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Abstract
Chronic and genetic kidney diseases such as autosomal dominant polycystic kidney disease (ADPKD) have few therapeutic options, and 
clinical trials testing small molecule drugs have been unfavorable due to low kidney bioavailability and adverse side effects. Although 
nanoparticles can be designed to deliver drugs directly to the diseased site, there are no kidney-targeted nanomedicines clinically 
available, and most FDA-approved nanoparticles are administered intravenously which is not ideal for chronic diseases. To meet 
these challenges of chronic diseases, we developed a biomaterials-based strategy using chitosan particles (CP) for oral delivery of 
therapeutic, kidney-targeting peptide amphiphile micelles (KMs). We hypothesized that encapsuling KMs into CP would enhance the 
bioavailability of KMs upon oral administration given the high stability of chitosan in acidic conditions and mucoadhesive properties 
enabling absorption within the intestines. To test this, we evaluated the mechanism of KM access to the kidneys via intravital 
imaging and investigated the KM biodistribution in a porcine model. Next, we loaded KMs carrying the ADPKD drug metformin into 
CP (KM-CP-met) and measured in vitro therapeutic effect. Upon oral administration in vivo, KM-CP-met showed significantly greater 
bioavailability and accumulation in the kidneys as compared to KM only or free drug. As such, KM-CP-met treatment in ADPKD mice 
(Pkd1fl/fl;Pax8-rtTA;Tet-O-Cre which develops the disease over 120 days and mimics the slow development of ADPKD) showed enhanced 
therapeutic efficacy without affecting safety despite repeated treatment. Herein, we demonstrate the potential of KM-CP as a 
nanomedicine strategy for oral delivery for the long-term treatment of chronic kidney diseases.
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Significance Statement

Genetic kidney diseases such as autosomal dominant polycystic kidney disease (ADPKD) are lifelong diseases that have no nanome
dicine options. Here, we report the development of nanotherapeutics based on kidney-targeting peptide amphiphile micelles that sig
nificantly improve drug bioavailability to the kidneys and can be taken orally, a critical requirement for chronic diseases such as 
ADPKD. This nanomedicine-based strategy is the first of its kind, offering a transformative, technological advancement for patients 
with chronic kidney disease.
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Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is a 
chronic kidney disease and the most common inherited kidney 
disease, affecting 12.5 million people worldwide (1). The disease 
is caused by mutations in PKD1 or PKD2 and is characterized by 
overproliferation of renal cells and uncontrolled cyst growth 
that leads to a loss in kidney function and renal failure (2–5). 
Tolvaptan, the only FDA-approved drug for ADPKD which was 
approved in 2018, inhibits adenylyl cyclase and the cyclic AMP 

(cAMP) pathway and decreases fluid secretion and cell prolifer
ation, thereby slowing ADPKD. However, ADPKD patients that 
take tolvaptan treatment can experience considerable side effects 
such as polyuria, thirst, nausea, and drug-induced liver damage 
leading to a patient dropout rate of 25% (6–12).

In addition to tolvaptan, other drug candidates have shown 
therapeutic promise in preclinical studies; however, similar to 
tolvaptan, enthusiasm was dampened during clinical trials due 
to severe side effects. For example, bardoxolone methyl, which 
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restores mitochondrial function, inhibits inflammation, and 
showed benefits in reducing cystogenesis in ADPKD cells (13), in
duced cardiac and gastrointestinal disorders and led to early clin
ical trial discontinuation (14). Additionally, although metformin, 
an AMPK activator and mTOR inhibitor that is currently FDA ap
proved for diabetes, was found to significantly inhibit disease pro
gression in PKD mice (15), clinical trials testing metformin in 
ADPKD patients only slightly reduced the glomerular filtration 
rate decline (16) and caused hypoglycemia and lactic acidosis 
(17–19). Therefore, developing kidney-targeting drug delivery 
strategies has the potential to benefit diseases like ADPKD by dir
ectly transporting drugs to the disease site and simultaneously in
hibiting off-target side effects.

To that end, our group reported on the development of peptide 
amphiphile micelles that were decorated with kidney-targeting 
peptides including (Lys–Lys–Glu–Glu–Glu)3–Lys ((KKEEE)3K), 
which binds megalin, a multiligand receptor highly expressed 
on renal tubular cells (20–33). Although kidney-targeting peptide 
amphiphile micelles (KMs) homed to the kidneys in vivo upon 
intravenous (IV) injection, IV administration is not practical for 
chronic diseases such as ADPKD that progress over a lifetime 
(34, 35). To meet the unmet challenges required for inherited 
and lifelong diseases and improve the bioavailability of drugs for 
chronic kidney diseases such as ADPKD, herein, we developed a 
biomaterials-based strategy for oral administration of kidney- 
targeting nanoparticles and hypothesized that encapsulating 
KMs loaded with metformin (KM-met) into chitosan particles (CP) 
would enable enhanced nanoparticle bioavailability and drug de
livery to the kidneys (Scheme 1) (36, 37). We chose chitosan for de
veloping our oral delivery strategy as chitosan is a biocompatible 
biomaterial that is naturally derived from crustacean shells and 
has been reported to improve the drug bioavailability upon oral 
administration due to its high stability in acidic conditions, like 
that of the stomach, and its mucoadhesive properties that enable 
high absorption in the intestines (38–40).

To test our hypothesis, we first incorporated metformin into 
KMs (KM-met) and tested the therapeutic effects of KM-met in vitro. 
Then, intravital imaging was used to evaluate the mechanism of 
KM access to the kidneys, and pilot studies in a porcine model 
were used to study the kidney-targeting ability of KM across ani
mal species. Next, we incorporated KM-met into CP and studied 
the ability of KM-CP-met to cross an in vitro intestinal model and 
induce a therapeutic response on renal cells. Finally, we evaluated 
the pharmacokinetic properties of KM-CP-met in vivo and the 
therapeutic outcomes in a slow and progressive murine model 
of ADPKD that mimics the chronic nature of human disease. 
Overall, we present for the first time an oral delivery 

nanomedicine strategy designed for PKD and provide evidence 
for its practical implementation in chronic kidney diseases.

Results
Synthesis, characterization, and in vitro 
therapeutic effects of KM-met

To first construct kidney-targeting micelles (KMs), the kidney- 
targeting peptide (KKEEE)3K, metformin, and the fluorophore 
Cy7 was conjugated to DSPE-PEG(2000), purified via high perform
ance liquid chromatography (HPLC) and MALDI-TOF/TOF (Fig. S1), 
and self-assembled under aqueous conditions (Fig. 1A). To char
acterize the size and shape of KM-met, we imaged KM-met by TEM 
and found the particles were monodispersed and of spherical 
morphology (Fig. 1B). Next, to verify that free metformin can be re
leased from micelles intracellularly, a commercially available 
cocktail of proteases derived from Streptomyces griseus were incu
bated with KM-met (41). After 12 h of incubation, a steady release 
of metformin from KMs was found (35.7 ± 3.2%; release rate of 
3 %/h), while no appreciable drug release was found in the ab
sence of proteases (Fig. 1C), confirming that the peptide bond be
tween DSPE-PEG(2000) and metformin was cleaved by proteases 
as expected (42).

The in vitro therapeutic effects of KM-met were assessed via a 3D 
cyst model (Fig. 1D). Specifically, Pkd1 null cells generated from 
the Pkd1flox/-:TSLargeT mouse model of ADPKD were cultured in 
Matrigel and treated with KM-met, NT-met, or free metformin at a 
drug concentration of 300 µM and the effects on cyst growth 
were measured on day 8. Empty nontargeting (NT) micelles, KM, 
and PBS without metformin also served as additional controls. 
Quantification of the cyst images showed that the KM-met-treated 
group had significantly smaller cyst diameter (5.9 ± 0.9 µm) when 
compared to the PBS-treated group (9.6 ± 0.5 µm, P ≤ 0.05), which 
confirmed the therapeutic response of KM-met in vitro (Fig. 1E). 
In addition, as found in Fig. S2, KM-met showed the highest phos
phorylated AMPK to total AMPK ratio among all the metformin- 
containing groups: 1.1 ± 0.2 for KM-met, 0.7 ± 0.01 for NT-met, and 
0.6 ± 0.04 for free metformin (P ≤ 0.05), which confirmed that 
kidney-targeting micelles improved in vitro delivery of metformin 
and activation of AMPK (Fig. S2). To validate the megalin-targeting 
ability of KM, both KM and NT micelles were incubated with Pkd1 
null cells and KM micelles was found to have significantly higher 
colocalization (0.12 ± 0.02) with the megalin channel as compared 
to the NT micelles (0.07 ± 0.03, P ≤ 0.05, Fig. S3).

