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Abstract

Diabetes represents a global health crisis that necessitates advancements in prevention, treatment, and management.
Beyond glucose regulation, addressing weight management and associated complications is imperative. This study
introduces an oral nanoparticle formulation designed to simultaneously control blood glucose, obesity, and meta-
bolic dysfunction. These nanoparticles, based on poly (zwitterion-cholic acid), incorporate a polyzwitterion compo-
nent to enhance permeation through the mucus layer and prolong drug residence. Furthermore, bile acid polymers
not only regulate lipid metabolism but also ameliorate obesity-associated inflammation in adipose and liver tissues.

In vivo experiments demonstrated significant hypoglycemic effects in healthy, type | diabetic, and type Il diabetic
mice. Notably, the nanocarriers significantly reduced body weight gain, ameliorated inflammation in adipose and liver
tissues, and modulated lipid metabolism in the liver of db/db mice. Our study elucidates a comprehensive strategy
for addressing glycemic control and diabetes-related complications, offering a promising approach for diabetes pre-
vention and treatment.
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Introduction

Approximately one in ten adults worldwide currently
live with diabetes, and this figure is anticipated to sur-
pass 780 million within the next 25 years [1]. Therefore,
finding more effective methods to prevent and treat dia-
betes, thereby enhancing the quality of life for diabetics,
has become an imperative challenge [2, 3]. For individu-
als afflicted with diabetes, the primary goal is the man-
agement of blood glucose levels. Insulin, a cornerstone
in diabetes management, is primarily administered
through injections [4]. However, frequent injections can
lead to discomfort and potential issues such as infection
at the injection site. Consequently, achieving oral deliv-
ery of large-molecule drugs like insulin could signifi-
cantly enhance patient well-being. Notably, there are no
approved oral insulin products [5, 6]. The complexities
surrounding the utilization of oral insulin formulations as
a therapeutic approach for diabetes are manifold. Firstly,
oral insulin demonstrates exceedingly low bioavailability,
necessitating substantial doses to attain effective glyce-
mic control [7, 8]. Secondly, the administration of high
concentrations of insulin may exacerbate inflammatory
responses and induce insulin resistance in patients [9].
Furthermore, insulin is limited to blood glucose regula-
tion without conferring substantial improvements in

metabolic endocrine function or tolerogenic immunity
in the longer term. Thus, diabetes treatment extends
beyond glycemic control; it encompasses the manage-
ment of complications, obesity, and inflammation in dia-
betic patients [4, 11, 12], highlighting the significance of a
comprehensive approach to diabetes care.

To overcome the low oral bioavailability of insu-
lin, researchers have developed various nanomaterials
designed for the oral delivery of protein and peptide bio-
molecules. Nanoparticle platforms such as micelles, inor-
ganic nanoparticles, and liposomes are widely employed
for the oral administration of biomolecules [12-18].
However, most innovations in this field have primar-
ily focused on optimizing insulin delivery efficacy while
neglecting to address obesity, the pro-inflammatory
response, insulin suppression, or metabolic dysfunc-
tion associated with diabetes. Consequently, there are no
promising solutions that simultaneously address the inef-
ficiency of oral insulin delivery and the metabolic issues
related to diabetes mellitus.

Bile acids play a crucial role in solubilizing and facili-
tating the absorption of lipids and cholesterol in the
intestine [19-21]. They are reabsorbed in the ileum and
recirculated to the liver via the portal vein. Bile acids are
involved in several key biological processes, including the
regulation of glucose homeostasis, lipid metabolism, and
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energy expenditure [22-27]. Structurally, bile acids are
amphiphilic molecules consisting of a hydrophobic and
rigid steroid backbone with hydrophilic hydroxyl groups
[28-30]. Due to these properties, bile acids have poten-
tial applications not only in treating conditions such
as diabetes and obesity but also as vehicles for the oral
delivery of drugs. However, their low solubility in water
limits their use as standalone oral delivery vehicles. Con-
sequently, current research primarily focuses on modify-
ing bile acids on the surface of nanoparticles to enhance
the oral absorption of drugs [31-33]. In this study, we
utilized bile acids as hydrophobic cores, aiming to lev-
erage their beneficial effects on diabetes-related condi-
tions. We propose modifying bile acids by covalently
binding them with hydrophilic materials to create amphi-
philic compounds that are more soluble in water, thereby
enhancing their utility as drug-delivery vehicles for the
oral administration of insulin and improving glucose and
lipid metabolism in patients.

Zwitterionic materials have garnered significant atten-
tion in recent years due to their exceptional biocompat-
ibility, superhydrophilicity, and antifouling properties
[34—41]. These materials exhibit efficient mucus penetra-
tion and rapid transepithelial transport without disrupt-
ing the tight junctions of the intestinal epithelial cell layer,
making them highly promising for oral drug delivery
applications. Cao and co-workers [42] have shown that
zwitterionic micelles can efficiently deliver oral insulin
without opening tight junctions, Huang and co-workers
[43] developed zwitterion functionalized nanoparticles
loaded with insulin which could rapidly permeate the
intestinal mucus layer and induce a prominent hypogly-
cemic response in diabetic rats following oral administra-
tion. Therefore, we plan to use zwitterionic materials to
covalently bind to bile acids to form amphiphilic com-
pounds and use these as carriers to prepare nanoparticles
for oral delivery.

To address the multipronged challenges associated
with the efficient oral delivery of insulin and ameliora-
tion or prevention of diseases such as obesity, metabolic
dysfunction, and pro-inflammatory response during
glycemic management, we synthesized an amphiphilic
copolymer (PCBBA) comprised of polycarboxybetaine
and polymeric ursodeoxycholic acid. Through the cova-
lent conjugation of polymeric ursodeoxycholic acid with
zwitterionic components, we have successfully synthe-
sized amphiphilic PCBBA copolymers. These copolymers
autonomously assemble into spherical nanoparticles in
water, serving as carriers for insulin, thereby facilitating
its oral administration. Within this micellar structure,
polymeric ursodeoxycholic acid forms the hydrophobic
core, while polycarboxybetaine forms the hydrophilic
corona. We selected polymeric ursodeoxycholic acid for
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two primary reasons: (1) Bile acids, being amphiphilic
molecules, when combined with hydrophilic polymers,
can form an effective nanocarrier system [29, 44, 45]. (2)
Polymeric ursodeoxycholic acid (PUDCA) exhibits high-
avidity binding to the TGR5 receptor (Bile Acid-Respon-
sive G Protein-Coupled Receptor) [46], potentially
enhancing therapeutic outcomes such as anti-inflam-
matory responses and increased energy expenditure in
adipose tissue. Polycarboxybetaine was chosen for its
excellent biocompatibility, efficient mucus penetration,
and rapid transepithelial transport without disrupting the
tight junctions of the intestinal epithelial cell layer. Addi-
tionally, the polyzwitterion further stabilizes the micellar
structure and prolongs the circulation time in vivo [35,
47-49].

In this research, PCBBA serves as a drug carrier, with
the nanoparticles loaded with insulin efficiently penetrat-
ing the intestines and entering the bloodstream, thereby
controlling blood glucose levels in diabetic mice. More-
over, this carrier has potential applications as a weight
loss medication, fine-tuning lipid metabolism and energy
expenditure, and ameliorating insulin resistance in dia-
betic patients. Together, this research represents progress
in advancing the feasibility of oral insulin administration
and offers novel avenues for the prevention and manage-
ment of diabetes, obesity, and related disorders (Scheme.
1).

