reticulum (ER) Ca2+ will cause cytoso-

lic Ca2+ overload [11,12]. Mitochondria, as the buffering center of

intracellular Ca2+, lead to mitochondrial dysfunction when contin-

uously stimulated by a large amount of Ca2+ and then generate

an abundance of reactive oxide species (ROS) [13]. The overpro-

duction of ROS stimulates the ER membrane and the cell mem-

brane, aggravating intracellular calcium overload and constituting

a potent malignant feedback cycle [14]. Based on the aforemen-

tioned mechanisms, it is not difficult to conclude that an excess

of Ca2+ seems to be the initial cause of cell death. Therefore, we

anticipated that the rapid elimination of Ca2+ could restore mi-

tochondrial function, alleviate oxidative stress, and inhibit inflam-

mation, therefore efficiently curing AKI and restoring renal func-

tion. 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid ace-

toxymethyl ester (BAPTA-AM, BA-AM), a safe Ca2+-selective chela-

tor, does not chelate Ca2+ in the blood and can be hydrolyzed by

esterases into the active Ca2+ chelator BA. Once BA enters cells,

it will rapidly couple with Ca2+ to lower intracellular Ca2+ con-

centrations [15–18]. Currently, a number of studies have confirmed

the therapeutic effect of metal ion chelation on diseases, indicating

that this kind of therapy has the potential for clinical application

[19,20]. We hypothesized that BA has great potential as an effec-

tive cell rescuer based on its excellent safety in blood circulation

and efficient intracellular Ca2+ chelating ability. However, its clin-

ical application is limited because BA-AM is a non-selective, ex-

tremely hydrophobic drug with low oral and intravenous bioavail-

ability [15].

During renal ischemia, the intracellular oxygen content drops

sharply, and the energy consumption of the cells becomes de-

pendent on anaerobic respiration; consequently, a large amount

of lactic acid accumulates in the AKI microenvironment [21–23].

Combined with the pathogenesis of AKI, it is possible to con-

clude that the disease microenvironment of AKI is characterized

by slightly acid, high ROS, and overload with Ca2+. In this study,

the biodegradable polymer mPEG2k-b-PLGA75k (mPLGA) was used

to load BA-AM to obtain “yolk” BA-AM/mPLGA nanoparticles (BA-

AM/mPLGA NPs), and then kidney targeting peptide (KTP) mod-

ified pH-responsive liposomes were used as “shells” to obtain

BA-AM/mPLGA@Lipo-KTP hybrid NPs by a two-step nanocascade

method (Scheme 1A). This design conferred on the hybrid drug de-

livery system the following characteristics (Scheme 1B): (ⅰ) High

Scheme 1. The schematic illustration of the preparation route and the treatment

mechanism of NPs. (A) Schematic diagram of the preparation of BA/mPLGA@Lipo-

KTP. (B) The therapeutic mechanism of BA/mPLGA@Lipo-KTP in I/R-induced AKI rat

model.

encapsulation efficiency (EE, up to 96.1%) and excellent physiolog-

ical stability (∼8 days): mPLGA polymer remedied the defects of

low encapsulation efficiency and instability when liposomes en-

capsulate extremely hydrophobic drugs BA-AM [24–26]. (ⅱ) Dual

target characteristics: By adjusting the ratio of mPLGA to phospho-

lipid, BA-AM/mPLGA@Lipo-KTP hybrid NPs were produced whose

particle size could be controlled below 100nm (∼87.3 nm). This

size had the characteristics of passively targeting the kidney, which

can be filtered through the glomerular membrane, while few of

them are captured by the liver and spleen [27]. In addition, the li-

posome "shell" modified with a KTP-targeting peptide (an elastin

peptide with a unique CSAVPLC sequence) well compensates for

the unmodifiable characteristics of mPLGA NPs, making it capa-

ble of actively targeting renal cells and promoting renal cell en-

docytosis [28,29]. (ⅲ) pH-responsive drug release: The cholesteryl

hemisuccinate (CHEMS) component in the phospholipid bilayer is

an acidic cholesteryl ester, which changes its configuration in the

simulated inflammatory slightly acidic environment (pH 6.5) to

release the BA/mPLGA NPs, which further depolymerized to re-

lease BA-AM [30,31]. (iv) Source blocking therapy: BA-AM was de-

composed by intracellular esterase to unleash BA, quickly remov-

ing intracellular excess Ca2+, restoring calcium homeostasis, thus

promoting the oxidative stress balance, playing anti-inflammatory

and anti-apoptosis roles, finally promoting kidney function return.

These as-prepared NPs have achieved remarkable results in the

treatment of AKI, providing new opportunities for its future clin-

ical application.