Towards in vivo application, intravital imaging was performed 
to study the mechanism of KM entry and access to the kidneys in 
real-time by evaluating glomerular filtration and nephron uptake. 

Scheme 1. Schematic of oral delivery strategy of KM-CP-met to ADPKD kidneys.
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Fig. 1. Characterization and in vitro therapeutic effects of KM-met. A) Schematic of KM-met self-assembly. B) TEM confirms spherical morphology and the 
size of KM-met to be approximately 15 nm. C) Steady drug release of metformin from KM over time via protease cleavage. D and E) Brightfield images and 
quantification of cystogenesis using Pkd1 null cells treated with KM-met, free metformin, NT-met, NT blank, KM, or PBS (*P ≤ 0.05, N ≥ 4). F) Intravital images 
of kidney glomeruli after KM micelles were injected into the carotid artery of C57BL/6 mice shows KMs pass the GFB and enter the Bowman’s space. G) 
Pilot study quantifying biodistribution of KM micelle and NT micelle injected into a porcine model, confirming the kidney-targeting ability of KMs across 
animal species (N = 1).

Huang et al. | 3
D

ow
nloaded from

 https://academ
ic.oup.com

/pnasnexus/article/3/5/pgae187/7668081 by guest on 06 June 2025



Under anesthesia, mice were injected with KMs into the canulated 
carotid artery while placed under an inverted microscope with 
exposed kidneys. Figure 1F and Video S1 shows KMs enter the 
glomerulus, pass the glomerular filtration barrier (GFB), and 
access the Bowman’s space (red region) and tubules upon admin
istration. This is in contrast to free amphiphilic monomers 
(Cy7-DSPE-PEG2000-(KKEEE)3K) that showed minimal uptake 
into the nephron. KM micelles showed significantly higher fluor
escence in the Bowman’s space as compared to monomers 
(5.65 × 105 ± 4.8 × 104 a.u. vs. 1.6 × 105 ± 2.4 × 104 a.u. P ≤ 0.0001, 
Figs. 1F and S3, Videos S1 and S2), suggesting the nanoparticle 
structure is critical for kidney targeting. Additionally, to further 
probe the kidney-targeting ability beyond mice, we conducted a 
pilot study and administrated KMs into a porcine model. Upon 
ex vivo imaging and analysis at 24-h postinjection, KMs were 

found to have significantly higher kidney/liver ratio (1.14) as com
pared to NT micelles (0.81) (Figs. 1G and S4), consistent with earl
ier studies in mice (22). Compared to other nanoparticles that 
have been proposed for kidney-targeting (Table 1), KMs demon
strate unprecedented kidney-targeting vs. liver uptake, validating 
the feasibility of enriching drugs to the kidneys using nanoparticle 
carriers, which has been difficult and limited to date. Additionally, 
porcine organs including the kidney, liver, heart, lung, and spleen 
were stained for H&E to evaluate tissue morphology (Fig. S5). As 
shown in Fig. S5, there was no observable tissue damage within 
these organs as compared to PBS-treated pigs, confirming the bio
compatibility of KMs across animal species.

Loading of KMs within CP
Towards application in the context of chronic kidney diseases, we 
loaded KM-met into CP in order to enhance KM bioavailability and 
delivery to the kidneys upon oral delivery. We first mixed KM-met 

into the anionic poly-L-glutamic acid cross-linker solution. The 
chitosan solution was then added to the cross-linker/micelle solu
tion to form KM-CP-met through ionic gelation (Fig. 2A) (48–50). CPs 
loaded with KM-met were found to be ∼160 nm in diameter using 
dynamic light scattering (DLS). As found in Fig. 2B and C, KMs 
on their own are 13.9 ± 1.8 nm in diameter and CPs are 155.9 ±  
14.8 nm as measured by DLS. When micelles were mixed with 
CPs separately, two distinct size distributions (15.0 ± 2.1 nm and 
148.2 ± 17.9 nm) can be observed, which correspond to the ex
pected micelle size of ∼14 nm and the CPs of ∼160 nm (Fig. 2D). 
However, when micelles are loaded into CPs, the micelle only 

Table 1. Kidney/liver accumulation ratio of various nanoparticles 
proposed for kidney drug delivery shows KMs have superior 
targeting.

Kidney/Liver ratio Nanoparticle Reference

1.25 KMa in mice (22)
1.14 KMa in pig —
0.85 Albumin-based NP (43)
0.47 Iron oxide NP (44)
0.29 Quantum dots (45)
0.05 Gold NP (46)
0.2 Gold-PEG NP (47)

aActive kidney targeting via (KKEEE)3K peptide.

Fig. 2. KM loading into CP. A) Schematic of KM-met loading into CP via ionic gelation. Representative DLS measurements of B) KM-met, C) CP, D) KM-met 

mixed with CP, and E) KM-
met loaded into CP. Micelle peaks corresponding to ∼14 nm were present (D) in the mixed condition but were not seen (E) in the 

loaded condition. F) DLS measurements of CP loaded with various initial starting concentrations of KM-met. G) TEM images of CP synthesized with varying 
concentrations of micelles (arrows).
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peak of ∼14 nm is no longer observed, confirming that KMs are 
successfully loaded into CPs (Fig. 2E).

Next, we probed the maximum micelle loading that would re
sult in stable CP. As found in Fig. 2F, micelle concentrations added 
to the cross-linker solution of up to 1000 µM had similar sizes to 
that of unloaded CP (∼160 nm). Beyond 1,000 µM micelle concen
tration, the diameter of the CP decreases while polydispersity in
creases, showing a loss of stability. As also confirmed by TEM in 
Fig. 2G, individual micelles are found encased within CP up to 
1,000 µM KM-met. However, at 2,000 µM KM-met, CP are no longer 
present and instead, a disordered structure with the majority of 
micelles existing separately from the bulk chitosan material is ob
served (arrows, Fig. 2F). Thus, we concluded that a maximum of 
1,000 µM micelles can be loaded into CP.

KM-met release from CP and KM-CP-met therapeutic 
effects in intestinal and in vitro kidney models
As previously reported, chitosan is stable in low pH but can de
grade under neutral pH similar to the intestinal environment, 
which is favorable for drug absorption into the bloodstream 
upon oral delivery (36). To test the stability of KM-CP-met under a 
low pH environment as in the stomach, we incubated KM-CP-met 

in simulated gastric fluid (SGF, pH = 1.3). After 6 h, 29.1 ± 2.5% of 
total KM-met was found to be released. This is in contrast to 
KM-CP-met incubation in simulated intestinal fluid (SIF, pH = 6.8), 
which released 70.6 ± 1.5% of KM-met (P ≤ 0.01, Fig. 3A). To validate 
whether the released KM-met from CP under neutral pH were in
tact micelles or disassembled amphiphiles, we conducted DLS 
measurements at the final timepoint and found intact micelles 
of ∼14 nm size were released into the supernatant (Fig. 3B). In add
ition, KM-met released from CP after 12 h were separated via 

centrifuge and further characterized via DLS along with 
KM-CP-met to confirm the successful formation of the micelle-in- 
chitosan structure (Fig. S7).

In addition to protection against an acidic environment mim
icking the stomach, chitosan has been reported to open tight junc
tions within the intestinal epithelium and increase bioavailability 
in vivo (51). To verify this effect, transepithelial resistance (TER) 
was measured on human colorectal Caco-2 cells cultured on 
Transwell permeable supports following treatment with 
KM-CP-met (52, 53). TER was measured three days before treat
ment and again after administration of nanoparticles or free 
drug for up to 3 days. Within 6 h postadministration of 
KM-CP-met, a 79.9% reduction in resistance was observed (from 
334.0 ± 26.8 Ohm*cm2 to 67.1 ± 23.3 Ohm*cm2). On the other 
hand, no changes in TER were observed for samples treated with 
KM-met, free metformin, or PBS (Fig. 3C) (36). Notably, a recovery 
to pretreated baseline resistance levels (335 Ohm*cm2) was ob
served 3 days after KM-CP-met treatment, demonstrating that 
these effects on tight junctions are transient (54). Additionally, 
we observed a decrease in ZO-1 signal in treatment groups that 
contained chitosan at 6 hours after treatment (Figure 3D), sug
gesting that KM-CP-met can enhance penetration through the 
intestinal epithelium consistent with previous reports (36). 
Overall, these results using in vitro models show evidence that 
KM-CP-met has the potential to protect cargo under acidic condi
tions similar to the environment of the stomach, enhance para
cellular transport across the intestinal epithelium, and enable 
micelle-drug release, thereby promoting higher absorption and 
bioavailability in circulation (55).