Results and discussion

Preparation and characterization of nanoparticles

The amphiphilic polymer PCBBA was synthesized and
characterized as follows (Fig. S1-S7 Supporting Infor-
mation). The polymer PCB was synthesized based on
previous studies [50, 51]. Initially, the acrylamide-type
monomer CB-tBu was synthesized (Fig. S1), followed by
the preparation of PCB via reversible addition-fragmen-
tation chain transfer (RAFT) polymerization. The 'H
nuclear magnetic resonance (NMR) signal intensity pro-
vided information on the relative number of protons. The
degree of polymerization was determined to be 22, based
on the ratio of the proton peak areas at §;; 0.89 and &y
4.53 in the 'H NMR spectra (Fig. S2). PCBBA was then
obtained by esterifying the terminal carboxyl group of
PCB with PUDCA. The cross-linking of PUDCA with
PCB was demonstrated using gel permeation chroma-
tography (GPC) to determine the number of average
molecular weights, which were 1541 g/mol for PUDCA
and 5019 g/mol for PCBBA (Figs. S5 and S6). Cross-
linking was further confirmed by '"H NMR, distortion-
less enhancement by polarization transfer (*C-DEPT
135), two-dimensional (2D) heteronuclear single-quan-
tum coherence (HSQC) spectroscopy, and two-dimen-
sional double-quantum-filtered correlation spectroscopy
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Scheme 1 Schematic representation of PCBBA for the treatment and prevention of diabetes

(DQE-COSY) (Fig. S4). 'H NMR spectra indicated that
approximately 14.9% of PCB was modified by PUDCA.
PEGBA was formed by covalently combining poly (eth-
ylene glycol) of 5000 number average molecular weight
with PUDCA. The chemical structure and molecular
weight of the obtained polymer were confirmed by 'H
NMR and GPC (Fig. S7).

Organic solvents can compromise the structural
integrity of proteins and peptides. To avoid this, self-
assembled PCBBA-ins nanoparticles were prepared by
dissolving PCBBA and insulin in PBS (phosphate-buff-
ered saline) (Fig. la). PEGBA-ins nanoparticles were
prepared using the same method. The formation of an
insulin/Zn*" complex between insulin and zinc ions
facilitated efficient encapsulation by both PCBBA and
PEGBA through hydrophobic interactions. The encap-
sulation efficiencies, measured using a BCA assay, were
92.0+3.5% for PCBBA and 90.5+ 3.7% for PEGBA. In this
document, “PCBBA nanoparticles” refers to unloaded
PCBBA nanoparticles, while “PCBBA-ins nanoparticles”
denotes insulin-loaded nanoparticles.

The critical micelle concentration (CMC) value is com-
monly used to describe the physical properties and stabil-
ity of micelles [52, 53]. Pyrene was used as a probe in the

experiments; when micelles form in the aqueous phase,
pyrene molecules preferentially locate inside or near the
hydrophobic microdomains of the micelles, altering their
photophysical properties compared to those in water. The
change in fluorescence intensity was examined to deter-
mine the CMC value of the PCBBA micelles. The CMC
value, defined as the concentration corresponding to
the intersection of the tangent lines of the fluorescence
intensity curves, was found to be 0.1 mg/mL (Fig. 1b).
This lower CMC value compared to that of a low molec-
ular weight surfactant like sodium dodecyl sulfate
(CMC=2.3 mg/mL) indicates that PCBBA micelles have
better stability and are highly resistant to dissociation
and dilution due to the large blood volume in the body.
Transmission electron microscopy (TEM) and dynamic
light scattering (DLS) were used to examine the morphol-
ogy of PCBBA nanoparticles. As shown in Figs. 1c and d,
the nanoparticles were spherical with an average diam-
eter of approximately 120 nm and were nearly neutral in
charge (Fig. S8). Stability tests showed that neither the
particle size nor the zeta potential changed significantly
after 10 days of storage at room temperature. How-
ever, at 4 °C, particle size slightly decreased, potentially
due to temperature-induced changes in CMC, although
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Fig. 1 Preparation and characterization of the nanoparticles. a The chemical structure of PCBBA and the schematic illustration of its self-assembly
with insulin into micelles. b Pyrene fluorescent emission intensity ratio (I3ggnm: 13,3nm) was used to calculate the CMC of PCBBA micelles. ¢ The
TEM images of PCBBA nanoparticles (PCBBA micelles are approximately 100 nm in size. For simplicity, the term “PCBBA nanoparticles” will be used
hereafter to refer to PCBBA micelles). d Particle size (left) and size distribution (PDI) of the nanoparticles after timed storage at room temperature
or 4 °C. e Continuous release of insulin from PCBBA-ins under different environments. (n=3 independent samples, means +SD)

this reduction was not statistically significant [54, 55] The stability of drug-loaded nanoparticles in the gas-
(Fig. 1d). These results indicate that the nanoparticles trointestinal tract (GIT) is critical for the effective oral
exhibit good stability, which is crucial for oral delivery. delivery of insulin. As shown in Fig. le, the nanoparticles
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exhibited sustained-release properties, releasing less than
20% of the encapsulated insulin within one hour when
exposed to simulated intestinal fluid (SIF). Insulin release
was notably faster in simulated gastric fluid (SGF) com-
pared to the other fluids, while release in SIF and PBS
was slower, with SIF showing the slowest rate. Given
the risk of rapid release of amphoteric micelles in gas-
tric fluid, as observed in previous amphoteric ion studies
[41, 42], we further assessed the stability of drug-loaded
micelles in both SGF and SIF. The results indicated that
free insulin was rapidly degraded in both fluids, whereas
PCBBA-ins micelles provided some protection. However,
due to the accelerated release of PCBBA-ins in SGF, only
40% of the active insulin remained after one hour of incu-
bation (Figs. S9 and S10).

To address the instability of PCBBA-ins micelles in gas-
tric fluid, we explored lyophilization followed by encap-
sulation into enteric capsules to preserve the integrity of
the drug-loaded nanoparticles. The PCBBA-ins solution
was first lyophilized, and the nanoparticles were re-dis-
solved in water to assess insulin activity using an ELISA
(Enzyme-Linked Immunosorbent Assay). Additionally,
oral administration of the same dose of nanoparticles to
mice demonstrated that both pre- and post-freeze-dried
PCBBA-ins nanoparticles exhibited comparable hypo-
glycemic effects (Fig. S18). These results indicate that the
lyophilization process did not significantly affect insu-
lin activity. Electron microscopy of the re-solubilized
nanoparticles post-lyophilization showed no significant
changes in morphology or particle size (Fig. S11). How-
ever, encapsulation efficiency slightly decreased to
89.5+4.0%, likely due to partial insulin leakage during
the process. Despite this reduction, the nanoparticles
remained stable enough to protect the insulin structure
in the short term when placed in simulated intestinal
fluid (SIF) (Fig. S10). In summary, PCBBA nanoparticles
were successfully synthesized and characterized, demon-
strating good stability and effective drug-carrying capac-
ity. Although the nanoparticles exhibited rapid release
in gastric fluid, they still provided short-term protection
for insulin. Moreover, freeze-drying did not affect the
structural integrity or activity of the insulin, and the re-
solubilized nanoparticles retained particle size and mor-
phology similar to the pre-lyophilized state. While the
rapid release in gastric fluid poses a challenge, the freeze-
drying process did not compromise the overall stability,
making this a feasible strategy for oral delivery systems.

PCBBA increases mucus penetration efficiency and cellular
internalization

For effective absorption, PCBBA nanoparticles must
traverse the mucus layer that covers the surface of intes-
tinal epithelial cells to reach the bloodstream [56-58]. In
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our experimental setup, we simulated the mucus layer by
applying a mucin solution onto Transwell inserts [59].
PCBBA/FITC-ins nanoparticles (loaded with FITC-insu-
lin) were then applied on top of this simulated mucus
layer, and their diffusion rate through the mucus was
assessed by measuring the drug content in the basolat-
eral chamber. Since UDCA (Ursodeoxycholic Acid) is
not water-soluble, it cannot be directly used as a micel-
lar carrier for insulin in oral delivery. To compare the oral
delivery efficiency of PCBBA and evaluate its diffusion-
promoting effects within the mucus layer, PEGBA was
used as a control. PEG (polyethylene glycol), a commonly
used hydrophilic material, can facilitate the oral delivery
of nanoparticles; therefore, PEG-modified bile acids were
employed to assess whether PCBBA could enhance nan-
oparticle diffusion through the mucus layer.