During the preparation of BA-loaded mPLGA NPs, we first

adopted the flash nanocomplexation (FNC) micro-mixing

method to turbulently mix the organic phase (DMSO) con-

taining mPLGA and BA-AM with the aqueous phase (ddH2O)

(DMSO:ddH2O:ddH2O=4:16:16) in a three-channel confined im-

pinging jet (CIJ) microchamber in order to kinetically control the

assembly process and form discrete BA/mPLGA NPs with high

colloidal stability, uniform composition, and high drug loading

efficiency. The BA/mPLGA NPs were subsequently coated with KTP-

modified pH-responsive liposomes, yielding BA/mPLGA@Lipo-KTP

NPs (Fig. 1A).
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Fig. 1. Synthesis and characterization of BA/mPLGA@Lipo-KTP. (A) Schematic representation of the preparation of BA/mPLGA@Lipo-KTP. (B) Particle size distribution of

BA/mPLGA@Lipo-KTP NPs prepared by different formulations. (C) Size distributions and photographs of the "Tyndall effect", and (D) ζ -potential of blank Lipo, BA/mPLGA NPs,

and BA/mPLGA@Lipo-KTP. TEM images of (E) BA/mPLGA NPs and (F) BA/mPLGA@Lipo-KTP. (G) Size distributions and photographs of the "Tyndall effect" of BA/mPLGA@Lipo-

KTP in simulated media [PBS with different pH (7.4, 6.5, or 5.5)] at 37 °C. (H) TEM image of BA/mPLGA@Lipo-KTP under simulated media (PBS: pH 6.5) incubated for 1h. (I)

Storage stability of BA/mPLGA@Lipo-KTP in PBS (pH 7.4, 10mmol/L) for 8 days at 4 °C. (J) Size distributions of the BA/mPLGA@Lipo-KTP NPs before and after lyophilization,

and photos of BA/mPLGA@Lipo-KTP lyophilized powder and "Tyndall effect" after re-suspended. Data are means ± standard deviation (SD), n=3.

The synthesis of 1,2-distearyl-sn-glycerol-3-

phosphoethanolamine-polyethylene glycol 2000-kidney target

peptide (DSPE-PEG-KTP) (about 63.6mg, yield rate: 83.3%, modi-

fication rate: 22.6%) was carried out by conjugating NH2-KTP to

1,2-distearyl-sn-glycerol-3-phosphoglycolamine-polyethylene glycol

2000-n-hydroxysuccinimide (DSPE-PEG-NHS), as validated by pro-

ton nuclear magnetic resonance (1H NMR). As depicted in Fig. S1

(Supporting information), the hydrogen spectra of DSPE-PEG-KTP

exhibited the characteristic peaks of NH2-KTP at 4.4 ppm and

0.9 ppm and DSPE-PEG-NHS at 1.23ppm and 3.51ppm, indicating

that the peptide was successfully conjugated to DSPE-PEG-NHS.

When the mass ratio of phospholipid/CHEMS/cholesterol/mPLGA

was 13:1:2:6, the particle size distribution presented a multi-peak

state, among which the small peak at 33.2 nm was distributed

about 4.6%, which led to the hypothesis that insufficient phospho-

lipid content leads to a small number of BA/mPLGA NPs not being

encapsulated by liposomes (Fig. 1B). As liposome components (the

proportion of CHEMS, cholesterol, and phospholipids remained

unchanged) and content increased (the content of BA/mPLGA

NPs remained unchanged), the particle size of the obtained

BA/mPLGA@Lipo-KTP NPs gradually became larger, and the small

peak of BA/mPLGA NPs disappeared. When the mass ratio of

phospholipid/CHEMS/cholesterol/mPLGA was 26:2:4:6, the particle

size of BA/mPLGA@Lipo-KTP was ∼87.3 nm (<100nm), which is

favorable for passive targeting of the kidney, so we chose this

mass ratio as the preparation parameter of subsequent NPs.

The dynamic light scattering (DLS) results (Fig. 1C) revealed

that the hydrated radius of BA/mPLGA NPs was approximately

33.9 nm [polydispersity index (PDI): ∼0.21], the hydrated radius of

Blank Lipo was approximately 76.3 nm (PDI: ∼0.17), and the hy-

drated radius of BA/mPLGA@Lipo-KTP was around 86.9 nm (PDI:

∼0.21), indicating the successful encapsulation of BA/mPLGA by

liposomes. Moreover, the "Tyndall effect" light path diagram re-

vealed that these NPs in phosphate belanced solution (PBS) were

dispersed uniformly (Fig. 1C), which facilitated their transport in

the blood. The surface charges of Blank Lipo, BA/mPLGA NPs, and

BA/mPLGA@Lipo-KTP were about −42.6, −11.3, and −27.1mV, re-

spectively, indicating that the liposome successfully packaged the

surface of the BA/mPLGA (Fig. 1D). The negative surface charge

of the NPs avoided their adsorption by proteins, hence contribut-

ing to the liposomes’ excellent colloidal stability in blood circu-

lation [32]. The transmission electron microscope (TEM) images
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(Figs. 1E and F) revealed that BA/mPLGA NPs and BA/mPLGA@Lipo-

KTP were spherical with good monodispersity and particle sizes

of about 30nm and 70nm, respectively, which were slightly

smaller than the hydration radius. In addition, the TEM image

of BA/mPLGA@Lipo-KTP revealed the surface phospholipid bilayer

structure, indicating that the liposomes were successfully pack-

aged.

