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comprehensive 48-h coverage for blood

sugar control and an extraordinary oral

bioavailability of 35.5%. This study

provides a new strategy for sustained and

controlled oral delivery of biological
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PROGRESS AND POTENTIAL Long-acting oral delivery of therapeutic proteins/peptides poses one of the
biggest challenges in drug delivery. This study reports a simple yet highly efficient oral formulation based
on folate-conjugated Zr-MOF nanoparticles, which realizes sustained insulin release selectively in diabetics
and extraordinary bioavailability. The acid-resistant Zr-MOF nanocarriers protect insulin from acid and enzy-
matic degradation in the harsh gastrointestinal environment. By utilizing functional folate molecules to
occupy the vacant coordination sites of metal clusters in Zr-MOF, MOF nanocarriers can not only achieve
specific intestinal transport but also realize highly controlled insulin release behaviors in vivo with reduced
hypoglycemia risk, avoiding rapid disintegration and burst drug release. The extended drug duration and
improved efficacy of MOF-based oral protein/peptide delivery nanosystems offer translational opportunities
for effective glycemic management in the long term.
SUMMARY
Oral protein/peptide delivery systems have garnered global interest due to their potential to provide substan-
tial benefits to patients. However, their clinical translation has been impeded by challenges pertinent to poor
intestinal permeability, acid instability, and the short half-life of proteins/peptides. Here, we report a simple,
efficient, and sustained-release oral insulin delivery system based on folic acid (FA)-conjugated acid-resis-
tant metal-organic framework (MOF) nanoparticles with high drug-loading capacity. The FA conjugation on
MOF (PCN-777) nanoparticles not only selectively augmented intestinal transportation efficiency in diabetic
animals via upregulated intestinal FA transporter-mediated endocytosis but they also tuned PCN-777 disin-
tegration in the phosphate-rich bloodstream environment to sustain long-acting basal insulin release kinetics
within a narrow therapeutic range. In diabetic animal models, the FA-PCN-777 oral insulin delivery nanosys-
tem exhibited a smooth hypoglycemic effect for up to 48 h and a markedly high bioavailability of 35.5%, rep-
resenting a potential long-acting oral formulation with reduced hypoglycemia risk.
INTRODUCTION

Protein and peptide drugs have revolutionized the therapeutic

landscape of various chronic and acute diseases with their

high affinity, high specificity, and low toxicity.1,2 Nevertheless,

most approved therapeutic proteins and peptides have short

half-lives and are administrated exclusively via continuous sub-

cutaneous injection.3,4 For instance, the duration of regular insu-
All rights are reserved, including those
lin (INS) action is generally between 4 and 8 h, thus requiring pa-

tients with severe diabetes to take 2–4 INS injections per day to

manage blood glucose levels (BGLs) effectively.5 Unfortunately,

repeating these injections daily causes physical pain and psy-

chological stress, which can be intolerable for those with chronic

diabetes.6,7 In particular, the potential for substandard drug

administration may lead to suboptimal glycemic control8,9 and

even cardiovascular disease risk.10 To address the transient
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effects of conventional INS, researchers have explored struc-

tural modifications of INS to extend the duration of the drug’s ac-

tion. INS glargine and INS degludec were recognized for their

long-acting basal INS supply and smooth time-action profile,

successfully prolonging the INS duration beyond 36 h, with

reduced hypoglycemia risk. However, the persistent pain asso-

ciated with constant injections remains unresolved for patients

despite all these advancements. Consequently, it is essential

to develop non-invasive INS delivery systems with long-acting

basal INS release kinetics and high bioavailability.11,12

Oral administration, offering low invasiveness and high patient

compliance, represents a transformative solution for chronic dis-

ease treatment.13,14 In 2019, oral semaglutide tablets (Rybelsus)

became the first Food and Drug Administration-approved oral

protein/peptide drug for type 2 diabetes, marking a significant

milestone.15 Although Rybelsus effectively manages hypoglyce-

mia and can lead to weight loss, the clinical application was still

limited by the low bioavailability of �1.4%.16 Such low bioavail-

ability is due primarily to the presence of multiple physiological

barriers in the gastrointestinal tract (GIT), including ultra-acidic

pH, proteolytic enzymes, mucus layer, and intestinal epithe-

lium.17 To improve the oral bioavailability of protein/peptide

drugs, researchers have screened out numerous nanocarriers

that can overcome the above physiological barriers to a certain

extent, including liposomes, polymeric nanoparticles (NPs),

and silicon NPs.18–23 In addition, some efforts were devoted to

prolonging the release of INS from nanocarriers, extending the

action duration of INS up to 24 h.24–29 Still, current oral delivery

methodologies confront difficulties in consistently attaining

high bioavailability and prolonged durations of INS action

(Table S1). Incorporating multiple essential functions, including

efficient drug loading, protein protection, sustained and

controlled release, and effective permeation, into a simple and

safe oral delivery system remains challenging.

Among various nanocarriers, nanoscale metal-organic frame-

works (nMOFs) are a relatively new class of highly porous nano-

materials that combine the advantages of high drug loading ca-

pacity (LC), good biocompatibility and biodegradability,

controllable drug release, and easy modification.30–32 Therefore,

nMOFs have received extensive attention in drug delivery in

recent years.33–35 For instance, in a recent work, Chen et al.

developed a pH-triggered self-disintegrating capsule based on

a zwitterionic hydrogel-coated MOF for oral peptide delivery

that can significantly increase endogenous INS secretion.36

Additionally, our group previously reported the development of

a transferrin-coated acid-resistant Zr-MOF oral INS delivery sys-

tem with efficacious protein protection and intestinal transporta-

tion.37 Nonetheless, it is noteworthy that most nMOFs display

limited structural integrity when subjected to physiological con-

ditions, as documented in existing research, with a typical INS

duration of �1–10 h (Table S1). Furthermore, the rapid initial

release of INS may engender unfavorable outcomes, including

hypoglycemia.36–39 Despite advancements realized in augment-

ing the oral bioavailability of INS through our preceding trans-

ferrin-coated Zr-MOFNPs, the intrinsic propensity of nMOFs un-

dergoing rapid degradation within the biological milieu remains

unchanged.40 This imparts substantial challenges to their appli-

cability in the biomedical context. Consequently, we endeavor to
2 Matter 8, 101948, March 5, 2025
engineer precise MOF-based oral INS delivery systems that can

effectively penetrate the intestinal epithelial barrier while meticu-

lously governing drug-release kinetics, closely mimicking the

in vivo profile of endogenous INS secretion.

Our previous study revealed that the disintegration of Zr-

MOFs in vivo was specifically triggered by the phosphate envi-

ronment, primarily attributable to the competition for the exces-

sive Zr cluster coordination sites between the phosphate group

and the carboxylate group of the linker.37,38 Bearing this in mind,

we hypothesized that using functional molecules with carboxylic

terminus to occupy the open coordination sites on the Zr6 cluster

can impede the attack of phosphate, thereby achieving the

desired effect of sustained release. Folic acid (FA) is a carbox-

ylate-containing organic compound that could readily bind to

the vacant sites on Zr6 clusters.41–43 This interaction results in

the formation of a stable complex that exhibits a sustained-

release effect through steric hindrance when exposed to physi-

ological conditions. More significantly, Gan et al. recently re-

ported a unique intestinal pathological characteristic in diabetic

animals where the expression of proton-coupled folate trans-

porter (PCFT) in intestinal epithelial cells is upregulated at both

mRNA and protein levels.44 In light of this, FA-conjugated

nMOFs could gain the capability to favorably alter the transcellu-

lar selection of materials (i.e., a conjugated drug delivery plat-

form) through the upregulated transporters mediating endocy-

tosis and thereby facilitating oral INS delivery, particularly in

diabetic animals. Therefore, the conjugation of FA on nMOFs is

not only expected to improve the intestinal penetration efficiency

of MOF nanoplatforms for efficient oral delivery but also may

function as a unique molecular tuning knob to finely tune the

disintegration of MOFs in a phosphate-rich bloodstream envi-

ronment to realize steady drug release, which is unprecedented

in other types of organic or inorganic nanocarriers of INS.