As shown in Figs. 2a and b, PCBBA nanoparticles
exhibited significantly faster diffusion rates compared
to PEGBA nanoparticles. Within four hours, PCBBA
nanoparticles had nearly completely permeated into the
basolateral chamber, demonstrating a diffusion rate 2—3
times higher than that of the control group. These results
indicate that PCB-modified bile acids penetrate mucus
more rapidly than PEG-modified bile acids, likely due
to PCB’s unique superhydrophilic and antifouling prop-
erties [39]. Consequently, PCB-modified bile acids can
greatly enhance drug diffusion through the mucus layer.
These findings highlight the rapid transit of PCBBA nan-
oparticles through the mucus layer, facilitating their sub-
sequent uptake by intestinal epithelial cells.

A substantial body of research demonstrates that zwit-
terionic materials not only enhance micelle penetration
in the mucus layer but also provide high transcellular
transport efficiency without disrupting the tight junc-
tions of the intestinal epithelium [41, 42, 61]. To evaluate
cellular uptake, human colon adenocarcinoma (Caco-2)
cells, which mimic the structure and function of small
intestinal epithelial cells, were used as an in vitro model.
Caco-2 cells were incubated with PCBBA-FITC-ins
nanoparticles, and confocal laser scanning microscopy
(CLSM) was used to visualize nanoparticle distribu-
tion within the cells. As shown in Fig. 2c, the PCBBA/
FITC-ins group displayed a stronger fluorescent signal,
indicating more efficient cellular uptake of the PCBBA
nanoparticles.

Given that the intestinal epithelial layer poses the
greatest challenge to the oral absorption of nanocarri-
ers, previous in vitro experiments demonstrated that
PCBBA nanoparticles could rapidly cross the mucus
layer on the intestinal surface and were quickly taken up
by Caco-2 cells. To further validate the stability, mucus
permeation, and cellular uptake of PCBBA nanoparticles,
we examined their transit ability in the mouse intestine.
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Fig. 2 Mucus penetration, in situ absorption, and in vitro transcellular transport of PCBBA nanoparticles. a The schematic illustration of the transwell
model, PCBBA-FITC-Ins nanoparticles pass through a simulated intestinal mucus layer deposited on a transwell membrane. At predetermined

time intervals, the solution from the basolateral chamber is collected to detect fluorescence intensity. b Cumulative transportation of FITC-insulin
from different nanoparticles at the predetermined time. ¢ Cellular uptake of different nanoparticles into Caco-2 cells observed by confocal
microscopy (scale bars, 20 um). d CLSM images of sectioned intestine tissues of diabetic mice after oral administration of different FITC-insulin
formulations for 2 h. (n=3 biologically independent samples, means + SD. Scale bars, 250 um). e Endocytosis pathway analysis. Caco-2 cells were
pre-incubated with different endocytosis inhibitors for 2 h, incubated with PCBBA-FITC-insulin nanoparticles for 1 h, and then isolated for flow
cytometry analysis. f Caco-2 cells were incubated with PCBBA-FITC-insulin nanoparticles for 3 h, washed and incubated with different inhibitors

for 6 h, and then isolated for flow cytometry analysis

Drug-loaded nanoparticles were administered orally to
mice, after which their intestines were excised, frozen
sections were prepared, and CLSM was used to observe
nanoparticle distribution. As shown in Fig. 2d, PCBBA/
FITC-ins nanoparticles exhibited strong fluorescence
on the microvillus surface and in the basolateral tissue
of the small intestine, with higher fluorescence intensity
compared to other groups. These results are consistent
with earlier findings, Amphoteric ions have fast mucus
shuttling ability due to their special hydrophilic and
anti-fouling properties. Additionally, amphoteric ions
demonstrate high efficiency in transcellular transport.
Consequently, these experiments suggest that PCBBA
shares similar properties with previously reported

polyzwitterionic nanoparticles, specifically regarding
their ability to rapidly traverse the mucus layer and the
small intestinal epithelial cells. Therefore, PCBBA nano-
particles hold significant potential for the oral delivery of
drugs.

Transepithelial transport and mechanism of nanoparticles

To investigate the transcellular transport mechanisms of
PCBBA nanoparticles, we analyzed the endocytosis and
exocytosis of PCBBA-FITC-ins nanoparticles in Caco-2
cells using flow cytometry. To elucidate the mechanisms
underlying micelle uptake, several key components of
endocytic pathways were blocked using common endo-
cytosis inhibitors [60—-62]. Figure 2e illustrates the impact
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of these inhibitors on the cellular uptake of PCBBA-
FITC-ins nanoparticles. Among them, the endocytosis
of the PCBBA nanoparticles was most significantly sup-
pressed at low temperatures (89.1%). Temperature sub-
stantially influences ligand-receptor interactions and
the biological activity of numerous membrane proteins,
making it an indicator of energy-dependence. This sug-
gests that PCBBA nanoparticles entered into Caco-2 cells
via an energy-dependent pathway. Additionally, genistein
(26.6%) and wortmannin (64.7%) also suppressed micelle
internalization, suggesting that PCBBA nanoparticles
primarily enter cells via macropinocytosis and the lipid
raft/caveolae pathway.

To explore the exocytosis mechanisms of PCBBA
nanoparticles, we introduced a Golgi-related inhibitor
(monensin, MON) and a microtubule pathway inhibitor
(nocodazole, NO). As shown in Fig. 2f, both pathways
were involved in the exocytosis of PCBBA nanoparticles.
Additionally, a reduction in temperature markedly decel-
erated the exocytosis process, providing further evidence
for the involvement of energy-dependent pathways in the
exocytosis of PCBBA nanoparticles.

In vivo biodistribution and intestine absorption

The absorption rate of nanoparticles in the intestine and
their in vivo distribution were assessed using the Maes-
tro in vivo imaging system and confocal laser scanning
microscopy (CLSM). Two types of PCBBA nanopar-
ticles loaded with different fluorescent dyes were pre-
pared: PCBBA-DIR nanoparticles (loaded with DiR
iodide) and PCBBA-FITC-ins nanoparticles (loaded with
FITC-insulin) [63]. Before the experiment, animals were
fasted overnight and then administered PCBBA-DIR
nanoparticles, PEGBA-DIR nanoparticles, or free DIR
via oral gavage. Two hours post-gavage, mice treated with
PCBBA-DIR showed a pronounced fluorescence signal,
significantly stronger than that observed in the free DIR
and PEGBA-DIR groups (Fig. 3a and b), suggesting that
PCBBA nanoparticles are more rapidly enriched and
absorbed in the intestinal tract.

To further investigate the absorption and biodistri-
bution of the nanoparticles, parallel studies were con-
ducted using a different dye (FITC). Similar results
were observed when mice were orally administered
nanoparticles loaded with FITC-insulin. Based on the
intensity of the fluorescent signal from FITC-insulin
in the intestines and major organs, it was further dem-
onstrated that PCBBA nanoparticles rapidly accumu-
late and are absorbed in the intestines (Fig. 3d and e).
Notably, strong fluorescence signals were detected in
the liver, indicating that PCBBA nanoparticles likely
circulate initially through the portal veins to the liver
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(Fig. 3c). Additionally, prominent fluorescence signals
were observed in the gall bladder, suggesting a potential
involvement of enterohepatic circulation in the trans-
port mechanism. In conclusion, these in vivo and in vitro
experiments further demonstrate that PCB-modified bile
acid nanoparticles can rapidly traverse the mucus layer of
intestinal epithelial cells and enter systemic circulation.

