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Mutual interference between surface ligands on multifunctional nanoparticles

remains a significant obstacle to achieving optimal drug-delivery efficacy.
Here, we develop ligand-switchable nanoparticles which resemble viral unique
surfaces, enabling them to fully display diverse functions. The nanoparticles
are modified with a pH-responsive stretchable cell-penetrating peptide (Pep)
and a liver-targeting moiety (Gal) (Pep/Gal-PNPs). Once orally administered,
the acidic environments trigger the extension of Pep from surface in a virus-
like manner, enabling Pep/Gal-PNPs to traverse intestinal barriers efficiently.

M Check for updates

Subsequently, Gal is exposed by Pep folding at physiological pH, thereby
allowing the specific targeting of Pep/Gal-PNPs to the liver. As a proof-of-
concept, insulin-loaded Pep/Gal-PNPs are fabricated which exhibit effective
intestinal absorption and excellent hepatic deposition of insulin. Crucially,
Pep/Gal-PNPs increase hepatic glycogen production by 7.2-fold, contributing
to the maintenance of glucose homeostasis for effective diabetes manage-
ment. Overall, this study provides a promising approach to achieving full
potential of diverse ligands on multifunctional nanoparticles.

The surface functionalization of nanoparticles with various types of
ligands with chemical or biological activity is a powerful tool for effi-
cient drug delivery. These multifunctional nanoparticles have sig-
nificant potential for overcoming complex physiological barriers and
increasing the targeting efficiency of encapsulated drugs. This task is
challenging to accomplish with a single ligand*. For example, the
covalent modification with tripeptide Arg-Gly-Asp (RGD) and trans-
ferrin (Tf) ligands enables nanoparticles to transit across tumor vas-
cular barriers and enhance the cellular uptake of drugs, respectively,
leading to better antitumor efficacy’. However, mutual interference
(e.g., steric hindrance and electrostatic interactions) between diverse
surface ligands would sterically hinder binding to receptors, ultimately
compromising their functions*® and resulting in low efficacy of mul-
tifunctional nanoparticles®’. Therefore, there remains a significant

challenge related to the surface multifunctionalization of nano-
particles, which substantially determines the efficiency of in vivo drug
delivery.

Several strategies have emerged in recent decades to address the
challenge by improving synergism between diverse ligands or con-
trolling the presentation of specific ligands. One such strategy is to
optimize the relative length, ratio, and density of dual-targeting
ligands on nanoparticles by screening for the optimal formulation®’.
An alternative strategy involves utilizing enzyme-responsive linkers to
anchor one ligand on nanoparticles and cleaving the linker by specific
enzymes to expose another ligand, enabling it to exert functions at the
target site'>". In addition, polyhistidine, a pH-sensitive molecular chain
actuator, has also been applied to selectively expose conjugated
functional moieties in response to acidic environments'>. Although
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these strategies have succeeded in improving the targeting efficiency
of nanoparticles, there still remains a major bottleneck in fully realizing
the multiple functions of various ligand-modified nanoparticles.
Herein, to minimize mutual interference between ligands and
improve the performance of multifunctional nanoparticles, we
develop ligand-switchable poly (lactic-co-glycolic acid) (PLGA) nano-
particles (PNP) modified with a pH-triggered stretchable cell-
penetrating peptide (Pep) and a hepatic targeting moiety (galactose,
Gal) (Pep/Gal-PNPs). The Pep mimics spike proteins on the viral surface
(i.e., hemagglutinin on influenza A virus* and coronavirus spike
proteins®) that experience conformational changes in response to pH,
which helps to avoid mutual interference between diverse function-
alities. After the oral administration of Pep/Gal-PNPs, Pep adopts a
stretched conformation and extends from the surface in acidic envir-
onments, mediating the efficient traversal of intestinal barriers. Sub-
sequently, upon entering systemic circulation, Gal is exposed on the
surface after Pep folds at physiological pH, thereby specifically guiding
Pep/Gal-PNPs to the liver (Fig. 1). In this regard, the Pep/Gal-PNPs
resemble unique viral surface features that modulate conformations of
surface proteins to enable sequential display of diverse functions'.
Since oral insulin delivery requires the stepwise processes of traversing
intestinal barriers and targeting the liver to restore the liver-periphery
insulin gradient and correct glucose metabolism defects in the context
of diabetes", as a proof-of-concept, we apply the Pep/Gal-PNPs for oral
insulin therapy in this study. The in vivo results indicate that insulin-
loaded Pep/Gal-PNPs not only elicit significant hypoglycemic effects
but also promote hepatic glucose sequestration and glycogen storage
in diabetic rats, which show similar glucose utilization as normal rats.

In summary, the Pep/Gal-PNPs could fully exert diverse functions of
dual surface ligands by modulating the conformations of Pep
ligands, resembling virus in unique surface features, to avoid their
mutual interferences and ultimately improving oral insulin therapy.
Furthermore, this work presents a promising alternative to recent
attempts at the surface multifunctionalization of nanocarriers,
which is anticipated to be applied for a broad range of scenarios,
such as oral delivery of biomacromolecules and targeting the
delivery of antitumor drugs, playing a significant role in improving
their in vivo therapeutic efficacy.

Results

Preparation and characterization of Pep and PLGA-based func-
tional polymers

To prepare the multifunctional nanoparticles, the Pep and PLGA-
conjugated functional polymers, including PLGA-Pep and PLGA-PEG-
Gal, were synthesized and characterized. The Pep R¢Gs(HE);o, which
consists of arginine (R), glycine (G), and histidine-glutamic acid (HE)
repeats, is sensitive to environmental pH'. In acidic environments (pH
<7), the Pep was in the open state with a theoretical length 0of 10.85 nm,
whereas it switched to a closed state under physiological conditions
(pH ~7.4), with an estimated length of 7.00-7.88 nm depending on the
folding pattern (Fig. 2a), according to previous studies”. The synthe-
sized Pep was validated by mass spectrometry (Fig. 2b) and proton
nuclear magnetic resonance (*H NMR) (Supplementary Fig. 1). Then,
the pH-triggered conformational changes of Pep were confirmed by
circular dichroism (CD). The spectra revealed that Pep adopted a
random coil conformation, with the minimum absorption at 198 nm,
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W Pep pH-responsive
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Fig. 1| Schematic illustrations of composition and mechanism of Pep/Gal-PNPs
for oral insulin delivery. a The construction of virus surface-inspired ligand-
switchable nanoparticles (Pep/Gal-PNPs) modified with both a pH-triggered
stretchable cell-penetrating peptide (Pep) and a hepatic targeting moiety (galac-
tose, Gal). b After oral administration, Pep adopts a stretched conformation in

response to the acidic environment in the intestine and mediates efficient Pep/Gal-
PNPs transport across intestinal barriers. Subsequently, Gal is exposed on the
surface as Pep folds at physiological pH in circulation and specifically guides Pep/
Gal-PNPs to the liver.
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Fig. 2 | Synthesis and characterization of functional polymers. a Schematic
illustration of pH-responsive stretchable cell-penetrating peptide (Pep) and
polyethylene glycol-galactose (PEG-Gal) polymers and their theoretical lengths.
Open- and closed-state models of Pep under different pH conditions. H: histi-
dine; E: glutamic acid; G: glycine; R: arginine. b Mass spectrum of Pep. ¢ Circular
dichroism spectra of Pep under different pH conditions. d Emission spectra of

FRET pair-labeled Pep under different pH conditions. e The synthetic route to
PLGA-Pep polymers. f'H NMR spectra of PLGA-Mal and PLGA-Pep polymers.
Characteristic peaks are assigned according to the labels in panel (e). g The
synthetic route to PLGA-PEG-Gal polymers. h 'H NMR spectra of PLGA-COOH
and PLGA-PEG-Gal polymers. Characteristic peaks are assigned according to the
labels in panel (g).

and underwent noticeable changes as the pH increased (Fig. 2c). The
ratio of B-sheet in the secondary structure of Pep was estimated to
increase from 11.9% to 26.5% when pH increased from 6.8 to 7.4 by
analyzing the CD spectra using Spectra Manager software. As the [3-
sheet is the most common structure in the folding pattern of proteins
and peptides?, the results indicated that Pep folded at physiologi-
cal pH.

Furthermore, fluorescence resonance energy transfer (FRET)
technique with the Edans (fluorophore) and Dabcyl (quencher) pair
was used to confirm the structural changes of Pep in response to pH.
There was a significant overlap between the Edans emission spectrum
and the Dabcyl absorption spectrum in the pH range of 3.0-8.0
(Supplementary Fig. 2), demonstrating that Dabcyl could absorb the

fluorescence emitted by Edans. Subsequently, the Edans and Dabcyl
were conjugated to the amino acid side groups of N- and C-termini of
Pep, respectively; the fluorescence intensity of Edans decreased shar-
ply when the pH increased from 6.8 to 7.4 (Fig. 2d), indicating that the
two ends of Pep became closer upon adopting a folded conformation
at physiological pH. These results suggested that Pep underwent pH-
responsive conformational changes similar to viral spike proteins, with
a stretched conformation at acidic pH and a folded one at physiolo-
gical pH. Moreover, we also studied changes in the activity of Pep in
response to pH, and results revealed that Pep exhibited a potent
hemolytic effect at pH <7.0 but was inactive at physiological pH,
indicating that Pep was activated in a pH-dependent manner (Sup-
plementary Fig. 3).
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Subsequently, PLGA-conjugated functional polymers were further
synthesized. A cysteine was added to the C-termini of Pep to enable
conjugation with maleimide-capped PLGA (PLGA-Mal), thus creating
PLGA-Pep polymers (Fig. 2e). The maleimide peak at 6.8 ppm in the 'H
NMR spectrum disappeared after conjugation with Pep (Fig. 2f), indi-
cating the successful synthesis of PLGA-Pep polymers. To selectively
expose the other functional ligand (Gal) when Pep folded, poly-
ethylene glycol (PEG, MW 1.0 kDa) with an estimated length of 8.10 nm®
was used as the linker. The PEG chain was first conjugated with Gal and
then coupled with PLGA-COOH through an amidation reaction to
obtain PLGA-PEG-Gal polymers (Fig. 2g). The intermediate product,
PEG-Gal polymers, was monitored via 'H NMR (Supplementary Fig. 4),
and the structure of PLGA-PEG-Gal was confirmed by the representa-
tive PEG methylene signal at 3.6 ppm in the final spectrum (Fig. 2h).