The EE of BA-AM in BA/mPLGA@Lipo-KTP was as high as 96.1%,

demonstrating that the NPs could achieve high-efficiency loading

of extremely hydrophobic drugs. When BA/mPLGA@Lipo-KTP was

transferred from a simulated normal physiological environment

(PBS, pH 7.4) to a simulated inflammatory, slightly acidic environ-

ment (PBS, pH 6.5 and 5.5), the particle size distribution changed

from nanometers to microns (Fig. 1G). This was attributed to the

disintegration of the liposome structure caused by the protonation

of CHEMS, which induced fragments of BA/mPLGA@Lipo-KTP to ag-

gregate. According to the "Tyndall effect" light path diagram, the

BA/mPLGA@Lipo-KTP NPs’ light path was disrupted under acidic

conditions (pH 6.5 and 5.5), and visible solid particles were in mo-

tion. The TEM image of BA/mPLGA@Lipo-KTP after an acidic re-

sponse (pH 6.5) further confirmed that the NPs’ structure had been

destroyed and aggregated (Fig. 1H). To further verify the protona-

tion effect of CHEMS, we prepared liposomes by substituting an

equal mass of cholesterol for CHEMS. By measuring the particle

size in the normal physiological environment (pH 7.4) and slightly

acidic environment (pH 6.5 and 5.5), as well as the photos and

"Tyndall effect" light path diagram of NPs, we found that lipo-

somes without CHEMS components were stable under acidic con-

ditions, which indirectly verified that the original liposomes could

be acid-responsive rupture due to the protonation of CHEMS (Fig.

S2 in Supporting information).

Within 8 days, the particle size of the BA/mPLGA@Lipo-KTP re-

mained ∼90nm and the PDI remained ∼0.22 without drastic fluc-

tuations, indicating that the NPs were stable at 4 °C for an ex-

tended period, which is favorable for future clinical use (Fig. 1I).

We freeze-dried the BA/mPLGA@Lipo-KTP into powder and redis-

solved it in PBS, and the size distribution of the liposome was al-

most unchanged (from 89.7 nm to 92.3 nm), and its "Tyndall ef-

fect" light path was visible (Fig. 1J). According to the data pre-

sented above, NPs have long-term stability, and the preparation of

the powder injection greatly reduces the difficulty of transporta-

tion, ensuring the feasibility of clinical treatment.

Next, at the cellular level, the biosafety of the BA/mPLGA@Lipo-

KTP and its protective effect on injured cells were determined. As

depicted in Figs. 2A and B, the cell viability of BA/mPLGA NPs and

BA/mPLGA@Lipo-KTP was over 90% (P > 0.5) after co-incubation

with HK-2 cells for 24h over a BA-AM concentration range of

2.5 nmol/L to 400nmol/L, indicating that neither BA/mPLGA NPs

nor BA/mPLGA@Lipo-KTP exhibited cytotoxic effects on HK-2 cells.

As shown in Fig. 2C, there was no visible hemolysis even when

the concentration of BA-AM in the BA/mPLGA@Lipo-KTP reached

750nmol/L, and the hemolysis rate was much lower than the

threshold value (5%), confirming the safety of this nanoagent for

blood transport [33,34].

As in vitro AKI cell models, HK-2 cells stimulated with hydrogen

peroxide (H2O2) were used to explore the effects of NPs on intra-

cellular Ca2+ levels, ROS levels, and cell necrosis levels. The intra-

cellular Ca2+ level increased dramatically following H2O2 stimula-

tion, almost 2 times that of normal cells, indicating a disruption

of intracellular calcium homeostasis (Figs. 2D and E). There was

no significant difference in intracellular Ca2+ levels between the

empty liposome group and the model group, indicating that empty

liposomes had no therapeutic effect. In comparison to the model

group, the intracellular Ca2+ level in the free BA-AM (100nmol/L)

group decreased by 16.4%, whereas in the BA/mPLGA NPs (BA-AM

concentration: 100nmol/L) treatment group, the level of Ca2+ in

the injured cells decreased by 41.1%. Since BA-AM is a hydropho-

bic drug, it is easy to aggregate and then precipitate in water-

soluble media, thus hindering the uptake of drugs by cells. How-

ever, mPLGA NPs significantly improved the water solubility of BA-

AM, promoting more drugs to enter the cell through endocytosis

and finally playing the role of chelating intracellular Ca2+. Fur-

thermore, the Ca2+ chelation effect of BA/mPLGA@Lipo-KTP (BA-

AM concentration: 100nmol/L) was significantly superior to that

of BA/mPLGA NPs (BA-AM concentration: 100nmol/L), demonstrat-

ing that the encapsulation of a liposome can further promote

cell internalization of BA-AM. When the BA-AM concentration in

BA/mPLGA@Lipo-KTP was increased from 50nmol/L to 100nmol/L

and then to 200nmol/L, the Ca2+ level in the injured cells de-

creased continuously (from 37.3% to 28.1% and finally to 16.8%).