In vivo pharmacodynamics and pharmacokinetics studies
To evaluate the efficacy of orally administered PCBBA-
insulin compared to the standard subcutaneous insu-
lin injection, we administered PEGBA-insulin (30 IU/
kg), PCBBA-insulin (30 IU/kg), and free insulin (30 IU/
kg) via gavage to streptozotocin (STZ)-induced diabetic
Balb/c mice. For the control group, free insulin (5 IU/kg)
was administered subcutaneously to STZ-induced dia-
betic Balb/c mice. Blood glucose levels were monitored
using a glucometer (Fig. 4a). Results showed that the con-
trol group receiving subcutaneous insulin experienced
a rapid decrease in blood glucose levels within 2 h, with
the hypoglycemic effect diminishing after 5 h. In con-
trast, PCBBA-insulin significantly reduced blood glucose
levels within the first 4 h and maintained this reduction
for over 10 h, outperforming PEGBA-insulin (Fig. 4b).
Oral administration of varying doses of PCBBA-insulin
to diabetic mice resulted in different levels of blood glu-
cose reduction, demonstrating the dose-dependency of
PCBBA-insulin nanoparticles (Fig. 4c). Conversely, oral
administration of free insulin or PCBBA alone did not
lead to significant changes in blood glucose levels. Fur-
ther evaluation in healthy mice and db/db mice (a type
2 diabetes model) confirmed that PCBBA significantly
enhanced the oral bioavailability of insulin (Fig. 4d and
e). Overall, the PCBBA-insulin formulation exhibited an
effective hypoglycemic effect when administered orally.
These experiments further demonstrated that PCBBA
improved the oral delivery efficiency of insulin in vivo,
with the PCB-modified carrier displaying superior oral
delivery efficiency. This finding is consistent with previ-
ous in vitro results, highlighting PCBBA’s high potential
for oral drug delivery.

Since calculating oral relative bioavailability based
on time-glucose curves can be affected by multiple fac-
tors, we conducted an additional experiment to directly
measure serum insulin levels after oral administration of
PCBBA-insulin. Using a human insulin ELISA kit, serum
insulin concentrations were assessed, with subcutaneous
insulin injection and oral free insulin as controls. Based
on the area under the curve (AUCO0-12 h) of serum insu-
lin levels, the relative bioavailability of orally adminis-
tered PCBBA-insulin was calculated to be 23.7% (Fig. 4f).

Further = pharmacokinetic  studies were con-
ducted in Sprague Dawley (SD) rats to assess the oral
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Fig. 3 The in vivo biodistribution and intestine absorption of nanoparticles following the oral administration. a Fluorescence distribution

and intensity of the DIR in vivo after timed intervals of oral administration of
in vivo from panel (a). ¢ Quantification of the fluorescence intensity of heart,

different formulations. b Quantification of the fluorescence intensity
liver, spleen, lungs, kidneys, and intestine from panel (d) and ex vivo

fluorescence imaging of major organs after the oral PCBBA/FITC-ins administration for 2 h (insets). d, e Ex vivo fluorescence imaging of the heart,
liver, spleen, lungs, kidneys, and intestine of the mice after the oral administration for 2 h and quantification of overall fluorescence intensity (e). All
fluorescence intensities were quantified with Living Image® (n =3 biologically independent animals, means + SD)

bioavailability of PCBBA-insulin. Previous studies indi-
cated that PCBBA nanoparticles are released more
rapidly under acidic conditions, potentially reducing
insulin bioavailability. To address this, we lyophilized

PCBBA-insulin nanoparticles, encapsulated them in
enteric-coated capsules, and administered them via
gavage. Blood samples were collected at different time
points, and serum insulin levels were measured using a
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human insulin ELISA kit (Fig. 4g). Serum insulin con-
centrations peaked at 12 h and remained elevated for an
extended period. This prolonged effect is likely due to the
delayed release of PCBBA-insulin in the intestines, facili-
tated by the enteric coating, which slowed the onset of
action but extended circulation time. Based on the area
under the curve (AUCO0-48 h) of serum insulin concen-
trations, the relative bioavailability of insulin after oral
administration of PCBBA-insulin capsules was approxi-
mately 32.9%. These results suggest that encapsulating
PCBBA-insulin in enteric-coated capsules mitigates rapid
release in gastric fluid and enhances oral insulin bioavail-
ability, effectively delivering insulin to the bloodstream
and extending its hypoglycemic action.

PCBBA as a potential anti-obesity agent

Cholic acid was selected for this study due to its potential
to alleviate diabetes-related complications, such as obe-
sity. To validate this hypothesis, we further evaluated the
role of PCBBA in db/db mice. Polymeric ursodeoxycholic
acid (PUDCA) was used as a control to compare PCBBA’s
effects. The db/db mouse model, which mimics type II
diabetes, is characterized by elevated blood glucose lev-
els and weight gain. To explore the impact of PCBBA on
metabolic disorders like obesity, inflammation, and fatty
liver, we administered PCBBA nanoparticles to db/db
mice every three days over two weeks. We then measured
body weight, fat mass, and adipose-related gene expres-
sion (Fig. 5). Mice treated with PCBBA showed a reduc-
tion in body weight to 83.6% of the control group, with
similar effects observed in the PUDCA-treated group.
Further analysis revealed that the weight reduction
was primarily due to a decrease in white adipose tissue
(WAT) mass, with the WAT-to-body-weight ratio also
decreasing (Fig. 5a—c). These results suggest that PCBBA
effectively reduces body weight in db/db mice, compara-
ble to PUDCA’s effects.

We hypothesized that the weight loss effect of PCBBA
was primarily driven by its bile acid content. To explore
the underlying mechanisms further, we focused on the
potential role of bile acids in weight regulation. Although

(See figure on next page.)
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monomeric UDCA may not be the most potent activator
of TGR5, bile acid polymers, such as PCBBA, exhibit a
higher affinity for the TGR5 receptor [64, 65]. Activation
of TGR5 can induce significant weight loss in obese mice
by initiating a thermogenic response in both brown adi-
pose tissue (BAT) and white adipose tissue (WAT). This
process counteracts diet-induced obesity and induces
WAT browning [66-69]. To investigate whether the
weight loss induced by PCBBA was associated with the
browning of WAT, we analyzed the mRNA levels of sev-
eral browning markers. Both PCBBA and PUDCA upreg-
ulated the expression of multiple genes associated with
WAT browning, including uncoupling protein-1 (Ucp-
1), when compared to the control group (Fig. 5d—f). This
gene upregulation stimulates mitochondrial uncoupling
and energy expenditure, effectively mitigating obesity
in db/db mice [70-74]. Furthermore, WAT adipocytes
in the PCBBA-treated group were significantly smaller
(Fig. 5g), indicating a reduction in lipid accumulation.
Overall, these findings demonstrate that PCBBA effec-
tively promotes WAT browning and reduces obesity in
db/db mice, with effects comparable to PUDCA.

