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Efficient oral insulin delivery enabled by
transferrin-coated acid-resistant metal-organic

framework nanoparticles

Jun-Jie Zou", Gaohui Wei', Chuxiao Xiong1, Yunhao Yu', Sihui Li', Liefeng Hu',

Shenggian Ma>*, Jian Tian*

Oral protein delivery is considered a cutting-edge technology to improve patients’ quality of life, offering superior
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patient compliance and convenience compared with injections. However, oral protein formulation has stagnated
because of the instability and inefficient penetration of protein in the gastrointestinal tract. Here, we used acid-
resistant metal-organic framework nanoparticles (UiO-68-NH,) to encapsulate sufficient insulin and decorated
the exterior with targeting proteins (transferrin) to realize highly efficient oral insulin delivery. The UiO-68-NH,
nanocarrier with proper pore size achieved high insulin loading while protecting insulin from acid and enzymatic
degradation. Through receptor-mediated transcellular pathway, the transferrin-coated nanoparticles realized
efficient transport across the intestinal epithelium and controlled insulin release under physiological conditions,
leading to a notable hypoglycemic effect and a high oral bioavailability of 29.6%. Our work demonstrates that
functional metal-organic framework nanoparticles can protect proteins from the gastric environment and over-
come the intestinal barrier, thus providing the possibility for oral biomacromolecule delivery.

INTRODUCTION

Diabetes is a chronic metabolic disease that affects more than
470 million people around the world (I). Because of its high prevalence,
disability, and fatality rate, diabetes has become a serious global
health problem (2, 3). The treatment of type 1 diabetes or advanced
type 2 diabetes relies on routinely subcutaneous insulin (INS) injec-
tions. Still, long-term INS subcutaneous injections are accompa-
nied by various side effects, resulting in poor patient compliance
(4-6). Hence, the development of noninvasive INS delivery methods is
in urgent need. Among various noninvasive methods of adminis-
tration, oral administration has been the most widely used way be-
cause of its painlessness and convenience (7-9). Nevertheless, barely
any protein pharmaceutical preparations have been approved for
oral administration in clinic practice, primarily because of the for-
midable physiological barrier in the gastrointestinal (GI) tract (10).
These barriers mainly include harsh acids and proteases in the stomach,
the impermeable mucus layer, and the tightly connected intestinal
epithelial cell layer in the intestine, which severely hampered the
absorption efficiency of active protein formulations (11, 12). Above
all, how to maintain high protein activity and allow proteins to pen-
etrate through the epithelial cell layer into the bloodstream are con-
sidered the main challenges of any oral drug formulation.

To overcome the above-mentioned absorption barriers, scien-
tists have developed numerous nanoparticle (NP) platforms for oral
protein delivery, such as liposomes, polymeric NPs, and silica NPs
(13-18). However, the capability of these NPs for practical protein
delivery applications still remains limited, suffering from inefficient
protein loading and protection, low intestinal permeation, uncon-
trollable release, or complicated formulation strategies. In recent
years, using enteric materials and penetration enhancers has received
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substantial attention to enhance the efficacy of protein delivery (19-22).
However, enteric coating involves additional excipients and formu-
lation steps. Penetration enhancers are associated with a risk of
destroying the tight junctions of the intestinal epithelial cell layer,
which may lead to bacterial infection (23, 24). Therefore, it is vital
to achieve effective protein absorption without destroying the tight
junctions of the intestinal epithelial cell layer. From this perspective,
some progress has been made in the design of macromolecular pro-
tein drug carriers using various specific receptors highly expressed
on the intestinal epithelial cell membrane, such as transferrin receptors
(TfR) and FcRn receptors (25-27). For instance, transferrin (Tf)
widely exists in the human body, which guides iron absorption and
transportation by binding to TfR on epithelial cells (28, 29). Notably,
studies on Tf/TfR-mediated targeted protein delivery systems pro-
duced exciting results in cancer, central nervous system diseases, and
oral administration (30-32). Peppas and co-workers (33) reported
that the Tf-INS conjugate increased the permeability of INS across
the epithelial barrier by receptor-mediated transcytosis. Nevertheless,
the fate of Tf in cells after transcytosis is going to lysosomes (31, 34),
where the abundant proteases could damage protein structure (35, 36),
leading to limited bioavailability. Farokhzad and co-workers (29)
developed Tf-coated polymeric NPs for oral INS delivery, in which
the surface-loaded Tf could enhance their transepithelial transport
via receptor-mediated transcytosis. However, these NPs demonstrated
unfavorable INS release before the transepithelial transport that
restricted their pharmacological availability (~7.8%). Therefore, the
development of functional nanosystems to protect the protein from
the harsh gastric environment while improving the penetration
efficacy through the intestine and realizing controlled release is of
great significance for oral protein delivery.