When the concentration of BA-AM in BA/mPLGA@Lipo-KTP was

100nmol/L, the Ca2+ level in the injured cells was not significantly

different from that in the control group (26.7%). However, when

the concentration of BA-AM was 200nmol/L, the Ca2+ level in the

injured cells was significantly lower than that in the control group.

Intracellular Ca2+ overload triggers the overproduction of ROS,

which in turn stimulates the ER and cell membrane, leading to

more Ca2+ flowing into the cytoplasm, thus aggravating the in-

tracellular Ca2+ overload, forming a vicious cycle. After treatment

with BA/mPLGA@Lipo-KTP at different concentrations (BA-AM con-

centration: 50, 100, and 200nmol/L), the fluorescence intensity

of ROS in damaged cells decreased by nearly 53.2%, 74.5%, and

63.8%, respectively, as compared to the model group, confirming

that chelating overload Ca2+ could significantly reduce the in-

tracellular ROS content. Moreover, when the Ca2+ concentration

(BA/mPLGA@Lipo-KTP (BA-AM concentration: 200nmol/L) group)

was lower than the Ca2+ content of the control group, the ROS

level rebounded further (from 11.3 to 18.9) (Figs. 2F and G), indi-

cating that Ca2+ in the optimal concentration range can exert the

most effective antioxidant effect.

The survival rates of cells treated with BA/mPLGA@Lipo-KTP

(BA-AM concentration: 100nmol/L) and BA/mPLGA@Lipo-KTP (BA-

AM concentration: 200nmol/L) were 93.4% and 82.1%, respectively,

demonstrating that NPs could improve cell survival by chelat-

ing Ca2+ from the source (Fig. 2H), and further confirming that

there was an optimal range of intracellular Ca2+ concentration

mentioned above, which was consistent with the changing trend

of ROS. To gain a more intuitive understanding of the effect of

BA/mPLGA@Lipo-KTP on cell damage, live/dead cell labeling was

used to evaluate cell viability (Figs. 2I and J). Compared to the

model group, the live cell percentage of BA/mPLGA@Lipo-KTP (BA-

AM concentration: 100nmol/L) was up to 95%, which was con-

sistent with the cell counting kit-8 (CCK-8) results. In conclu-

sion, the appropriate concentration of BA/mPLGA@Lipo-KTP can

rapidly chelate overloaded Ca2+, thus precisely cutting off the

source that promotes the continuous growth of ROS, which is con-

ducive to restoring intracellular Ca2+ homeostasis, alleviating ox-

idative stress, in turn saving dying kidney cells.

To get closer to the clinical AKI process, we selected rats with

bilateral renal artery clipping (40min) as the AKI model to explore

the therapeutic process of the NPs in vivo. The animal experiment

was approved by the Institutional Animal Care and Use Committee

of the Ocean University of China. As depicted in Fig. S3 (Support-

ing information), after the renal artery was clamped, the kidney’s

color changed to gray, indicating that renal blood flow occlusion

was successful. After 40min of ischemia, the renal artery clamp

was removed, and the kidney quickly returned to its normal light

reddish-brown color within 5min, suggesting successful reperfu-

sion. Rats with AKI were treated according to the timeline shown

in Fig. 3A.

The accumulation of NPs in the kidney is a prereq-

uisite for AKI treatment. Therefore, DiR/BA/mPLGA@Lipo and
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Fig. 2. Cellular protective effect of BA/mPLGA@Lipo-KTP. The cell viability (CCK-8) of HK-2 cells was incubated with different doses of (A) BA/mPLGA NPs and (B)

BA/mPLGA@Lipo-KTP for 24h. (C) Relative hemolysis ratio of various concentrations of BA/mPLGA@Lipo-KTP. The pretreatment process of the following experiments is

consistent, and the specific operation is as follows: H2O2-stimulated HK-2 cells were incubated with PBS, blank Lipo, free BA-AM (100nmol/L), BA/mPLGA NPs (BA-AM:

100nmol/L), BA/mPLGA@Lipo-KTP (BA-AM: 50, 100, and 200nmol/L) for 12h, respectively. (D) Flow cytometry results and (E) semi-quantitative flow cytometry results of

Ca2+ level in H2O2-stimulated HK-2 cells with different treatments. (F) Fluorescence images and (G) semi-quantitative results of intracellular ROS. (H) The cell viability

(CCK-8) of H2O2-induced HK-2 cells after various NPs treatments. (I) Fluorescence images and (J) semi-quantitative results of AM/PI-stained injured HK-2 cells after 12 h of

treatment. Data are mean ± SD, n=6. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. n.s., no significance.