PCBBA potently ameliorates adipose inflammation, poor
glucose tolerance, and insulin resistance in db/db mice

We conducted both an oral glucose tolerance test
(OGTT) and an intraperitoneal insulin tolerance test
(IPITT) to assess the effects of PCBBA and PUDCA on
insulin sensitivity in obese mice. The results clearly dem-
onstrated that both PCBBA and PUDCA significantly
enhanced insulin sensitivity (Fig. 6a—d). Notably, the ben-
efits of bile acid polymers, such as PCBBA and PUDCA,
in diabetic mice extended beyond weight loss to include
improvements in diabetes-related complications. These
improvements can be attributed to the activation of the
TGR5 receptor. TGR5 activation raises cyclic adenosine
monophosphate (cAMP) levels, which in turn activates
protein kinase A. This activation promotes the phospho-
rylation of target proteins, including the cAMP response
element-binding protein (CREBP) transcription fac-
tor [25]. As a result, TGR5 activation not only increases

Fig. 4 Pharmacodynamics and bioavailability of oral PCBBA nanoparticles. a Experimental scheme: Establish an STZ-induced diabetic mice model.
b,c The blood glucose level of initial versus time profiles of the (STZ)-induced Balb/c diabetic mice following the oral administration of different
nanoparticles loaded with insulin (b) and PCBBA drug-laden nanoparticles in different doses (10 1U/kg and 20 1U/kg) (c). Subcutaneously

(s.c.) injected native insulin at 5 1U/kg was used as a control. (n=6 biologically independent animals, means + SD). d Blood glucose-lowering
performance of the PCBBA/insulin nanoparticles on healthy mice through oral gavage. e Blood glucose-lowering performance of the PCBBA/insulin
nanoparticles on db/db diabetic mice through oral gavage. (n=3 biologically independent animals, means+SD). f The serum insulin concentration
(bioavailability) for the PCBBA/insulin nanoparticles on healthy mice through oral gavage and subcutaneously injected native insulin at 3 1U/kg

was used as a control. (n=6 biologically independent animals, means +SD). g The serum insulin concentration (bioavailability) for the PCBBA/
insulin capsules on healthy rats through oral gavage and subcutaneously injected native insulin at 5 IU/kg was used as a control. (n=6 biologically

independent animals, means + SD)
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Fig. 5 PCBBA Reduces Adiposity and Induces Browning of WAT in db/db Mice. a Body weight, b WAT weight, and ¢ the ratio of WAT weight

to body weight of db/db mice after oral administration every three days for two weeks. d—f The mRNA levels of brown adipocyte markers in WAT
were determined by quantitative real-time PCR analysis. g Representative hematoxylin and eosin (H&E) staining of the WAT. (n=3 biologically

independent samples, means +SD, Scale bar: 100 um.)

energy expenditure in adipose tissue but also enhances
glucose metabolism and insulin sensitivity, while regulat-
ing the anti-inflammatory responses of macrophages [24,
75-77]. To further evaluate PCBBA’s effects, we explored
the potential underlying mechanisms in greater detail.
Adipose inflammation and aberrant production of
adipokines/cytokines are key mediators linking obe-
sity and its metabolic complications. Reversing these
obesity-induced pathological abnormalities in white adi-
pose tissue (WAT) may be crucial for improving glucose
intolerance and insulin resistance in obese mice. In this
study, we analyzed the gene expression of two inflam-
matory cytokines (TNF-a and IL-1P) in WAT of obese

mice using real-time fluorescence quantitative PCR
and observed a reduction in these inflammatory fac-
tors (Fig. 6f and g). Furthermore, the accumulation of
macrophages in adipose tissue and a shift to an M1-like
macrophage polarization state are major contributors to
insulin resistance [78-80]. As illustrated in Fig. 6e, we
used immunofluorescence microscopy to identify distinct
subsets of adipose tissue macrophages (ATMs) based on
the markers F4/80%, CD11c*, and CD206". PCBBA sig-
nificantly reduced the number of macrophages in adi-
pose tissue, decreased M1 markers (F4/80% CD11c"),
increased M2 markers (F4/80+CD206%), and improved
the ratio of M1 to M2 ATMs in db/db mice. The activated
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anti-inflammatory M2 phenotype releases a cascade of
anti-inflammatory mediators that help maintain adi-
pocyte sensitivity to insulin and suppress adipose tis-
sue dysregulation and inflammation. Additionally, the
reduction in adipocyte size, improvement in ectopic fat
accumulation, and WAT browning collectively exert a
beneficial effect on insulin resistance [81-83].

PCBBA treatment reverses hepatic steatosis in db/db mice

Obesity is frequently associated with hepatic steatosis,
prompting us to investigate the effects of PCBBA treat-
ment on liver pathology in db/db mice. After PCBBA
administration, liver weight in treated mice was reduced
by approximately one-third (Fig. 7a), and plasma levels of
low-density lipoprotein cholesterol (LDL-C) significantly
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decreased. Additionally, the levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST)—
key markers of hepatic injury, often elevated due to liver
inflammation and lipid accumulation—were notably
reduced (Fig. 7b). To assess whether the decrease in ALT
and AST was indicative of liver injury improvement, we
performed histopathological imaging and qPCR analysis
on liver tissues.

Histopathological analysis using H&E and Oil Red O
staining showed that PCBBA ameliorated hepatic stea-
tosis (Fig. 7d). Hepatic ballooning, characterized by
microcysts and enlarged lipid droplets, was reduced in
the PCBBA-treated group compared to the control group
[84]. Additionally, the expression of fatty acid synthase
(FASN), a gene associated with hepatic lipid accumula-
tion, was significantly reduced, indicating normalization
of hepatic metabolism (Fig. 7c).

Interestingly, no significant changes were observed
in the expression of key metabolic regulators such as
SREBP1c, PGCla, and PPARa. This stability in expres-
sion may be attributed to the activation of the Farnesoid
X Receptor (FXR), a receptor primarily expressed in the
liver and intestines and activated by bile acids. FXR acti-
vation is known to produce beneficial metabolic effects,
including reduced inflammation, increased insulin sensi-
tivity, and lower ectopic triglyceride levels. Since FASN
is a direct target gene of FXR, its downregulation likely
occurs independently of SREBPlc involvement, indi-
cating that FXR activation—mediated by PCBBA or
PUDCA—was responsible for the observed improve-
ments in liver lipid metabolism [85].

During liver injury, hepatic macrophages rapidly infil-
trate the liver, and their phenotype and function are
strongly influenced by the local tissue environment.
These macrophages interact with various liver cell types
and are critical in regulating liver injury, repair, and dis-
ease progression. Immunofluorescence staining revealed
a significant increase in CD206+ macrophages in the
PCBBA-treated group, accompanied by a reduction in
pro-inflammatory cytokines such as TNF-«, IL-6, and
IL-1p (Fig. 7e and f).

In conclusion, these findings highlight the potential
of PCBBA to modulate metabolic disease outcomes.

(See figure on next page.)

Page 14 of 23

PCBBA not only inhibited lipid accumulation in hepato-
cytes but also reduced hepatic inflammation, leading to
an overall improvement in symptoms of hepatic steatosis.
Our results suggest that this therapeutic effect is largely
attributed to the presence of bile acids in PCBBA. Nota-
bly, the effects of PCBBA and PUDCA were nearly iden-
tical in our experiments, indicating that both compounds
may share similar activation pathways involving the bile
acid receptors TGR5 and FXR.

Biocompatibility and long-term safety

We conducted a comprehensive assessment of both the
in vitro cell viability and the long-term in vivo safety pro-
file of PCBBA. As shown in Fig. S12, all samples demon-
strated negligible cytotoxicity within the concentration
range of 0.01 to 1 mg/mL when tested on Caco-2 cells.
To assess the potential for cell membrane disruption,
PCBBA was incubated with erythrocytes for 4 h, reveal-
ing no significant hemolysis within the specified concen-
tration range Fig. S13.

Furthermore, we explored the potential toxicity of
PCBBA through a long-term dosing regimen, where
healthy mice received oral PCBBA administration twice
daily for 7 consecutive days. As illustrated in Fig. S14-17,
small intestine tissue exhibited intact finger-like villi, as
evidenced by Haematoxylin and eosin (H&E) staining.
Additionally, there was no observable structural dam-
age or significant inflammation in major organs or small
intestine tissue. Markers related to liver, kidney, and
other relevant functions did not exhibit significant dif-
ferences compared to the control group. These findings
collectively demonstrate the biosafety of PCBBA nano-
particles in vivo.