In this contribution, we report the design of an oral sustained

INS delivery platform based on functionalized FA-conjugated

acid-resistant MOF (PCN-777) NPs (Scheme 1). The selection

of PCN-777 is based primarily on the fact that it possesses

one of the largest cage sizes (�3.8 nm) and the highest pore vol-

ume of 2.8 cm3 g�1 among the reported Zr-MOFs,45 allowing a

considerable amount of INS to be encapsulated. PCN-777 also

displays a high level of acid-aqueous solution stability despite

its high porosity, which makes it an ideal protective carrier of

INS. Furthermore, the coordination sites of the Zr6 cluster in

PCN-777 are partially occupied by six carboxylate organic

linkers, leaving abundant positions to be occupied by terminal

OH/H2O groups,45 which can be facilely substituted by FA under

mild conditions so as to achieve sustained release and enhanced

oral administration of INS. Moreover, according to the litera-

ture,46 mucus contains negatively charged carbohydrate groups

that can interact electrostatically with positively charged PCN-

777 nanocarriers. The electrostatic interactions can enhance

mucosal adhesion, prolong the retention time of NPs on the

mucosal surface, and improve their intestinal absorption rate.

Overall, the FA-conjugated PCN-777 holds promise as an ideal

nanoplatform for oral protein delivery, distinguished not only by

its remarkable protein protection and efficient intestinal perme-

ation but also by the prolonged and controlled protein release

within the physiological environment through a delicate design



Scheme 1. Schematic representation of FA-modified Zr-based MOF for sustained oral delivery of INS

(A) The synthetic process of FA-modified Zr-based MOF delivery system.

(B) Schematic illustration of the sustained release mechanism of FA-modified Zr-based MOF.

(C) Schematic illustration of the selective endocytosis pathways of FA-modified Zr-MOF. In the presence of low expression of PCFT in normal animals, FA-

modified Zr-MOF NPs were mainly internalized by a clathrin-mediated pathway and subsequently digested by lysosomes. In the case of the high expression of

PCFT in diabetic animals, MOF NPs are endocytosed through the pathway mediated by caveolae and thus exocytosed in a complete form to achieve efficient

transcellular transport efficiency.
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of nanocarrier. Notably, the FA-conjugated PCN-777 would also

exhibit a highly selective hypoglycemic effect exclusive to dia-

betic animals, which minimizes the risk of medication errors in

non-diabetic individuals, thereby averting the unpredictable

consequences of severe hypoglycemia. The combination of

the aforementioned distinctive features would ultimately prolong

drug action and enhance the bioavailability of INS after oral

administration, accompanied by optimized pharmacokinetics

(PK) and a potential reduction of hypoglycemia risk. This

research advanced the concept that MOF can achieve effective
and long-term oral protein delivery after proper modification,

takingMOF-based drug delivery systems one step closer to clin-

ical application.

RESULTS

Preparation and characterization of MOF-based
sustained delivery nanosystems
The preparation procedures of PCN-777 NPs, FA-conjugated

PCN-777 NPs (F-P NPs), INS-encapsulated PCN-777 NPs (I@P
Matter 8, 101948, March 5, 2025 3



Figure 1. Preparation and characterizations of PCN-777-based nanosystems

(A) The synthetic protocol of the sustained-release MOF nanosystem. TATB, 4,40,400-s-triazine-2,4,6-triyl-tribenzoate.
(B) TEM images of PCN-777-based nanosystems. Scale bar, 200 nm.

(C) Size distributions and zeta potential of PCN-777-based nanosystems (n = 3 independent samples, mean ± SD).

(D) Emission spectra of different preparations with excitation at 280 nm.

(E) Emission spectra of different preparations with excitation at 560 nm. The INS concentrations for R-I, I@P, I@F-P (1:10), I@F-P (1:5), and I@F-P (2:5) are 272,

242, 254, 347, and 278 mg/mL, respectively.

(F) PXRD patterns of as-synthesized PCN-777-based nanosystems.

(G) The EDS elemental mapping analyses of I@F-P NPs. Scale bar, 50 nm.
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NPs), and INS-encapsulated F-P NPs (I@F-P NPs) are presented

in Figure 1A. In previous reports, the particle size of PCN-777

was commonly above 500 nm,47–49 which is not conducive to

crossing the intestinal barriers. Therefore, we synthesized the

PCN-777 NPs with a particle size distribution of �220 nm

through the optimized solvothermal method. Transmission elec-

tron microscopy (TEM) images and hydrodynamic diameters re-
4 Matter 8, 101948, March 5, 2025
vealed that the PCN-777-based nanosystem was composed of

homogeneous regular octahedrons (Figures 1B and 1C). Since

FA is not soluble in water at room temperature, considering the

instability of protein in organic solvents, we encapsulated INS af-

ter installing FA on PCN-777 during the stepwise synthetic pro-

cesses. After FA modification and INS encapsulation, the color

of the NPs turned yellow, the surface changed from smooth to
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rough, and the particle size increased slightly. The PCN-777-

based nanosystem also exhibited non-negligible zeta potential

changes during the consecutive conjugation and encapsulation

processes, initially decreasing from +33 to +30 mV due to the

negative charge nature of FA, and subsequently increasing

to +36 mV after INS loading (Figure 1C). Based on the observed

changes in zeta potential, we inferred that INS binds to the MOF

interior with minimal electrostatic interactions. Furthermore,

considering that the PCN-777 nanocarrier possesses a signifi-

cantly hydrophobic inner surface, the encapsulation of INS is

predominantly facilitated by hydrophobic interactions. To further

confirm the modification and immobilization of FA and rhoda-

mine isothiocyanate (RITC)-labeled INS (R-I) in PCN-777 NPs,

we next performed fluorescence spectroscopy and UV-visible

(UV-vis) spectroscopy measurements. The fluorescence spec-

trum of F-P NPs showed the characteristic absorption peak of

FA at �450 nm (Figure 1D), illustrating the successful conjuga-

tion of FA. Likewise, the characteristic emission peak of R-I in

RITC-INS@FA-PCN-777 (R-I@F-P NPs) was at �580 nm in fluo-

rescence spectrum, and the absorption peak at �560 nm in UV-

vis spectrum provided the expected evidence of INS encapsula-

tion (Figures 1E and S1). Notably, the absorption peaks of R-I in

the R-I@P NP and R-I@F-P NP groups were redshifted by 4–

5 nm. This was attributed to the aggregation of R-I molecules

in the PCN-777 NPs, providing further evidence that INS was en-

trapped in the PCN-777 NPs in large quantities rather than

dispersed on the surface. The powder X-ray diffraction (PXRD)

patterns of I@P NPs and I@F-P NPs were essentially identical

to that of PCN-777 NPs (Figure 1F), indicating that PCN-777

NPs maintained good crystallinity during the processes of FA

modification and INS encapsulation. The energy-dispersive

spectroscopy (EDS) elemental mapping analysis reveals that

the FA-modified PCN-777 is devoid of sulfur elements (Fig-

ure S2). Upon loading INS, the distribution of Zr, S, N, and O el-

ements is uniform on the surface of I@F-P NPs (Figure 1G),

proving the successful synthesis of nanosized PCN-777 and

encapsulation of INS. In addition, the degree of FA functionaliza-

tion has a crucial impact on the particle size, sustained release

effect, and cellular uptake of NPs.43 Therefore, we prepared

and characterized a series of FA-modified PCN-777 NPs in

different proportions (Figure S3). The loaded amount of FA on

the surface of PCN-777 NPs was measured through the stan-

dard curves with a good linear relationship (Figure S4). As the

feeding ratio of FA to PCN-777 increased from 1:10 to 2:5, the

amount of surface-installed FA increased from 41 to 218 mg

FA/g MOF. Additionally, before determining the INS LC of

PCN-777, we employed the bicinchoninic acid (BCA) assay to

measure the absorbance of the saturated FA solution and the

MOF supernatant to eliminate potential interference from FA

and residual metals on the protein determination (Figure S5).

The results indicate that there is no significant difference in

absorbance between the saturated FA solution, the MOF super-

natant, and double-distilled H2O (ddH2O), suggesting that the

BCA assay offers a high degree of accuracy in quantifying the

INS loading and can be reliably used in subsequent experiments.

We first evaluated the LC of PCN-777 for INS, which showed a

considerable LC with a maximum of up to 121.6 wt %

(INS:PCN-777) at a feeding ratio of 3:1. Following the modifica-
tion of FA on PCN-777, the influence of F-P NPs with varying

FA densities on the encapsulation of INS per gram of PCN-777

was found to be negligible (Figure 2A). This is likely due to the

fact that FA mainly modifies PCN-777 by coordinating with Zr6
clusters on the surface without occupying the pores.45 In the

final formulation of I@F-P NPs, the three components in the

I@F-P NPs existed in the weight ratio of 50:41:9 (INS:PCN-

777:FA), in which the loading content of INS was approximately

50 wt %, indicating that 2 mg I@F-P NPs can effectively

deliver 1 mg INS. The thermogravimetric analysis (TGA) also

verified the high loading content of INS by PCN-777 NPs

(Figure S6).