Preparation and characterization of Pep/Gal-PNPs

The PLGA nanoparticles (PNPs) functionalized with various ligands
were prepared through a double emulsion and solvent evaporation
method, as previously reported”. The modification rates for the Pep
and Gal ligands on nanoparticles were both approximately 5% (Sup-
plementary Table 1). The switchable surface properties of Pep/Gal-
PNPs were first investigated by dynamic light scattering (DLS) to
determine the hydrodynamic diameter and zeta potential at different
pH. The results showed that the size of PNPs increased significantly
after ligand modification (Fig. 3a). When pH increased from 6.8 to 7.4,
the diameter of Pep-modified PNPs (Pep-PNPs) decreased by
approximately 20 nm (Fig. 3a), suggesting that Pep folded at physio-
logical pH. Although the size of Pep/Gal-PNPs decreased only slightly
as the pH increased due to the presence of PEG-Gal on the surface, the
observed differences in size under different pH conditions revealed
the switchable nature of the dual surface ligands (Fig. 3a). The zeta
potential was determined as another characterization of Pep/Gal-PNP

surface properties. For Pep-PNPs and Pep/Gal-PNPs, the zeta potential
sharply transitioned from positive to negative when the pH increased
from 6.8 to 7.4 (Fig. 3b). By contrast, PNPs remained at approximately
-35 mV regardless of pH (Fig. 3b). As a previous study showed that the
cationic arginine in Pep could be neutralized by anionic glutamic acid
at pH 7.4%, we hypothesized that changes in electrostatic interactions
between the amino acids of Pep might underlie the charge reversal of
nanoparticles. Moreover, the morphologies of PNPs, Pep-PNPs, and
Pep/Gal-PNPs were observed by cryogenic transmission electron
microscopy (cryo-TEM). All the nanoparticles showed spherical
morphologies with uniform size (Fig. 3c).

To further elucidate the switchable nature of the surface
ligands, the ligand corona around the nanoparticles was directly
observed by atomic force microscopy (AFM). We detected the
changes in individual immobilized nanoparticles under different pH
conditions by scanning the same position on the silica substrate and
found that the diameter of Pep-PNPs was smaller at pH 7.4 than at
pH 6.8 (Fig. 3d, top row); specifically, the thickness of the Pep
corona decreased by approximately 8 nm (from 25.86 +2.54 nm to
17.08 + 0.60 nm) as the pH increased. By contrast, the ligand corona
around Pep/Gal-PNPs decreased slightly over the same pH shift
(Fig. 3d, bottom row), which was consistent with the DLS results.
Moreover, no significant changes were detected in the size of Gal
ligand-modified nanoparticles (Gal-PNPs) under different pH con-
ditions; the thickness of PEG-Gal corona around nanoparticles
remained in the range of 21-23 nm (Supplementary Fig. 5). There-
fore, the AFM results confirmed that Pep underwent pH-responsive
structural changes, suggesting that multifunctional Pep/Gal-PNPs
featured switchable ligands with similar surface properties as viru-
ses. Furthermore, we investigated the activity of Pep after decora-
tion on Pep/Gal-PNPs, and results indicated it still retained the pH-
dependent hemolytic effect (Supplementary Fig. 6). In contrast,
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Fig. 3 | Synthesis and characterization of Pep/Gal-PNPs. a, b The size and zeta
potential of nanoparticles under different pH conditions. Data are presented as the
mean + SD (n =3 biologically independent experiments). ¢ Cryo-TEM images of
nanoparticles. d Atomic force microscopy (AFM) analysis of nanoparticles under
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(top row) and Pep/Gal-PNPs (bottom row) at pH 6.8 and 7.4. Scale bar: height map,
100 nm. The thickness of ligand corona around the nanoparticles (as indicated by
the arrows in the height map) was analyzed using NanoScope Analysis software.
Representative images are presented, and the data are means + SD (n =3 biologi-
cally independent experiments). Source data are provided as a Source Data file.
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PNPs exhibited relatively low hemolysis at all pH values (Supple-
mentary Fig. 6).

Insulin, a protein drug widely used for the treatment of diabetes?”,
was selected as the model drug in this study. The insulin entrapment
efficiency and loading capacity of Pep/Gal-PNPs were determined to be
48.1% and 7.9%, respectively (Supplementary Table 1). Then, to inves-
tigate Pep/Gal-PNP stability after oral administration, the nanoparticles
were incubated in PBS, simulated gastric fluid (SGF), and simulated
intestinal fluid (SIF) with digestive enzymes for 4 h, respectively. The
results showed that the relative size and dispersity of Pep/Gal-PNPs
were not significantly different in SGF and SIF compared with that in
PBS (Supplementary Fig. 7). Moreover, Pep/Gal-PNPs showed sus-
tained insulin release in vitro, with approximately 23% of insulin
released in 4 h (Supplementary Fig. 8a), and CD results demonstrated
that the released insulin still retained a similar structure as native
insulin (Supplementary Fig. 8b). Overall, these results indicated that
Pep/Gal-PNPs could remain stable in the harsh gastrointestinal envir-
onment without the premature release of encapsulated insulin.

Overcoming the mucus barrier

After being subjected to the harsh gastrointestinal environment, the
next barrier encountered by Pep/Gal-PNPs is the mucus lining of the
intestines, which must be crossed to reach the apical side of the
intestinal epithelium®*?. Therefore, the ability of nanoparticles to
penetrate mucus was investigated using HT29-MTX-E12 (E12) cells that
secrete abundant mucus. Pep/Gal-PNPs exhibited strong fluorescence
at the lower layer of mucus at pH 6.8 and 7.4 (Supplementary Fig. 9),
suggesting the efficient mucus-penetrating ability. Given the observed
ability of Pep/Gal-PNPs to penetrate the mucus barrier, the next
obstacle that we interrogated was cellular uptake.

Pep/Gal-PNPs uptake by Caco-2 cells

To begin our cellular uptake analysis of Pep/Gal-PNPs, we first eval-
uated the cytotoxicity of these nanoparticles on human colorectal
adenocarcinoma cells (Caco-2) and found no negative impact at con-
centrations of 0.05-1mg mL™ (Supplementary Fig. 10). Therefore,
subsequent studies were conducted in that concentration range. The
cell-penetrating segment of Pep (CPP, R¢) was demonstrated to be pH-
insensitive (Supplementary Fig. 11). Thus, the non-switchable nano-
particles (CPP/Gal-PNPs) modified with CPP and Gal were developed as
a comparator (Supplementary Table 1), aiming to verify the cell-
penetrating ability of Pep ligand and ascertain the advantages of
ligand-switchable features of Pep/Gal-PNPs. Moreover, CPP/Gal-PNPs
showed potent, pH-insensitive hemolytic activity (Supplementary
Fig. 11). Studies on cellular uptake of nanoparticles by Caco-2 cells at
pH 6.0 to 8.0 indicated that Pep/Gal-PNP internalization increased
markedly as the pH decreased, while PNP and CPP/Gal-PNP inter-
nalization was consistent across the pH gradient (Supplementary
Fig. 12). Given these results, we compared the cellular uptake efficiency
of nanoparticles at pH 6.8 and 7.4. Confocal laser scanning microscopy
(CLSM) images revealed stronger fluorescence signals for CPP/Gal-
PNPs and Pep/Gal-PNPs than PNPs at pH 6.8, whereas Pep/Gal-PNP
fluorescence decreased markedly at pH 7.4, in contrast with no change
in the other groups (Fig. 4a). The quantitative analysis revealed that
cellular uptake of insulin in Pep/Gal-PNPs was 2.6-fold higher at pH 6.8
than at pH 7.4 and almost 4.7-fold higher than that of PNPs (Fig. 4b). In
contrast, free insulin could hardly be taken up by cells (Supplementary
Fig. 13). These results indicated that Pep was exposed on the surface in
response to mildly acidic pH and promoted the endocytosis of Pep/
Gal-PNPs, leading to the intracellular delivery of insulin.

To better understand the effect of surface ligands on cellular
uptake, the endocytosis mechanism of Pep/Gal-PNPs at different pH
values was investigated. The uptake of Pep/Gal-PNPs was significantly
decreased at 4°C, suggesting that the endocytosis pathway was
energy-dependent (Supplementary Fig. 14). To further interrogate the

mechanism, the endocytic inhibitors amiloride (macropinocytosis),
chlorpromazine (clathrin-mediated endocytosis), and filipin (caveolae-
mediated endocytosis) were used. Pep/Gal-PNP internalization by
Caco-2 cells markedly decreased (to 49.6%) upon pretreatment with
amiloride compared to control at pH 7.4, whereas no significant dif-
ference was observed at pH 6.8 (Supplementary Fig. 14). Compared to
the control, chlorpromazine significantly decreased the uptake of Pep/
Gal-PNPs to 39.7% at pH 6.8 and 61.6% at pH 7.4, respectively. By
contrast, filipin had negligible effects on Pep/Gal-PNP uptake (Sup-
plementary Fig. 14). These results revealed that ligand-switchable Pep/
Gal-PNPs mainly adopted a clathrin-dependent endocytosis pathway at
pH 6.8, whereas macropinocytosis predominated once Pep folded and
got inactivated at physiological pH.

Intracellular trafficking and transcytosis of Pep/Gal-PNPs

After entering cells, nanoparticles are typically transferred from
endosomes to lysosomes for degradation®®. Thus, we used CLSM to
investigate the colocalization of nanoparticles with lysosomes. Inter-
estingly, all the PNP, CPP/Gal-PNP, and Pep/Gal-PNP groups showed
weak colocalization signals with lysosomes after incubation for 2h
(Fig. 4c), suggesting the capture of few nanoparticles. The hemolytic
assay demonstrated the membrane-disrupting capabilities of CPP/Gal-
PNPs and Pep/Gal-PNPs. Moreover, histidine protonation in Pep could
also promote the release of Pep/Gal-PNPs from the lysosome?’. Overall,
these results indicated that Pep/Gal-PNPs could escape from lyso-
somes during intracellular trafficking, thereby protecting encapsu-
lated insulin from degradation.

As Pep/Gal-PNPs appeared to remain intact intracellularly, the
transcytosis efficiency of insulin by different formulations was next
investigated. Pep/Gal-PNPs exhibited the highest apparent perme-
ability coefficient (P,pp) (9.62+1.34 x 10°cms™) at pH 6.8, repre-
senting a 2.9-fold increase over that at pH 7.4 (Fig. 4d). In contrast, the
P,pp values of PNPs and CPP/Gal-PNPs were not significantly different
at pH 6.8 and 7.4 (Fig. 4d), and free insulin showed little transport
across Caco-2 cells (Supplementary Fig. 13). The lack of a significant
reduction in the transepithelial electrical resistance (TEER) of cells
during transcytosis further confirmed that the nanoparticles under-
went transcellular transport without opening the tight junctions of
cells (Supplementary Fig. 15). Together, the results suggested that
ligand-switchable Pep/Gal-PNPs promoted transcytosis of encapsu-
lated insulin under mildly acidic conditions.