Experimental methods

Material: All standard synthesis reagents were pur-
chased from commercial suppliers and used without
any further purification. Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo (Japan). 4”,6-diamidino-
2-phenylindole (DAPI), Trypsin—-EDTA, Dulbecco’s

Fig. 7 PCBBA Enhances Lipid Metabolism and Reduces Inflammation in the Liver. a liver weight of db/db mice after oral administration every
three days for 2 weeks. b Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and low-density lipoprotein cholesterol
(LDL-Q). c Relative mRNA expression levels of lipid metabolism markers (SREBP1c and FASN), and hepatic mitochondrial biogenesis markers (PGC1a
and PPARq) in the liver. The mRNA levels were normalized to that of $-actin mRNA by gPCR. d H&E staining and Oil Red O staining of the liver (Scale
bars, 100 um). e The mRNA levels of proinflammatory factors in the liver were determined by quantitative real-time PCR analysis, and the mRNA
levels were normalized to that of B-actin mRNA by gPCR. f Representative confocal images of liver immunofluorescence staining with F4/80 (red),
CD11c (green), CD206 (green), and DAPI (blue). F4/80+/CD11c+for the M1-like type and F4/80+/CD206 + for the M2-like type (Scale bars, 50 pum).

(n=3 biologically independent samples, means +SD.)
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Phosphate Buffered Saline (PBS), Dulbecco’s modified
eagle’s medium (DMEM) and fetal bovine serum (FBS
Laboratories), were purchased from Thermo & Fisher
Scientific. Streptozotocin (STZ), Insulin-FITC, mucin,
and the BCA kit were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The Human Insulin ELISA Kit
was purchased from Beyotime Biotechnology (Shang-
hai, China). Transwell® Permeable Supports (0.4 pm,
Corning, USA), O.C.T gel (Tissue-Tek, Torrance,
CA, USA). Monoclonal antibodies (FITC anti-mouse
CDl11lc, FITC anti-mouse F4/80, APC anti-mouse
CD206, anti-UCP1 antibody) were purchased from
Abcam (China). Experimental consumables were
mostly purchased from Corning (Corning, NY, USA),
Titan (Shanghai, China), or BioFil (JET, Guangzhou,
China).

Characterization: Transmission electron microscopy
(TEM, Talos F200X G2) was used to characterize the
morphology and size of the nanoparticle. Zetasizer
(Malvern Zetasizer Nano) was used to measure the
hydrodynamic size and zeta potential of nanoparticles.
In vitro, a confocal imaging system (TCS SP8 STED 3X,
Leica, Germany) was used to observe fluorescence in
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All animals were housed in the Laboratory Animal
Center of Shanghai Jiao Tong University under specific
pathogen-free conditions. All animal experiments were
performed according to the guidelines for the protec-
tion of animal life and protocols approved by the Labo-
ratory Animal Ethics Committee at Shanghai Jiao Tong
University.

Synthesis of 3-acrylamido-N-(2-(tert-butoxy)—2-oxoethyl
)-N, N-dimethylpropan-1-aminium (CB-tBu)

N, N-dimethylaminopropyl acrylamide (6 g, 38 mmol,
1 eq), and tert-butyl bromoacetate (8.5 mL, 57.6 mmol,
1.5 eq) were dissolved in acetonitrile (35 mL). The reac-
tion mixture was stirred in a 60 ‘C oil bath for 12 h and
then cooled to room temperature (RT). The product
was then precipitated in diethyl ethe, filtered via a frit-
ted funnel, and dried under vacuum overnight to yield
a white powder. Yield: 95%.'H NMR (400 MHz, Chlo-
roform-d) & 8.26 (t, J=5.8 Hz, 1H), 6.49 (dd, J=17.1,
10.2 Hz, 1H), 6.30 (dd, J=17.1, 1.7 Hz, 1H), 5.63 (dd,
J=10.2, 1.7 Hz, 1H), 4.40 (s, 2H), 4.17-4.07 (m, 2H),
3.53-3.44 (m, 8H), 2.17 (m, 2H), 1.50 (s, 9H).

O
S, Li2Hzs CN
>Ls HO SH
S TCEP(1.5 eq) n
TEA(11 eq) o
hexylamine(11 eq) HN
DMF
R.T. 4h
< SNe®
O (0}
%O
3

Caco-2 cells. In vivo, H&E and Oil Red O staining sec-
tions were observed under an automated fluorescence
microscope (BX63, OLYMPUS, USA). The fluorescence
images of mice were captured by IVIS spectrum (Perki-
nElmer, USA).

Cell lines: The human colon adenocarcinoma cell line
(Caco-2) was purchased from the China Type Culture
Collection. The Caco-2 cells were incubated in a nutri-
tious DMEM medium (containing 10% FBS and 1%
(v/v) penicillin—streptomycin) at 37 “C with 5% CO?.

Mice: BALB/c mice (male, 6 weeks old), BALB/c mice
(female, 6 weeks old), and rat (Sprague Dawley rat,
6 weeks old, male), were purchased from SPF (Suzhou)
Biotechnology Co., Ltd. BKS-DB mice (male, 5 weeks
old) were purchased from Gempharmatech Co., Ltd.

Synthesis of PCB-tBu

4-Cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl]pen-
tanoic acid (CDP, 108 mg, 0.27 mmol, 1 eq.), CB-tBu
(1.5 g, 5.4 mmol, 20 eq.), 4,4”-Azobis(4-cyanovaleric acid)
(ACVA, 8.9 mg, 0.032 mmol, 0.1 eq.) were firstly dis-
solved in dimethylformamide (DMF, 35 mL) in a 100 mL
flask. The flask was deoxygenated by cycling between
nitrogen and vacuum three times., then transferred to
an oil bath (70 °C) for 4 h. The resultant polymer (2) was
precipitated in ice-cold ethyl acetate three times and
dried under vacuum. Then triethylamine (TEA, 375 pL,
2.7 mmol, 10 eq), hexylamine(357 pL, 2.7 mmol, 10 eq),
2 (1.5 g, 0.27 mmol, 1 eq), and tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP, 115 mg, 0.4 mmol, 1.5 eq)
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were dissolved in DMF(10 mL). After being stirred at RT
for 4 h, the color of the reaction solution turned color-
less. Then, the mixture was precipitated in ice-cold ethyl
acetate and dried under vacuum to afford compound 3.
"H NMR (400 MHz, Chloroform-d) § 0.83-0.93,1.2-1.3,
1.4-1.7,1.9-2.4,3.1-3.7,3.7-4.2, 4,3-4.8
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Synthesis of PCBBA

Bile-acid polymers(pBA) were synthesized according to
literature reports. Briefly, bile acids (5.4 mmol), para-
toluenesulfonic acid (0.652 mmol), and dimethylami-
nopyridine (0.652 mmol) were dissolved in 60 mL 5:1
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anhydrous methylene chloride to anhydrous pyridine
solvent mixture and stirred at 40 C. To the reaction
mixture, diisopropyl carbodiimide (6.92 mmol) was
added and the reaction mixture was stirred at 40 ‘C for
4 h in the nitrogen atmosphere. The polyester product,
pBA, was precipitated into 400 mL cold ethyl acetate
collected by centrifugation (Centrifuge 5810 R, Eppen-
dorf) and dried to retain a white powder. Polymeriza-
tion was confirmed by '"H NMR.

PCB (1.0 eq), EDCI (1.2 eq), and DMAP (0.1 eq) were
dissolved in anhydrous dichloromethane and added to
pUDCA (1.0 eq) under nitrogen protection. The reac-
tion mixture was stirred at room temperature over-
night. The mixture was precipitated into cold ethyl
acetate collected by centrifugation (Centrifuge 5810 R,
Eppendorf) and dried to obtain a white powder. To a
mixture of intermediate PCBBA-tBu in DCM (4 mL),
TFA (4 mL) was added and stirred at 25 ‘C for 4 h.
When the reaction was complete, the crude mixture
was evaporated under reduced pressure, and the resi-
due was purified by freeze-drying to obtain target com-
pounds (5).

Preparation and characterization of blank nanoparticles

15 mg of PCBBA was dissolved in 1 mL of PBS under
stirring at room temperature for 2 h. Then blank nano-
particles were further purified through ultrafiltration
(Millipore, molecular weight cutoff (MWCQO) =10 kDa)
to remove rough materials and a 0.22 pm filter (BIOFIL)
to remove unexpected large particles. The size, PDI, and
zeta potential of the nanoparticles were measured with
Malvern Zetasizer Nano (Nano-Z590). PEGBA nanopar-
ticles were prepared using the same approach.