In addition to the demand for high drug loading, clinical ap-

plications put forward stringent requirements for the uniformity

and stability of nanomedicine. Therefore, we explored the sta-

bility of the PCN-777-based nanosystems under prolonged in-

cubation time in solutions of ddH2O or serum-containing me-

dium by dynamic light scattering (DLS) analysis. As shown in

Figure S7, no significant change in particle size in ddH2O

demonstrated the excellent stability of PCN-777-based nano-

systems in aqueous environments, which also makes PCN-

777 NPs an attractive candidate for the integration of multiple

functions desired in oral protein delivery. Although we observed

the particle size of I@F-P NPs slightly increasing up to �300 nm

in the complete DMEM, there was no significant difference be-

tween the nanoparticle sizes under prolonged incubation.

These results proved that the PCN-777-based nanosystems

would not aggregate in large quantities in the simulated in vivo

environment and lead to potential dangers such as blood

vessel blockage. We then investigated whether PCN-777 NPs

have the ability to protect INS from protease degradation

similar to our previously reported UiO-68-NH2 NPs. As illus-

trated in Figure 2B, about 70% of the active INS remained in

the I@F-P NPs group after 3 h of incubation with trypsin buffer,

exhibiting a more profound protein protection ability than UiO-

68-NH2.
37 This phenomenon may be related to the better sta-

bility of PCN-777-based nanosystems in phosphate-containing

buffers, as well as the denseness of INS inside PCN-777-based

nanosystems. To further evaluate whether the structure and

bioactivity of INS are retained during the encapsulation and

release processes, we first analyzed the circular dichroism

(CD) spectra of INS released from I@F-P. As can be seen in Fig-

ure S8, both free INS and INS released from I@F-P NPs ex-

hibited distinct absorption peaks in the range of 200–220 nm,

indicating that the secondary structure of the INS remains un-

changed. Subsequently, we thoroughly disrupted the I@F-P

NPs that had been stored for 2 months post-synthesis and sub-

cutaneously injected the released INS into diabetic rats to

further evaluate its bioactivity. As depicted in Figure 2C, the

INS released by I@F-P NPs had a significant hypoglycemic ef-

fect on diabetic rats, similar to the equivalent dose of free INS,

thereby demonstrating that the FA-modified PCN-777 nanosys-

tem could effectively prevent drug performance loss during INS

embedding, long-term storage, and release process. Overall,

the PCN-777-based delivery system features high drug loading,

high stability, and good protein protection, which facilitate the

storage, transportation, and subsequent efficient oral delivery

of protein drugs.
Matter 8, 101948, March 5, 2025 5



Figure 2. The in vitro release performance of the FA-modified PCN-777 nanosystem

(A) Comparison of the INS loading capacity of PCN-777-based nanosystems with different feeding ratios (n = 3 independent samples, mean ± SD).

(B) The enzymatic degradation profiles from different preparations after incubation with trypsin buffer at 37�C for various time points (n = 3 independent samples,

mean ± SD).

(C) Blood glucose response of diabetic rats to free INS and INS released from I@F-P NPs (n = 3 biologically independent animals, mean ± SD).

(D) The in vitro release kinetics of I@P NPs and I@F-P NPs with different feeding ratios under phosphate conditions (n = 3 independent samples, mean ± SD).

(E) Continuous release of INS from I@P NPs and I@F-P NPs under different pH environments (n = 3 independent samples, mean ± SD).

(F) The hemolysis analysis of I@F-P NPs (n = 3 independent samples, mean ± SD). NC, negative control; PC, positive control.

(G) The changes in the morphology of I@P NPs and I@F-P NPs immersed in PBS for 48 h. Scale bar, 200 nm.

p values are denoted as follows: ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Sustained and controlled INS release kinetics of I@F-P
NPs
Next, we tested the stability and release profile of the PCN-777-

based nanosystems in different physiological conditions

(Figures 2D and S9). It can be observed that the I@P NP group
6 Matter 8, 101948, March 5, 2025
released less than 10% of INS in 8 h (<35% in 48 h) in both the

simulated gastric fluid (FaSSGF) and simulated intestinal fluid

(FaSSIF) environment, while the I@P NPs continuously and

slowly released up to 93% of INS within 48 h in PBS. It is worth

noting that the cumulative release of INS from the I@F-PNPswas
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remarkably lower than that of the I@P NP group in 48 h, attribut-

able to the higher PBS stability of FA-modified PCN-777. To

further examine this phenomenon, we explored the release pro-

files of I@F-P NPs with different FA/PCN-777 feeding ratios un-

der phosphate-containing conditions. As shown in Figure 2D,

the cumulative release of INS from I@F-P NPs in the PBS envi-

ronment was remarkably reduced with the increase in the

amount of FA modification, and when the feeding ratio of FA to

PCN-777 increased to 2:5, the cumulative INS release of I@F-P

decreased to 67% within 48 h. We found that phosphate-trig-

gered release was significantly mitigated by increasing amounts

of FA modification due to the steric hindrance between FA and

PCN-777 greatly impeding the attack of Zr6 clusters from phos-

phate, thus creating a quite specific process leading to the delay

in the decomposition time of PCN-777. In addition, we calcu-

lated the release characteristic index n value according to the

Ritger-Peppas models.50 The n values of all nanosystems (I@P

NPs and I@F-P NPs with different modification densities of FA)

were greater than 0.45 (Table S2), which proved that the INS

release mechanism of PCN-777-based nanosystems was non-

Fick diffusion (anomalous transport; i.e., the combined effect

of drug diffusion and matrix erosion). To simulate the dissolution

and release of orally administered drugs at multiple levels in

different media of the GIT, we further explored the continuous

INS release of I@P NPs and I@F-P NPs in FaSSGF, FaSSIF,

and PBS environments. Consistent with the previous results,

I@P NPs and I@F-P NPs barely released INS under acidic condi-

tions. However, after being incubated in a neutral PBS environ-

ment, INS from I@P NPs and I@F-P NPs began to release slowly

(Figure 2E). These results demonstrated that the PCN-777 nano-

carrier was stable, with little INS release in the GIT, and disinte-

grated with a sustained rate under phosphate-containing

conditions.

Subsequently, to intuitively reflect the protective effect of FA

on PCN-777, we further monitored the morphological changes

of I@P NPs and I@F-P NPs after incubation with PBS for different

time intervals. As shown in Figure 2G, the I@F-P NPs became

rough and started to decompose slowly, yet the regular octahe-

dral morphology was well maintained for up to 24 h. It is worth

noting that in the absence of FA modification, I@P NPs lose their

basic morphology at 12 h and are fully cleaved at 48 h. This result

is consistent with the release profile, which validates our conjec-

ture that the conjugation of FA on Zr-based MOF can retard its

disintegration in PBS and prolong the curative effect of the short

half-lived proteins via sustained release. We also conducted

scanning electron microscopy (SEM) and PXRD analyses to

evaluate the disintegration of the crystalline morphology of

PCN-777 nanosystems. The SEM images showed that the sur-

face of the I@F-P NPs gradually became rough due to the forma-

tion of irregular pores, which eventually led to fragmentation

within 48 h (Figure S10). PXRD analysis further verified that the

crystallinity of I@F-P NPs was gradually lost under PBS incuba-

tion within 48 h (Figure S11).

Biocompatibility analysis of I@F-P NPs
Safety is the prerequisite for long-termmedication in chronic dis-

eases. We first assessed the safety of PCN-777-based nanosys-

tems in blood in vitro using an acute hemolysis assay. The hemo-
lysis rate was 4.1% when administrated at a concentration of

500 mg/mL (Figure 2F), demonstrating that the PCN-777-based

nanosystem exerted little damage to cell membranes and intra-

cytoplasmic proteins. At the cellular level, we performed MTT

(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)

assays and live/dead cell imaging assays. As shown in Figure 3A,

the PCN-777-based nanosystems showed low cytotoxicity in

three different cell lines, and the cell viability was above 85%

even when administered at a concentration of 500 mg/mL, which

was consistent with the live/dead cell staining (Figure 3B). At the

level of healthy and diabetic animal models, we conducted a

comprehensive assessment of the potential long-term biosafety

of PCN-777-based nanosystems, which involved a thorough ex-

amination of changes in blood parameters, biochemical

markers, pro-inflammatory cytokines, and tissue morphology af-

ter consecutive oral administration. Our results indicated that

except for uric acid (UA), there were no significant differences

in routine blood analysis, biochemical indicators, or serum pro-

inflammatory cytokines between the PCN-777-based nanosys-

tem group and the control group, even after 1month of treatment

(Figures 3C and 3D; Table S3). Although significant differences in

UA levels were observed among different groups, the UA levels

in mice exhibited considerable variability, ranging from 0.1 to

760 mM, all of which fall within the normal physiological range

as reported in the literature.51 In addition, the major organs

and intestines exhibited intact structure with no notable differ-

ence compared with the control group (Figure S12), thereby con-

firming the excellent biocompatibility of the nanosystem and its

absence of adverse effects on the functions of the liver, kidney,

and heart. Moreover, acute toxicity testing at the highest dose of

2,000 mg/kg revealed that all diabetic mice survived for over

14 days without significant changes in body weight (Figure S13),

and the H&E staining images of the organs also revealed no

evident inflammatory responses or injuries (Figure S14). The re-

sults of the acute toxicity test highlight that the PCN-777 nano-

system displayed no conspicuous adverse effects at the tested

dosage, signifying considerable implications for the design of

subsequent long-term toxicity tests. The above results indicated

that prolonged and consistent dosing schedules appear rela-

tively safe, supporting the continued long-term application of

the PCN-777 nanosystem. Furthermore, challenges stemming

from MOF metabolism and the enduring presence of metal con-

stituents continue to confront the biomedical applications of

MOFs. As such, we initiated an investigation aimed at elucidating

the distribution and persistence of MOFs within organisms.