DiR/BA/mPLGA@Lipo-KTP were administered intravenously into

AKI rats to visualize the distribution of NPs in vivo. As shown

in Fig. 3B and Fig. S4 (Supporting information), the fluores-

cence intensity of DiR/BA/mPLGA@Lipo-KTP (BA-AM concentration:

200μg/kg bw) in the kidney at 1, 3, and 6h was 1.4, 1.3, and

1.2 times that of DiR/BA/mPLGA@Lipo, respectively, indicating that

KTP can assist NPs in preferentially recognizing kidney cells and

thus provide support for the effective accumulation of NPs in the

kidney site. Besides, the partial accumulation of NPs in the liver

and spleen was due to the fact that these organs are part of the

mononuclear phagocyte system and capture some NPs during toxin

filtration.

As shown in Fig. S5 (Supporting information), the renal coef-

ficient of the model group was significantly higher than that of

the normal group, indicating that severe congestion and edema oc-

curred in the renal tissue. After treatment with BA/mPLGA@Lipo-

KTP (200μg/kg bw) for 24h, the renal coefficient was lower than

that in the model group (P < 0.05), showing that the nanodrug

could protect kidney cells from damage and reduce renal edema.

Compared to the model group, the level of Ca2+ in the kidney tis-

sue of AKI rats treated with BA/mPLGA NPs decreased by ∼21.3%,

indicating that BA-AM chelated the excess of Ca2+ in the injured

kidney cells, thus inhibiting the development of AKI at its source

(Fig. 3C). After BA/mPLGA@Lipo-KTP treatment, the Ca2+ content

decreased by up to ∼40.3%, which was not significantly different

from the control group, indicating that the liposome shell mod-

ified with the targeted peptide KTP increased the blood circula-

tion time of drugs and improved the efficiency of targeted drug

delivery.

CRE and BUN are two key indicators for evaluating renal ex-

cretory function clinically [35]. As shown in Figs. 3D and E, 12 h

after reperfusion, the CRE and BUN levels of rats in the model

group were 5 and 9 times those of the control group, respectively,

suggesting the destruction of kidney function. After 12h of treat-

ment with BA/mPLGA (BA-AM concentration: 200μg/kg bw), CRE

and BUN levels decreased by 40.1% and 36.5%, respectively, com-

pared to the model group, and in the BA/mPLGA@Lipo-KTP (BA-AM

concentration: 200μg/kg bw) treatment group, CRE and BUN lev-

els decreased by 68.3% and 75.5%, respectively. Moreover, following

24 h of treatment with BA/mPLGA@Lipo-KTP, CRE and BUN levels

were lowered by 83.8% and 91.3%, respectively, and almost restored

to normal levels, suggesting that NPs themselves had a beneficial

effect on alleviating kidney injury. We believe that the main rea-

son for the restoration of renal function by BA/mPLGA@Lipo-KTP
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Fig. 3. In vivo therapeutic effect in I/R-induced AKI rat model. (A) Experimental flowchart of the AKI rat model treatment process. (B) The ex vivo near-infrared (NIR) imaging

of major organs (liver, spleen, lungs, and kidneys) in AKI rats. Data are mean ± SD, n=3. (C) Renal Ca2+ level, blood serum (D) CRE, (E) BUN, (F) SOD, and (G) MDA levels

from each group. (H) DHE fluorescence semi-quantitative and (I) staining results of kidney tissues in different groups. (J) Immunostaining of Kim-1. (K) H&E staining of

kidney tissues in different groups. Green arrows indicate inflammatory cell infiltration, black arrows indicate renal tubular dilatation; yellow arrows indicate renal tubular

epithelial cell exfoliation site; blue arrows indicate necrotic shedding of renal tubular epithelial cells to form casts; and red arrows indicate glomerulus pyknosis. (L) Terminal

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of kidney tissues in different groups. Data are mean± SD, n=6. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

was that BA effectively chelated the overloaded Ca2+ in the cyto-

plasm, thereby restoring calcium homeostasis and cutting off the

ROS production pathway.

The superoxide dismutase (SOD) is a natural superoxide-free

radical scavenging agent in the body that can decompose harm-

ful superoxide free radicals and preserve the redox balance of the

body [36]. The SOD level in the model group was nearly reduced

in half (48.9%) compared to the normal group, indicating that the

ability of damaged kidneys to remove free radicals was severely

diminished (Fig. 3F). The antioxidant capacity of damaged kidneys

treated with BA/mPLGA NPs was 1.5 times that of the model group,

indicating that BA-AM could inhibit ROS production by chelating

Ca2+ and restore the kidney’s antioxidant capacity. In addition,

there was no significant difference in SOD level between the AKI

models treated with BA/mPLGA@Lipo-KTP and the normal group.