Among numerous nanomaterials, nanoscale metal-organic frame-
works (nMOFs) have emerged as promising candidates for drug
delivery (37-40). nMOFs are a relatively new class of hybrid porous
materials composed of metal ions or clusters bridged by organic
ligands, which have ordered pore structure, large specific surface
area, and abundant modification sites (41). Therefore, nMOFs hold
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great potential as drug transport carriers since they can achieve ex-
tremely high drug loading capacity (LC) and connect with different
molecules as needed to fulfill various functions (42-44). Moreover, the
reversible coordination between ligands and metal ions inside endow
the nMOFs with the characteristics of controlled releasing, biodegrad-
ability, low toxicity, and good biocompatibility (45). Recently, Farha
and co-workers (46) reported a mesoporous Zr-based MOF (NU-
1000) as an INS carrier, protecting INS from simulated harsh stomach
environments and controlling INS release under physiological condi-
tions. Although the preliminary in vitro release test achieved favorable
results, the problem of low protein permeability in the intestinal epi-
thelial cell layer remained to be solved, and there was still a lack of
in vivo study evidence to prove whether effective INS absorption can
be achieved. To the best of our knowledge, no research about MOF-
based nanosystems protecting INS from a harsh environment while
improving the INS penetration efficacy has been reported to achieve a
superior hypoglycemic effect ultimately.

Here, using acid-resistant nMOFs (UiO-68-NH,) with exterior tar-
geting protein (Tf) decoration, we elaborately constructed a nanosys-
tem with protein protection and intestinal transportation functions for
the highly efficient oral INS administration. The selection of the UiO-
68-NH, NPs was primarily based on their sufficient porosity, acid
stability, and phosphate ion instability. The ligand molecule of UiO-
68-NHj is longer than that of most MOFs being reported (47), leading
to alarger pore structure with a diameter of ~2.6 nm (48) to load suffi-
cient INS (~2 nm in monomeric form) but exclude pepsin (~6 nm)
(46). This steric hindrance effect between UiO-68-NH, and macro-
molecule proteases could protect INS from proteolysis in the GI tract.
The acid stability and phosphate ion instability of UiO-68-NH, could
protect INS well in harsh acidic environments and realize controllable
INS release under phosphate-rich physiological conditions. As for the
targeting protein, Tf meets the critical requirements of the targeting
agent for oral administration: (i) Intestinal epithelial cells express a
large number of receptors for Tf to combine (49), and (ii) Tf has good
stability in the GI tract as well because of the ability to partially resist
the degradation of trypsin and chymotrypsin (32). Consequently, in
this study, we loaded INS into highly porous UiO-68-NH, NPs (denot-
ed asI@U) and further coated the exterior side with Tf on (T@I@U), as
illustrated in Fig. 1. The encapsulated INS within the UiO-68-NH,
NPs could be well protected from the gastric environment including
harsh acid and protease, and exhibited controlled release in physiolog-
ical conditions. Moreover, the Tf-coated acid-resistant MOFs oral
delivery nanosystem can be rapidly absorbed by intestinal cells and
escape from lysosomes for deeper penetration, which is adequate for
rapid and efficient intestinal transportation and ultimately achieving a
favorable therapeutic effect. In addition, the preparation of such a
nanosystem, based on a single-step solvothermal reaction from readily
available starting materials, is simple, low cost, and easily scale-up.
This research represented a proof of concept of using the targeting
protein-coated acid-resistant nMOFs for oral INS administration, dis-
playing the great potential of efficient oral protein delivery.