Following a continuous 14-day administration regimen, an eval-

uation of metal constituents within internal organs revealed that

Zr residuals were all below 0.1 identification percentage per

gram, well within safety parameters (Figure S15).52 This reaffirms

the feasibility of expanding the utilization of MOFs for further ad-

vancements in biomedical applications.

PCFT-mediated endocytosis studies of I@F-P NPs
Human colon adenocarcinoma (Caco-2) cell lines with high

expression of PCFT served as the primary drug transportation

cell model to predict the efficiency of I@F-P NPs intestinal ab-

sorption.53 According to the literature, myricetin can inhibit the

expression of PCFT.54 Thus, we assessed the changes in
Matter 8, 101948, March 5, 2025 7



Figure 3. Biocompatibility of PCN-777-based nanosystems

(A) The in vitro cell viability test of PCN-777-based nanosystems for Caco-2 cells, CT-26 cells, and LO2 cells (n = 5 biological independent samples, mean ± SD).

(B) The live/dead imaging of PCN-777-based nanosystems. Scale bar, 100 mm.

(C) Analysis of blood biochemical indicators 2weeks after PCN-777-based nanosystem administration (n = 5 biologically independent animals,mean ±SD). There

are no significant differences among the three groups. ALB, albumin; ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotrans-

ferase; BUN, blood urea nitrogen; CK, creatine kinase; CK-MB, creatine kinase isoenzyme; CR, creatinine; LDH, lactate dehydrogenase; T-bil, total bilirubin; UA,

uric acid.

(D) Levels of pro-inflammatory cytokines in mouse serum following oral administration (n = 3 biologically independent animals, mean ± SD).

p values are denoted as follows: ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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PCFT expression in Caco-2 cells following myricetin intervention

via western blot analysis. The results demonstrated that myrice-

tin significantly reduced PCFT expression in these cells (Fig-

ure S16). Therefore, Caco-2 cells with inhibition of PCFT expres-

sion by myricetin were used as the control group to investigate

the effect of PCFT expression level on the endocytosis of

I@F-P NPs in subsequent experiments. The qualitative and

quantitative uptakes of PCN-777-based NPs in Caco-2 cell

monolayers were visualized by laser confocal fluorescence mi-

croscopy (CLSM) and flow cytometry analysis (Figures 4A and

S17–S19). The I@F-P NPs exhibited increased and time-depen-

dent cellular internalization compared to other groups. In addi-

tion, the transportation depth of I@F-P NPs in the Caco-2 cell

monolayer was closer to the basal side as evident from the red

fluorescence distribution of the z axis (Figures 4A and 4B). Ac-

cording to the quantitative results obtained by flow cytometry,
8 Matter 8, 101948, March 5, 2025
the cell uptake of I@F-P NPs is 9.9- and 2.1-fold that of free

INS and I@P NPs groups, respectively. Notably, the I@F-P NP

internalization in PCFT-expressing suppressed cells was com-

parable to that of the I@P NP group and the internalization of

I@F-P NPs gradually rose with the increasing FA density, which

confirmed that the cellular internalization of the I@P NPs group

was mediated by the PCFT pathway.

To further investigate the endocytosis mechanisms of the

I@F-P NPs, we used different endocytosis inhibitors while co-

incubating the cells with I@F-P NPs following the protocol pre-

viously reported in the literature.44,55 As shown in Figures 4C,

4D, and S20, the cellular internalization of I@F-P NPs

decreased dramatically at 4�C in both high- and low-expres-

sion cell lines, suggesting that the cellular uptake of I@F-P

NPs was energy dependent. The use of filipin and methyl-

b-cyclodextrin/lovastatin could inhibit caveolin-mediated



Figure 4. PCFT-mediated selective endocytosis of I@F-P NPs

(A and B) CLSM three-dimensional images and fluorescence quantitative analysis of RITC-labeled INS, I@P NPs, and I@F-P NPs incubated with Caco-2 cell

monolayers exhibiting varying PCFT expression levels for 4 hours. Blue represents the nuclei and red represents the RITC-labeled INS preparations. Scale bar,

20 mm.

(C) CLSM images of the endocytosis mechanisms of I@F-P NPs (red) in Caco-2 cells (blue) pretreated with different inhibitors. Scale bar, 15 mm. CPZ, chlor-

promazine; CYD, cytochalasin D; LV, lovastatin; M-bCD, methyl-b-cyclodextrin.

(D) Quantitative determination of I@F-P NPs cellular uptake amounts for different inhibitor treatments at 4 h.

(E) The co-localization images of Golgi (green) and I@F-P NPs (red) with different feeding ratios of FA:PCN-777 at 4 h. Scale bar, 10 mm.

(F) The co-localization images of the lysosome (green) and I@F-P NPs (red) with different feeding ratios at 4 h. Scale bar, 10 mm.
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endocytosis by binding to cell membrane cholesterol and non-

selectively depleting cholesterol. The cellular internalization of

I@F-P NPs was reduced to 55% upon the addition of filipin

and to about 42% when co-incubated with methyl-b-cyclodex-

trin and lovastatin, demonstrating that the caveolin pathway

plays a significant role in the cellular internalization of I@F-P

NPs. The addition of chlorpromazine suppressed the clathrin-

mediated endocytosis, and the absorption of I@F-P NPs was
reduced to 76% by chlorpromazine. This suggests that the cla-

thrin pathway is also partly involved in the cellular uptake of

I@F-P NPs. The cellular internalization of I@F-P NPs was

slightly reduced after adding cytochalasin D for the inhibition

of micropinocytosis. The above results were consistent with

previous reports that caveolae-mediated endocytosis

dominates the cellular uptake of FA-modified NPs, which may

be related to the upregulated folate transporter.44 The
Matter 8, 101948, March 5, 2025 9



Figure 5. Transmembrane transport of I@F-P NPs in the high-expression and low-expression PCFT Caco-2 cell monolayer model

(A) Effects of different formulations on TEER of Caco-2 cell monolayers (n = 3 biologically independent samples, mean ± SD).

(B and C) The cumulative transportation and apparent permeability coefficient (Papp) of INS from different formulations across the Caco-2 cell monolayer in 48 h

(n = 3 biologically independent samples, mean ± SD).

(D) Lysosomal degradation of INS from different formulations measured after incubating the cell monolayers for 48 h (n = 3 biologically independent samples,

mean ± SD).

(E) Intracellular transfer of different INS formulations in three different cell batches visualized by CLSM. Scale bar, 10 mm.

p values are denoted as follows: ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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clathrin-mediated endocytosis and micropinocytosis were also

partially involved in the entry process of I@F-P NPs, but to a

lesser extent. In contrast, the cellular uptake of I@F-P in the

low-expression group was mainly through the clathrin-medi-

ated pathway, which may explain the greatly reduced uptake

after inhibiting the PCFT. The above results demonstrated

that upregulated PCFT alters the transcellular pathway of

I@F-P NPs from clathrin-dominated to caveolin-dominated

endocytosis.