To test the delivery and therapeutic efficacy of KM-CP-met 

through oral administration, we first utilized a simple, intestine- 
kidney in vitro model that seeded Caco-2 intestinal cells on the 

Fig. 3. In vitro therapeutic efficacy of KM-CP-met. A) In vitro release of KM from KM-CP under pH conditions found in the GI tract (pH = 1.3, SGF; 6.8 SIF, N ≥ 4). 
B) DLS size measurements of micelles released from SIF at 3 h. C) TER measurements of Caco-2 monolayers incubated with KM-CP-met, KM-met, free 
metformin, CP, or PBS for up to 6 days. D) Caco-2 monolayers stained with ZO-1 and DAPI at 6 h showed a decrease in ZO-1 signal in treatment groups that 
contained chitosan. E) Phosphorylated AMPK to total AMPK obtained via ELISA on mpkCCDc14 cells to test the therapeutic efficacy of KM-CP-met (*P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, N ≥ 3).
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apical side of the Transwell membrane and mpkCCDc14 cells 
grown on the bottom of the plate. After 12 hours, we found that 
mpkCCDc14 cells in the KM-CP-met treatment group showed the 
highest phosphorylated AMPK to total AMPK via enzyme-linked 
immunosorbent assays (ELISA), among all met-containing groups: 
1.3 ± 0.4 for free metformin, 1.5 ± 0.2 for KM-met, and 2.10 ± 0.1 for 
KM-CP-met (P ≤ 0.005), while no change was found for CP and PBS 
treatment (Fig. 3E). This confirms that the in vitro delivery of met
formin and activation of AMPK can be improved through the com
bined chitosan and kidney-targeting platforms and is the greatest 
in KM-CP-met group as compared to all other groups (Figure 3E).

In vivo biodistribution of KM-CP-met

To evaluate the ability of CP to enhance micelle bioavailability via 
oral delivery in vivo, wildtype C57BL/6J mice were orally adminis
tered Cy7-labeled KM-CP-met. Over 24 h, KM-CP-met treated mice 
consistently showed higher serum fluorescence as compared to 
NT-CP-met, KM-met, NT-met and free metformin, demonstrating 
enhanced bioavailability and depot into systemic circulation 
(Fig. 4A). Upon ex vivo imaging and analysis, Cy7-labeled 
KM-CP-met also showed higher kidney accumulation (28.9 ± 4.1%) 
when compared to NT-CP-met (20.9 ± 4.1%, P ≤ 0.01, Figs. 4B and C, 
S8). Similarly, Cy7-labeled KM-met demonstrated higher renal accu
mulation (15.9 ± 2.1%) when compared to NT-met (8.7 ± 0.6%, P ≤  
0.01), confirming the benefits of CP in enhancing bioavailability 

through oral administration and the renal targeting ability through 
the (KKEEE)3K peptide in vivo. Immunohistochemistry evaluating 
the colocalization of nanoparticles and megalin showed 3.5-fold 
(P ≤ 0.05) higher colocalization in mice treated with KM-CP-met as 
compared to KM-met, which confirmed CP improved the bioavail
ability of KM-met upon oral administration, thus leading to higher 
KM-met targeting and delivery to the kidneys (Fig. S7).

Additionally, mice organs including the brain, lung, heart, liver, 
spleen, intestine, kidneys, and bladder were stained for H&E in or
der to evaluate tissue morphology post-treatment (Figs. 4D and 
S8). As shown in Fig. 4D, there was no observable tissue damage 
in any of the organs, including the kidneys, liver, and intestines 
where nanoparticles showed higher accumulation confirming 
biocompatibility of all groups.

Therapeutic efficacy of KM-CP-met in ADPKD mice
The therapeutic effects of KM-CP-met upon oral administration 
was tested in a slowly progressing ADPKD murine model using 
Pkd1fl/fl;Pax8-rtTA;Tet-O-Cre mice, which mimics the chronic na
ture of the human disease (56). In this model, PKD is developed 
by conditional knockout of the Pkd1 gene and induced by doxycyc
line injection starting on postnatal day 27 (P27). After Pkd1 knock
out, mice were orally administered KM-CP-met, KM-met, free 
metformin, or KM-CP every three days at a metformin concentra
tion of 300 mg/kg/day (Fig. 5A), as reported previously in ADPKD 

Fig. 4. Bioavailability, biodistribution, and biocompatibility of Cy7-labeled KM-CP-met 24 h after oral gavage. A) Serum level of Cy7-labeled micelles in 
KM-CP-met is the highest after oral delivery. B and C) Quantification of ex vivo organ Cy7 fluorescence levels show highest accumulation in the kidneys for 
KM-CP-met and NT-CP-met. D) H&E staining of organs shows no significant tissue damage or changes in morphology after all treatments (**P ≤ 0.01, ****P ≤  
0.0001, N = 4).
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preclinical studies (15, 17, 36), and euthanized on P120 when se
vere disease is expected (57). As found in Fig. 5B, KM-CP-met- 
treated mice showed a lower kidney weight/body weight 
(KW/BW) ratio (1.3 ± 0.3%) as compared to other treatment groups 
and the no treatment control (5.4 ± 0.6%, P ≤ 0.05, Fig. 5B). The 

KW/BW level of healthy mice is around 1% (58), which confirmed 
that Pkd1-knockout mice under KM-CP-met showed healthy kidney 
weight. In addition, mice treated with KM-CP-met showed a smaller 
kidney size (Fig. 5C) and a decreased cystic index (9.6 ± 4.2%, i.e. 
the percentage of cystic area divided by total kidney area) as 

Fig. 5. Therapeutic efficacy of orally administered KM-CP-met in ADPKD mice. A) Timeline of Pkd1fl/fl;Pax8-rtTA;Tet-O-Cre mice treatment. B) The lowest 
KW/BW ratio was also found in the KM-CP-met treated group. C) H&E staining of whole kidneys shows smallest kidneys with fewer cysts in the KM-CP-met 

treatment group. D) Cystic index of the KM-CP-met treated group is significantly decreased as compared to KM-met and no treatment groups. E) H&E 
staining of kidney tissues shows smaller cyst size and fewer cysts in the KM-CP-met treatment group. F) Immunohistochemistry and G) quantitative 
analysis of pThr172 AMPK in kidney sections and quantitative analysis shows significantly higher pThr172 AMPK fluorescence intensity of mice treated 
with KM-CP-met as compared to other treatment groups (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, N ≥ 3).
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compared all other groups (Fig. 5D and E). In addition, KM-CP-met- 
treated mice were found to have significantly higher pThr172 
AMPK levels as compared to all other control groups, confirming 
the activation of pThr172 AMPK by KM-CP-met (Fig. 5F and G).

Importantly, the long-term, repeated treatment, as often re
quired in chronic diseases, of KM-CP-met did not alter serum elec
trolyte concentrations, which were found to remain similar for all 
groups. In addition, blood urea nitrogen (BUN) levels of KM-CP-met 

treated mice were within the healthy mice BUN range (∼40 mg/dL) 
(59). Thus, these results indicate that KM-CP-met has high biocom
patibility and is safe despite continued exposure over four months 
(Table 2). In summary, KM-CP-met is a viable nanomedicine strat
egy for ADPKD and is the first development of an oral delivery 
strategy of kidney-targeting nanoparticles for chronic kidney 
diseases.

Discussion
Over the past few decades, the development of nanomedicine has 
emerged as a promising approach for the treatment of various dis
eases. Although more than 50 pharmaceutical nanoformulations 
have been approved by the FDA for clinical use (60), the develop
ment of nanomedicine for the treatment of chronic kidney dis
eases like ADPKD is limited. To our knowledge, KMs loaded into 
CP is the first development of an oral delivery nanoformulation 
for kidney disease. Specifically, we incorporated metformin into 
KMs and showed that KM-met enhanced renal cell targeting and 
therapeutic efficacy by reducing cyst growth (Figure 1). We also 
evaluated the mechanism of KM access into the kidneys via intra
vital imaging and found KMs significantly enter the Bowman’s 
space, while free amphiphilic monomers do not reach the kidneys. 
This may be due to monomer binding to serum components such 
as albumin, which do not pass the GFB (28, 61). Overall, these re
sults show evidence that after depot into the bloodstream, the 
nanoparticle structure is critical for transport into the kidneys 
and that KMs passage through the GFB and access the renal tubu
lar system, which enable drug delivery in kidney diseases such as 
ADPKD.