We next ascertained whether Pep/Gal-PNPs maintained structural
integrity after exiting cells. FITC and RITC were encapsulated simul-
taneously in Pep/Gal-PNPs (FITC/RITC@NP) that were then incubated
with cells for 2h. An intense FRET spectrum was detected in the
basolateral medium, suggesting that Pep/Gal-PNPs remained intact
after exocytosis; this result was further confirmed by the cryo-TEM
image (Fig. 4e). Then, we determined if the Pep still reserved pH sen-
sitivity. The Edans- and Dabcyl-labeled Pep was used to prepare Pep/
Gal-PNPs (Edans-Pep-Dabcyl-NP) which were incubated with cells and
then collected from the basolateral medium. The emission intensity of
these recovered Edans-Pep-Dabcyl-NP decreased markedly after the
pH increased from 6.8 to 7.4 (Fig. 4f), yielding similar results as the
FRET assay of Pep. These results demonstrated that Pep/Gal-PNPs
remained unchanged during transepithelial transport, increasing the
possibility of subsequent site-specific targeting.

Selectivity of Pep/Gal-PNPs for hepatocytes

After verifying that Pep could facilitate the uptake of Pep/Gal-PNPs by
intestinal epithelium, we further explored the functions of Gal ligands.
Asialoglycoprotein receptors (ASGPRs) expressed on hepatocytes can
specifically recognize Gal residues®™. Therefore, the human fetal
hepatocytes (LO2 cells) that expressed high levels of ASGPRs (Sup-
plementary Fig. 16) were used as the cell model to study the interaction
of Pep/Gal-PNPs with hepatocytes. Moreover, the Pep/Gal-PNPs
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labeled Pep-modified Pep/Gal-PNPs (Edans-Pep-Dabcyl-NP) collected from the
basolateral medium at different pH values. g CLSM images of Pep/Gal-PNPs binding
to LO2 cells. +Gal: in the presence of free galactose. Scale bar: 10 pm. h The colo-
calization of Pep/Gal-PNPs with ASGPRs on LO2 cells at different pH values. Scale
bar: 10 pm. i Western blot analysis of p-AKT levels in LO2 cells after incubation with
free insulin or insulin-loaded Pep/Gal-PNPs at pH 7.4 for the indicated time. The
numbers represent the quantitative results of p-AKT levels normalized to GAPDH
levels. The samples derived from the same experiment and blots were processed in
parallel. j Schematic illustration of signaling in LO2 cells after exposure to Pep/Gal-
PNPs at physiological pH. Source data are provided as a Source Data file.

exhibited negligible toxicity on LO2 cells (Supplementary Fig. 17).
CLSM results indicated that Pep/Gal-PNPs exhibited strong fluores-
cence on LO2 cells regardless of pH (Fig. 4g). However, upon pre-
incubation of the cells with free Gal, Pep/Gal-PNP fluorescence
decreased markedly at pH 7.4 but not at pH 6.8 (Fig. 4g), indicating the
important role of Gal in binding to LO2 cells. In contrast, the addition
of Gal had no impact on PNP or CPP/Gal-PNP fluorescence at pH 6.8 or
7.4 (Supplementary Fig. 18). It might be ascribed to the non-selective
cell-penetrating ability of CPP, which would enable the deposition of
CPP/Gal-PNPs on hepatocytes regardless of pH. Then, we investigated
the colocalization of Pep/Gal-PNPs with ASGPRs on LO2 cells and

found greater colocalization at pH 7.4 than at pH 6.8 (Fig. 4h).
Accordingly, these results demonstrated that physiological pH trig-
gered the ligand switching on the Pep/Gal-PNP surface to present Gal
that specifically bound with ASGPRs on hepatocytes. As the hepatocyte
is the main site for endogenous insulin to take effect®, Pep/Gal-PNPs
could precisely deliver encapsulated insulin to the aimed sites.

Intracellular signaling upon Pep/Gal-PNPs binding

The cellular effects of insulin are initiated at the cell membrane by
binding to the insulin receptor (IR), which can stimulate the intracel-
lular PI3K/AKT pathway and elicit the phosphorylation of AKT
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(p-AKT)*°. Thus, as an increase in intracellular p-ATK levels indicates
the activation of IR-related signaling pathways, we investigated p-AKT
levels in LO2 cells to evaluate the signaling potential of insulin deliv-
ered by Pep/Gal-PNPs. In this experiment, LO2 cells exposed to insulin-
loaded Pep/Gal-PNPs at pH 7.4 showed a gradual increase over time in
intracellular p-AKT levels, reaching the same level as the free insulin
group after 2h of treatment (Fig. 4i). We deduced that insulin was
continuously released from Pep/Gal-PNPs and activated downstream
intracellular pathways by binding to IR.

To further analyze the intracellular effects of insulin-loaded Pep/
Gal-PNPs, modified pulse-chase p-AKT assays® were conducted to
determine the sustained effect of these nanoparticles on LO2 cells, as
previously reported. In this experiment, LO2 cells were first pulsed
with free insulin and insulin-loaded Pep/Gal-PNPs for 30 min, then
washed and chased by incubation in insulin-free DMEM. The results
revealed that 4 h after the Pep/Gal-PNPs were removed, the cells still
expressed high p-AKT levels, whereas p-AKT could not be detected in
free insulin group after discarding the insulin solution (Supplementary
Fig. 19). These results demonstrated that intracellular AKT phosphor-
ylation is induced mainly by insulin released from cell-bound Pep/Gal-
PNPs due to the Gal-ASGPRs interaction. In summary, the ligand-
switchable Pep/Gal-PNPs bound to LO2 cells via interactions between
the exposed Gal and ASGPRs at physiological pH, whereby they served
as an insulin reservoir for the sustained activation of intracellular IR-
related signaling pathway (Fig. 4j).

In vivo intestinal absorption of Pep/Gal-PNPs

To investigate intestinal absorption of Pep/Gal-PNPs, the real-time
transport of nanoparticles into intestinal villi of rats was studied using
two-photon microscopy (TPM), which offers higher imaging depth
with less photodamage®. After treatment for 30 min, much stronger
Pep/Gal-PNP fluorescence was observed in intestinal villi at pH 6.8 than
at pH 7.4. By contrast, similar intense CPP/Gal-PNP fluorescence was
observed at pH 6.8 and 7.4 (Fig. 5a). However, non-functionalized PNPs
consistently exhibited weak fluorescence signals in intestinal villi
(Supplementary Fig. 20). CLSM images of intestinal sections further
confirmed the greater intestinal absorption of Pep/Gal-PNPs at pH 6.8.
FITC and RITC were simultaneously encapsulated in Pep/Gal-PNPs,
and the colocalization of these two signals revealed the structural
integrity of these nanoparticles (Fig. 5a). Quantitative analysis revealed
that the relative integrated density of Pep/Gal-PNPs was 3.6-fold higher
at pH 6.8 than at pH 7.4, but no significant difference was detected for
CPP/Gal-PNPs (Fig. 5b). These results confirmed the better intestinal
absorption of intact Pep/Gal-PNPs at the simulated intestinal pH, which
was conducive to further delivering encapsulated drugs to the specific
target sites.

In vivo liver accumulation and selectivity of Pep/Gal-PNPs

After crossing intestinal barriers, Pep/Gal-PNPs could enter systemic
circulation via portal vein at physiological pH. Therefore, we further
investigated the tissue distribution of Pep/Gal-PNPs in vivo. At 4 h after
oral administration of FITC-labeled nanoparticles to rats, the Pep/Gal-
PNP fluorescence intensity in liver homogenates was much higher than
in other organs, which was 1.66-fold higher than that of CPP/Gal-PNP
group (Fig. 5¢). The amount of Pep/Gal-PNPs accumulated in the liver
and kidney was almost 71.9% + 3.7% and 12.5% * 1.5% of the total
absorption. In contrast, the ratio of CPP/Gal-PNPs that accumulated in
the kidney increased to 23.0% + 4.0% (Supplementary Fig. 21). Addi-
tionally, we imaged the organs of rats using an in vivo imaging system
(IVIS) to observe the biodistribution of nanoparticles directly. Pep/Gal-
PNPs showed relatively more intense fluorescence in the liver com-
pared with other organs, whereas CPP/Gal-PNPs exhibited strong
fluorescence in the liver, lungs, and spleen (Fig. 5d). In contrast, PNPs
showed weak fluorescence in all organs except the intestine (Supple-
mentary Fig. 22), indicating limited nanoparticles transported across

intestinal barriers. Overall, these results suggested that the Pep/Gal-
PNPs mainly accumulated in the liver.

To further confirm that Pep/Gal-PNPs can specifically target the
liver, the colocalization of nanoparticles with ASGPRs on hepatocytes
in liver sections was detected using CLSM after immunofluorescence
staining. Greater colocalization with ASGPRs was observed for Pep/
Gal-PNPs than for CPP/Gal-PNPs (Fig. 5e). The colocalization coefficient
(R) was calculated to be 0.03 for CPP/Gal-PNP group and 0.32 for Pep/
Gal-PNP group, representing a 10.7-fold increase. In contrast, PNPs
exhibited weak fluorescence in liver sections with little colocalization
signals (Supplementary Fig. 23). The limited colocalization of CPP/Gal-
PNPs with ASGPRs was mainly attributed to the non-selectivity of CPP,
which compromised the targeting efficiency of Gal and allowed the
nanoparticles to be captured by other liver cells (e.g., endothelial and
Kupffer cells) and organs. In contrast, on the surface of Pep/Gal-PNPs,
Gal was deshielded at physiological pH since Pep folded, enabling
specific Gal binding to ASGPRs on hepatocytes.

In vivo ligand-switching features of Pep/Gal-PNPs

To clarify the sequential intestinal barrier-crossing and liver-targeting
abilities of Pep/Gal-PNPs, we further studied in vivo surface ligand-
switching on Pep/Gal-PNPs by applying the FRET technique. A FRET
pair, the carboxyfluorescein (FAM) as the donor and the carboxyte-
tramethylrhodamine (TAMRA) as the acceptor, was conjugated to
amino acid side groups of N- and C-termini of Pep, respectively. The
FRET pair-labeled Pep was further applied to prepare the Pep/Gal-PNPs
(FR-Pep/Gal-PNPs). Rat intestine and liver segments were isolated at2 h
and 4 h, respectively, after the oral administration of FR-Pep/Gal-PNPs,
and the FRET efficiency of the nanoparticles was detected. Although
FR-Pep/Gal-PNPs exhibited strong fluorescence in the intestine, the
FRET efficiency remained relatively low (approximately 11.6%) (Fig. 5f),
highlighting the stretched structure of the Pep. By contrast, the FRET
efficiency of FR-Pep/Gal-PNPs was markedly increased in the liver, with
a nearly 5-fold increase in efficiency compared with the intestine.
Consistent with the in vitro results, the in vivo FRET findings further
confirmed that Pep underwent structural changes in response to
environmental pH along the oral route from the intestine to the liver,
enabling the switching of functional surface ligands on Pep/Gal-PNPs.