Subsequently, we performed intracellular localization experi-

ments of PCN-777-based nanosystems to further confirm that

upregulated PCFT mediates transcellular transport. In previous

literature reports, NPs are transported to lysosomes after cla-

thrin-mediated endocytosis, leading to degradation, whereas

NPs are transported to the Golgi apparatus after caveolin-medi-

ated endocytosis and subsequently exocytosis in the intact

form.56–58 As depicted in Figures 4E, 4F, and S21, almost all fluo-

rescence signals of I@P NPs were co-localized with the lyso-

some rather than the Golgi. When the amounts of modified FA

on the surface of the nanosystem increased, the co-localized or-

ganelles of I@F-P NPs gradually changed from the lysosome to

the Golgi. We quantitatively evaluated the co-localization effi-

ciency of PCN-777-based nanosystems with lysosomes and

the Golgi apparatus by measuring the co-localization rate and

Pearson’s correlation coefficient. As the amount of FA modifica-

tion increased, the co-localization rate of the PCN-777 nanosys-
10 Matter 8, 101948, March 5, 2025
tems with the Golgi apparatus significantly rose from 27.5% to

81.1%, while the co-localization rate with the lysosome

decreased markedly. The Pearson correlation coefficient further

indicated a strong correlation between the I@F-P NPs (2:5) and

the Golgi apparatus. Thus, we concluded that I@F-P NPs could

be internalized through the PCFT-mediated pathway in Caco-2

cells with the upregulated PCFT and further transported through

the Golgi pathway.

To verify whether I@P NPs can efficiently undergo exocy-

tosis through the Golgi pathway, we investigated the transcel-

lular permeability of PCN-777-based nanosystems in Caco-2

cell monolayers afterward. We first examined the transepithe-

lial electrical resistance (TEER) values of Caco-2 cell mono-

layers during PCN-777-based nanosystems treatment. No

significant decrease in TEER was observed compared to the

control group, confirming the integrity of the tight junction

(Figure 5A). The cumulative penetration INS of I@F-P NPs in

high PCFT expression cells reached 62% at 48 h, which

was 2.1-, 2.7-, and 6.8-fold compared to I@P NPs, free INS,

and I@F-P NPs in low PCFT expression cells, respectively

(Figure 5B). As shown in Figure S22B, the fluorescence distri-

bution of the INS preparations in the apical and basal cell

layers was consistent with the above results. The apparent

permeability coefficient (Papp) of I@F-P NPs across high

PCFT expression Caco-2 monolayers was 20.6 3 10�7 cm/s

(Figure 5C), showing that the permeability of I@F-P NPs was



(legend on next page)
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significantly improved in the high-expression group. Next, we

took the culture medium on the basal side at 24 h, centrifu-

gated it, and processed the precipitate for TEM. It can be

seen in the corresponding figure (Figure S22C) that in the

PCFT high-expression group, the I@F-P NPs maintained their

complete morphological structure, while in the PCFT low-

expression group, the octahedral shape of the I@F-P NPs

could not be observed, which may be attributed to its destruc-

tion in lysosome through clathrin-mediated endocytosis.

Following this, we calculated the INS degradation rate of

different preparations in the Caco-2 cell monolayers as re-

ported in the literature.59 As shown in Figure 5D, the ingested

INS in the free INS group almost completely degraded after

48 h of incubation, while the I@P NPs and I@F-P NPs groups

significantly inhibited the degradation rate of INS in PCFT

high-/low-expression cells. Compared with the I@P NPs

group, the FA slightly hindered the lysosome degradation

and reduced the degradation rate from 60% to 48% in the

PCFT low-expression cells. In contrast, only about 15% of

INS degraded in PCFT high-expression cells, which was

attributed not only to the protection of F-P NPs but also to

the internalization of I@F-P NPs through the Golgi-mediated

pathway, avoiding endocytosis by lysosomes and reducing

INS degradation. In addition to these tests, we conducted

the transcellular transport of I@F-P NPs among different

batches of cells using a previously reported protocol.60 This

investigation evaluated the ability of I@F-P NPs to undergo

continuous endocytosis following endocytosis and exocytosis

through fluorescence transfer between distinct cell batches,

thereby verifying their transport efficiency across multiple

cell layers. As illustrated in Figure 5E, the INS signal of

I@F-P NPs in PCFT high-expressing cells remains relatively

high in batches (2) and (3). This phenomenon indicated that

I@F-P NPs absorbed by the cells in coverslip (1) were exocy-

totically released into the culture medium and subsequently

internalized by cells on coverslips (2) and (3), demonstrating

efficient transcellular transport via PCFT-mediated endocy-

tosis. In contrast, the transport of I@P and I@F-P between

PCFT low-expressing cells on coverslips (2) and (3) is notably

limited. The above experiments proved that FA modification

can increase the cellular uptake of I@F-P NPs through the

PCFT-mediated pathway in high-expressing cells, avoiding

the degradation of lysosomal uptake and thereby promoting

the transcellular transportation of INS.
Figure 6. Enhanced and prolonged hypoglycemic effect validation of F

(A) Oral administration of the FA-modified PCN-777 nanosystems to the animals

(B) TEM image of epithelial tissues collected 4 h after the oral administration of P

intestinal tissue. Scale bar, 2 mm.

(C) Fluorescence distribution and intensity of the R-I in vivo at different time inter

(D) Ex vivo fluorescence images of the intestine, and images of the heart, liver,

administration for 12 h.

(E) Images of sectioned intestine tissues of rats after oral administration of differ

(F) Blood glucose levels of initial vs. time profiles of the diabetic and normal Spragu

INS, as well as subcutaneous (s.c.) injection of free INS (n = 5 biologically indepe

(G) The serum INS levels vs. time profiles of the diabetic and normal Sprague-Da

animals, mean ± SD); details are shown in Figure S24.

(H) Time course profiles of blood glucose levels of the diabetic New Zealand rabbi

independent animals, mean ± SD). The rabbits were fed at the time points marke
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In vivo biodistribution and intestinal absorption
The excellent transportation outcomes of I@F-P NPs at the

cellular level prompted us to validate their efficacy in diabetic

small animal models. It is imperative to confirm the heightened

expression of intestinal receptors in small animal models. Gan

and colleagues’s research has revealed substantial upregulation

of the PCFT receptor within the GIT of rats.44 In pursuit of

broader validation, we extended our investigation to assess

PCFT receptor expression in mice. Utilizing western blot exper-

iments, we observed a notably elevated expression of PCFT in

the duodenum, jejunum, and ileum of diabetic mouse models

compared to the control group (Figures S23A and S23B). Addi-

tionally, the immunofluorescence staining has clearly delineated

its predominant localization within the small intestinal villi (Fig-

ure S23C), a feature that confers significant advantages for facil-

itating intracellular drug delivery. As a result, we have substanti-

ated that the expression of PCFT in the small intestine of diabetic

animals consistently surpasses that in their non-diabetic ani-

mals, thus laying robust groundwork for our subsequent

experiments.

Subsequently, we mapped the spatiotemporal distribution

of the PCN-777-based nanosystem as it entered and exited

the living body in detail using TEM, the Maestro In Vivo Imag-

ing System, and CLSM to intuitively investigate the potential

pathway and distribution of PCN-777-based nanosystems

across the epithelial layer. Rats were sacrificed 4 h after

gavage, and the small intestine was taken for TEM imaging

(Figure 6B). Only I@F-P NPs were localized in epithelial cells

in large quantities, showing that PCFT-mediated endocytosis

enhanced the penetration efficiency of I@F-P NPs into intesti-

nal epithelium. Subsequently, we obtained the in vivo images

displaying the distribution of free INS, I@P NPs, and I@F-P

NPs in normal mice and diabetic mice within 48 h. The results

showed that a strong and persistent fluorescent signal up

to 48 h was observed in the I@F-P NPs-treated diabetic

mice, while the fluorescent signal in other groups was

weaker and continued to decrease within 48 h (Figure 6C),

providing solid evidence for the efficient intestinal transporta-

tion and long-term efficacy of I@F-P NPs in diabetic mice. It is

worth noting that the observed fluorescence signal of I@F-P

NPs in normal mice was nearly the same as that of the I@P

NPs group, indicating that the expression level of PCFT in

normal mice was relatively low, thus leading to ineffective

drug absorption.
A-modified PCN-777 nanosystem in animals

.

CN-777-based nanosystems. The red arrow points to I@F-P NPs entering the

vals after the oral INS administration from different formulations.

spleen, lung, and kidney (from top to bottom) of the mice after the oral INS

ent R-I formulations for 12 h. Scale bar, 200 mm.

e-Dawley rats following the oral administration of I@F-P NPs, I@PNPs, and free

ndent animals, mean ± SD).

wley rats following the same formulations in (F) (n = 5 biologically independent

ts following the oral administration of I@F-P NPs and free INS (n = 3 biologically

d by black arrows, 12 and 36 h.
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Next, we investigated the biodistribution of INS in intestines

and major organs after 12 h of administration (Figure 6D). A

strong fluorescent signal was detected only in the intestinal

tracts and livers of the I@F-P NPs group, demonstrating that

only I@F-P NPs were efficiently absorbed by the intestinal

tract and transported to the liver. Since the improved absorp-

tion of I@F-P NPs to diabetic mice was confirmed, we further

monitored the uptake of I@F-P NPs in epithelial tissues of the

intestine after 12 h of administration to observe its distribution

in the intestine more intuitively (Figure 6E). The fluorescent sig-

nals observed were localized within intestinal epithelial cells

and muscular layer, thus confirming that INS from I@F-P

NPs had been successfully delivered into the intestinal villus,

whereas only weak fluorescence between the intestinal villi

gaps was observed in the free INS and I@P NPs groups.