Notably, nanoparticle design for kidney drug delivery has been 
a long-standing challenge in the field due to the lack of nanopar
ticle kidney retention via clearance into urine (e.g. 10 nm iron ox
ide nanoparticles (44) and 6 nm gold nanoparticles (46)) or due to 
nonspecific protein absorption which can lead to protein corona 
formation and an growth in nanoparticle size that leads to liver 
uptake, In contrast, KMs demonstrate remarkable kidney- 
targeting performance in both mice and porcine models 
(Fig. 1H). This may be due to the zwitterionic properties of the 
megalin-binding peptide, (KKEEE)3K, in addition to PEGylation, 
which hinder serum protein adsorption of nanoparticles and al
lows KMs to maintain their small size of <12–15 nm for GFB pene
tration (22). This exceptional performance positions KM as an 
ideal candidate for delivering small molecular drugs directly to 
the kidneys.

As many kidney diseases are chronic kidney diseases that last a 
lifetime, oral delivery is the most practical and patient-friendly 
route of administration. KM-met loading into CP (Fig. 2) enabled 
protection of the cargo under gastric pH while also opening tight 
junctions to enhance paracellular transport and bioavailability 
of KM-met upon its release (Fig. 3), consistent with earlier results 
(36). Of note, the bioavailability and biodistribution data shown 
in Fig. 4 indicate that KM-drug loading into chitosan may afford 
less frequent and/or lower drug dosing to achieve the same effi
cacy. Then, upon access to circulation, the selectively enhanced 
kidney accumulation observed with our kidney-targeting nano
particles should also result in fewer off-target side effects and en
hanced tolerability of metformin or other drugs used to treat 
ADPKD and other kidney diseases. In addition, tissue morphology 
of mice organs further confirmed the high biocompatibility of 
KM-CP-met (Fig. 4). It is noteworthy that NT-CP-met exhibited the 
second highest renal accumulation among all groups, reaffirming 
the superior function of CP in enhancing the bioavailability of mi
celles. Our previous study demonstrated that NT micelles accu
mulated in the kidneys following IV injection (25), and this 
aligns with the high renal accumulation observed for NT-CP-met 

upon oral administration in the current study. Ultimately, we 
demonstrate that both the chitosan and targeting micelles were 
critical for oral administration and kidney accumulation, which 
conferred greater therapeutic benefits in ADPKD mice (Fig. 5). In 
our previous study by Wang et al., metformin-loaded chitosan 
nanoparticle system demonstrated a 23% decrease in KW/BW 
and a 13% decrease in cystic index as compared to free met- 
treated group. However, KM-CP-met exhibited a remarkable 69% 
decrease in KW/BW and a substantial 75% decrease in cystic index 
as compared to free met-treated group. Despite using different 
PKD animal model, the data consistently indicates that 
KM-CP-met exhibits a superior therapeutic effect as compared to 
metformin-loaded chitosan nanoparticle.

The primary obstacle in the current management of kidney dis
ease lies in the inadequate drug concentration within the kidney. 
This limitation is particularly evident in the case of ADPKD, where 
the only FDA-approved treatment, tolvaptan, achieves ∼5.7% accu
mulation in the kidney after oral administration (62). Similarly, in 
our study, ∼4.5% of free metformin accumulated in the kidney. 
Given the pronounced deficiency in kidney bioavailability observed 
with free drugs, our innovative oral kidney-targeting nanoformula
tion emerges as a promising solution to the current clinical chal
lenges by providing a precise, efficient, and patient-friendly 
treatment that enables direct drug delivery to the kidneys and min
imizes accumulation in nontarget organs. Although our current 
study incorporated one ADPKD drug candidate, our biomaterials 
and nanoparticle-based platform can benefit other candidate 
ADPKD drugs that also have low oral bioavailability, as well as 
gene therapy, thereby expanding treatment options for ADPKD 
and other kidney diseases. Additionally, future studies will concen
trate on investigating the pharmacokinetic properties and biodistri
bution of KM-CP-met utilizing the slow PKD mice model.

Table 2. Serum components, electrolytes, and kidney health markers of ADPKD mice upon treatment.

Na  
(mmol/L)

K  
(mmol/L)

Cl  
(mmol/L)

iCa  
(mmol/L)

tCO2  
(mmol/L)

Glu  
(mmol/L)

BUN/Urea  
(md/dL)

Crea  
(md/dL)

Hct  
(PCV)

Hb  
(g/dL)

KM-CP-met 132.3 ± 7.5 7.5 ± 2.2 120.0 ± 7.1 1.2 ± 0.1 16.7 ± 4.5 344.0 ± 24.0 34.0 ± 10.8 <0.2 41.7 ± 0.5 14.2 ± 0.2
KM-met 146.7 ± 1.9 4.9 ± 0.2 114.0 ± 2.8 1.1 ± 0.1 25.0 ± 2.2 229.7 ± 32.3 38.3 ± 19.7 <0.2 36.3 ± 4.9 12.4 ± 1.7
Free met 144.6 ± 1.6 5.9 ± 1.4 113.0 ± 3.2 1.1 ± 0.2 23.1 ± 0.8 219.6 ± 24.4 22.8 ± 7.8 <0.2 37.4 ± 3.0 12.8 ± 0.9
KM-CP 143.5 ± 5.5 5.8 ± 1.7 114.4 ± 4.0 1.2 ± 0.1 22.4 ± 3.9 188.9 ± 22.5 34.3 ± 19.1 <0.2 35.9 ± 2.8 12.2 ± 1.0
No treatment 145.0 ± 1.6 5.3 ± 0.2 113.3 ± 3.3 1.2 ± 0.1 21.8 ± 1.8 239.3 ± 31.1 24.3 ± 1.8 <0.2 36.3 ± 3.9 12.3 ± 1.3
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In summary, our studies show the therapeutic potential and 
safety of KM-drugs loaded into CP as a strategy for combined 
kidney-targeting and oral drug delivery in ADPKD, and this trans
formative work extends far beyond ADPKD, offering invaluable in
sights applicable to a broad range of chronic and genetic kidney 
diseases which can greatly benefit from targeted drug delivery 
strategies but currently have no nanomedicine options in the clinic.

Materials and methods
Synthesis of therapeutic KMs
The (KKEEE)3K targeting peptide was synthesized using standard 
Fmoc-mediated solid phase peptide synthesis methods on rink 
Amide resin (Anaspec, Fremont, CA, USA) using an automated 
benchtop peptide synthesizer as previously described (PS3, 
Protein Technologies, Tucson, AZ, USA) (25). A cysteine was added 
to the peptide sequence at the N-terminus to allow for a thioester 
linkage. Peptides were cleaved from the resin and deprotected 
with 94:2.5:2.5:1 by volume trifluoroacetic acid:1,2-ethanedithiol: 
H2O:triisopropylsilane and were precipitated and washed several 
times with cold diethyl ether, dissolved in water, lyophilized, and 
stored as powders at −20°C. Crude, peptide mixtures were purified 
by reverse-phase HPLC (HPLC, Shimadzu, Kyoto, Japan) on a C8 col
umn (Phenomenex, Torrance, CA, USA) at 50°C using 0.1% formic 
acid in acetonitrile/water mixtures and characterized by matrix- 
assisted laser desorption ionization time-of-flight mass spectral 
analysis (MALDI-TOF/TOF, Autoflex Speed, Bruker, Billerica, MA, 
USA, Figure S1). Cysteine-containing peptides were conjugated to 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy-p
oly(ethylene glycol 2000) (DSPE-PEG(2000)-maleimide, Avanti Polar 
Lipids, Alabaster, AL, USA) by adding an equimolar amount of the 
lipid to peptide in MilliQ water. After gentle mixing for 1 week, 
the resulting DSPE-PEG(2000)-(KKEEE)3K was purified by HPLC on 
a C4 column as described above.