This may be due to the fact that the liposome shell not only pro-

longs the circulation time of circulating blood but also has the abil-

ity of active targeting, thereby delivering more BA-AM to the in-

jured kidney site, blocking the generation of ROS, and promoting

the kidney antioxidant system to return to normal. MDA is the ul-

timate product of lipid oxidation, which can aggravate membrane

damage, therefore, determining its level can more accurately indi-

cate the degree of lipid peroxidation and indirectly reflect the de-

gree of cell damage [37]. The level of malondialdehyde (MDA) in

the model group was significantly elevated (more than twice that

of the normal group), whereas the level of MDA in the kidneys of

AKI rats treated with BA/mPLGA@Lipo-KTP was decreased by 53.1%,

showing no significant difference from that in the normal group,

indicating that the peroxidation of the damaged kidney tissue was

inhibited (Fig. 3G).
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Fig. 4. In vivo therapeutic mechanisms. Western blot (WB) analysis of (A) ATF4, (B) CHOP, (C) Bax, (D) Bcl-2, (E) Casp-12, (F) cleaved Casp-3, (G) NF-κB, (H) TNF-α, and

(I) IL-6 expression and the semi-quantitative results. 1–5 represents the control group, AKI (PBS) group, blank Lipo group, BA/mPLGA NPs group, and BA/mPLGA@Lipo-KTP

group, respectively. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Data are mean ± SD, n=3. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

To further explore the antioxidant effect of the NPs at the tissue

level, we evaluated the overall oxidation of the kidney using dihy-

droethidium (DHE) staining (Figs. 3H and I). The fluorescence in-

tensity (red fluorescence) of DHE in the kidney of AKI rats treated

with BA/mPLGA@Lipo-KTP was reduced by 70.6% compared to the

model group (the tissue oxidation level was 8.5 times higher than

that in the normal group), which was consistent with the exper-

imental results of ROS at the cellular level. After treatment with

BA/mPLGA@Lipo-KTP, the kidney oxidation level of rats with AKI

returned to normal, which was primarily due to the chelation of

Ca2+, which inhibited the mass production of ROS and restored the

kidney’s antioxidant properties.

Kidney injury molecule 1 (Kim-1) is a new type I transmem-

brane glycoprotein that is almost not expressed in the kidney un-

der normal conditions. However, Kim-1 expression increased sig-

nificantly within hours after kidney injury [38,39]. As shown in

Fig. 3J and Fig. S6 (Supporting information), the expression level

of Kim-1 in the AKI model group was over 70 times that of

the normal group, and it was mostly concentrated in the re-

nal tubules, indicating that ischemia and reperfusion caused se-

rious damage to renal tubule cells. Furthermore, after treatment

with BA/mPLGA@Lipo-KTP, Kim-1 expression decreased by 82.9%,

demonstrating that BA can rapidly chelate overloaded Ca2+, thus
reducing renal tubule cell damage.

To further explore the improvement of BA/mPLGA@Lipo-KTP

on injured nephrons, hematoxylin-eosin (H&E) staining was per-

formed on the kidneys of different treatment groups to observe

the pathological changes (Fig. 4K). The model group exhibited typ-

ical AKI histological features, such as renal tubule dilatation (black

arrow), glomerulus pyknosis (red arrow), necrotic shedding of re-

nal tubular epithelial cells to form casts (blue arrow), renal tubu-

lar epithelial cell exfoliation (yellow arrow), and increased inflam-

matory cell infiltration (green arrow). In contrast, treatment with

BA/mPLGA NPs resulted in only minor tubular cell damage and re-

nal tubule dilatation, and the nephron damage was reversed dra-

matically. Surprisingly, after treatment with BA/mPLGA@Lipo-KTP,

no evident histopathological features of AKI were observed in the

kidney tissue, providing sufficient support for the restoration of

kidney structure and function with BA/mPLGA@Lipo-KTP.

In the final stage of AKI, a large number of proximal tubule

apoptosis events occur, promoting nephron loss and ultimately

accelerating the occurrence and progression of renal failure. As

shown in Fig. 3L and Fig. S7 (Supporting information), compared

with the model group (the positive rate of apoptosis reached

42.3%), the apoptosis rate of BA/mPLGA NPs treatment decreased to

17.3%, and that of BA/mPLGA@Lipo-KTP treatment decreased more

significantly (∼8.2%), which was close to the normal level. These

results indicated that the preparation can effectively prevent the

massive apoptosis of renal cells, thereby reducing the risk of renal

failure.

Intracellular Ca2+ overload and ROS overproduction are two key

factors in AKI, and their subsequent activation of ER stress (ERS) is

the decisive factor that ultimately leads to renal cell death. More-

over, the production of inflammatory factors during AKI can also

accelerate the apoptosis of renal cells. As a result, we explored its

anti-apoptotic and anti-inflammatory mechanisms from the follow-

ing two aspects.

As the largest intracellular Ca2+ store, ER is essential for main-

taining the balance of cellular calcium concentration by integrating

and regulating Ca2+ uptake, release, and binding processes. In AKI,
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disruption of ER calcium homeostasis causes the accumulation and

aggregation of unfolded proteins, resulting in severe ERS [40,41].