RESULTS

Preparation and characterization of nNMOF-based protein
delivery nanosystems

The preparation procedures for UiO-68-NH, NPs, I@U NPs, and
T@I@U NPs are shown in Fig. 1. UiO-68-NH, NPs with uniform
regular octahedron shapes were obtained through the facile one-step
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solvothermal method. The changes in morphology and particle size
of NPs were negligible after loading the INS. The hydrodynamic diam-
eters of UiO-68-NH, and I@U were 156.4 + 1.9 and 157.7 + 0.2 nm,
respectively, and the angles of the regular octahedron were relatively
sharp. When varying amounts of Tf were decorated on the surface via
physical adhesion, the angles of NPs gradually became blunt (fig. S1).
The morphology of NPs after Tf coating gradually changed from a
regular octahedron to a sphere, and the size increased to 171.7 +
3.4 nm. The zeta potentials of UiO-68-NH, NPs rose from +25 to
+35 mV after loading with INS and nearly approached +40 mV
after further decoration with Tf (Fig. 2, A and B). The successful
immobilization of rhodamine B isothiocyanate (RITC)-labeled INS
in UiO-68-NH, NPs was confirmed by ultraviolet-visible (UV-vis)
spectroscopy, in which the maximum absorption of RITC slightly
redshift from 558 nm of free RITC-INS solution to 567 nm of the
encapsulated form (fig. S2). The confocal laser scanning microsco-
py (CLSM) and optical images further indicated that RITC-labeled
INS was distributed throughout the UiO-68-NH, crystals (fig. S3).
Owing to the positively charged nature of UiO-68-NH; NPs and
INS at the acidic condition (pH 4) of the loading process (fig. S4),
the INS encapsulation was mainly driven by hydrophobic inter-
actions between the hydrophobic surface of UiO-68-NH; and
INS instead of electrostatic interactions. In addition, fluorescein
isothiocyanate (FITC)-labeled Tf and RITC-labeled INS were
used in preparing the dual-fluorescence-labeled nMOFs to prove
the formation and the structural integrity of T@I@U. FITC
and RITC are commonly used as fluorescence resonance energy
transfer (FRET) fluorescence pairs. FRET phenomenon would
occur when the distance between FITC and RITC is less than
10 nm (50). Figure 2C exhibited the fluorescence spectra where a
strong FRET signal could be observed. The emission intensity of
FITC-Tf decreased sharply at 520 nm, while that of RITC-INS
significantly increased at 585 nm, clarifying the coexistence and
spatial proximity of INS and Tf in T@I@U NPs. The powder
x-ray diffraction (PXRD) patterns of both I@U and T@l@U NPs
were essentially the same as that of UiO-68-NH, NPs and the
calculated pattern from UiO-68-NH, single crystals (Fig. 2D),
which demonstrated that UiO-68-NH; maintained its crystallin-
ity throughout the encapsulation and decoration process. In
addition, the energy-dispersive spectroscopy (EDS) elemental map-
ping analyses were tested to confirm the existence of each compo-
nent in T@l@U NPs (S for proteins, Fe for Tf, and Zr for
UiO-68-NH,;). As shown in Fig. 2E, the elements of S, Zr, and Fe
were uniformly distributed on the NPs, and the range of S was
significantly more extensive than that of Zr, which provided di-
rect evidence for the successful fabrication of T@I@U. Conse-
quently, it can be concluded that the macromolecules of INS were
loaded into UiO-68-NHj; successfully with Tf uniformly decorat-
ed on the I@U NPs. The INS-loading behaviors of UiO-68-NH,
NPs were further explored using the bicinchoninic acid (BCA)
method by simply mixing INS and UiO-68-NH, NPs at a mass
ratio from 1:1 to 6:1 (fig. S5). The UiO-68-NH, NPs exhibited a
high LC of 33 weight % (wt %) at the feeding ratio of 4:1, higher
than most of the INS nanocarriers being reported (table S1)
(29, 51). The mass loss was also observed to determine the LC of
the UiO-68-NH,-based nanosystem by thermogravimetric anal-
ysis (TGA), which was consistent with the above results (fig. S6).
The high LC and facile exterior modification of UiO-68-NH,
make it an ideal candidate for INS nanocarrier.
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Fig. 1. Schematic representation of Tf-coated acid-resistant nMOF nanosystem for oral delivery of INS. (A) The synthesis of the UiO-68-NH,-based nanosystems.
(B) The oral delivery process of the Tf-coated UiO-68-NH; nanosystem in vivo addresses both the harsh environment in the stomach (i) and the epithelial cell layer barriers
(ii). (iii) The Tf-coated UiO-68-NH, nanosystem contributed to overall intensive intestinal cell absorption under physiological conditions.

In vitro stability and protein protection performance

of Tf-coated nMOFs

To evaluate the in vitro stability of the UiO-68-NH,-based nano-
systems, we monitored the changes in size and morphology under
various situations at different time intervals. No noticeable change
in particle size was observed when different formulations were dis-
persed in a simulated gastric pH environment (dilute HCI, pH 2)
for 14 days, owing to the strong acid-proof stability of the UiO-68-
NH,; (Fig. 3A). In contrast, the particle size of I@U increased signifi-
cantly under the physiological condition because the UiO-68-NH,
began to clump together and disintegrate (figs. S7 and S8). After
being coated with Tf, the deconstruction was greatly retarded,
demonstrating that Tf decoration endowed the nanosystem with
slow-release performance in physiological conditions.

We next explored the ability of UiO-68-NH, in protecting INS
against protease degradation. As shown in Fig. 3B, free INS was al-
most completely degraded after only 1 hour in the trypsin-containing
Hanks’ balanced salt solution (HBSS) buffer, while about 80% of
active INS remained in the I@U group. The result demonstrated
that INS was protected from degradation because of a certain steric
hindrance between INS and the protease after being encapsulated in
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UiO-68-NH,. In addition, the residual amount of INS was higher
than 50% after 2 hours because of the protective effect of Tf, as men-
tioned above. Together, the protection effect of Tf-coated acid-
resistant nMOFs provided a favorable prerequisite for the long-term
circulation of nanosystems in vivo.

Sustained and controlled INS release kinetics of T@l@U

As an effective oral delivery nanocarrier, UiO-68-NH, has proven
its adequate protection for INS against severe conditions. Mean-
while, the steady release of INS from the acid-resistant nMOFs in
physiological conditions was also demanded. The release profiles
of INS from I@U and T@l@U under simulated GI environment
(FaSSGF for simulated gastric fluid and FaSSIF without phosphate
for simulated intestine fluid) and simulated physiological conditions
[phosphate-buffered saline (PBS), pH 7.4] are shown in Fig. 3C. Under
the FaSSGF, FaSSIF, and double distilled H,O (ddH,O) environ-
ment (fig. S9), less than 20% of INS from I@U and T@I@U were
released in 24 hours. While under the PBS condition, INS was slow-
ly released from UiO-68-NH,, and the cumulative released INS
from I@U and T@I@U reached 99.1 and 90.3% at 12 hours, respec-
tively. Continuous release of INS under different environments was
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Fig. 2. Characterization of UiO0-68-NH,, I@U, and T@l@U. (A) The TEM images of UiO-68-NH,-based nanosystems. Scale bars, 100 nm. (B) The hydrodynamic size and
zeta potential of different preparations measured by DLS using the NPs dispersion in ddH,0. (C) Emission spectra of different preparations with excitation at 450 nm.F.I.,
fluorescence intensity. (D) The PXRD profile of UiO-68-NH, simulated UiO-68-NH,, I@U, and T@l@U. (E) The EDS elemental mapping analyses of T@l@U. Scale bar, 50 nm.