Visualization of the systemic delivery route of Pep/Gal-PNPs

in vivo

To thoroughly examine in vivo delivery route of Pep/Gal-PNPs after
oral administration, FITC-labeled Pep/Gal-PNPs were visualized in the
intestine and liver of a living rat using the confocal laser endomicro-
scopy (CLE). Widespread green fluorescence of Pep/Gal-PNPs was
detected in small intestine villi 2 h after administration (Fig. 6a, top
row), indicating efficient intestinal absorption of the nanoparticles.
After 4 h, marked Pep/Gal-PNP accumulation was observed in the liver,
as indicated by the intense fluorescence (Fig. 6a, bottom row). More-
over, Pep/Gal-PNP fluorescence was observed to gradually increase
from blood vessels to hepatocytes in the deep scan images (Fig. 6a,
denoted by arrows). We speculated that fenestrations in liver sinu-
soidal endothelial cells®® enabled Pep/Gal-PNPs to traverse hepatic
vessels and reach hepatocytes. Collectively, these results confirmed
that ligand-switchable Pep/Gal-PNPs could sequentially transit across
intestinal barriers and accumulate in the liver to deliver insulin to
hepatocytes.

In vivo hypoglycemic efficacy

In the culmination of seeing that the Pep/Gal-PNPs arrive at the liver
and deliver insulin to hepatocytes, we further investigated whether
these nanoparticles would lead to an effective physiological response.
As an indicator of the pharmacodynamic (PD) profile of insulin-related
formulations, the hypoglycemic effect was evaluated in type I diabetic
rats based on the blood glucose level (BGL) after dosing. The BGL of
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Fig. 5| In vivo sequential intestinal absorption and liver accumulation of Pep/
Gal-PNPs. a Two-photon microscopy (TPM) images show the absorption of nano-
particles in intestinal villi. Scale bar: 100 pm. Confocal laser scanning microscopy
(CLSM) images of intestinal villus sections. Scale bars: intestinal slice images, 200
pm; enlarged images, 50 pm. b Quantitative analysis of the absorption of nano-
particles in intestinal villi. Data are presented as the mean + SD (n = 3 biologically
independent experiments). n.s., not significant, **p = 0.0004, two-tailed Student’s
t-test. ¢ The fluorescence intensity of different tissue homogenates prepared from
rats 4 h after the oral administration of FITC-labeled nanoparticles. Data are

presented as the mean + SD (n = 3 biologically independent experiments).

***p =0.0008, two-tailed Student’s t-test. d The accumulation of nanoparticles in
major rat organs as imaged by in vivo imaging system (IVIS). Ctrl: rats treated with
PBS. The color bar indicates the radiant efficiency x 10’ p s cm™ sr™. e The colo-
calization of nanoparticles with ASGPRs in liver sections. R: colocalization coeffi-
cient. Scale bar: 20 um. f The distribution and FRET efficiency of FAM/TAMRA-
labeled Pep-modified Pep/Gal-PNPs (FR-Pep/Gal-PNPs) in intestine and liver seg-
ments prepared from rats 2 h and 4 h after oral administration, respectively. Scale
bar: 50 pm. Source data are provided as a Source Data file.

diabetic rats treated subcutaneously with free insulin dropped sharply
to approximately 15.7% of the initial level at 3 h post-administration
and then gradually returned to the basal level (Fig. 6b). Notably, wild
fluctuations in blood glucose can cause severe side effects®. In con-
trast, insulin-loaded nanoparticles yielded more moderate and pro-
longed hypoglycemic effects (Fig. 6b). Pep/Gal-PNPs generated the
most pronounced hypoglycemic effect among the three nanoparticle
formulations, reaching a minimum BGL of 23.2% of the initial level at
8 h post-administration (Fig. 6b). Moreover, the BGL of rats treated

with Pep/Gal-PNPs remained within the normal range for 7 h (Supple-
mentary Fig. 24). Correspondingly, Pep/Gal-PNPs were calculated to
achieve the highest pharmacological availability (PA) of 10.1% (Sup-
plementary Table 2).

Subsequently, the pharmacokinetic (PK) profiles of different for-
mulations were investigated based on the serum insulin concentration
over time. Consistent with the PD results, diabetic rats treated with
subcutaneous insulin showed a sharp increase in peripheral serum
insulin, which reached the maximum 1h post-injection and rapidly
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Fig. 6 | In vivo trafficking, hypoglycemic effects, and toxicity of nanoparticles.
a Confocal laser endomicroscopy (CLE) images of intestine villi (top row) and liver
lobe (bottom row) from a rat after oral administration of FITC-labeled Pep/Gal-
PNPs. Scale bar: 100 pm. The color bar indicates the fluorescence intensity (a.u.).
b Blood glucose levels over time in type I diabetic rats treated with different for-
mulations. Data are presented as the mean +SD (n = 6 biologically independent
rats). *p =0.0054 at 5 h, *p = 0.0129 at 6 h compared with the CPP/Gal-PNP group,
two-way analysis of variance (ANOVA) with Tukey’s post-hoc test. ¢ Peripheral
serum insulin levels over time in diabetic rats treated with different formulations.
Data are presented as the mean + SD (n = 6 biologically independent rats).
*p=0.0316 at 2 h, ***p < 0.0001 at 4 h compared with the CPP/Gal-PNP group, two-
way analysis of variance (ANOVA) with Tukey’s post-hoc test. d Relative hepatic
glycogen content (HGC) in healthy rats treated with PBS (N); diabetic rats treated
with PBS (D), insulin (INS), and insulin-loaded nanoparticle formulations (PNP, CPP/
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Gal-PNP, and Pep/Gal-PNP). Data are presented as the mean + SD (n = 6 biologically
independent rats). n.s., not significant, ***p < 0.0001 compared with the Pep/Gal-
PNP group, one-way analysis of variance (ANOVA) with Tukey’s post-hoc test.

e Images of periodic acid-Schiff (PAS) staining of liver sections. The black arrows
denote synthesized glycogen. Scale bar: 100 um. f Average body weight of healthy
rats treated with PBS (Ctrl) and nanoparticle formulations every day for a week.
Data are presented as the mean + SD (n = 6 biologically independent rats).

g, h Serum ALT and AST levels in rats treated with different formulations. Data are
presented as the mean + SD (n = 6 biologically independent rats). n.s., not sig-
nificant compared with the Ctrl group, two-tailed Student’s ¢-test. i Images of
hematoxylin and eosin (H&E) staining of intestine and liver sections from rats
treated with different formulations. Scale bar: 100 um. Source data are provided as
a Source Data file.

decreased to baseline in the following 3 h (Fig. 6¢). Compared with the
other nanoparticle formulations, Pep/Gal-PNPs achieved a con-
siderably higher concentration of insulin at 4 h post-administration
(Fig. 6¢) and reached the highest relative oral bioavailability of insulin
at 7.7% (Table 1). Notably, this result is comparable to some PLGA-
based oral insulin nanoparticles®.

In vivo hepatic glucose utilization studies
It has been reported that direct insulin delivery to the liver could
promote hepatic glucose utilization and glycogen production in

diabetes”. Therefore, we evaluated hepatic glycogen storage in dia-
betic rats treated with different formulations. Quantitative analysis
results indicated that orally administered insulin-loaded Pep/Gal-PNPs
induced the highest level of liver glycogen synthesis, with a relative
hepatic glycogen content (HGC) approximately 7.2-, 1.9- and 2.7-fold
higher than that in the diabetic rats (D group), subcutaneous injection
of insulin (INS group) and CPP/Gal-PNP group (Fig. 6d). Surprisingly,
the Pep/Gal-PNP group had a hepatic glycogen level similar to that of
the normal rats (N group) (Fig. 6d). Moreover, the glycogen synthesis
in rats was directly observed by using periodic acid-Schiff (PAS)
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Table 1| Pharmacokinetic parameters of different insulin formulations following oral or subcutaneous administration to

diabetic rats

Insulin (s.c.) Insulin (i.g.) PNP (i.g.) CPP/Gal-PNP (i.g.) Pep/Gal-PNP (i.g.)
Dose (IU kg™ 5 75 75 75 75
AUC (uIU*h mL™? 182.2+7.1 1.0+1.0 41.6+6.0 159.4+10.4 210.6£14.9
Tonax (h)° 1 4 4 4 4
F (%)° 100 0.4 15 5.8 7.7

2AUC: area under the peripheral serum insulin level versus time curve; °Tr,a,: time at which the maximum plasma insulin level was reached; ° F: relative bioavailability. s.c., subcutaneous; i.g.,

intragastric (oral).
Data are presented as the mean +SD (n=6).

staining. The D group presented depleted glycogen levels in the liver
compared to the N group, and this depletion was hardly improved by
treatment with PNPs (Fig. 6e). In contrast, large amounts of hepatic
glycogen were detected in the Pep/Gal-PNP group compared with INS
and CPP/Gal-PNP groups (Fig. 6e).

Since the insulin-loaded Pep/Gal-PNPs largely accumulated in the
liver, we further demonstrated that these nanoparticles elicited the
highest portal serum insulin levels among the formulations (Supple-
mentary Fig. 25). Notably, the area under the curve (AUC) of the portal
serum insulin level in Pep/Gal-PNP group was 4.1-fold higher than in the
subcutaneous insulin group (Supplementary Table 3). Moreover,
through simultaneously analyzing the peripheral and portal serum
insulin levels in the same rats, the results indicated Pep/Gal-PNPs
produced a -4.2-fold increase in insulin level exposed to the liver than
periphery (Supplementary Fig. 26), mimicking the biodistribution of
endogenous insulin®. In contrast, this insulin gradient was lost in rats
following subcutaneous insulin administration, which exhibited higher
insulin concentration in the peripheral circulation and might cause
hypoglycemia events. Additionally, we further calculated the hepatic
insulin availability (Fj,) of Pep/Gal-PNPs, and the results indicated it was
significantly higher than their peripheral insulin bioavailability (19.9%
vs. ~7%) (Supplementary Fig. 26). These results demonstrated that the
Pep/Gal-PNPs could promote hepatic glycogen production in diabetic
rats through elevating intrahepatic insulin exposure. In summary, we
developed the reasonable hypothesis that ligand-switchable Pep/Gal-
PNPs underwent efficient intestinal absorption to enable the sub-
sequent hepatic deposition of insulin, which replicated the endogen-
ous insulin pathway to reestablish a high portal-periphery insulin
gradient, thereby promoting the conversion of blood glucose into
glycogen for storage and maintaining glucose homeostasis.

In vivo toxicity analysis

Finally, the in vivo toxicity of the Pep/Gal-PNPs was assessed by mon-
itoring the body weight of rats after the oral administration of nano-
particles every day for a week. In these studies, the administration dose
of nanoparticles (1000 mgkg™) was about 20-fold higher than their
effective dose (50 mgkg™). The results showed no significant differ-
ences in the body weight of rats in the experimental groups compared
to the control group (Fig. 6f). As an indicator of potential liver toxicity,
serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were detected in the experimental and control groups.
Importantly, serum ALT and AST levels were within the normal range
(ALT: 10 to 40 IU L% AST: 50 to 150 IU L™)* for rats in all groups
(Fig. 6g, h). Moreover, hematoxylin and eosin (H&E) staining revealed
no histological damage in the intestine or liver of experimental rats
compared with control rats (Fig. 6i, Supplementary Fig. 27). These
results demonstrated that Pep/Gal-PNPs were biocompatible in vivo
and thus suitable for oral insulin delivery.