On the one hand, ERS increases protein kinase R-like ER kinase

(PERK) activity; PERK phosphorylates eukaryotic translation initi-

ation factor 2α (elF2α), inhibits protein translation and synthesis,

and relieves ER pressure [42]. At the same time, phosphorylation of

elF2α can selectively initiate recombinant activating transcription

factor 4 (ATF4) translation, increase the synthesis of its binding lig-

and, affect amino acid metabolism, and inhibit protein translation

and synthesis [43]. ATF4 also promoted the expression of the tran-

scription factor C/EBP-homologous protein antibody (CHOP), which

inhibited the expression of the anti-apoptotic protein Bcl-2, acti-

vated the expression of the pro-apoptotic protein Bax, and finally

induced endogenous apoptosis [44,45]. On the other hand, ERS ac-

tivates Casp-12, which further triggers cytoplasmic Casp-3 activa-

tion via cleavage and activation of Casp-9, ultimately leading to

apoptosis [46].

As shown in Fig. 4A, the expression level of ATF4 in the model

group was 3.2 times that of the normal group, confirming the ac-

tivation of the PERK pathway in the injured kidney. After treat-

ment with BA/mPLGA NPs, the expression of ATF4 decreased by

approximately 47.9%, indicating that calcium chelation by BA inhib-

ited the activation of the PERK pathway. In addition, the expression

of ATF4 decreased by 68.9% after treatment with BA/mPLGA@Lipo-

KTP, which is close to the normal level, indicating that BA/mPLGA

NPs coated with liposomes modified with kidney-targeting pep-

tides can prolong the drug cycle, resulting in more NPs targeting to

the lesion site, thus inhibiting ERS signal transduction thoroughly.

As can be seen from Fig. 4B, compared with the model group, af-

ter BA/mPLGA@Lipo-KTP treatment, the expression of CHOP, the

apoptotic initiation signal regulated by the upstream signal ATF4,

decreased by about 54.5%, indicating that our NPs were able to

block the upstream signal at its source, thus reducing the possi-

bility of downstream apoptotic protein upregulation. As shown in

Figs. 4C and D, the expression level of Bax (a pro-apoptotic pro-

tein) in the model group was about twice that of the normal group,

whereas the expression level of Bcl-2 (an anti-apoptotic protein)

was decreased by 53.6%. The expression of Bax was significantly

lowered by 47.6% and the expression of Bcl-2 was significantly in-

creased by 2.1 times following treatment with BA/mPLGA@Lipo-

KTP. In addition, we compared the ratio of Bcl-2 to Bax. The higher

the ratio, the stronger the ability of cells to anti-apoptosis. As

shown in Fig. S8 (Supporting information), the BA/mPLGA@Lipo-

KTP treatment greatly strengthened the anti-apoptotic capability of

cells in AKI rats, with the Bcl-2/Bax ratio increasing to around 5.4

times that of the model group, recovering to a level comparable to

that in the normal group.

Moreover, as shown in Fig. 4E, the expression level of the ERS-

activated apoptotic factor Casp-12 in the AKI rat model group was

about 2.8 times that of the control group, and after treatment with

BA/mPLGA@Lipo-KTP, Casp-12 expression was significantly inhib-

ited, decreasing by about 60.9%. Cleaved Casp-3 expression was

further suppressed by the down-regulation of Casp-12. As shown

in Fig. 4F, the BA/mPLGA@Lipo-KTP treatment decreased the ex-

pression of cleaved Casp-3 by 42.5% compared to the model group,

showing no significant difference from that in the normal group.

In brief, BA/mPLGA@Lipo-KTP chelate overloaded Ca2+ from the

source, which can significantly inhibit the expression of the key

proteins of ERS–PERK signal axis (ATF-4-CHOP), further inhibit the

expression of pro-apoptotic protein Bax, and restore the expres-

sion of anti-apoptotic protein Bcl-2. In addition, BA/mPLGA@Lipo-

KTP also inhibited the expression of Casp-12 induced by ERS and

blocked the up-regulation of Casp-3, protecting the kidney and

promoting the normalization of kidney function.

In additional, during AKI, intracellular calcium overload, and

ROS overproduction activate the nuclear factor-k-gene binding (NF-

Fig. 5. Schematic illustration of the cellular regulatory mechanism of

BA/mPLGA@Lipo-KTP NPs.