The above results indicated that I@F-P NPs have a satisfac-

tory selective long-acting oral delivery function for dia-

betic mice.

In vivo pharmacodynamics and PK studies
Finally, we investigated the hypoglycemic response and PK ef-

fects of PCN-777-based nanosystems in fasted diabetic rats

by gavage. As shown in Figure 6F, oral administration of free

INS and I@P NPs to diabetic rats and oral administration of

I@F-P NPs to normal rats all failed to generate a significant

glucose response, whereas subcutaneous injection of INS

and intragastric administration of I@F-P NPs produced a rapid

hypoglycemic response in diabetic rats. Notably, the group

with subcutaneous injection of INS quickly restored high

BGLs within 4 h, while the I@F-P NPs group achieved the

best hypoglycemic effect (BGL down to 45%) at 12 h and

maintained for 48 h. The pharmacological bioavailability of

I@F-P NPs was about 38% based on the area above the curve

of the profile in Figure 6F. The corresponding serum INS pro-

files of rats treated with different formulations were depicted

as the area under the curve (AUC0–48 h) in Figures 6G and

S24, which align with the pharmacodynamic outcomes. The

calculated AUC of I@F-P NPs was 782.3 ± 126.3 mIU * h/mL

with a relative bioavailability of 35.5% (Table S4). Notably,

the sustained-release I@F-P NPs not only considerably

improved oral INS utilization efficiency but it also exhibited a

smooth time-effect curve for serum INS concentration,

enabling better maintenance of INS concentration in rats

within a narrow therapeutic range. Within this window, the

BGL in rats was stably controlled for up to 48 h, reducing

the incidence of side effects such as transient hypoglycemia.

These results confirmed that I@F-P NPs significantly

enhanced the oral delivery efficiency of INS in diabetic rats,

demonstrated ultra-high oral bioavailability of INS, and pro-

vided a gentle and long-lasting hypoglycemic function.

To further verify whether I@F-P NPs can achieve similar glyce-

mic control effects in different animal species, we also conduct-

ed oral I@F-P NPs administration verification on New Zealand

rabbits. We administered I@F-P NPs intragastrically to fasting

diabetic New Zealand rabbits with a medium dose (30 IU/kg)

and measured their BGL in real time. As depicted in Figure 6H,

the BGL was successfully reduced and maintained at normal

levels for 48 h, even when rabbits were fed multiple times over
different periods. In summary, I@F-P NPs could exert an extraor-

dinary and long-lasting hypoglycemic effect on multiple diabetic

species (mice, rats, and rabbits), thus providing new evidence

and implications for subsequent pre-clinical studies on large

animals.

DISCUSSION

Existing oral delivery methods for proteins/peptides with short

half-lives suffer from cumbersome barriers that negatively

affect their bioavailability and sustained release. Finding a

feasible solution to these issues is extremely difficult and re-

quires the development of a nanosystem that can effectively

balance both needs for efficient delivery and long-term action.

Building upon our prior research on acid-resistant MOFs that

enabled successful oral delivery of INS, we constructed a

new-generation nanosystem based on FA-functionalized Zr-

based MOFs (PCN-777). By specifically coordinating func-

tional molecules (FA) on the Zr6 cluster of PCN-777, this nano-

system offers superior protein protection (kept 70% of INS

active in trypsin buffer for 3 h), higher drug loading (up to 50

wt %), extended-release dosing (of up to 48 h), coupled with

the ability to traverse the complex physiological barriers pre-

sent and higher drug bioavailability. The final INS-loaded

nanosystem (I@F-P NPs) showed they could be selectively

and effectively absorbed by diabetic animals through the

PCFT-mediated endocytic pathway. I@F-P NPs underwent

efficient exocytosis through the Golgi pathway and maintained

their octahedral shape in complete form during internalization

for deeper penetration. Conversely, the I@F-P NPs were endo-

cytosed in low efficiency through the clathrin-mediated

pathway and became localized in the lysosome in normal an-

imals with low expression of PCFT. The aforementioned ad-

vantages of the FA-conjugated PCN-777 nanosystem contrib-

uted to an oral INS bioavailability as high as 35.5% in diabetic

rats. Moreover, we obtained a similar hypoglycemic effect

maintained for 48 h in the diabetic New Zealand rabbit model.

Meanwhile, no tissue lesions and abnormal biochemical indi-

cators were observed in our safety experiments after multiple

administrations. This work indicates that the implementation

of the FA-conjugated PCN-777 nanoplatform with its sus-

tained-release capability will significantly improve patient

compliance by reducing INS dosing frequency, eliminating

the need for constant injections, providing consistency in

drug release over the long term, maximizing drug utilization,

and ameliorating medication safety. This study also acknowl-

edges several limitations. The identification of a distinct intes-

tinal pathological feature in the human intestine has yet to be

confirmed. Furthermore, it remains to be investigated whether

different severities of diabetes induce varying changes in

PCFT expression and whether these changes are consistent

across different regions of the intestine. Our future studies

would focus on these aspects, exploiting the variability in

receptor expression between individuals and across

different intestinal regions to design novel targeted or pa-

tient-customized MOF nanocarriers for oral protein delivery,

opening up new possibilities for subsequent transformation to-

ward clinical utilization.
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METHODS

Materials
All standard synthesis reagents were purchased from com-

mercial suppliers and used without any further purification.

ZrOCl2$8H2O, 4,40,400-s-triazine-2,4,6-triyl-tribenzoate (TATB),

FA, and RITC were obtained from Energy Chemical. INS,

DAPI, lysosome tracker, Golgi tracker, and the BCA kit

were obtained from Bio-sharp. MTT and DMEM were pur-

chased from Wuhan Kerui Biotechnology. The ELISA kits of

bovine INS, interleukin-6 (IL-6), IL-1b, and tumor necrosis fac-

tor a (TNF-a) were obtained from Jiangsu Meimian Industrial

Company. The PCFT (HCP1) rabbit monoclonal antibody

and goat anti-rabbit immunoglobulin G (IgG)-horseradish

peroxidase (HRP) were purchased from Beijing Bioss

Biotechnology.

Preparation and characterization of PCN-777 NPs, I@P
NPs, and I@F-P NPs
PCN-777 was synthesized through the solvothermal method ac-

cording to the modifying methods reported in the literature. In

brief, ZrOCl2$8H2O (52 mg), TATB (13 mg), and trifluoroacetic

acid (0.24 mL) in dimethylformamide (DMF; 5 mL) were ultrason-

ically dissolved in a 20-mL Pyrex vial. The mixture was kept

stirred at 120�C for 0.5 h. After cooling to room temperature,

PCN-777 NPs were collected by centrifuging the mixture and

washing it three times with DMF and methanol, respectively. A

200-mL solution was dried to a powder and weighed for quanti-

fication. For the preparation of F-P, 1 mL FA solution (2 mg/mL

in DMF) was added to 5 mL PCN-777 (2 mg/mL in DMF) and

vigorously stirred for 12 h in the dark. Different weight ratios be-

tween FA and PCN-777 (FA/PCN-777 weight ratio of 1/10, 1/5,

and 2/5) were investigated separately to optimize the loading pa-

rameters. Then, the mixture was centrifuged (11,000 rpm,

10 min) and washed three times with DMF to remove excessive

free FA ligands. We quantified the amount of FA installed on the

PCN-777 NPs surface by reading the characteristic absorption

band of FA at 280 nm using UV-vis. Subsequently, 1 mL INS so-

lution (10 mg/mL, dissolved in dilute HCl, pH 3.0) was added

dropwise to 20 mL F-P NPs dispersion (0.5 mg/mL in ddH2O)

and stirred for 12 h at room temperature to obtain I@F-P NPs.

Different feeding ratios (INS: PCN-777 NPs = 3:1, 2:1, 1:1, 1:2,

1:3) were also investigated. The resulting mixture was purified

by centrifugation three times to remove free INS. The absor-

bance of FA saturated solution and MOF supernatant was

measured by BCA assay. The INS content retained in FA-modi-

fied PCN-777NPswas quantified by BCAprotein assay and TGA

(TGA 50).