Preparation and characterization of drug-loaded
nanoparticles and oral PCBBA capsules

10 mg of PCBBA was added to 1 mL of an insulin solu-
tion (1 mg/mL, dissolved in PBS). Then 200 uL of
ZnCl, solution (2 mg/mL) was added dropwise to the
insulin-containing mixture. The mixture was stirred at
room temperature for 2 h. Subsequently, drug-loaded
nanoparticles were purified using ultrafiltration (Mil-
lipore, MWCO 10 kDa) to remove coarse materials and
a 0.22 pm filter to eliminate large particles. The size,
PD], and zeta potential of the nanoparticles were meas-
ured using a Malvern Zetasizer Nano. The nanoparticles
were then further purified by ultrafiltration (Millipore,
MWCO 50 kDa) to remove free insulin, and the insulin
content was determined using the BCA Protein Assay Kit
(Sigma-Aldrich). PCBBA-FITC-ins nanoparticles were
also prepared using the same method. Encapsulation
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efficiency and drug loading efficiency were calculated by
the following equations:

Encapsulation efficiency(%)

amount of insulin in the nanoparticles
= - - x 100%
amount of insulin

Loading effiiency(%)

< amount of insulin in the nanoparticles

100%
amount of drug — loaded nunoparticles) * ’

The PCBBA-Ins nanoparticles were lyophilized into a
solid powder to prepare oral capsules and encapsulated
in enteric gel capsules. The amount of PCBBA-Ins nano-
particles per capsule was adjusted according to the target
animal weight.

Transmission electron microscopy (TEM)

The use of transmission electron microscopy to observe
the morphology of nanoparticles with the specific prepa-
ration method: the copper mesh coated with carbon film
immersed in the suspension of NPs. Stain the nanopar-
ticles with a 2% phosphotungstate solution, then dry the
copper mesh at room temperature. TEM (Tecnai G2,
Thermofisher) determines the size and morphology of
NPs.

In vitro stability of nanoparticles

The blank nanoparticles were stored at room tempera-
ture (25 ‘C) and 4 ‘C for long-term stability studies. At
timed intervals, nanoparticles’ particle size, PDI, and zeta
potential were measured with Malvern Zetasizer Nano
(Nano-ZS90).

In vitro drug release study

To test the release behaviors of Insulin-loaded nano-
particles, samples were placed in dialysis bags (MWCO
10 kDa) and dispersed in simulated gastric fluid (SGF,
Shanghai YuanYe Bio-Technology, China), simulated
intestine fluid (SIF, Shanghai YuanYe Bio-Technol-
ogy, China), and PBS at 37 °C for 24 h. At timed inter-
vals, 100 uL of buffer was taken, and an equal volume
of fresh buffer was added to ensure a constant volume.
The content of insulin was detected by the BCA kit
(Sigma-Aldrich).

In vitro gastrointestinal stability studies

PCBBA-ins and free insulin were added to simulated gas-
tric fluid (SGF) or small intestinal fluid (SIF) containing
10 mg/mL of trypsin, with a final insulin concentration
of 300 pg/mL. The mixtures were incubated at 37 °C, and
100 pL samples were collected at predetermined inter-
vals, with the same volume of medium replenished after
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each collection. Insulin activity in the samples was subse-
quently measured using ELISA.

Mucus penetration studies

40 pL of a 6% (m/v) mucin (Sigma-Aldrich) solution is
added to the upper chamber of a transwell’s polycarbon-
ate cell culture (0.4 pm, Corning, USA) insert and shaken
smoothly until the solution is flat. Then 40 pL of FITC-
INS/PCBBA nanoparticles at the same concentration is
carefully added on top of the mucin solution of the insert.
At predetermined time intervals, the solution from the
basolateral chamber is collected to detect fluorescence

intensity. Then Permeability coeflicient (P,,,) was calcu-
lated by the following equations:
Permeability coefficient (%) = _Q
AxCxt

Cell viability assay

Blank nanoparticles with different concentrations were
added into 96-well plates filled with Caco-2 cells (5000
cells per well) and then cultured for 4 h. Subsequently,
the CCK-8 solution was added to react for 2 h. The OD
values in each well were measured at 450 nm and 630
nm using a microplate spectrophotometer (SpectraMax,
Molecular Devices). Cell viability was calculated from the
following equation,

ODsample — ODpjgnk
ODcontrol - ODblank

Cell viability(%) = ( > x 100%

Hemolysis test

Fresh blood from mice was centrifuged at 1500 rpm for
5 min in a centrifuge tube containing anticoagulant,
and the supernatant was slowly aspirated off. The PBS
wash step was repeated two to three times. The eryth-
rocyte precipitate was gently dispersed with PBS and
mixed with different concentrations of nanoparticles in
PBS. The erythrocytes were mixed with deionized water
in the positive group and PBS in the negative group,
respectively. All groups were incubated at 37 °C for 4 h
and centrifuged after completion of incubation. The UV
absorption value of the supernatant at 540 nm was meas-
ured, and the hemolysis rate of the samples was calcu-
lated according to the formula.

Asample - Anegutive

Hemolysis(%) = ( > x 100%

Apositive - Anegative

Endocytosis and exocytosis kinetic of PCBBA nanoparticles
Endocytosis: Cells were plated into a 12-well plate
(1x10° cells per well) and then pre-treated with different
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Endocytosis inhibitors (wortmannin (5 pM), chlor-
promazine (30 uM), Genistein (35 pM), Titan, Shanghai,
China) for 2 h. After incubation, the PCBBA-FITC-ins
nanoparticles (insulin-equiv. concentration of 50 pg/mL)
were added to the plates and co-cultured for 1 h. After
incubation, the cells were washed several times with
PBS to remove the free PCBBA-FITC-ins nanoparticles.
The cell suspension was collected and analyzed by flow
cytometry. Every 10000 cells were counted to determine
FITC-positive cells.

Exocytosis kinetic: Cells were seeded on a 12-well
plate (1x10° cells per well) and then incubated with the
PCBBA-FITC-ins nanoparticles (insulin-equiv. concen-
tration of 50 pug/mL) for 3 h. After incubation, the cells
were washed several times with PBS to remove the free
PCBBA-FITC-ins nanoparticles and re-cultured with dif-
ferent exocytosis inhibitors (monensin (50 uM), nocoda-
zole (30 uM), Titan, Shanghai, China) for 6 h. In addition,
the plates were placed in a 4 °C refrigerator to complete
the temperature effect experiment. After incubation,
the cell suspension was collected and analyzed by flow
cytometry. Every 10,000 cells were counted to determine
FITC-positive cells.

These experiments were repeated three times indepen-
dently; data were presented as mean+SD. FlowJo soft-
ware was used for analysis.

Establishment of diabetic mice model

All animals were housed in the Laboratory Animal
Center of Shanghai Jiao Tong University under specific
pathogen-free conditions. All animal experiments were
performed according to the guidelines for the protec-
tion of animal life and protocols approved by the Labo-
ratory Animal Ethics Committee at Shanghai Jiao Tong
University.

After the mice (male, 6 weeks old, SPF (Suzhou) Bio-
technology Co., Ltd) were fasted overnight, STZ (60 mg/
kg, Sigma-Aldrich) was injected intraperitoneally into
the healthy BALB/c mice for 10 consecutive days. Dur-
ing the period, the mice’s body weight and blood glucose
changes were monitored daily to confirm their diabetic
status. Diabetic mice with blood glucose above 11 mmol/
liter were selected for further in vivo testing (Fig. S13).