Discussion

Drug delivery systems with multiple functions are required to traverse
complex physiological environments and target specific sites. Despite
dual-ligand modified vehicles having been widely applied to meet

these demands, mutual interference between surface ligands might be
an important factor limiting their functionalities and thus resulting in
low in vivo drug delivery efficiency®’. Here, we rationally designed
multifunctional nanoparticles (Pep/Gal-PNPs) with simultaneous
modification of dual ligands. The Pep ligands on Pep/Gal-PNPs
underwent conformational changes which extend from the surface at
simulated intestinal pH (6.8) and folding at physiological pH (7.4), as
demonstrated in in vitro and in vivo studies. Moreover, the AFM results
indicated that the other Gal ligands on Pep/Gal-PNPs could be exposed
on surface as the Pep folded at physiological pH. Therefore, the Pep/
Gal-PNPs could switch dual-functional ligands to avoid their inter-
ference by adjusting conformations of Pep in response to environ-
mental pH. Likewise, viruses coordinate diverse surface proteins by
responsively modulating their conformations, thereby enabling
sequential functions that support efficient invasion. In that way, the
Pep/Gal-PNPs share similarities with viral unique surfaces. Compared
with the reported virus-mimicking nanocarriers with virion compo-
nents which might cause concerns of immunogenicity issues®, the
Pep/Gal-PNPs appear as a safer option. Although the nanoparticles
could not emulate major functions of viruses (i.e., replication and
tropism), the changes in surface functionalities and the subsequent full
display of diverse functions make it similar to some enveloped viruses.

The ligand-switchable Pep/Gal-PNPs demonstrated the potential
to sequentially exert functions of diverse surface ligands triggered by
pH variations along the delivery route from the intestine to the liver
after oral administration. Meanwhile, the Pep/Gal-PNPs could maintain
stability in the harsh physiological environment due to the protection
of the PEG layer. First, the Pep adopted a stretched conformation and
got activated at simulated intestinal pH, which increased its exposure
on the surface and promoted the intestinal absorption of Pep/Gal-
PNPs. The results of cellular experiments and two-photon microscopy
examination demonstrated that Pep/Gal-PNPs could efficiently over-
come intestinal barriers which typically functions as the first line of
defense to restrict nanoparticles from entering blood circulation®**°.
Then, after traversing the intestinal barriers, most of the nanoparticles
are delivered to the portal vein, which harbors a physiological pH.
Therefore, Gal was deshielded on the surface of Pep/Gal-PNPs as Pep
folded in this microenvironment. Although most nanoparticles inevi-
tably reach the liver after oral administration, Pep/Gal-PNPs could
selectively target hepatocytes through the binding of Gal to ASGPRs on
cells which is comparable to that of previously reported Gal-modified
nanoparticles*. In contrast, although CPP/Gal-PNPs modified with the
cell-penetrating segment of Pep exhibited similar enhanced intestinal
absorption efficiency, they lacked cell specificity in the liver and
increased the accumulation ratios in other organs, which was attrib-
uted to their non-switchable surface ligands. Taken together, the
ligand-switchable nature of Pep/Gal-PNPs could realize the full
potential of the dual surface ligands, ultimately delivering encapsu-
lated drugs to hepatocytes in the liver with high efficiency. Though the
pH-responsive cell-penetrating peptides have been studied in previous
publications*?, we thoroughly characterized their conformational
changes and stretchable structures and applied them to develop
multifunctional ligand-switchable nanocarriers, which have not been
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reported previously. Moreover, it is noteworthy that this work pre-
sents a promising strategy to fully exert diverse functions of dual
surface ligands on nanocarriers, which is distinct from reported ligand-
switchable nanocarriers that hide the ligands until reaching the spe-
cific sites****,

As a proof-of-concept, we utilized insulin as the model drug. In
vivo therapeutic assessments revealed that the insulin-loaded Pep/Gal-
PNPs elicited a sustained and strong hypoglycemic response in dia-
betic rats. Moreover, the insulin-loaded Pep/Gal-PNPs could increase
insulin deposition in the liver and restore the liver-periphery insulin
gradient in diabetes. It has been reported that the liver is exposed to
approximately 2- to 4-fold higher concentrations of endogenous
insulin than peripheral tissues (such as brain and fat) under normal
circumstances®. However, this physiological distribution would be
disrupted by conventional subcutaneous injection of insulin, which
may lead to peripheral hyperinsulinemia and severe hypoglycemia®.
Additionally, the hepatoselective insulin analogues could elicit overly
hepatic insulinization and lead to abnormal hepatic lipid accumulation
which might increase the risk of liver steatosis**. In comparison, the
Pep/Gal-PNPs could mimic the biodistribution of endogenous insulin
by actively targeting insulin to the liver, simultaneously maintaining
optimal insulinization in the liver and the periphery. Therefore, Pep/
Gal-PNPs show advantages for effective diabetes treatment and reduce
the risk of adverse effects compared with hepatoselective insulin
analogues”.

Furthermore, we investigated the mechanism of action of the
insulin-loaded Pep/Gal-PNPs on the liver. In this study, we showed that
insulin-loaded Pep/Gal-PNPs could sustainably activate PI3K/AKT sig-
naling pathway in hepatocytes that regulate glucose utilization and
glycogen storage*®. Therefore, these results reminded us that insulin-
loaded Pep/Gal-PNPs had the potential to promote hepatic glycogen
synthesis. Although oral insulin therapy is generally considered to have
advantages in promoting hepatic glycogen synthesis*’, these findings
explicate that intracellular mechanism. Correspondingly, our animal
experiments further demonstrated that compared with the conven-
tional subcutaneous injection of insulin, orally administered insulin-
loaded Pep/Gal-PNPs showed greater efficacy in promoting the liver to
take up and store glucose as glycogen due to superior liver selectivity.
Surprisingly, the hepatic glycogen level in Pep/Gal-PNP-treated dia-
betic rats was similar to that in healthy rats, suggesting that this
treatment could potentially correct defects in glucose metabolism in
diabetes. Most recent studies of oral insulin therapy mainly focus on
lowering blood glucose. However, dramatic fluctuations in BGLs are
more deleterious than stable high glucose concentrations*. The liver
glycogen plays a critical role in defending against hypoglycemia®®.
Whereas, hepatic glycogen storage is impaired in diabetes, which
restricts the ability of hepatocytes to respond appropriately to glucose
levels”. Therefore, Pep/Gal-PNPs have the potential to maintain gly-
cemic homeostasis rather than merely lowering BGL in the context of
diabetes. The outcomes of this study emphasize the importance of
hepatic glycogen for diabetes management, and the ligand-switchable
Pep/Gal-PNPs may represent a significantly improved oral insulin
therapy.

In summary, we have rationally developed ligand-switchable
nanoparticles (Pep/Gal-PNPs) that realize the full potential of diverse
surface ligands in response to environmental pH, resembling the
unique surface features of viruses. Pep/Gal-PNPs sequentially over-
come intestinal barriers and target insulin to the liver in response to
variations in pH after oral administration, thereby promoting hepatic
glycogen production to maintain glucose homeostasis as improved
oral insulin therapy. Moreover, this study provides a promising strat-
egy for the effective functionalization of nanocarriers with diverse
ligands, which exhibit tremendous potential for a broad range of drug-
delivery applications in the future, such as biomacromolecules and
antitumor drugs.

Methods

Experimental reagents

Poly (D, L-lactide-co-glycolide)-carboxylic acid (PLGA-COOH, LA/GA
molar ratio 50:50, Mw ~15,000 Da) was purchased from Daigang Bio-
material Co., Ltd. (Jinan, China) and the PLGA-maleimide (PLGA-Mal,
LA/GA molar ratio 50:50, Mw ~15,000 Da) was synthesized by Ruixi
Biological Technology Co., Ltd. (Xi’an, China). Diamino-poly (ethylene
glycol) (NH,-PEG-NH,, Mw -1,000 Da) was purchased from Ponsure
Biological Technology Co., Ltd. (Shanghai, China). The pH-triggered
stretchable cell-penetrating peptide (Pep) and FRET pair-labeled Pep
was synthesized by BankPeptide Biological Technology Co., Ltd.
(Hefei, China). Human insulin was the gift received from Novo Nordisk
A/S. Fluorescein isothiocyanate (FITC), 3-(4, 5-Dimethyl-2-thiazolyl)-2,
5-diphenyl-2H-tetrazolium bromide (MTT), rhodamine isothiocyanate
(RITC), 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI), radioimmunoprecipitation assay (RIPA), Lyso-Tracker red and
bicinchoninic acid (BCA) Protein Assay Kit were all purchased from
Meilun Biotechnology Co., Ltd. (Dalian, China). Hoechst 33258,
Hoechst 33342, and Alexa 647 labeled goat anti-rabbit IgG were pur-
chased from Yeasen Biotechnology Co., Ltd. (Shanghai, China). Anti-
ASGPR rabbit polyclonal antibody (pAb), anti-GAPDH mouse pAb,
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG, and
HRP-conjugated goat anti-mouse IgG were all purchased from Sangon
Biotechnology Co., Ltd. (Shanghai, China). Phospho-AKT (Ser473)
rabbit monoclonal antibody (mAb) was purchased from Bimake Co.,
Ltd. (Houston, USA). Human insulin ELISA kits were purchased from
Mercodia (Uppsala, Sweden), glycogen ELISA kits were purchased
from Solarbio Science and Technology Co., Ltd. (Beijing, China), and
ALT and AST assay kits were purchased from Nanjing Jiancheng
Bioengineering Co., Ltd. (Nanjing, China). All the other chemicals were
of analytical grade and were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

Cell culture

Caco-2 and LO2 cell lines were purchased from the American Type
Culture Collection (Manassas, USA). HT29-MTX-E12 (E12) cell line was
kindly provided by Novo Nordisk A/S (Denmark). Caco-2 and LO2 cells
were maintained in Dulbecco’s Modified Eagle medium (DMEM) with
5% (v/v) fetal bovine serum (FBS), 1% penicillin, and streptomycin (100
IU mL™) at 37°C in 5% CO,. E12 cells were maintained in DMEM with
10% (v/v) FBS, 1% (v/v) nonessential amino acids, 1% penicillin, and
streptomycin (100 IU mL™) at 37 °C in 5% CO,.

Animal care

Male Sprague-Dawley (SD) rats (200-220 g) were provided by the
Animal Experiment Center of Shanghai Institute of Materia Medica
(Shanghai, China). All animal experiments were conducted following
the Institutional Animal Care and Use Committee (IACUC) guidelines
of the Shanghai Institute of Materia Medica (IACUC code: 2020-05-GY-
58). To induce type I diabetes, the rats were fasted overnight before
studies but allowed free access to water, and then injected intraper-
itoneally with 10 mM streptozotocin at a dose of 65 mgkg™. The rats
with fasting blood glucose levels higher than 300 mg dL™ were regar-
ded as diabetic.