Fluorophore-conjugated amphiphiles were synthesized by con
jugating Cy7 via a peptide bond to DSPE-PEG(2000)-amine (Avanti 
Polar Lipids, Alabaster, AL, USA) by adding an equimolar amount 
of Cyanine7 NHS ester (Lumiprobe, Hunt Valley, MD, USA) to the 
lipid dissolved in 0.1 M aqueous sodium bicarbonate buffer (pH 
8.5). After reaction at room temperature and protected from am
bient light for 24 hours, the mixture was purified on a C4 column 
and characterized as described above. Cy7-met was also synthe
sized via conjugating the ester group of Cy7 to the amine group 
of metformin hydrochloride as described above.

DSPE-PEG(2000)-met was synthesized by conjugating metfor
min hydrochloride via a peptide bond to DSPE-PEG(2000)-NHS 
(Avanti Polar Lipids, Alabaster, AL, USA) by adding a 5× molar ex
cess of metformin to the lipid dissolved in 10 mM aqueous sodium 
carbonate buffer (pH 8.5). After reaction at room temperature and 
protected from ambient light for 24 h, the mixture was purified on 
a C4 column and characterized as described above (Fig. S1).

To construct micelles, the appropriate DSPE-PEG(2000) amphi
philes were dissolved in methanol or chloroform and evaporated 
under a steady stream of nitrogen. The resulting film was dried 
under vacuum overnight and hydrated at 80°C with either MilliQ 
water or PBS, vortexed and sonicated, and allowed to cool to 
room temperature. Therapeutic KM (KM-met Cy7) were composed 
of an amphiphile molar ratio of 10:45:45 consisting of DSPE- 
PEG(2000)-Cy7:DSPE-PEG(2000)-(KKEEE)3K:DSPE-PEG(2000)-met. 
NT-met Cy7 were composed of an amphiphile molar ratio of 
10:45:45 consisting of DSPE-PEG(2000)-Cy7:DSPE-PEG(2000)-me
thoxy:DSPE-PEG(2000)-met.

Cell culture
Mouse kidney cortical collecting duct (mpkCCDc14) cells were ex
panded in culture media comprised of Dulbecco’s Modified Eagle 
Medium (DMEM)/F12 supplemented with insulin, dexametha
sone, selenium, transferrin, triiodothyronine, glutamine, d-glu
cose, epidermal growth factor, HEPES, sodium pyruvate as 
described (63). Media was changed every two days and subcul
tures were passaged every 7–8 days. Human colon epithelial cells 
(Caco-2, ATCC HTB-37, ATCC, Manassas, VA, USA) were cultured 
following the manufacturer’s recommendations. Cells were ex
panded in DMEM supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin–streptomycin. Pkd1 null proximal renal tu
bule cells (Pkd1 null cells) isolated from Pkd1flox/-:TSLargeT mice 
were cultured in DMEM/F12 media, 2% FBS, 1× Insulin- 
Transferrin-Selenium, and ∼2 nM of 3,3′,5-Triiodo-L-thyronine 
sodium salt. Cells were expanded at 37°C in a humidified incuba
tor under 5% CO2. Cells at passage 3 were used for studies, and the 
media were changed every 2–3 days.

Drug release of metformin from KM-met

To assess the rate of metformin release from KM-met, 1000 µM of 
KM-met in PBS was treated with proteases (3.3 U/mL from S. griseus, 
Sigma Aldrich, St. Louis, MO, USA) and placed in Slide-A-Lyzer 
dialysis cassettes (Thermo Fisher Scientific, Waltham, MA, USA) 
with a molecular weight cutoff of 2,000 Daltons in 10 mM sodium 
acetate buffer at pH 7.45. Metformin has a molecular weight of 
129.16 g/mol, while DSPE-PEG(2000) and DSPE-PEG(2000)-met 
has a molecular weight of 2,805 g/mol and 2,895 g/mol, respect
ively, and are unable to escape the dialysis compartment. 
Measurements of free metformin release out of the dialysis cham
ber were made at select timepoints (30 min, 1, 2, 3, 4, 5, 6, and 12 h) 
by UV-VIS spectrophotometer at an absorbance of 233 nm 
(Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA).

Inhibition of cystogenesis in vitro by KM-met

Fifty microliter of Matrigel from BD Biosciences was added to each 
well in a 96 well plate and solidified at 37°C for 15 min. Pkd1 null 
cells were trypsinized and resuspended with 150 μL of 2% 
Matrigel in assay medium to achieve approximately 3,000 cells/ 
well, and the cells were grown for 1–2 days. Cells were then 
treated with 300 µM metformin in KM-met, NT-met, or free metfor
min formulations, along with NT blank, (KKEEE)3K only, or PBS for 
8 days. On day 8, cysts were imaged (Leica DMi8, Leica, Wetzlar, 
Germany), and the size of cysts was determined by ImageJ (NIH).

Phospho-AMPK measurements
To assess therapeutic efficacy of KM-met and KM-CP-met in vitro, 
the cellular levels of phospho-AMPK (Kit #7959) and total AMPK 
(Kit #7961) were measured via ELISA (Cell Signaling 
Technologies, Danvers, MA, USA) according to the manufacturer’s 
instructions. To collect cysts grown in Matrigel, cysts were kept on 
ice for 1 h to liquidize the Matrigel and centrifuged at 400×g for 
5 min to collect the cyst in the pellet. All standards and samples 
were measured on a Varioskan LUX microplate reader at a wave
length of 450 nm. The phospho-AMPK to total AMPK ratio was nor
malized to the PBS group and presented in percentage.

In vitro KM binding to megalin
To assess the specific binding of KM micelles to megalin receptor 
on pkd1 null cells, KM and NT micelles were incubated with pkd1 
null cells growing on a coverslip for 15 min. For staining of 
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megalin, cell slides were fixed with 4% paraformaldehyde for 
15 min and blocked with 1% BSA for 1 h at room temperature. 
Sections were then incubated overnight at 4°C in a humidified 
chamber with an antibody against megalin (Abcam, Cambridge, 
UK, 1:100). The next day, the cell slides were incubated for 1 h at 
room temperature using Goat anti-Rabbit IgG Superclonal 
Recombinant Secondary Antibody, Alexa Fluor 647 (Thermo 
Fisher Scientific, Waltham, MA, USA, 1:2,000). Nuclei were then 
counterstained with DAPI and slides were mounted using 
VectaMount mounting medium (Vector Laboratories, 
Burlingame, CA, USA). The slides were imaged via Zeiss 880 con
focal microscope, and fluorescence intensity was quantified by 
ImageJ.

Intravital imaging to evaluate mechanism of 
kidney access by KM
To study the passage of KM through the GFB, intravital imaging of 
KMs was performed. Under continuous anesthesia (isoflurane 1– 
2% inhalant), mice were placed on the stage of the inverted micro
scope with the exposed kidney mounted in a coverslip-bottomed 
chamber bathed in normal saline as previously reported (64, 65). 
Body temperature was maintained with a homeothermic blanket 
system (Harvard Apparatus, Holliston, MA, USA). Alexa Fluor 
488-conjugated Dextran 500 kDa (Thermo Fisher, Waltham, MA, 
USA) was administered intravenously by retro-orbital injections 
to label the circulating plasma (30 µL IV bolus from 10 µg/mL 
stock solution). 100 µL of 30 µM Cy7-labeled-KMs or 3 µM unas
sembled amphiphiles ((KKEEE)3K-Cy7-DSPE-PEG(2000)) were ad
ministered into the canulated carotid artery. Note that the 
volume of blood in a mouse is ∼1.5–2 mL and thus, the 3 µM con
centration of amphiphiles in circulation will be approximately 
0.15–0.2 µM, which is below the critical micelle concentration of 
∼1 µM (66). The images were acquired using a Leica SP8 DIVE mul
tiphoton confocal fluorescence imaging system with a 40× Leica 
water-immersion objective (numerical aperture [NA] 1.2) powered 
by a Chameleon Discovery laser at 960 or 1,100 nm (Coherent, 
Santa Clara, CA, USA) and a DMI8 inverted microscope’s external 
Leica 4Tune spectral hybrid detectors (emission at 510–530 nm for 
GFP, at 580–640 nm for AF594, and at 720–850 for Cy7, Leica 
Microsystems, Heidelberg, Germany). The potential toxicity of la
ser excitation and fluorescence to the cells was minimized by us
ing a low laser power and high scan speeds to keep total laser 
exposure as minimal as possible. Fluorescence images were col
lected in volume and time series (xyt, 526 ms per frame) with 
the Leica LAS X imaging software and using the same instrument 
settings (laser power, offset, gain of both detector channels).