also evaluated to simulate the status of orally taken drugs (Fig. 3D).
Barely any INS was released from neither I@U nor T@l@U un-
der acidic to neutral pH conditions in the stomach and intes-
tine. However, after being incubated in a neutral PBS environment,
I@U and T@I@U started to deconstruct and release INS. The
INS from I@U was almost completely released within 10 hours
in PBS, while the percent of released INS from T@I@U was only
about 80%. Consistent with the stability result, Tf slightly hindered
the disintegration of UiO-68-NH, and slowed down the release rate
of INS. The above results indicated that the release of INS from
Tf-coated nMOFs had considerable environmental sensitivity,
which was specifically triggered by phosphate in PBS rather than
pH. In general, T@l@U exhibited sustained and controlled re-
lease kinetics.

To further verify that the activity of INS was not destroyed
during the entire experiment, we examined the bioactivity of INS
after the drug release process by subcutaneously injecting free INS
and INS released from PBS-treated I@U and T@I@U into diabetic
rats. As depicted in Fig. 3E, the released INS from I@U and T@l@U
produced a notable hypoglycemic effect analogous to an equivalent
dose of free INS solution, indicating that the process of INS im-
mobilization in UiO-68-NH, did not impair its activity, which was
essential for the subsequent experiments.

Zou etal., Sci. Adv. 8, eabm4677 (2022) 23 February 2022

Biocompatibility and long-term safety analysis

We further examined the biocompatibility of the UiO-68-NH,-
based nanosystems through in vitro cell viability and live/dead
imaging. As shown in fig. S10, all samples exhibited negligible cyto-
toxicity (cell viability >85%) on three different cell lines even when
the concentration reached 500 ug/ml, which was also confirmed
through live/dead staining. To examine potential cell membrane
disruption, T@I@U was incubated with erythrocytes for 4 hours,
and there was no evidence of hemolysis. The hemolysis rate was
3.23% when the concentration reached 1 mg/ml, verifying that
T@I@U barely caused damage to cell membranes. Meanwhile, no
obvious reduction of transepithelial electrical resistance (TEER)
was observed when the cell monolayer was exposed to I@U and
T@l@U (Fig. 3F), which confirmed the integrity of the tight junc-
tions. Inspired by the low toxicity of single-dose T@I@U, we further
examined the potential long-term toxicity of the UiO-68-NH,-
based nanosystem via an extended in vivo experiment. As illustrat-
edin fig. S11, the finger-like villi were observed in the small intestine
tissue of mice, indicating the intact structure of the intestine after
twice-daily T@I@U treatment for seven consecutive days. In addi-
tion, no apparent structural damage occurred to the organs and
small intestine tissue. The above results corroborated the good bio-
compatibility of the UiO-68-NH,-based nanosystem.
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Fig. 3. The in vitro release and penetration performance of the Tf-coated UiO-68-NH, nanosystem. (A) The size stability of UiO-68-NH,-based nanosystems in
ddH,0 (pH 2) incubated at 4°C for 14 days. (B) The enzymatic degradation profiles from different preparations after being incubated with trypsin in HBSS buffer at 37°C
for various time points (n =3 independent samples, means + SD). (C) The in vitro release kinetics of I@U and T@l@U in different conditions (n = 3 independent samples,
means + SD). (D) Continuous release of INS from I@U and T@l@U under different environments (n =3 independent samples, means + SD). (E) Blood glucose response of
normal rats to free INS and INS released from the UiO-68-NH,-based nanosystems (n =3 biologically independent animals, means + SD). (F) Effects of different formula-
tions on TEER of Caco-2 cell monolayers (n =3 biologically independent samples, means + SD).

Tf-mediated enhanced cellular internalization

and transepithelial activity of T@l@U

Similar to the structure and function of small intestinal epithelial
cells, human colon adenocarcinoma (Caco-2) cells were currently
used to study the transportability of drugs across the intestinal bar-
rier to predict drug absorption. This research used Caco-2 cells as
an in vitro model and learned whether Tf-coated nMOFs could tra-
verse the intestinal epithelium by TfR-mediated endocytosis and
successfully escape the lysosome for deeper penetration (Fig. 4A).
We determined the qualitative and quantitative uptake of the above-
mentioned fluorescence-labeled UiO-68-NH,-based NPs by Caco-
2 cell monolayers. Since INS is a biological macromolecule with
high polarity and strong hydrophilicity, INS has poor passive diffu-
sion and transmembrane ability. Only a small amount of fluores-
cence was observed in the free INS and I@U groups in Fig. 4B as
expected, while the Tf-coated nMOFs exhibited a much stronger
fluorescence signal compared with the other groups. The results
demonstrated a TfR-mediated better uptake effect, which was fur-
ther confirmed by the deeper fluorescence distribution along the
z axis and the flow cytometry analysis. The quantitative cellular up-
take level of T@I@U was approximately 2.25 times that of free INS
and 1.5 times that of I@U groups (Fig. 4C). TfR-mediated cell inter-
nalization was time dependent, and the cell uptake level was as high
as 53.2% in only 30 min, indicating the rapid and effective internal-
ization of Tf-coated nMOFs (Fig. 4D).