Characterization of pH-triggered stretchable Pep

First, the synthesized Pep was dissolved in a mixture of water/acet-
onitrile/acetic acid (87:8:5) and analyzed via electrospray ionization
mass spectrometry (ESI-MS; QTRAP 4500, AB SCIEX, USA). Subse-
quently, 0.5 mg mL™ Pep was incubated in PBS at pH 3.0, 5.0, 6.0, 6.8,
7.0, 7.4, and 8.0. The secondary conformation of Pep under different
pH conditions was measured using circular dichroism (CD; J-810,
JASCO, Japan) and analyzed by Spectra Manager software (JASCO,
Japan). To investigate the structural changes in Pep in response to pH,
Pep was modified at the N- and C-termini with 5-[(2-aminoethyl)amino]
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naphthalene-1-sulfonic acid) (Edans) and 4-(4-dimethylaminopheny-
lazo)benzoic acid (Dabcyl) (a FRET pair), respectively. This FRET pair-
labeled Pep was suspended in PBS at different pH values with the final
concentration of 1mgmL™, and the FRET emission of the Pep at
340nm was measured by a microplate reader (Synergy HI,
BioTek, USA).

Synthesis of PLGA-Pep polymers

The Pep was covalently bound to the PLGA-Mal polymers based on the
Michael-type addition reaction. A cysteine was introduced to the
C-terminal of the Pep to offer a thiol group that could react with the
maleimide group of the PLGA-Mal polymers. Concisely, the PLGA-Mal
(750 mg, 0.05 mmol) and Pep (200 mg, 0.05 mmol) were dissolved in
N, N-dimethylformamide (DMF, 4 mL) and stirred overnight at room
temperature. Then the final solution was purified by dialysis (Mw
cutoff: 10 KDa) against deionized water, and the final solution was
lyophilized to obtain the PLGA-Pep polymers. The polymers were
dissolved in hexadeuterodimethyl sulfoxide (DMSO-dé6) and analyzed
by 'H NMR spectroscopy (Avance Il 500, Bruker, Switzerland).

Synthesis of PLGA-PEG-Gal polymers

The PLGA-PEG-Gal polymers were synthesized by conjugating NH,-
PEG-Gal (Supplementary Method 4) with PLGA-COOH. The PLGA-
COOH (423 mg, 0.028 mmol) was first dissolved in 2 mL DMSO, fol-
lowed by adding 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC, 28 mg, 0.14 mmol) and N-hydroxysuccinimide (NHS, 16 mg,
0.14 mmol). After stirring for 15min, the NH,-PEG-Gal (34 mg,
0.028 mmol) was added and continued to react overnight. The
resulting solution was purified by the method mentioned above. The
obtained PLGA-PEG-Gal polymers were dissolved in DMSO-d6 and
analyzed by 'H NMR spectroscopy.

Preparation and characterization of nanoparticles
The nanoparticles, including PNPs, Pep-PNPs, Gal-PNPs, CPP/Gal-PNPs,
and Pep/Gal-PNPs, were prepared using a modified double emulsion
and solvent evaporation method”. In brief, the functional polymers
were dissolved in 2mL of dichloromethane (DCM) as the organic
phase. Then, 0.2 mL of human insulin (dissolved in 0.01M HCI) or
aqueous sodium dodecyl sulfate (SDS, 0.05%, w/v) was emulsified with
the organic phase by sonication (100 W, 30 s) to prepare the primary
emulsion, which was subsequently added to 10 mL of 0.05% SDS and
sonicated under the same conditions. The residual organic solvent was
removed via vacuum evaporation. The nanoparticles were washed 3
times with PBS by centrifugation (9391 x g, 5 min) to remove unloaded
insulin. The insulin was replaced with FITC-insulin to prepare FITC-
labeled nanoparticles, or FITC and RITC in PBS (1mgmL™, 50 pL) were
added simultaneously to prepare FITC/RITC-labeled nanoparticles.
The size and zeta potential of nanoparticles suspended in PBS at
pH 3.0, 5.0, 6.0, 6.8, 7.0, 7.4, and 8.0 were measured using a Zetasizer
(Nano ZS, Malvern Instruments, UK). Nanoparticle morphology was
observed by cryogenic transmission electron microscopy (cryo-TEM;
TF20, FEI, USA) with an acceleration voltage of 200 kV. The nano-
particles were demulsified using acetonitrile, then the entrapment
efficiency (EE) and loading capacity (LC) of insulin in nanoparticles
were quantified by high-performance liquid chromatography (HPLC;
Agilent 1260, USA) and calculated using the following equation:

Total amount of insulin loaded — free insulin @

Loading capacity (LC%)= Total amount of insulin

Total amount of insulin loaded — free insulin
Nanoparticles weight

Entrapment efficiency (EE%) =

)

The conjugation efficiency of Gal, Pep, and CPP to the surface of
nanoparticles was measured using the resorcinol/sulfuric acid micro-
method and BCA assay, as previously reported?®.

Detection of nanoparticles by AFM

The nanoparticles were fixed on the silica substrate using our pre-
viously reported method*. Then, the substrate was immersed in buffer
at pH 7.4 and scanned via AFM (FastScan Bio, Bruker, Germany) using a
silicon probe (Bruker, Germany) at a rate of 1 Hz (256 samples per line)
at 37 °C. Then, the probe was lifted, and the medium was discarded and
replaced with buffer at pH 6.8 without moving the substrate. After
incubation for 10 min, the substrate was scanned repeatedly by AFM
under the same conditions. For the detection of ligand corona around
nanoparticles, more than 10 nanoparticles were carefully examined for
each group. Height-map images were handled for 3D reconstruction,
and the height profiles were processed by NanoScope Analysis soft-
ware (Bruker, Germany).

Cellular uptake studies on Caco-2 Cells

The Caco-2 cells were seeded on 24-well plates and cultured for 2 days.
The FITC-labeled nanoparticles were diluted with PBS (pH 6.8 or 7.4) to
maintain the same dose of encapsulated insulin at 20 ug mL™. The cells
were incubated with FITC-labeled nanoparticles for 2 h. Then the cells
were washed with PBS and disrupted by RIPA lysis buffer. The amount
of insulin in the lysate was detected using the microplate reader, and
the total protein was quantified by the BCA kit. For CLSM observation,
the Caco-2 cells were seeded on the microscope slides for 2 days. The
cells were incubated with FITC-labeled nanoparticles for 2 h. Then the
cells were washed, fixed with 4% paraformaldehyde, and stained with
DAPI for 10 min. The cellular uptake of nanoparticles was observed
using CLSM (FV1000, Olympus, Japan).

Intracellular fate of nanoparticles

In brief, the Caco-2 cells were stained with Hoechst 33342 and Lyso-
Tracker Red at 37 °C for 30 min. Then FITC-labeled nanoparticles at pH
6.8 and 7.4 were added to cells, which were incubated for another 2 h.
Afterward, the colocalization signals of nanoparticles with lysosomes
were imaged by CLSM.

Transcellular transport studies

To investigate the transcytosis efficiency of nanoparticles, the Caco-2
cells were seeded on the 12-well transwell plates and continuously
cultured for 21 days to mimic the intestinal epithelium monolayer. The
cells were incubated with FITC-labeled nanoparticles at pH 6.8 and 7.4,
respectively. Then, 0.2 mL of sample from the basolateral chamber was
removed at predetermined time intervals (0.5, 1, 1.5, 2 h), and an equal
amount of PBS was supplemented to maintain the volume. Meanwhile,
TEER values of cells were measured using an electrical resistance meter
(Millicell ERS-2, Millipore). The FITC-insulin was quantified using the
microplate reader, and the P,y values of insulin in different formula-
tions were calculated using the following equation:

dQ 1
Papp="g¢ * A, )

where dQ/dt is the flux of insulin from the apical to the basolateral
chamber, A is the diffusion membrane area (cm?), and Cg is the initial
concentration of insulin in the donor compartment.

FRET assays were conducted to evaluate the integrity and pH
sensitivity of the Pep/Gal-PNPs after exocytosis. The FITC/RITC-labeled
Pep/Gal-PNPs (FITC/RITC@NP) were incubated with Caco-2 cells at pH
6.8 for 2 h. Subsequently, the basolateral sample was collected, and the
FRET emission of the sample was detected at 450 nm by the microplate
reader. In addition, the Pep/Gal-PNPs collected from the basolateral
sample were also observed using cryo-TEM. The Edans/Dabcyl-labeled
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Pep was utilized to prepare Pep/Gal-PNPs (Edans-Pep-Dabcyl-NP) as
described above. After incubation with Caco-2 cells for 2 h, the baso-
lateral sample was collected and adjusted to pH 6.8 or 7.4, and then the
emission spectra of the sample were measured with an excitation
wavelength at 340 nm by the microplate reader.

Interaction of Pep/Gal-PNPs with hepatocytes

LO2 cells were seeded on microscope slides and cultured for 2 days.
The cells were incubated with FITC-labeled nanoparticles at pH 6.8 and
7.4 for 2h. To investigate the effect of Gal on the interaction of
nanoparticles with cells, LO2 cells were pretreated with 50 uM Gal for
1h at 37 °C before incubation with nanoparticles. Then, the cells were
stained with DAPI and observed by CLSM.

To investigate the colocalization of Pep/Gal-PNPs with ASGPRs
on LO2 cells, the cells were incubated with FITC-labeled Pep/Gal-
PNPs at pH 6.8 and 7.4 for 2 h and then stained using the anti-ASGPR
rabbit pAb (diluted with 5% BSA to 1:50) as primary antibody and
Alexa 647-labeled goat anti-rabbit IgG (diluted with 5% BSA to 1:200)
as the secondary antibody. The colocalization signals were imaged
by CLSM.

Intracellular signaling pathway studies

LO2 cells were seeded on a 12-well plate and cultured for 2 days. Then
the cells were incubated with free insulin and insulin-loaded Pep-Gal/
PNPs with the same dose of insulin at 20 nM (5.8 ug mL™) for pre-
determined time intervals. Afterward, the cells were washed and lysed
with RIPA containing protease inhibitors and phosphatase inhibitors.
The expression of p-AKT in cells was analyzed by western blot (Sup-
plementary Method 11). The phospho-AKT (Ser473) rabbit mAb (dilu-
ted with 5% BSA to 1:1000) was utilized as the primary antibody, and
the HRP-conjugated goat anti-rabbit IgG (diluted with 5% BSA to
1:5000) as the secondary antibody for the detection of p-AKT in cells.