Hypoglycemic response in vivo

Following 4 h of fasting, diabetic mice were orally gav-
aged with PCBBA/insulin (30 IU/kg) or PEGBA/insu-
lin (30 IU/kg). As control groups, one group of diabetic
mice was administered free insulin (30 IU/kg) and PBS by
oral gavage, and the other group was administered free
insulin (5 IU/kg) by subcutaneous injection. Blood sam-
ples were collected from the tails at predetermined time
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intervals and analyzed using a blood glucose meter (sino-
care, China).

Following 4 h of fasting, healthy mice (female, 30-45 g
to ensure that sufficient blood samples can be taken, SPF
(Suzhou) Biotechnology Co., Ltd) were randomly divided
into three groups including free insulin (30 IU/kg, p.o.),
PCBBA/insulin (30 IU/kg, p.o.) and free insulin (3 IU/kg,
S.C.). Blood samples were collected from the tails at pre-
determined intervals and analyzed using a blood glucose
meter. The insulin contents in blood samples were meas-
ured using the Human Insulin ELISA Kit (Beyotime). The
area above the curve (AAC) of the blood glucose level
and the area under the curve (AUC) of plasma insulin
concentration were computed.

Following 4 h of fasting, healthy rats (Sprague Dawley
rat, 6 weeks old, male, 280-300 g) were randomly divided
into three groups including insulin capsules (10 IU/kg,
p.o.), PCBBA/insulin capsules (10 IU/kg, p.o.), and free
insulin (5 IU/kg, S.C.). Blood samples were collected at
predetermined time intervals. The insulin contents in
blood samples were measured using the Human Insulin
ELISA Kit (Beyotime).

The area under the curve (AUC) of plasma insulin con-
centration was computed. Oral bioavailability (F%) was
quantitated relative to a subcutaneous injection using the
following equations:

F(%) = (AUCqrq x Dosesc.) / (AUCsc. x Doseora1) x 100%

Absorption sites and kinetics of orally delivered insulin
Healthy mice were fasted overnight and then adminis-
tered with free FITC-insulin PCBBA/FITC-insulin or
PEGBA/FITC-insulin by oral gavage (100 pL; insulin-
equiv. concentration, 1 mg/mL). At timed intervals, the
mice were anesthetized and then visualized by the IVIS
Spectrum system. At the fourth hour after administra-
tion, three mice were sacrificed by cervical dislocation
and the whole gastrointestinal tract and vital organs
(heart, liver, spleen, lungs, kidneys, Pancreas) were
excised and imaged by the IVIS Spectrum system (Perki-
nElmer, USA). The fluorescence intensities were quanti-
fied with Living Image®.

Experiments with db/db diabetic animal models

To evaluate the preventive and therapeutic effects of
PCBBA nanoparticles on obesity and diabetes, diabetic
mice (BKS-DB mice, male, 5 weeks old, Gempharmatech
Co., Ltd). were divided into three groups: (1) PBS, (2) oral
PCBBA group (50 mg/kg), and (3) PUDCA (10 mg/kg).
The different formulations were given every three days
for two weeks, and the mice were tested for body weight
and blood glucose two weeks later. Then, the mice were
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sacrificed and the hearts, livers, spleens, lungs, kidneys,
and white adipose tissue (WAT, subcutaneous WAT and
mesenteric WAT tissue) samples were collected. The liv-
ers and WAT of the mice were weighed, and then the
hearts, livers, spleens, lungs, kidneys and WAT of the
mice were sectioned for H&E staining. In addition, the
livers were stained for Oil Red O staining to stain the
fat droplets red. To observe the switch in adipose tissue
macrophage polarization, immunofluorescence staining
was used to localize distinct ATM subsets within adipose
tissue.

Oral glucose tolerance test (OGTT) and insulin tolerance
test (ITT)

The mice were fasted overnight before the experiment,
followed by a glucose tolerance test. First, blood was
taken from the tail vein, and blood glucose levels were
measured with a glucometer. Then, each mouse was
given 1 g/kg glucose orally. The blood glucose levels of
the mice were measured at a specified time.

The mice were fasted for 4 h before the experiment and
blood glucose levels were measured before the start of
the experiment, then 2 IU/kg insulin was injected subcu-
taneously into the mice. Blood glucose levels were meas-
ured at the specified time.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from tissues using Trizol
reagent, and its concentration was measured with a
Nanodrop One spectrophotometer (Thermo). cDNA
synthesis from RNA was performed using the HiScript
III RT SuperMix cDNA Synthesis Kit (Vazyme, China).
Real-time quantitative PCR mixtures were prepared with
ChamQ Universal SYBR qPCR Master Mix according to
the manufacturer’s instructions, and all reactions were
conducted in triplicate on a CFX Opus96 system (BIO-
RAD). Primer sequences for the target genes are listed
in Table S1, Supporting Information. The relative abun-
dance of each gene was normalized to the mRNA level of
actin.

Toxicity evaluation

Healthy BALB/c mice were randomly divided into three
groups (n=3) and were administered with PBS, PCBBA
nanoparticles and PEGBA nanoparticles through gavage
(0.53 mg of PCBBA or PEGBA per mouse) twice daily for
7 consecutive days. After the last treatment, the Serum of
each mouse was collected for biochemistry analysis. Bio-
chemistry index, including total protein (TP), albumin
(ALB), globulin (GLB), direct bilirubin (DBILI), indirect
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bilirubin (IBILI), alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), alkaline phosphatase (ALP),
creatinine (CRE), uric acid (UA), blood urea nitrogen
(BUN) and hypersensitive C-reactive protein (CRP), were
detected to indicate liver function and kidney function,
respectively. Meanwhile, hearts, livers, spleens, lungs,
kidneys and intestines were excised and sectioned for
H&E staining.

Statistical analyses

The results were analyzed using Prism 8 (Graph-Pad
Software Inc., CA, USA), and the data are presented as
the meanz+standard deviation (SD). Statistical signifi-
cance was determined by unpaired two-tailed Student’s
t-tests where only two groups existed or by ANOVA tests
with Dunnett’s or Tukey’s post-test. p<0.05 was consid-
ered to be statistically significant, (*p<0.05, **p<0.01,
*#p <0.001, ****p<0.0001); n.s., no significance. Sample
size (n) and preprocessing normalization of data were
given in the corresponding figure legend.

Conclusion

In this study, we designed and synthesized an amphi-
philic polymer composed of a hydrophilic polyzwitte-
rion and a hydrophobic bile acid polymer. The resulting
PCBBA nanoparticles exhibited an exceptional ability to
penetrate mucosal barriers and intestinal epithelial cells,
enabling efficient insulin delivery into the bloodstream
and significantly improving oral insulin bioavailability.
This hypoglycemic effect was observed in healthy mice,
STZ-induced type 1 diabetic mice, db/db mice, and rats,
with oral bioavailability exceeding 30% when delivered
via enteric-coated capsules. Furthermore, PCBBA treat-
ment reduced weight gain, with treated mice averaging
81% of the control group’s weight. PCBBA also regulated
lipid metabolism and alleviated inflammation in both
adipose and liver tissues, contributing to broader meta-
bolic benefits. These effects appear to be closely linked
to the presence of bile acids in PCBBA, highlighting the
critical role of bile acids in managing metabolic condi-
tions, including weight loss.

PCBBA nanoparticles are easy to prepare using bio-
compatible bile acids and betaines, and they exhibited
no significant toxicity in animal models. As an innovative
oral delivery system, PCBBA offers an effective means of
controlling blood glucose levels via oral insulin adminis-
tration and holds promise for the prevention and treat-
ment of obesity, inflammation, and related metabolic
complications in diabetic patients. However, further
studies are needed to validate this nanosystem’s effi-
cacy in larger animal models. Ongoing research aims to
explore the underlying mechanisms of PCBBA-induced
weight loss in greater detail. In conclusion, this oral
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formulation demonstrated high bioavailability, excellent
biosafety, and efficacy in managing diabetes and associ-
ated metabolic disorders, presenting a promising thera-
peutic strategy for diabetic patients.
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