As mentioned above, Tf-coated nanocarriers undergo transcyto-
sis by binding to TfR on epithelial cell membranes. Therefore, to
confirm the fate of Tf-coated nMOFs during the transport process,
we explored the distribution of dual-fluorescence-labeled nMOFs
in Caco-2 cell monolayers. After using T@I@U to incubate the cells
for only 5 min, the green fluorescence of Tf was distributed around
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the cell, which indicated that it could rapidly bind to the receptor on
the cell membrane. After 30 min of incubation, the fluorescence lo-
cation results demonstrated that Tf had quickly and effectively
transferred the nMOFs into the cell monolayers (Fig. 4E). In addi-
tion, we preincubated the cell monolayer with an excessive amount
of free Tf as the competitive inhibitor. The free Tf would preferen-
tially bind with the TfR on the apical side, while the cellular uptake
level of T@I@U dropped significantly to 62% (Fig. 4F). The above
results demonstrated that the uptake of T@I@U mainly occurred
through TfR-mediated active endocytosis.

After endocytosis, the nMOFs would be transported to the lyso-
some for digestion. Although, as demonstrated above, nMOFs
could partially protect INS from being degraded by proteases, INS
would gradually become inactive if it failed to escape the lysosome.
Therefore, we explored the behavior of Tf-coated nMOFs when in-
teracting with lysosomes via CLSM. Mechanically, the Tf-coated
acid-resistant nMOFs had a strong positive charge and a unique
membrane switching effect through electrostatic interaction with
the lysosome membrane, leading to lysosome escape. As shown in
Fig. 4G and fig. S12, after just 15 min of incubation, almost all fluo-
rescence signal of T@I@U was trapped within the lysosome,
confirming that nMOFs can be quickly internalized through
the TfR-mediated pathway. As the incubation time prolonged
to 2 hours, the colocalization of the T@I@U and lysosome was re-
duced sharply (Fig. 4H), further indicating an effective escape from
the inner lysosome compartment to avoid INS degradation. We ob-
served that the colocalization rate slightly increased at 4 hours of
incubation, implying that the escaped nMOFs might be reinternal-
ized by the cells without removing the incubation media. We subse-
quently detected the INS degradation rate of different formulations
in the Caco-2 cell monolayers. As shown in fig. S13, about 50% of
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Fig. 4. TfR-mediated apical endocytosis of T@l@U. (A) Schematic illustration of transepithelial transport of INS from T@l@U to overcome multiple barriers of the intes-
tinal epithelium by TfR-mediated pathway. (B) CLSM three-dimensional images of Caco-2 cell monolayers incubated with RITC-labeled free INS, I@U, and T@l@U for
2 hours (blue for nuclei and red for INS). Quantitative determination of cellular uptake amounts for different treatments at 4 hours (C) and T@l@U at various time points
(D). (E) Distribution of Tf (green) and INS (red) after the cellular treatment at different time points. Scale bars, 10 um. (F) Quantitative determination of cellular uptake
amounts for different treatments at 2 hours (n = 3 biologically independent samples, means + SD). CLSM graphs of lysosomal escape of T@l@U (G) and quantitative colo-
calization analysis of lysosome at different time points (H). Scale bars, 5 um. The (1) cumulative transportation and (J) apparent permeability coefficient (Papp) of INS from
different formulations across Caco-2 cell monolayer in 2 hours (n = 3 biologically independent samples, means + SD). ***P < 0.001. (K) Intracellular transfer of different INS
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INS formulations for 4 hours. Then, coverslip (i) was put into fresh culture medium and fresh cells on the coverslip (i) for 12 hours. The above step was repeated to obtain

the coverslip (iii). Scale bars, 25 um. a.u., arbitrary units.

ingested INS in the free INS group was degraded after 2 hours of
incubation, while the I@U and T@I@U groups significantly inhibit-
ed the degradation rate of INS. Only about 25% and less than 10%
of INS were degraded, attributed to the protection of the UiO-68-
NH,; and the ability of T@I@U to escape the lysosome.

At length, the basolateral membrane was the last barrier hinder-
ing the transport of INS into the bloodstream circulation. Hence,
we evaluated the transcellular transportation through the basolater-
al side of different preparations. First, we analyzed the transepithe-
lial permeability of INS from different formulations across the

Zou etal., Sci. Adv. 8, eabm4677 (2022) 23 February 2022

Caco-2 cell monolayer. In just 5 min, the INS transport through the
cell monolayer in the T@I@U group had exceeded 20%. The cumu-
lative penetration INS reached 80% after 2 hours, far exceeding the
free INS and I@U groups. Meanwhile, the apparent permeability
coefficient (Papp) is an essential parameter for investigating the
permeability of drugs. After careful calculation, the Papp of T@l@U
was 16.8 x 1077 cm/s, 8.05- and 2.98-fold higher than that of free
INS and I@U, respectively (Fig. 4,  and J). The apparent changes of
Papp indicated that Tf has significantly increased the penetration of
INS through the cell monolayer, indicating that the nanosystem has
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entered into the cell in large quantities and successfully exocytosed
from the basal side. Moreover, the transcellular transport of T@l@U
was further evaluated by the protocol previously reported in the lit-
erature (52). As shown in Fig. 4K, the INS signal of I@U and free
INS groups had limited transportation among different batches of
cells. In contrast, the fluorescence signal from T@I@U was high on
coverslips (ii) and (iii). This phenomenon demonstrated that the
INS took up on coverslip (i) was exocytosed into the medium and
subsequently internalized by the cells on coverslips (ii) and (iii),
which made it conducive to drug penetration through the intestine.
Overall, the apical endocytosis markedly increased via the TfR-
mediated uptake pathway, and the protection of MOF reduced the
degradation of INS in the lysosome. Hence, the permeability of INS
across Caco-2 cell monolayers was significantly improved upon
Tf-coated acid-resistant MOFs.