The obtained PCN-777 NPs, F-P NPs, I@P NPs, and I@F-P

NPs were characterized by the Malvern Zetasizer Nano series

ZS-90 to measure the hydrodynamic size and zeta potential.

The TEM tests were performed using a Hitachi H-7000FA TEM

to evaluate the morphology of all samples. The EDS elemental

mapping analysis was performed using the FEI Talos F200X.

PXRD was carried out with a Rigaku MiniFlex 600 X-ray diffrac-

tometer under Cu Ka radiation (parameters: 600 W). UV-vis

spectroscopy was measured by a UV-vis spectrophotometer

(UV-2600, Shimadzu). The fluorescence signal of the PCN-777-
14 Matter 8, 101948, March 5, 2025
based nanosystems was detected by a fluorescence spectro-

photometer (RF-6000, Shimadzu). CLSM images were collected

by the Carl Zeiss NOL-LSM 710.

FA LC was calculated by Equation 1:

LC = ðtotal weight of FA � weight of supernatant FAÞ=
3weight of PCN-7773 100%

(Equation 1)

INS LC was calculated by Equation 2:

LC = ðtotal weight of INS � weight of supernatant INSÞ=
3weight of PCN-7773 100%

(Equation 2)

INS loading content was calculated by Equation 3:

Loading content = ðtotal weight of INS

� weight of supernatant INSÞ=
�ðweight of PCN-777+ total weight of INS

� weight of supernatant INS+ total weight of FA

� weight of supernatant FAÞ3 100%

(Equation 3)

In vitro stability
The procedures to quantify the PCN-777-based nanosystem

stability and INS degradation by the enzyme were conducted

as described previously.37 Briefly, the different formulations

were respectively dispersed in ddH2O, DMEM cell medium con-

taining 10% fetal bovine serum (FBS), and the size at various

time points was measured by DLS. As for the protective perfor-

mance determination of the PCN-777-based nanosystem on INS

in enzyme, the NPs were incubated in simulated intestinal fluid

containing trypsin (1 mg/mL) at 37�C for 3 h. At different time in-

tervals, aliquots of 100 mLwere taken out and 200 mL DMSO con-

taining 0.1% trifluoroacetic acid was added to quench the enzy-

matic reaction. The NPs were then completely disrupted using

PBS, and the concentration of INS was determined via a bovine

INS ELISA kit.

To investigate whether the bioactivity of INS was maintained

after preparation, long-term storage, and drug release, I@P

NPs and I@F-P NPs after 2 months of synthesis were immersed

in PBS at 37�C for 48 h and then separated by ultracentrifuga-

tion. The amount of INS released in the supernatant was deter-

mined using a BCA protein assay kit. Subsequently, the quanti-

fied amount of released INS (5 IU/kg) or free INS (5 IU/kg) was

administered to Sprague-Dawley rats fasted overnight by subcu-

taneous injection, and blood glucose changeswere detected us-

ing a glucometer. In addition, the released INS and free INS were

taken for CD determination to evaluate the changes in the sec-

ondary structure of INS.

Release kinetics
To test the release profiles of INS from I@P NPs and I@F-P NPs,

different INS-loaded formulations were placed in dialysis bags
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(molecular weight cutoff 10 kDa) and dispersed in FaSSGF,

FaSSIF (without phosphate), and PBS at 37�C for 48 h. At

different time points, 100 mL buffer solution was taken for testing,

and an equal volume of fresh buffer solution was added to keep

the volume constant. The quantity of INS was determined using

the BCA protein assay kit. Furthermore, we simulated the phys-

iological environment of I@P NPs and I@F-P NPs after oral

administration by dialyzing the NPs in FaSSGF for 2 h and then

in FaSSIF for another 2 h and PBS (pH 7.4) for an additional 44

h. Sampling and INS concentration detection were carried out

as described in the above methods. Additionally, we acquired

TEM and SEM images of I@P NPs and I@F-P NPs incubated in

PBS for various time intervals. We also determined the PXRD

patterns of the nanosystems following incubation to assess the

disintegration of the I@F-P NPs.

Hemolysis test
Rat blood samples were incubated with different concentrations

of I@F-P NPs in saline solution (0.05, 0.1, 0.2, 0.3, and

0.5 mg/mL) at 37�C for 4 h. The groups in which erythrocytes

were incubated with H2O and saline were set as the positive con-

trol and the negative control. After 4 h of incubation, the samples

were centrifuged, the supernatant was measured at 540 nm us-

ing UV-vis, and the hemolysis rate of the samples was calculated

using Equation 4:

Hemolysis = ðA samples � A negativeÞ=ðA positive �

A negativeÞ3 100%: (Equation 4)

Cell culture
The human colon adenocarcinoma cell line (Caco-2), themurine

colorectal carcinoma cell line (CT-26), and the human normal

liver cell line (L02) were purchased from the China Type Culture

Collection. CT-26 cells and L02 cells were cultured in DMEM

supplemented with 10% FBS (20% required for Caco-2) and

1% penicillin/streptomycin in an atmosphere of 5% CO2

at 37�C.

In vitro cytotoxicity and live/dead assay
In vitro cytotoxicity was assessed using an MTT assay in

Caco-2 cells, CT-26 cells, and L02 cells, and a live/dead cell

assay. Different cell lines were separately cultured in 96-well

plates at a density of 1 3 104 cells/well. The cells were then

incubated with 100 mL PCN-777 NPs, I@P NPs, and I@F-P

NPs at concentrations of 0, 31.25, 62.5, 125, 250, and

500 mg/mL in DMEM, respectively, and 5 samples were taken

in parallel. After 24 h of incubation, the cells were exposed to

100 mL freshly prepared MTT solution (5 mg/mL) for another

4 h. Afterward, the supernatant was carefully removed, and

DMSO (100 mL) was added to each well. The optical density

was measured at 490 nm using Microplate Reader. The live/

dead assay was performed by staining Caco-2 cells following

PCN-777-based nanosystems (500 mg/mL) administration

with 100 mL PBS buffer containing calcein acetoxymethyl ester

(Calcein AM) and propidium iodide (PI). Finally, the cells were

observed by an inverted fluorescence microscope.
Cell western blot analysis
Caco-2 cells were seeded in 12-well plates with slides at a den-

sity of 1 3 105 cells per well overnight and subsequently treated

with or without myricetin solution (150mmol/L) in a similar way to

the PCFT low-expression group or high-expression group in the

earlier-reported procedure. Protein extraction was performed af-

ter treating the cells with radioimmunoprecipitation assay (RIPA)

lysis buffer, and the protein concentration was determined using

the BCA assay. The extracted proteins were then separated by

electrophoresis on 12% sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE). After protein transfer and

blocking, incubation with rabbit anti-PCFT (HCP1) antibodies

was carried out overnight at 4�C, followed by a 30-min incuba-

tion with goat anti-rabbit IgG-HRP at room temperature. After

washing the membranes with Tris-buffered saline four times,

the protein bands were detected using an enhanced chemilumi-

nescence reagent.

Cellular internalization studies in vitro

To estimate the internalization of NPs in the PCFT high- and low-

expression groups, Caco-2 cells ormyricetin pre-treated Caco-2

cells were incubated with free R-I, R-I@P NPs, and R-I@F-P NPs

with different modification densities of FA (hereafter referred to

as I@F-P NPs [1:10, 1:5, 2:5]) at 37�C for different time intervals.

The cells were further fixed with 4% paraformaldehyde and

stained with DAPI for 20 min. The cell internalization of PCN-

777-based nanosystems was visualized by CLSM (LSM 800,

Carl Zeiss) and was also quantitively measured using flow cy-

tometry. The three-dimensional visualization was conducted by

the z stack method.

To further identify the uptake mechanisms of I@F-P NPs in the

PCFT high- and low-expression groups, Caco-2 cells were

treated with R-I@F-P NPs under hypothermia or co-incubated

with various inhibitors (lovastatin [1 mg/mL], methyl-b-cyclodex-

trin [10 mmol/L], filipin [1 mg/mL], chlorpromazine [10 mg/mL],

and cytochalasin D [1 mg/mL]) at 37�C. After incubation for 4

h, the internalized amounts of I@F-P were visualized by CLSM

and quantified using flow cytometry.

To elucidate the intracellular trafficking of NPs, Caco-2 cells

were incubated with I@P NPs and I@F-P NPs (1:10, 1:5, 2:5)

for 4 h at 37�C. Subsequently, Caco-2 cells were stained with

Lyso-Tracker Green or Golgi-Tracker Green for 30min. Co-local-

ization of samples and lysosomes/Golgi was detected us-

ing CLSM.