Biodistribution of micelles in Yorkshire pig
To study the biodistribution of micelles in large animals, micelles 
were sent to Recombinetics (Eagan, MN, USA) and injected into 
7-week-old Yorkshire pigs. Briefly, 11 mL of 100 µM Cy7-labeled 
KM micelle, NT micelle or PBS was injected into pig via an ear 
vein catheter. Pigs were euthanized 24 h postinjection and organs 
(e.g. heart, lungs, liver, kidneys, and spleen) were excised, imaged 
ex vivo on an AMI HTX in vivo imaging system, and the fluores
cence signal was quantified via Aura software (Spectral 
Instruments Imaging, Tucson, AZ, USA).

Synthesis of CP
The assembled micelles were loaded into CP via ionic gelation (36). 
Chitosan (Heppe Medical Chitosan GmbH, Halle, Germany) with 
200 mPas viscosity and 85% degree of deacetylation was dissolved 

at a 2 mg/mL concentration in a solution of 0.5% acetic acid in 
MilliQ water. Then, a solution of 1 mg/mL anionic cross-linker of 
poly-L-glutamic acid sodium salt (Sigma Aldrich, St. Louis, MO, 
USA) was added as the solvent to a thin film of KM-met, then hy
drated to form micelles. The chitosan solution was added drop
wise under constant stirring to the cross-linker/micelle solution 
at a volume ratio of 5:2. An opalescent suspension was formed 
spontaneously. CP were separated by microcentrifugation at 
14,000 RPM at 14°C for 30 min. The pellet was then washed with 
increasing % of ethanol in water and used immediately for stud
ies, or frozen and lyophilized and stored at 4–8°C.

Characterization of Micelle loading into CP
DLS: CP synthesized with 0–2,000 µM of KM-met in PBS were filtered 
through Puradisc 0.2-µm polyvinylidene fluoride membrane fil
ters (GE Healthcare Life Sciences, Pittsburgh, PA, USA). DLS meas
urements were determined at 163.5° and 532 nm using a Wyatt 
Technology Möbiuζ system (Santa Barbara, CA, USA, N ≥ 3). All 
measurements were carried out at 25°C in MilliQ water after 
equilibrating for 5 min.

Transmission electron microscopy (TEM): Negatively stained 
samples for TEM were prepared by placing CP synthesized with 
0–2,000 µM of KM-met in MilliQ water on 400 mesh lacey carbon 
grids (Ted Pella, Redding, CA, USA) for 5 min. Excess liquid was 
wicked away with filter paper, and the grid was washed with 
MilliQ water before placing 2 wt.% uranyl acetate solution for 
2 min and then washing with MilliQ water. Dried samples were 
immediately imaged on a JEOL JEM-2100F TEM (JEOL, Ltd., 
Tokyo, Japan).

Micelle release from CP
Micelle release studies from CP was performed in SGF composed 
of 2.0 g/L sodium chloride and 2.9 g/L HCl (pH 1.3) or simulated in
testinal fluid (SIF) composed of 0.62 g/L sodium hydroxide and 
6.8 g/L potassium phosphate monobasic (pH 6.8) (67). KM-met re
leased from CP was quantified at 233 nm using a NanoDrop One 
microvolume UV-Vis spectrophotometer for up to 6 h at room 
temperature (Thermofisher Scientific, Waltham, MA, USA). At 
the endpoint, the degraded CP were spun down at 14,000×g for 
10 min, and the supernatant was measured in DLS to verify the 
presence of intact micelles.

TER measurement after CP treatment
To test whether KM-CP-met can open tight junctions within the in
testinal epithelium, Caco-2 cells were seeded at an initial density 
of 3 × 105 cell/cm2 onto Transwell inserts (Corning, NY, USA; 
diameter 6.5 mm, growth area 0.33 cm2, pore size 0.4 µm) 
and maintained for 21 days to form a confluent monolayer. TER 
measurements were performed using an EVOM2 Epithelial 
Voltohmmeter (World Precision Instruments, USA). TER was 
measured 3, 2, and 1 day before treatment to establish baseline 
measurements, then every 6 h immediately after treatment with 
KM-CP-met, CP, free metformin, KM-met, or PBS until 24 h, and 
then again on 2 and 3 days postadministration.

Pharmacokinetic properties of orally 
administered KM-CP-met

All animal procedures followed NIH guidelines for the care and 
use of laboratory animals and were approved by the University 
of Southern California’s Institutional Animal Care and Use 
Committee. To evaluate the biodistribution of KM-CP-met, 6- to 
7-week-old male and female C57BL/6J mice (Jackson 
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Laboratories, Bar Harbor, ME, USA) were orally gavaged with 
200 μL of 500 µM Cy7-labeled KM-CP-met, NT-CP-met, KM-met, 
NT-met, or free met. Mice were euthanized 24 h postinjection and 
organs (e.g. brain, heart, lungs, liver, kidneys, spleen, intestines, 
and bladder) were excised, imaged ex vivo on an AMI HTX in 
vivo imaging system, and the fluorescence signal was quantified 
via Aura software (Spectral Instruments Imaging, Tucson, AZ, 
USA, n ≥ 4). The mean radiance (photons/s/cm2/sr) for each organ 
was quantified as a region of interest, and % of total organ fluores
cence was obtained by dividing the fluorescence level of each or
gan by the sum of all the organ regions. Background was 
subtracted from the PBS-treated group.

To calculate half-life, blood draws were performed either retro- 
orbitally or via tail vein at 30 min, 3, 6, 12, and 24 h postadministra
tion. Fluorescence was measured in serum and quantified using a 
Cy7 metformin calibration curve developed in mouse serum.

Histological analysis
Brain, lung, heart, liver, spleen, intestines, kidneys, and bladder 
were harvested from the euthanized mice. Immediately after im
aging, organs were flash frozen in OCT and sectioned into 10 µm 
thick slices via a CM3050S cysostat (Leica CM3050S, Leica, 
Wetzlar Germany). Tissue samples were stained with H&E and 
imaged (Leica DMi8, Leica, Wetzlar, Germany).

Immunohistochemistry
For staining of megalin and AMPK, kidney sections were fixed with 
4% paraformaldehyde for 15 min, permeabilized with 0.25% 
Triton X-100 for 10 min and blocked with 5% BSA for 1 h at room 
temperature. Sections were then incubated overnight at 4°C in a 
humidified chamber with an antibody against megalin (Abcam, 
Cambridge, UK, 1:100) or Phospho-AMPK alpha-1,2 (Thr183, 
Thr172) (Thermo Fisher Scientific, Waltham, MA, USA, 1:100). 
The next day, kidney sections were incubated for 1 h at room tem
perature using Goat anti-Rabbit IgG Superclonal Recombinant 
Secondary Antibody, Alexa Fluor 488 (Thermo Fisher Scientific, 
Waltham, MA, USA, 1:2,000). Nuclei were then counterstained 
with DAPI and slides were mounted using VectaMount mounting 
medium (Vector Laboratories, Burlingame, CA, USA). 
Fluorescence intensity was quantified by ImageJ.

Therapeutic efficacy of KM-CP-met in ADPKD mice
To assess the ability of CP to enhance the therapeutic efficacy of 
orally administered KM-met in ADPKD, KM-CP-met, or KM-met 

(300 mg/kg met) was administered in Pkd1fl/fl;Pax8-rtTA;Tet-O-Cre 
mice, which mimics the slowly progressing ADPKD similar to 
the human condition. Mice were IP injected with doxycycline 
(50 mg/kg/day) on postnatal day 27–29 (P27–P29), P43, and P57 be
fore they were orally gavaged every 3 days starting on P30 until 
P120. On P120, kidneys were excised to assess kidney weight to 
body weight (KW/BW) ratio and were H&E stained measure cystic 
index. Cystic index is defined as the percentage of cystic area div
ided by total kidney area (68) and was measured by ImageJ.

Kidney health in ADPKD mice
On the day of harvest, 90 µL of blood taken from the submandibu
lar vein was analyzed using Chem-8+ cartridges for the i-Stat 
Handheld Blood Analyzer (Abbott, Chicago, IL, USA). Kidney 
health markers including measurements of plasma sodium (Na), 
potassium (K), chloride (Cl), ionized calcium (iCa), total carbon di
oxide (tCO2), glucose (Glu), BUN/urea, creatinine (Crea), hemato
crit (Hct), and hemoglobin (Hb) were evaluated.

Statistical analysis
A Student’s t-test was used to compare means of pairs using 
GraphPad Prism 8 (San Diego, CA, USA). ANOVA with a Tukey’s 
test for post hoc analysis was used to determine statistical signifi
cance, and P ≤ 0.05 was considered to be significant.