κB) pathway and stimulate the release of a large number of in-

flammatory factors [tumor necrosis factor-α (TNF-α), NF-κB, inter-
leukin 6 (IL-6), IL-1β , etc.] [47]. As shown in Fig. 4G, the expression

of NF-κB was 2.6 times higher in the model group than that in the

normal group but decreased by 31.3% in the BA/mPLGA NPs treat-

ment group. There was no significant difference in the expression

of NF-κB between the BA/mPLGA@Lipo-KTP treatment group and

the normal group. As shown in Figs. 4H and I, the expressions of

TNF-α and IL-6 in the model group were 2.5 times and 1.8 times

of those in the control group, respectively, whereas, after treatment

with BA/mPLGA NPs, the expressions of TNF-α and IL-6 decreased

by 50.3% and 37.5%, respectively. Besides, there was no significant

difference between the expression levels of TNF-α and IL-6 in the

group treated with liposome-coated BA/mPLGA NPs and the nor-

mal group, further indicating that the drug with targeted liposome

encapsulation could reach more lesion sites and thus play anti-

inflammatory effects. The reduced levels of NF-κB, TNF-α, and IL-6

demonstrated that the nanoagent further inhibited the inflamma-

tory response, consequently inhibiting the expression of the apop-

totic executive Casp-3 and rescuing the endangered kidney cells.

In conclusion, we fully verified the potential molecular mech-

anism of the acid-responsive lipid–mPLGA hybrid drug delivery

system in alleviating AKI (Fig. 5), that is, blocking the activation

of the ERS pathway and the inflammatory pathway, providing a

reasonable explanation for the excellent anti-apoptotic and anti-

inflammatory effects of the above NPs in vivo.

Even though the nano preparation was primarily distributed

in the damaged kidney, there were still small accumulations in

other major organs, so it was necessary to evaluate the organ

toxicity of NPs in the systemic circulation. By measuring alkaline

phosphatase (AKP), aspartate aminotransferase (AST), and alanine

aminotransferase (ALT) (Figs. S9A–C in Supporting information), it

can be found that these biomedical indicators were within the nor-

mal range, indicating the avoidance of systemic toxicity. Moreover,

compared to the control group, no significant pathological changes

were observed in tissue sections of major organs (liver, lung, and

spleen) after BA/mPLGA@Lipo-KTP treatment (Fig. S9D in Support-

ing information), indicating that our nanoformulation was biosafe.

As a calcium chelating agent, BA-AM may trigger hypoten-

sion or cardiac arrest. When different doses of BA/mPLGA@Lipo-

KTP were injected into healthy SD rats (BA-AM dose: 100, 200,

300μg/kg bw), it was found that the preparation did not affect

blood pressure and heart rate (Figs. S9E and F in Supporting in-

formation), even when the injection dose was as high as 300μg/kg
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bw, indicating that at the injection dose of 200μg/kg bw, NPs did

not cause cardiovascular problems [48–50]. These results indicated

the preparation’s exceptional biological safety and laid a founda-

tion for future clinical translation.

To summarize, we developed a lipid-mPLGA hybrid drug de-

livery system that targets the pathogenesis of AKI and addresses

the following key questions: (ⅰ) Efficient EE of hydrophobic drug

BA-AM (up to 96.1%) and excellent storage stability (∼8 days); (ⅱ)
Dual target characteristics: passive target (size: <100nm) and ac-

tive target (KTP-targeted peptide modification); (ⅲ) Slightly acid-

responsive drug release: the CHEMS component in the phospho-

lipid bilayer structure is an acidic cholesterol ester, whose con-

figuration changes at low pH (pH: ∼6.5) to release the drug; (ⅳ)
Source blocking therapy: BA-AM was decomposed by intracellular

esterase to unleash BA, quickly removing intracellular excess Ca2+,
restoring calcium homeostasis, thus promoting the oxidative stress

balance, playing anti-inflammatory and anti-apoptosis roles, and fi-

nally promoting kidney function recovery.

Mechanically, this nano preparation can rapidly chelate Ca2+,
block ROS generation, rescue ERS, and inhibit the expression of key

downstream apoptotic proteins (ATF4–CHOP–Bax, Casp-12–Casp-

3). Furthermore, the nano preparation suppressed the expression

of inflammatory factors (TNF-α, NF-κB, and IL-6), thus blocking the

activation of downstream apoptotic factors.

In our experiments, the KTP-modified yolk-shell structure of

mPLGA-liposome hybrid NPs not only remedied the defects of low

encapsulation efficiency and instability when liposomes encapsu-

late extremely hydrophobic drugs BA-AM, but also well compen-

sated for the shortcomings of PLGA NPs that were not easy to be

modified and had short blood circulation time. Therefore, at such

a low dose (BA-AM: 200μg/kg bw), BA/mPLGA@Lipo-KTP accumu-

lated at the injured kidney site through active and passive tar-

geting in the long blood circulation, then released BA-AM/mPLGA

nanoparticles in a slightly acidic inflammatory environment, which

was then depolymerized by intracellular esterase. The BAPTA-AM

was diffused and hydrolyzed to produce BAPTA, which chelated

the overloaded intracellular Ca2+, thus breaking the vicious cycle

formed by Ca2+ and ROS, strongly inhibiting the apoptosis of renal

cells, and rapidly restoring renal function to nearly normal levels.

In addition, no acute cardiovascular adverse effects or organ toxic-

ity were seen in vivo. We believe that our formulation holds great

potential for the future clinical treatment of AKI.
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