Intestinal absorption studies
To directly observe the real-time intestinal absorption of nano-
particles in the living rats, the TPM was performed for intravital
imaging as reported previously*’. The rats were fasted overnight
before studies and then injected intraperitoneally with Hoechst
33258 (2 mg kg™). After 30 min, the rats were anesthetized, and the
small intestine was gently pulled and stuck to the glass slide. The
intestinal segment was cut along one side, and the FITC-labeled
nanoparticles at pH 6.8 and 7.4 were added, respectively. Subse-
quently, the intestinal absorption of nanoparticles along with time
was detected using the TPM (Olympus, FV1I200MPE, Japan). The
integrated densities of images were quantified using ImageJ soft-
ware (NIH, USA).

For CLSM observation, after the rats were anesthetized, about
5 cm segments of the small intestine were ligated at both ends. Then
the FITC/RITC-labeled nanoparticles at pH 6.8 and 7.4 were injected
into the loops. After treatment for 2 h, the rats were sacrificed, and
the intestinal loops were excised and fixed in 4% paraformaldehyde
for 4 h, then stored in 30% sucrose overnight. Afterward, the frozen
sections of each loop were obtained using a cryostat (CM1950,
Leica, Germany) and then stained with DAPI for 10 min. The
absorption of nanoparticles in the intestinal villi was observed by
CLSM*,

Biodistribution studies

The rats were fasted overnight and then administered orally with PBS
or FITC-labeled nanoparticles. After treatment for 4 h, the rats were
sacrificed, and the major organs were isolated and examined using the
IVIS spectrum system (Perkin Elmer, USA). Additionally, the organs
were further sheared by a high-speed disperser (Ultra-Turrax T 25, IKA
Werke, Germany), and the fluorescence intensity of tissue homo-
genates was detected using the microplate reader.

Liver-targeting ability studies

To detect the liver targeting ability of the nanoparticles, immuno-
fluorescent staining was performed on the liver sections. In brief, the
rats were fasted overnight before the study and then administered
orally with FITC-labeled nanoparticles. After treatment for 4 h, the rats
were sacrificed, and the livers were isolated. Then, the frozen sections
of the liver were obtained using a cryostat and stained using anti-
ASGPR rabbit pAb as the primary antibody, and Alexa 647 labeled goat
anti-rabbit IgG as the secondary antibody. Afterward, the liver sections
were stained with DAPI, and the colocalization signals of nanoparticles
with ASGPRs were observed by CLSM. The colocalization coefficient
(R) was quantified using Imaris software (Bitplane AG, Switzerland).

Analysis of ligand-switching features of Pep on Pep/Gal-PNPs
FAM and TAMRA (a FRET pair) were conjugated to the N- and C-termini
of Pep, respectively, to prepare FR-labeled Pep. Then the FR-labeled
Pep was used to prepare Pep/Gal-PNPs (FR-Pep/Gal-PNPs) as
described above. The rats were fasted overnight and then orally
administered with FR-Pep/Gal-PNPs at a dose of 50 mgkg™. The rats
were sacrificed at either 2h after treatment to collect a 2-3cm
segment of the duodenum or at 4 h to collect a lobe of the liver. After
staining with Hoechst 33258 for 15 min, the tissues were observed by
CLSM (TCS SP8, Leica, Germany), and the FRET efficiency was analyzed
using the FRET acceptor photobleaching method.

Studies on the systemic delivery route of Pep/Gal-PNPs

The rat was fasted overnight and then orally administered FITC-labeled
Pep/Gal-PNPs. After treatment for 2 h, the rat was anesthetized, the
abdomen was exposed, and the intestine was externalized for scanning
by confocal laser endomicroscopy (ViewnVivo B30, OptiScan, Aus-
tralia) with a z-step size of 3 pm. Subsequently, the abdominal incision
in the rat was sutured. After treatment for an additional 2 h, the liver
was scanned following the same procedure.

Therapeutic efficacy studies on diabetic rats

The diabetic rats were fasted overnight before studies and then
administered with different formulations (each group n=6): free
insulin solution at a dose of 5 IU kg™ via subcutaneous injection; free
insulin solution, insulin-loaded nanoparticles at a dose of 75 IU kg™ via
oral gavage. The blood samples were collected from the tail veins of
rats before administration and at predetermined time intervals after
dosing. The blood glucose level was measured using the glucose meter
(On Call® EZ, Acon Biotechnology).

To analyze peripheral serum insulin levels, the blood samples of
rats were collected from the eye veins before administration and at
predetermined time intervals after dosing. Then the blood samples
were centrifuged at 1503 x g for 10 min, and the collected serum was
incubated with acetonitrile for 30 min to release the encapsulated
insulin. The serum insulin concentrations were determined using a
human insulin ELISA kit. The pharmacological availability (PA%) and
bioavailability (F%) of nanoparticles relative to subcutaneous injection
of insulin were calculated according to the following equations:

AACoral xD 0S€; .

%) =
FACH AACs.c. x Doseoral

x100 “4)

AUCoral X DOSES_C_

F(%)=
0 AUCS.C. x Doseoral

x100 5)
where AAC denotes the area above the blood glucose level versus the
time curve.

For the analysis of the portal serum insulin level, the blood sam-
ples were collected from the portal vein of rats by cannulation before
administration and at predetermined time intervals after dosing. Then
the blood samples were centrifuged at 1503 x g for 10 min, and the
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collected serum was incubated with acetonitrile for 30 min to release
the encapsulated insulin. Then, the portal insulin concentrations were
determined using a human insulin ELISA kit.

Hepatic glycogen measurement

The rats fasted overnight before studies, and then the diabetic rats
were subcutaneously injected with free insulin solution (5 IU kg™) or
administered orally with insulin-loaded nanoparticles (75 IU kg™). The
normal and diabetic rats administered orally with PBS were taken
as the positive and negative control, respectively. After treatment for
4 h, the rats were fed food. The rats were daily dosed for one week, and
on the last day, the rats were fed food for 2 h and then sacrificed to
collect the livers. The hepatic glycogen contents in rats were measured
by the glycogen assay kit. Afterward, the livers were fixed with 4%
paraformaldehyde and stained using the periodic acid-Schiff (PAS)
staining method. The synthesized hepatic glycogen was observed by a
light microscope (DM 6B, Leica, Germany).

In vivo toxicity analysis

The biocompatibility of nanoparticles was investigated following
healthy rats being administrated orally with PBS and nanoparticles
(1 mg mL™) every day for a week. The body weight of rats was recorded
each day after dosing. Meanwhile, the blood samples of rats were
collected from eye veins at O and 7th day of dosing, and then the serum
ALT and AST levels were determined using commercial kits. The rats
were sacrificed post dosing, and the livers and small intestines were
isolated. Afterward, the organs were fixed with 4% paraformaldehyde,
embedded in paraffin, and cut for sections. After staining with hema-
toxylin and eosin, the histomorphology changes of organs were
observed using the light microscope.

Statistics and reproducibility

All experiments were performed in triplicate unless otherwise stated. A
representative image of three replicates from each group was shown.
The results were presented as mean + standard deviation (SD). Two-
tailed Student’s t-test or analysis of variance (ANOVA) was conducted
to compare experimental groups in GraphPad Prism 7.0 software. The
differences were considered statistically significant for p values < 0.05.
The levels of significance were set at the probability of *p <0.05,
*p <0.01, and **p < 0.001.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Source data are available for Figs. 3a, b, d, 4b, d, i, 5b, ¢, 6b-d, f-h,
Supplementary Figs. 3, 5-8, 10-17, 19, 21-22, 24-26 and Supplemen-
tary Table Sl in the associated “Source Data” file. All the other data that
support the findings of this study are available within the Article and its
Supplementary Information files and from the corresponding author
upon reasonable request. Source data are provided with this paper.

References

1. Mi, P., Cabral, H. & Kataoka, K. Ligand-installed nanocarriers toward
precision therapy. Adv. Mater. 32, €1902604 (2020).

2. Zhu, Y., Feijen, J. & Zhong, Z. Dual-targeted nanomedicines for
enhanced tumor treatment. Nano Today 18, 65-85 (2018).

3. Xu, Q. et al. Anti-tumor activity of paclitaxel through dual-targeting
carrier of cyclic RGD and transferrin conjugated hyperbranched
copolymer nanoparticles. Biomaterials 33, 1627-1639 (2012).

4. Liu, M. et al. Combinatorial entropy behaviour leads to range
selective binding in ligand-receptor interactions. Nat. Commun. 1,
4836 (2020).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Xia, Q., Ding, H. & Ma, Y. Can dual-ligand targeting enhance cellular
uptake of nanoparticles? Nanoscale 9, 8982-8989 (2017).
Colombo, M. et al. Tumour homing and therapeutic effect of col-
loidal nanoparticles depend on the number of attached antibodies.
Nat. Commun. 7, 13818 (2016).

Sawant, R. R., Jhaveri, A. M., Koshkaryev, A., Qureshi, F. & Torchilin,
V. P. The effect of dual ligand-targeted micelles on the delivery and
efficacy of poorly soluble drug for cancer therapy. J. Drug Target.
21, 630-638 (2013).

Zhu, X. et al. Sub-50 nm nanoparticles with biomimetic surfaces to
sequentially overcome the mucosal diffusion barrier and the epi-
thelial absorption barrier. Adv. Funct. Mater. 26, 2728-2738 (2016).
Liu, Y. et al. Synergetic combinations of dual-targeting ligands for
enhanced in vitro and in vivo tumor targeting. Adv. Healthc. Mater.
7, 1800106 (2018).

Zhu, L., Kate, P. & Torchilin, V. P. Matrix metalloprotease
2-responsive multifunctional liposomal nanocarrier for enhanced
tumor targeting. ACS Nano 6, 3491-3498 (2012).

Mura, S., Nicolas, J. & Couvreur, P. Stimuli-responsive nanocarriers
for drug delivery. Nat. Mater. 12, 991 (2013).

Zhao, B. et al. The efficiency of tumor-specific pH-responsive
peptide-modified polymeric micelles containing paclitaxel. Bio-
materials 33, 2508-2520 (2012).

Lee, E. S. et al. Super pH-sensitive multifunctional polymeric
micelle for tumor pHe specific TAT exposure and multidrug resis-
tance. J. Controlled Release 129, 228-236 (2008).

Benton, D. J., Gambilin, S. J., Rosenthal, P. B. & Skehel, J. J. Structural
transitions in influenza haemagglutinin at membrane fusion pH.
Nature 583, 150-153 (2020).

Song, X. et al. Cryo-EM analysis of the HCoV-229E spike glycopro-
tein reveals dynamic prefusion conformational changes. Nat.
Commun. 12, 141 (2021).

De Vries, E., Du, W., Guo, H. & De Haan, C. A. M. Influenza A virus
hemagglutinin-neuraminidase-receptor balance: preserving virus
motility. Trends Microbiol 28, 57-67 (2020).

Wang, A. et al. Liver-target and glucose-responsive polymersomes
toward mimicking endogenous insulin secretion with improved
hepatic glucose utilization. Adv. Funct. Mater. 30, 1910168 (2020).
Tang, B. et al. Acid-sensitive hybrid polymeric micelles containing a
reversibly activatable cell-penetrating peptide for tumor-specific
cytoplasm targeting. J. Controlled Release 279, 147-156 (2018).
Bustamante, A. et al. The energy cost of polypeptide knot formation
and its folding consequences. Nat. Commun. 8, 1581 (2017).