Supplementary Material
Supplementary material is available at PNAS Nexus online.

Funding
The authors would like to acknowledge the financial support from 
the University of Southern California (USC) Alfred E. Mann 
Institute (AMI) fellowship awarded to J.W., and the New 
Innovator Award (NIH, DP2-DK121328), NSF EAGER from DMR 
BMAT 2132744, and WISE Major Support Award granted to E.J.C. 
The authors would also like to thank the Center for Electron 
Microscopy and Microanalysis (CNI) at USC for assistance in 
TEM imaging. In addition. fluorescence imaging was performed 
at the USC Multi-Photon Microscopy Core funded by the 
National Institute of Health grant S10OD021833. This manuscript 
was posted on a preprint: [https://doi.org/10.1101/2022.10.18. 
512444].

Data Availability
All data are included in the manuscript and/or supporting 
information.

References
1 Levy M, Feingold J. 2000. Estimating prevalence in single-gene 

kidney diseases progressing to renal failure. Kidney Int. 58(3): 

925–943.
2 Igarashi P, Somlo S. 2002. Genetics and pathogenesis of polycys

tic kidney disease. J Am Soc Nephrol. 13(9):2384–2398.
3 Li XW, et al. 2022. 1-Indanone retards cyst development in 

ADPKD mouse model by stabilizing tubulin and down-regulating 
anterograde transport of cilia. Acta Pharmacol Sin. 44(2):406–420.

4 Cabrita I, et al. 2020. Cyst growth in ADPKD is prevented by 
pharmacological and genetic inhibition of TMEM16A in vivo. 
Nat Commun. 11(1):4320.

5 Formica C, Peters DJM. 2020. Molecular pathways involved in 
injury-repair and ADPKD progression. Cell Signal. 72:109648.

6 Khan MY, Rawala MS, Siddiqui M, Abid W, Aslam A. 2019. 
Tolvaptan-induced liver injury: who is at risk? A case report 
and literature review. Cureus. 11(6):e4842.

7 Torres VE, et al. 2012. Tolvaptan in patients with autosomal dom
inant polycystic kidney disease. N Engl J Med. 367(25):2407–2418.

8 Cardenas A, et al. 2012. Tolvaptan, an oral vasopressin antagon
ist, in the treatment of hyponatremia in cirrhosis. J Hepatol. 56(3): 
571–578.

9 Kramers BJ, van Gastel MDA, Boertien WE, Meijer E, Gansevoort 

RT. 2019. Determinants of urine volume in ADPKD patients using 
the vasopressin V2 receptor antagonist tolvaptan. Am J Kidney 
Dis. 73(3):354–362.

10 Blair HA. 2019. Tolvaptan: a review in autosomal dominant poly
cystic kidney disease. Drugs. 79(3):303–313.

11 Pellegrino AM, Annicchiarico Petruzzelli L, Riccio E, Pisani A. 
2019. Idiosyncratic hepatic toxicity in autosomal dominant poly
cystic kidney disease (ADPKD) patient in combined treatment 

Huang et al. | 11
D

ow
nloaded from

 https://academ
ic.oup.com

/pnasnexus/article/3/5/pgae187/7668081 by guest on 06 June 2025

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae187#supplementary-data
https://doi.org/10.1101/2022.10.18.512444
https://doi.org/10.1101/2022.10.18.512444


with tolvaptan and amoxicillin/clavulanic acid: a case report. 

BMC Nephrol. 20(1):426.
12 Testa F, Magistroni R. 2020. ADPKD current management and on

going trials. J Nephrol. 33(2):223–237.
13 Miller G, et al. 2019. The Nrf2 activator bardoxolone methyl inhib

its cyst formation, reduces inflammation, and improves mito

chondrial function in cellular models of polycystic kidney 

disease. Nephrol Dial Transplant. 34(Supp_1):gfz096-FO006.
14 Kanda H, Yamawaki K. 2020. Bardoxolone methyl: drug develop

ment for diabetic kidney disease. Clin Exp Nephrol. 24(10):857–864.
15 Pastor-Soler NM, et al. 2022. Metformin improves relevant dis

ease parameters in an autosomal dominant polycystic kidney 

disease mouse model. Am J Physiol Renal Physiol. 322(1):F27–F41.
16 Perrone RD, et al. 2021. Primary results of the randomized trial of 

metformin administration in polycystic kidney disease (TAME 

PKD). Kidney Int. 100(3):684–696.
17 Graham GG, et al. 2011. Clinical pharmacokinetics of metformin. 

Clin Pharmacokinet. 50(2):81–98.

18 Takiar V, et al. 2011. Activating AMP-activated protein kinase 

(AMPK) slows renal cystogenesis. Proc Natl Acad Sci USA. 108(6): 

2462–2467.
19 Chang MY, et al. 2021. Metformin induces lactate accumulation 

and accelerates renal cyst progression in Pkd1-deficient mice. 

Hum Mol Genet. 31(10):1560–1573.
20 Chung E, et al. 2014. Fibrin-targeting, peptide amphiphile mi

celles as contrast agents for molecular MRI. J Cell Sci Ther. 5(5):1.
21 Chung EJ, et al. 2015. Monocyte-targeting supramolecular micel

lar assemblies: a molecular diagnostic tool for atherosclerosis. 

Adv Healthc Mater. 4(3):367–376.
22 Huang Y, Jiang K, Zhang X, Chung EJ. 2020. The effect of size, 

charge, and peptide ligand length on kidney targeting by small, 

organic nanoparticles. Bioeng Transl Med. 5(3):e10173.
23 Chin DD, et al. 2021. miR-145 micelles mitigate atherosclerosis by 

modulating vascular smooth muscle cell phenotype. 

Biomaterials. 273:120810.
24 Trac N, et al. 2021. CCR2-targeted micelles for anti-cancer pep

tide delivery and immune stimulation. J Control Release. 329: 

614–623.
25 Wang J, et al. 2018. Design and in vivo characterization of kidney- 

targeting multimodal micelles for renal drug delivery. Nano Res. 

11(10):5584–5595.
26 Jiang K, Huang Y, Chung EJ. 2023. Combining metformin and 

drug-loaded kidney-targeting micelles for polycystic kidney dis

ease. Cell Mol Bioeng. 16(1):55–67.
27 Cox A, Tung M, Li H, Hallows KR, Chung EJ. 2023. In vitro delivery 

of mTOR inhibitors by kidney-targeted micelles for autosomal 

dominant polycystic kidney disease. SLAS Technol. 28(4):223–229.
28 Huang Y, Wang J, Jiang K, Chung EJ. 2021. Improving kidney tar

geting: the influence of nanoparticle physicochemical properties 

on kidney interactions. J Control Release. 334:127–137.
29 Trac N, et al. 2023. Spotlight on genetic kidney diseases: a call for 

drug delivery and nanomedicine solutions. ACS Nano. 17(7): 

6165–6177.
30 Tripathy N, Wang J, Tung M, Conway C, Chung EJ. 2020. 

Transdermal delivery of kidney-targeting nanoparticles using 

dissolvable microneedles. Cell Mol Bioeng. 13(5):475–486.
31 Trinh A, et al. 2023. Targeting the ADPKD methylome using 

nanoparticle-mediated combination therapy. APL Bioeng. 7(2): 

026111.
32 Trac N, et al. 2024. MRI detection of lymph node metastasis 

through molecular targeting of C-C chemokine receptor type 2 

and monocyte hitchhiking. ACS Nano. 18(3):2091–2104.

33 Huang Y, et al. 2024. Investigation of basolateral targeting mi

celles for drug delivery applications in polycystic kidney disease. 

Biomacromolecules. 25(5):2749–2761.
34 Wang JJ, et al. 2011. Recent advances of chitosan nanoparticles as 

drug carriers. Int J Nanomed. 6:765–774.
35 Johann DA, Danski MT, Vayego SA, Barbosa DA, Lind J. 2016. Risk 

factors for complications in peripheral intravenous catheters in 

adults: secondary analysis of a randomized controlled trial. Rev 

Lat Am Enfermagem. 24:e2833.
36 Wang J, et al. 2021. Oral delivery of metformin by chitosan nano

particles for polycystic kidney disease. J Control Release. 329: 

1198–1209.
37 Fein KC, et al. 2023. Long-term daily oral administration of intes

tinal permeation enhancers is safe and effective in mice. Bioeng 

Transl Med. 8(1):e10342.
38 Luo Y, Teng Z, Li Y, Wang Q. 2015. Solid lipid nanoparticles for 

oral drug delivery: chitosan coating improves stability, con

trolled delivery, mucoadhesion and cellular uptake. Carbohydr 

Polym. 122:221–229.