Improved penetration efficiency of T@l@U in the isolated
small intestine

Since the intestinal epithelium layer has been considered the most
challenging barrier to the oral absorption of nanocarriers, this re-
search further validated the ability of T@I@U to transport across
the small intestinal ex vivo after the Tf-coated nMOFs were found
to be effective at the cellular level in previous in vitro experiments.
We compared the transport of free INS, I@U, and T@I@U across the
intestinal epithelium in the duodenum, jejunum, and ileum loops.
As shown in Fig. 5 (A to C), the INS permeation amounts of differ-
ent preparations were all time dependent, especially the T@l@U
group. Compared with the free INS and I@U NP groups, the
T@l@U exhibited the highest accumulative amounts of INS perme-
ated through each small intestinal section. At 2 hours, the infiltra-
tion amount of INS from the T@I@U group in the duodenum was
approximately 127 mIU. Moreover, we found a gradual decrease in
INS penetration from the duodenum to the jejunum to the ileum as
well, probably due to a gradual reduction of TfR and a gradual in-
crease in mucus throughout the small intestine. The above results
illustrated that the absorption of T@I@U in the small intestine was
dependent on the Tf-targeted pathway, which corresponded with
the results obtained in cellular studies.

In vivo biodistribution and intestine absorption
The in vivo intestinal absorption and distribution of INS were fur-
ther determined by Maestro in vivo imaging system and CLSM. The
in vivo images showed the fluorescence signal and intensity distri-
bution of RITC-INS from three different formulations within 24 hours
(Fig. 5D). After 4 hours postadministration, a strong fluorescence
signal was observed in the mice treated with T@I@U, which was
greater than those in the free INS and I@U groups. The strong fluo-
rescence of the mice treated with T@I@U reached the maximum at
8 hours, and this phenomenon persevered for 12 hours, which pro-
vided solid evidence for the long-term effect of the T@I@U NPs.
The biodistribution of INS fluorescence was also observed in
intestines and major organs after 4 hours of administration (Fig. 5,
E and F). Notably, strong fluorescence signals of INS released from
T@I@U were observed in the liver, indicating that INS might ini-
tially circulate through the portal veins to the liver, consistent with
the endogenous INS secretion behavior. It can be seen that free INS
did not show any fluorescence signal in major organs, owing to the
rapid degradation of proteins in the GI tract under extreme pH con-
ditions and protease environment. Despite the fact that a small
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amount of INS from I@U in the liver was observed, the fluorescence
signal of INS was fragile compared with the Tf-coated nMOFs
group, representing the inefficient absorption of INS through the
intestine without Tf decoration.

To further verify the potential pathway for the T@I@U to cross
the epithelial layer, the intestine epithelial tissues were sectioned
and processed for confocal imaging after 2 hours of administration
(Fig. 5G). The fluorescence signal located inside the epithelial cells
confirmed that INS from T@I@U was transported into the intesti-
nal villi successfully, while barely any fluorescence had been found
in the free INS and I@U group. The above results indicated that
only the Tf-coated acid-resistant MOFs could significantly improve
the permeability of INS in the intestine and realize INS transporta-
tion orally.

In vivo pharmacodynamics and pharmacokinetics studies

To investigate the hypoglycemic response and pharmacokinetics pa-
rameters of the INS-loaded nMOFs, we administered the INS-loaded
nMOFs (20 IU kg’l) and free INS (20 IU kg’l) to alloxan-induced
diabetic rats/mice by gavage and subcutaneously injected the free
INS (51U kg ™) to alloxan-induced diabetic rats. The blood glucose
and serum INS concentrations were monitored using a glucometer
and bovine INS ELISA (enzyme-linked immunosorbent assay) as-
say, respectively. As shown in Fig. 5 (H and I), oral administration
of free INS and I@U failed to reduce the blood glucose levels (BGLs),
while free INS (subcutaneous) group and T@I@U intragastric ad-
ministration group generated a strong hypoglycemic response in
contrast. The free INS (subcutaneous) group caused a sharp de-
crease in BGLs to about 28% of the initial level at 2 hours, and the
hypoglycemic effect subsequently wore off 4 hours later. Compared
with the free INS (subcutaneous) group, the T@I@U quickly re-
duced BGL to around 30% of the initial level in the first 2 hours and
led to a prolonged reduction in BGL during 8 hours. On the basis of
the glucose-decreasing profile, the relative pharmacological activity
of T@I@U was calculated to be 31.9%. The corresponding serum
INS profiles of rats treated with different formulations were depicted
as the area under the curve (AUCy.15 1) in Fig. 5], representing a
consistent result with pharmacodynamics. The maximum serum
INS level of free INS (subcutaneous) appeared within 1 hour and
returned to a minimum in only 4 hours. Compared with the free
INS group, the T@I@U group could maintain a relatively high and
stable serum INS level for up to 10 hours. The above experimental
results indicated that Tf-coated nMOFs could prolong the INS effi-
cacy in vivo and reduce the transient hypoglycemia side effects
caused by the free INS injection. The pharmacokinetic parameters
calculated from peripheral serum INS are shown in table S2. The
AUC of T@I@U was 120.7 mIU x hour/liter with a relative bioavail-
ability of 29.6%, which was 42.3- and 26.9-fold higher than that of
oral INS solution (0.7%) and the I@U group (1.1%), respectively.