Reeb, J. & Rost, B. Secondary Structure Prediction. Encyclopedia of
Bioinformatics and Computational Biology (Academic Press,
Oxford, 2019).

Haggag, Y. et al. Preparation and in vivo evaluation of insulin-loaded
biodegradable nanoparticles prepared from diblock copolymers of
PLGA and PEG. Int. J. Pharm. 499, 236-246 (2016).

Zaro, J. L., Fei, L. & Shen, W. C. Recombinant peptide constructs for
targeted cell penetrating peptide-mediated delivery. J. Controlled
Release 158, 357-361 (2012).

Weng, H. X. et al. The complexation of insulin with sodium N-[8-(2-
hydroxybenzoyl)amino]-caprylate for enhanced oral delivery:
Effects of concentration, ratio, and pH.Chin. Chem. Lett. 33,
1889-1894 (2022).

Wang, A. et al. Protein corona liposomes achieve efficient oral
insulin delivery by overcoming mucus and epithelial barriers. Adv.
Healthc. Mater. 8, €1801123 (2019).

Zhang, C. et al. Oral colon-targeted mucoadhesive micelles with
enzyme-responsive controlled release of curcumin for ulcerative
colitis therapy. Chin. Chem. Lett. 33, 4924-4929 (2022).

Behzadi, S. et al. Cellular uptake of nanoparticles: journey inside the
cell. Chem. Soc. Rev. 46, 4218-4244 (2017).

Nature Communications | (2022)13:6649

14



Article

https://doi.org/10.1038/s41467-022-34357-8

27. Bus, T., Traeger, A. & Schubert, U. S. The great escape: how cationic
polyplexes overcome the endosomal barrier. J. Mater. Chem. B. 6,
6904-6918 (2018).

28. Liu, L. et al. A novel galactose-PEG-conjugated biodegradable
copolymer is an efficient gene delivery vector for immunotherapy
of hepatocellular carcinoma. Biomaterials 184, 20-30 (2018).

29. Edgerton, D. S. et al. Targeting insulin to the liver corrects defects in
glucose metabolism caused by peripheral insulin delivery. JCI
Insight 5, €126974 (2019).

30. Molinaro, A. et al. Insulin-driven PI3K-AKT signaling in the hepato-
cyte is mediated by redundant PI3Ka and PISK[ activities and is
promoted by RAS. Cell Metab. 29, 1400-1409 (2019).

31. Liu, Y., Wang, H. Y., Shao, J., Zaro, J. L. & Shen, W. C. Enhanced
insulin receptor interaction by a bifunctional insulin-transferrin
fusion protein: an approach to overcome insulin resistance. Sci.
Rep. 10, 7724 (2020).

32. Fan, W. et al. Functional nanoparticles exploit the bile acid pathway
to overcome multiple barriers of the intestinal epithelium for oral
insulin delivery. Biomaterials 151, 13-23 (2018).

33. Zhang, Y., Poon, W., Tavares, A. J., McGilvray, I. D. & Chan, W.
Nanoparticle-liver interactions: cellular uptake and hepatobiliary
elimination. J. Controlled Release 240, 332-348 (2016).

34. Asif, M. The prevention and control the type-2 diabetes by changing
lifestyle and dietary pattern. J. Educ. Health Promot. 3, 1 (2014).

35. Chen, M. C., Sonaje, K., Chen, K. J. & Sung, H. W. A review of the
prospects for polymeric nanoparticle platforms in oral insulin
delivery. Biomaterials 32, 9826-9838 (2011).

36. Geho, W. B. The importance of the liver in insulin replacement
therapy in insulin-deficient diabetes. Diabetes 63,

1445-1447 (2014).

37. Hasan, K. M. M., Tamanna, N. & Haque, M. A. Biochemical and his-
topathological profiling of Wistar rat treated with Brassica napus as
a supplementary feed. Food Sci. Hum. Wellness 7, 77-82 (2018).

38. Maslanka Figueroa, S., Fleischmann, D. & Goepferich, A. Biomedical
nanoparticle design: What we can learn from viruses. J. Controlled
Release 329, 552-569 (2020).

39. Drucker, D. J. Advances in oral peptide therapeutics. Nat. Rev. Drug
Discov. 19, 277-289 (2020).

40. Xiao, Y. et al. Oral insulin delivery platforms: strategies to address
the biological barriers. Angew. Chem. Int. Ed. Engl. 59, 19787-19795
(2020).

41. Sharma, R. et al. Rationally designed galactose dendrimer for
hepatocyte-specific targeting and intracellular drug delivery for the
treatment of liver disorders. Biomacromolecules 22,

3574-3589 (2021).

42. de Jong, H., Bonger, K. M. & Lowik, D. Activatable cell-penetrating
peptides: 15 years of research. RSC Chem. Biol. 1, 192-203 (2020).

43. Cheng, T. et al. Ligand-switchable micellar nanocarriers for
prolonging circulation time and enhancing targeting efficiency.
ACS Appl. Mater. Interfaces 10, 5296-5304 (2018).

44. Ding, Y. et al. A novel strategy based on a ligand-switchable
nanoparticle delivery system for deep tumor penetration. Nanos-
cale Horiz. 4, 658-666 (2019).

45. Edgerton, D.S., Moore, M. C., Gregory, J. M., Kraft, G. & Cherrington,
A. D. Importance of the route of insulin delivery to its control of
glucose metabolism. Am. J. Physiol.: Endocrinol. Metab. 320,
E891-E897 (2021).

46. Hirose, T. Development of new basal insulin peglispro (LY2605541)
ends in a disappointing result. Diabetol. Int 7, 16-17 (2016).

47. Herring, R., Jones, R. H. & Russell-Jones, D. L. Hepatoselectivity and
the evolution of insulin. Diabetes Obes. Metab. 16, 1-8 (2014).

48. Li, Q. et al. The protein phosphatase 1 complex is a direct target of
AKT that links insulin signaling to hepatic glycogen deposition. Cell
Rep. 28, 3406-3422 (2019).

49. Arbit, E. & Kidron, M. Oral insulin delivery in a physiologic context:
review. J. Diabetes Sci. Technol. 11, 825-832 (2017).

50. Winnick, J. J. et al. Hepatic glycogen can regulate hypoglycemic
counterregulation via a liver-brain axis. J. Clin. Invest 126,
2236-2248 (2016).

51. Cohen-Sela, E., Chorny, M., Koroukhov, N., Danenberg, H. D. &
Golomb, G. A new double emulsion solvent diffusion technique for
encapsulating hydrophilic molecules in PLGA nanoparticles. J.
Controlled Release 133, 90-95 (2009).

52. Wei, Y. et al. MT1-MMP-activated liposomes to improve tumor blood
perfusion and drug delivery for enhanced pancreatic cancer ther-
apy. Adv. Sci. (Weinh., Ger.) 7, 1902746 (2020).

53. Zoya, |. et al. The intragastrointestinal fate of paclitaxel-loaded
micelles: Implications on oral drug delivery. Chin. Chem. Lett. 32,
1545-1549 (2021).

Acknowledgements

We are grateful for the financial support from the National Science Fund
of Distinguished Young Scholars (82025032 (Y.G.)), the National Natural
Science Foundation of China (82003678 (C.Z.) and 82073773 (M.Y.)), the
Major International Joint Research Project of Chinese Academy of Sci-
ences (153631KYSB20190020 (Y.G.)), the Fudan-SIMM Joint Research
Fund (FU-SIMM 20173006 (Y.G.)), the Chinese Pharmacopoeia Com-
mission (2021Y20 (S.G.)). We appreciate the technical support in atomic
force microscopy (AFM) from the Instrumental Analysis Center of
Shanghai Jiao Tong University. We thank Fengming Liu of the Integrated
Laser Microscopy System at the National Facility for Protein Science in
Shanghai (NFPS, ZJLab) for her help in collecting two-photon micro-
scopy and Leica TCS SP8 confocal microscopy data. We thank the staff
members of Electron Microscopy System at the National Facility for
Protein Science in Shanghai for the Cryo-TEM data collection and ana-
lysis. We also thank Biotimes Technology Co., Ltd for our confocal laser
endomicroscopy data. Parts of Figs. 1, 4j, and 6a were created using
templates from Servier Medical Art (http://smart.servier.com/), licensed
under a Creative Common Attribution 3.0 Generic License.

Author contributions

T.Y., W.F., G.W., and Y.G. designed this project. T.Y. and X.J. performed
all experiments and collected and analyzed the data. T.Y., D.N., and A.W.
wrote the manuscript. T.Y., AW., D.N., W.F., M.Y., S.G., C.Z., G.W., and
Y.G. contributed to reviewing the manuscript and discussing the results
and implications.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34357-8.

Correspondence and requests for materials should be addressed to
Gang Wei or Yong Gan.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2022)13:6649

15


http://smart.servier.com/
https://doi.org/10.1038/s41467-022-34357-8
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41467-022-34357-8

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:6649

16


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Ligand-switchable nanoparticles resembling viral surface for sequential drug delivery and�improved oral insulin therapy
	Results
	Preparation and characterization of Pep and PLGA-based functional polymers
	Preparation and characterization of Pep/Gal-PNPs
	Overcoming the mucus barrier
	Pep/Gal-PNPs uptake by Caco-2 cells
	Intracellular trafficking and transcytosis of Pep/Gal-PNPs
	Selectivity of Pep/Gal-PNPs for hepatocytes
	Intracellular signaling upon Pep/Gal-PNPs binding
	In vivo intestinal absorption of Pep/Gal-PNPs
	In vivo liver accumulation and selectivity of Pep/Gal-PNPs
	In vivo ligand-switching features of Pep/Gal-PNPs
	Visualization of the systemic delivery route of Pep/Gal-PNPs in�vivo
	In vivo hypoglycemic efficacy
	In vivo hepatic glucose utilization studies
	In vivo toxicity analysis

	Discussion
	Methods
	Experimental reagents
	Cell culture
	Animal care
	Characterization of pH-triggered stretchable Pep
	Synthesis of PLGA-Pep polymers
	Synthesis of PLGA-PEG-Gal polymers
	Preparation and characterization of nanoparticles
	Detection of nanoparticles by AFM
	Cellular uptake studies on Caco-2 Cells
	Intracellular fate of nanoparticles
	Transcellular transport studies
	Interaction of Pep/Gal-PNPs with hepatocytes
	Intracellular signaling pathway studies
	Intestinal absorption studies
	Biodistribution studies
	Liver-targeting ability studies
	Analysis of ligand-switching features of Pep on Pep/Gal-PNPs
	Studies on the systemic delivery route of Pep/Gal-PNPs
	Therapeutic efficacy studies on diabetic rats
	Hepatic glycogen measurement
	In vivo toxicity analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