Transepithelial transport studies
The transepithelial transport studies were conducted following

previously reported procedures.37 In short, the Caco-2 cells

were cultured in transwell inserts for 21 days until the transe-

pithelial electrical resistance (TEER) values exceeded 500 U 3

cm2. Caco-2 cell monolayers with high or low expression of

PCFT were co-incubated with free INS and I@P NPs and

I@F-P NPs on the apical side for 48 h. A total of 100 mL of

the sample was taken out from the basolateral side at different

time intervals, and 100 mL of DMEM was always supplemented

to maintain a consistent volume. TEER values were measured

at various time points to determine tight junction integrity dur-

ing the drug administration process. After 48 h of incubation,
Matter 8, 101948, March 5, 2025 15
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samples of the apical and basolateral layers were collected,

respectively, and the cell monolayer was lysed with RIPA

lysate and collected. The INS contents in each sample were

then tested utilizing the bovine INS ELISA kit. The following

equation was utilized to calculate the Papp from the different

treatments:

Papp =
dQ

dt
3

1

A3C0

; (Equation 5)

where dQ/dt is the flux of INS from the apical side to the basolat-

eral side, A is the membrane area (cm2), and C0 is the initial con-

centration of INS on the apical side.

In addition, the degradation rates of INS in different prepara-

tions were calculated according to Equation 6:
Degradation% =
mðtotalÞ � mðapicalÞ � mðbasolateralÞ � mðinsideÞ

mðtotalÞ � mðbasolateralÞ 3100% (Equation 6)
where m(total) is the total mass of INS added, m(apical) is the

mass of INS in the apical layer, m(basolateral) is the mass of

INS in the basolateral layer, and m(inside) is the mass of INS in

the cell monolayer.

To intuitively illustrate the efficiency of transcellular transport

of PCN-777-based nanosystems, we seeded Caco-2 cells on

the basolateral side and used RITC-labeled INS preparations

to co-incubate cell monolayers on the apical side. After 48 h,

the fluorescence distributions on the apical and basolateral

sides were observed using the SI Imaging Amix imaging sys-

tem. Next, to verify that the NPs maintained its intact

morphology after penetrating the cell monolayer via a Golgi-

mediated pathway, we collected samples of I@P NPs and

I@F-P NPs from the basolateral side at 24 h and obtained

TEM images after centrifugation.

In addition, the deep penetration of I@F-P NPs between

different cell batches was studied as reported in the literature.60

Caco-2 cells in batch 1 were cultured in amedium that contained

different INS formulations for 12 h. Then, batch 1 was put into

fresh culture medium containing cells from batch 2 for 12 h.

The above step was repeated to obtain batch 3. The above three

different cell batches were observed by CLSM.
Animal models and diabetes induction
Male Sprague-Dawley rats (180–200 g) and BALB/c mice (18–

20 g) were provided by Beijing Vital River Laboratory Animal

Technology. New Zealand rabbits (2–2.5 kg) were provided

by Hubei Yizhicheng Biological Technology. All the animal

studies were conducted following the Chinese Regulations

for the Administration of Affairs Concerning Experimental Ani-

mals and performed in compliance with the guidelines of the

Institutional Animal Care and Use Committee of Wuhan Uni-

versity. To establish an alloxan-induced diabetic rat model,

healthy rats were intravenously injected with alloxan

50 mg/kg once and the blood glucose changes were moni-
16 Matter 8, 101948, March 5, 2025
tored daily to confirm the rats’ diabetic status. After 7 days,

the blood glucose was stable at 20 mmol/L, proving the dia-

betes model was successfully established. The difference be-

tween the establishment of diabetes models of mice and rab-

bits was that the dosage of alloxan in mice and rabbits is

100 mg/kg. If the BGL of rabbits did not rise after the first in-

jection, 100 mg/kg alloxan would be injected again through the

ear vein 48 h later.
Western blot analysis
Tissue samples from various segments of the intestines were

collected from both euthanized diabetic and normal mice. Intes-

tinal cells were isolated following established protocols.44 Sub-

sequently, protein extraction was performed, and protein con-
centrations were determined using the BCA assay. The

extracted proteins were then separated by electrophoresis on

12%SDS-PAGE. After protein transfer and blocking, the incuba-

tion of proteins and antibodies and the detection of protein

bands were performed according to the above steps.

Immunofluorescence staining
Immunofluorescence staining was used to analyze the expres-

sion of PCFT in the intestinal villi of diabetic and normal mice.

Frozen sections of duodenum tissue were prepared using a cryo-

stat (RM2016). These sections were blocked with PBS containing

1% bovine serum albumin. Immunofluorescence staining was

performed using rabbit PCFT (HCP1) antibody and secondary

antibody, which was fluorescently labeled goat anti-rabbit IgG.

Subsequently, DAPI staining was applied, and the expression

of PCFT was visualized using the scanner (Pannoramic SCAN).

In vivo fluorescence imaging
R-I, R-I@P NPs, and R-I@F-P NPs were orally administered to

the overnight fasted diabetic mice or normal mice. The SI Imag-

ing Amix imaging systemwas used to assess the distribution and

metabolism of INS preparations in mice with different PCFT in-

testinal expressions at different time points. Another group of

diabetic mice or normal mice was sacrificed 12 h after R-I, R-

I@P NP, and R-I@F-P NP treatment, and the organs and intes-

tines were collected and observed. The same procedure was

done with diabetic rats. The intestine loops of the R-I, R-I@P

NPs, and R-I@F-P NPs medicated rats were collected by the

same procedure and frozen in Tissue-Tek OCT with liquid nitro-

gen. Intestinal sections were obtained using a cryostat and visu-

alized by CLSM after staining with DAPI for 10 min.

Tracking nanoparticle diffusion in the small intestine
The rats were sacrificed 4 h after oral administration of different

preparations, and the small intestines were collected and
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washed with PBS. Samples were serially fixed in 0.1 M

phosphate buffer containing 2.5% glutaraldehyde and 4%

osmium tetroxide solution and then were transferred to a

Beem embedding capsule. Micro-embedding resin was

added to the embedded samples to obtain blocks, which

were further sectioned with ultramicrotomy, and these sections

were retrieved through a copper grid and then visualized un-

der TEM.

INS bioactivity in vivo

In vivo studies were performed in alloxan-induced diabetic rats

(n = 5 per group) and rabbits (n = 3 per group). The rats were

fasted overnight before experiments and then administered

different preparations (free INS, I@P NPs, I@F-P NPs, 50 IU/

kg) by gavage and free INS (5 IU/kg) by subcutaneous injec-

tion. The rabbits were administrated by gavage with free INS

or I@F-P NPs at a dosage of 30 IU/kg. At predetermined

time intervals, blood samples were collected for glucose

testing using a blood glucose meter. The serum INS level

was determined using a bovine INS ELISA kit. During the

experiment, the rats drank water arbitrarily and were fed at

12 and 36 h, and the rabbits were fed at 5, 10, 12, 28, and

36 h, respectively.

Long-term safety of consecutive dosing
Mice received oral gavage with free-INS, I@P NPs, and I@F-P

NPs (INS at a concentration of 50 IU/kg) once every 2 days for

14 and 30 consecutive days. Mice were then sacrificed after

blood collection (for blood routine analysis and blood biochem-

ical indicators measurement), and organs and intestines were

soaked in 4% (w/v) formalin and then embedded in paraffin.

The tissue was sectioned and stained with H&E for microscopic

examination. We conducted an acute toxicity experiment on

I@F-P NPs in mice. After an overnight fasting period, the mice

were administered orally F-P NPs (quantitated as PCN-777) at

doses of 100, 500, 1,000, and 2,000 mg/kg. The body weight

and survival status of the mice were continuously monitored

over a 14-day period. Following the observation period, the

mice were euthanized, and major organs were subjected to

H&E staining experiments. Furthermore, the distribution, meta-

bolic pathways, and residual presence of Zr elements in mice

were investigated. Both diabetic and non-diabetic mice received

I@F-P NPs (INS at a concentration of 50 IU/kg) every 2 days over

a 14-day period. After 1 week, the major organs of the mice were

collected and subjected to digestion, and the Zr element content

was quantitatively determined using inductively coupled

plasma-mass spectrometry. In addition, mice were administered

orally PBS and I@F-P NPs (INS at a concentration of 50 IU/kg)

once every 2 days for a consecutive duration of 30 days. Subse-

quently, serum samples were collected, and pro-inflammatory

cytokines (interferon-g, IL-1b, TNF-a) were assessed using an

ELISA kit.

Statistical analysis
Statistical analysis was determined by a two-tailed Student’s t

test using the software Prism. *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001 were considered statistically sig-

nificant. All of the results presented were means ± SDs.
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