DISCUSSION

In conclusion, we have successfully fabricated a highly effective oral
INS delivery system based on Tf-coated acid-resistant nMOFs
(T@l@U) through a simple, low-cost, and easy scale-up process.
The highly porous nMOFs demonstrated high protein drug LC (up
to 33 wt %) unattainable by most INS nanocarriers. By constructing
T@l@U, INS was well protected by the nMOFs and Tf under the
harsh environment in the GI tract and overcame the gastric acid

7 of 12

2202 ‘€z Arenice4 uo sexa ] YLION 10 AlsieAluN Te BI0°80us 105 MMM/:SANY WO | PaPeo JUMoQ



SCIENCE ADVANCES | RESEARCH ARTICLE

Jejunum

* M

1501 lleum

1204

©

(=]
I
.

w
(=]
I

LY

INS penetration amount ¢
(mlU)
3

>

A B
e 1507 Duodenum T ‘g’ 1501
=3

<] ] <] |
g 120 } g 120

© T

S __ 904 S __ 90
E=1=) =)

2 =52

E £ 60 £ E 60
o~ o~

c c

g 301 g
n »
£ o+ : T r , 2

0.0 0.5 1.0 15 2.0 0.0 0.5
Time (hours)
- T@I@QU

D 8 hours 12 hours
(2]

Z

[

2

.

Time (hours)

I@U

——

C

T
1.5 20

o
o
o
»
-
o

T T
1.0 1.5 20

-—— Free INS

E

24 hours

®
[
Q
Low T I High
H BALB/c mouse I Sprague Dawley rats J Serum insulin level
180+ 150 60+
3
;: : 2 120+ E
= 41204 = > 40-
g0 1T & o0 E
€ I —F £ @
- % F4
o O 604 = 204
1 60 4
o o £
o o 30 2
3
(2
0 T T T 1 0 T T T 1
0 6 12 18 24 0 3 6 9 12

Time (hours)

— T@I@U (20 IU/kg, po) -— I@U (20 IU/kg, po)

Time (hours)

-—— Free INS (20 IU/kg, po)

Time (hours)

—— Free INS (5 IU/kg, sc)

Fig. 5. Verification of the enhanced absorption of INS in animals. Ex vivo permeation studies of INS from different formulations across the different intestinal seg-
ments [(A) duodenum, (B) jejunum, and (C) ileum] (n =3 biologically independent samples, means + SD). (D) Fluorescence distribution and intensity of the RITC-INS
in vivo after the oral INS administration from different formulations at different time points. Ex vivo fluorescence images of the intestine (E) and images of heart, liver,
spleen, lung, and kidney (from top to bottom) (F) of the mice after the oral INS administration for 4 hours. (G) CLSM images of sectioned intestine tissues of rats after oral
administration of different INS formulations for 2 hours. BGLs of initial versus time profiles of the diabetic BALB/C mouse (H) and Sprague-Dawley rats (1) following the oral
administration of different INS formulations (n =6 biologically independent animals, means + SD). (J) The serum INS concentration (bioavailability) for the Tel@U, I@U,
and free INS on diabetic rats through oral gavage (n = 3 biologically independent animals, means + SD). po, per os; s¢, subcutaneously.

barrier, while it exhibited sustained and controlled release kinetics
under physiological conditions. Meanwhile, the easy modification
feature of nMOFs allowed Tf to be facilely installed on the well-
defined surface to alter the nMOFs’ penetration behaviors, providing
synthetic advantages over those Tf-conjugated delivery nanosys-
tems. The cellular experiments indicated that T@I@U first achieved
effective apical endocytosis via the Tf-mediated uptake pathway,
subsequently realized rapid lysosome escape through the unique

Zou etal., Sci. Adv. 8, eabm4677 (2022) 23 February 2022

membrane switching effect, and released from the cell monolayer
eventually to overcome the basolateral membrane barrier. More sig-
nificantly, we verified the effectiveness of T@Il@U by small-animal
research in which T@l@U quickly reduced BGL to around 30% of
the initial level and prolonged the INS efficacy to 10 hours, bringing
about a high oral bioavailability of 29.6%, which is about four times
of that reported in Tf-decorated polymeric NPs (29). Besides, no
tissue damage and abnormality of animals were observed in the
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long-term experiment, indicating the good biocompatibility of such
an oral delivery nanosystem. On the basis of the above performance,
we believe that Tf-coated acid-resistant nMOFs are general oral
protein delivery vehicles that could conquer various physiological
obstacles in the GI tract. This nanosystem combines the advantages of
efficient protein loading and protection, good intestinal permeability,
controllable protein release, and a simple formulation strategy, hold-
ing great promise for expanding the utility of protein-based oral
therapies. Nevertheless, the effectiveness of this nanosystem still
needs to be further investigated in large animal species, in which the
gastric emptying rate is slower and may aggravate the degradation
of the nanosystem and the installed therapeutic or targeting protein.
Furthermore, such a simple and effective MOF-based nanosystem
could be expandable to integrate carefully selected therapeutic
proteins with coated targeting proteins to create diverse functional
nanosystems, providing the possibility to meet a wide range of bio-
medical applications in the future.