39 Jana S, Maji N, Nayak AK, Sen KK, Basu SK. 2013. Development of 

chitosan-based nanoparticles through inter-polymeric complex

ation for oral drug delivery. Carbohydr Polym. 98(1):870–876.
40 Yuan H, Lu LJ, Du YZ, Hu FQ. 2011. Stearic acid-g-chitosan poly

meric micelle for oral drug delivery: in vitro transport and in vivo 

absorption. Mol Pharm. 8(1):225–238.
41 Ciechanover A. 2005. Intracellular protein degradation: from a 

vague idea, through the lysosome and the ubiquitin-proteasome 

system, and onto human diseases and drug targeting (Nobel lec

ture). Angew Chem Int Ed Engl. 44(37):5944–5967.
42 Xu GQ, Shin SBY, Jaffrey SR. 2009. Global profiling of protease 

cleavage sites by chemoselective labeling of protein N-termini. 

Proc Natl Acad Sci USA. 106(46):19310–19315.
43 Wu L, et al. 2017. Albumin-based nanoparticles as methylpredni

solone carriers for targeted delivery towards the neonatal Fc re

ceptor in glomerular podocytes. Int J Mol Med. 39(4):851–860.
44 Feng Q, et al. 2018. Uptake, distribution, clearance, and toxicity of 

iron oxide nanoparticles with different sizes and coatings. Sci 

Rep. 8(1):2082.
45 Liang X, et al. 2016. Short- and long-term tracking of anionic ul

trasmall nanoparticles in kidney. ACS Nano. 10(1):387–395.
46 Zhou C, Long M, Qin Y, Sun X, Zheng J. 2011. Luminescent gold 

nanoparticles with efficient renal clearance. Angew Chem Int Ed 

Engl. 50(14):3168–3172.
47 Choi CH, Zuckerman JE, Webster P, Davis ME. 2011. Targeting 

kidney mesangium by nanoparticles of defined size. Proc Natl 

Acad Sci USA. 108(16):6656–6661.
48 Singh PK, et al. 2017. Chitosan coated PluronicF127 micelles for 

effective delivery of Amphotericin B in experimental visceral 

leishmaniasis. Int J Biol Macromol. 105(Pt 1):1220–1231.
49 Nagpal K, Singh SK, Mishra DN. 2010. Chitosan nanoparticles: a 

promising system in novel drug delivery. Chem Pharm Bull 

(Tokyo). 58(11):1423–1430.
50 Tsai WH, Yu KH, Huang YC, Lee CI. 2018. EGFR-targeted photo

dynamic therapy by curcumin-encapsulated chitosan/TPP nano

particles. Int J Nanomedicine. 13:903–916.
51 Sonaje K, et al. 2012. Opening of epithelial tight junctions and en

hancement of paracellular permeation by chitosan: microscopic, 

ultrastructural, and computed-tomographic observations. Mol 

Pharm. 9(5):1271–1279.
52 Lamson NG, Berger A, Fein KC, Whitehead KA. 2020. Anionic 

nanoparticles enable the oral delivery of proteins by enhancing 

intestinal permeability. Nat Biomed Eng. 4(1):84–96.

12 | PNAS Nexus, 2024, Vol. 3, No. 5

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/3/5/pgae187/7668081 by guest on 06 June 2025



53 Darling NJ, Mobbs CL, González-Hau AL, Freer M, Przyborski S. 
2020. Bioengineering novel in vitro co-culture models that re
present the human intestinal mucosa with improved Caco-2 
structure and barrier function. Front Bioeng Biotechnol. 8:992.

54 Ranaldi G, Marigliano I, Vespignani I, Perozzi G, Sambuy Y. 2002. 
The effect of chitosan and other polycations on tight junction 
permeability in the human intestinal Caco-2 cell line. J Nutrit 
Biochem. 13(3):157–167.

55 Garg U, Chauhan S, Nagaich U, Jain N. 2019. Current advances in 
chitosan nanoparticles based drug delivery and targeting. Adv 
Pharm Bull. 9(2):195–204.

56 Zou M-H, et al. 2004. Activation of the AMP-activated protein kin
ase by the anti-diabetic drug metformin in vivo: role of mito
chondrial reactive nitrogen species. J Biol Chem. 279(42): 
43940–43951.

57 Ma M, Tian X, Igarashi P, Pazour GJ, Somlo S. 2013. Loss of cilia 
suppresses cyst growth in genetic models of autosomal domin
ant polycystic kidney disease. Nat Genet. 45(9):1004.

58 Tian L, Nikolic-Paterson DJ, Tesch GH. 2019. Establishing equiva
lent diabetes in male and female Nos3-deficient mice results in a 
comparable onset of diabetic kidney injury. Physiol Rep. 7(18): 
e14197.

59 Wasana HM, Perera GD, De Gunawardena PS, Bandara J. 2015. 
The impact of aluminum, fluoride, and aluminum-fluoride com
plexes in drinking water on chronic kidney disease. Environ Sci 
Pollut Res Int. 22(14):11001–11009.

60 Ventola CL. 2017. Progress in nanomedicine: approved and inves
tigational nanodrugs. P T. 42(12):742–755.

61 Nie S. 2010. Understanding and overcoming major barriers in 
cancer nanomedicine. Nanomedicine (Lond). 5(4):523–528.

62 Furukawa M, Umehara K, Kashiyama E. 2011. Nonclinical 
pharmacokinetics of a new nonpeptide V2 receptor 
antagonist, tolvaptan. Cardiovasc Drugs Ther. 25(Suppl 1): 
S83–S89.

63 Bens M, et al. 1999. Corticosteroid-dependent sodium transport in 
a novel immortalized mouse collecting duct principal cell line. J 
Am Soc Nephrol. 10(5):923–934.

64 Kang JJ, Toma I, Sipos A, McCulloch F, Peti-Peterdi J. 2006. 
Quantitative imaging of basic functions in renal (patho)physi
ology. Am J Physiol Renal Physiol. 291(2):F495–F502.

65 Shroff UN, Schiessl IM, Gyarmati G, Riquier-Brison A, Peti-Peterdi 
J. 2019. Novel fluorescence techniques to quantitate renal cell 
biology. Methods Cell Biol. 154:85–107.

66 Chung EJ, et al. 2014. Fibrin-binding, peptide amphiphile micelles 
for targeting glioblastoma. Biomaterials. 35(4):1249–1256.

67 Klein S. 2010. The use of biorelevant dissolution media to 
forecast the in vivo performance of a drug. AAPS J. 12(3): 
397–406.

68 Nieto JA, Yamin MA, Goldberg ID, Narayan P. 2016. An empirical 
biomarker-based calculator for cystic index in a model of auto
somal recessive polycystic kidney disease-the Nieto–Narayan 
formula. PLoS One. 11(10):e0163063.

Huang et al. | 13
D

ow
nloaded from

 https://academ
ic.oup.com

/pnasnexus/article/3/5/pgae187/7668081 by guest on 06 June 2025


	Oral delivery of nanomedicine for genetic kidney disease
	Introduction
	Results
	Synthesis, characterization, and in vitro therapeutic effects of KM-met
	Loading of KMs within CP
	KM-met release from CP and KM-CP-met therapeutic effects in intestinal and in vitro kidney models
	In vivo biodistribution of KM-CP-met
	Therapeutic efficacy of KM-CP-met in ADPKD mice

	Discussion
	Materials and methods
	Synthesis of therapeutic KMs
	Cell culture
	Drug release of metformin from KM-met
	Inhibition of cystogenesis in vitro by KM-met
	Phospho-AMPK measurements
	In vitro KM binding to megalin
	Intravital imaging to evaluate mechanism of kidney access by KM
	Biodistribution of micelles in Yorkshire pig
	Synthesis of CP
	Characterization of Micelle loading into CP
	Micelle release from CP
	TER measurement after CP treatment
	Pharmacokinetic properties of orally administered KM-CP-met
	Histological analysis
	Immunohistochemistry
	Therapeutic efficacy of KM-CP-met in ADPKD mice
	Kidney health in ADPKD mice
	Statistical analysis

	Supplementary Material
	Funding
	Data Availability
	References