MATERIALS AND METHODS

Materials

All standard synthesis reagents were purchased from commercial
suppliers and used without any further purification. ZrOCl,-8H,0,
2,5-dibromobenzenamine, 4-(methoxycarbonyl) phenylboronic acid,
CsF, Pd(PPhs)4, RITC, and FITC were obtained from Energy
Chemical. NaOH and CH3COOH were purchased from Sinopharm
Chemical Reagent. INS, Tf, 4',6-diamidino-2-phenylindole (DAPI),
lysosome tracker, and the BCA kit were obtained from Bio-sharp
(Hefei, China). MTT and Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from Wuhan Kerui Biotechnology Co. Ltd.
The bovine INS ELISA kit was obtained from Jiangsu Meimian
Industrial Co. Ltd.

Preparation of UiO0-68-NH;, I@U, and T@el@U

Amino-triphenyl dicarboxylic acid (amino-TPDC) was synthesized
according to the modifying methods as previously reported (47).
UiO-68-NH, was prepared through the solvothermal method. In
brief, amino-TPDC (8.3 mg, 0.025 mmol) and ZrOClL,-8H,0 (10.5 mg,
0.032 mmol) were dissolved in 2 ml of DMF. The mixture was
sonicated for 5 min until it was clear and transparent. Acetic acid
(40 ul) was added to the mixture and then heated at 90°C for
6 hours. The purified UiO-68-NH, was obtained by centrifuging the
mixture and washing it three times with DMF. The solvent was
exchanged into ddH,O by centrifugation three times; 100 pl of the
solution was dried to powder and weighed for quantification.

For the preparation of I@U, 200 pl of INS solution (20 mg/ml,
dissolved in dilute HCI, pH 2.0) was added dropwise to 4 ml of
freshly synthesized UiO-68-NH, dispersion (0.25 mg/ml in ddH,0)
and stirred for 12 hours at room temperature to obtain I@U. Subse-
quently, 40 ul of Tf solution (5 mg/ml in ddH,0) was added to the
above solution and was continuously stirred for 12 hours to obtain
T@l@U. Different feeding ratios (INS: UiO-68-NH, = 1:1, 2:1, 4:1,
6:1; Tf: UiO-68-NH, = 1:10, 2:10, 5:10, 10:10) were separately investi-
gated to optimize parameters of the INS loading and Tf coating. The
highest INS LC was achieved with a feeding ratio of INS: UiO-68-
NH, = 4:1. For the Tf coating, the optimal feeding ratio is deter-
mined to be Tf: UiO-68-NH; = 2:10. The higher feeding ratio
beyond 2:10 resulted in a small percentage of aggregated T@I@U NPs
observed by transmission electron microscopy (TEM). To remove
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the free INS and Tf attached to the surface of MOF NPs, the super-
natant was discarded, and the solid samples were washed with
ddH,O0 and then collected by centrifuge. INS loading content
was measured by the BCA kit, and TGA. INS loading content was
calculated by:

Loading content = (total weight of drug-weight of drug in
supernatant)/weight of drug-loaded NPs x 100%.

Characterization

Zeta potential and hydrodynamic size of UiO-68-NH,, I@U, and
T@I@U were measured by Malvern Zetasizer Nano series ZS-90.
The TEM tests were performed by HITACHI H-7000FA TEM to
evaluate the morphology of the samples. The EDS elemental map-
ping analysis was performed by FEI Talos F200X. PXRD was carried
out with a Rigaku MiniFlex 600 x-ray diffractometer under Cu Ko
radiation (parameter, 600 W). The UV-vis spectroscopy was mea-
sured by a UV-vis spectrophotometer (UV-2600, Shimadzu, Japan).
The fluorescence signal of the nanosystems was detected by a fluo-
rescence spectrophotometer (RF-6000, Shimadzu, Japan). The TGA
was observed by TGA 50. CLSM images were collected by Carl Zeiss
NOL-LSM 710.

In vitro stability

To test the stability of UiO-68-NH,-based nanosystems, the different
formulations were respectively dispersed in SGF, PBS, and DMEM
cell medium containing 10% fetal bovine serum (FBS), and the size
at various time points were measured by dynamic light scattering
(DLS). To determine whether UiO-68-NH, could protect INS from
digestive enzymes, the NPs were incubated in simulated intestinal
fluid containing trypsin (1 mg/ml) at 37°C. Aliquots (100 ul) at spe-
cific time intervals were taken out and 200 pl of dimethyl sulfoxide
(DMSO) containing 0.1% trifluoroacetic acid was added to stop the
enzymatic reaction. The concentration of INS was determined with
the ELISA kit in all the following experiments.

Release kinetics

To test the release behaviors of I@U and T@l@U, samples were
placed in dialysis bags [molecular weight cutoff (MWCO) = 10 kDa]
and dispersed in ddH,O, FaSSGF, FaSSIF (without phosphate), and
PBS at 37°C for 24 hours. In addition, we simulated the status of
orally taken I@U and T@I@U by dialyzing the NPs against FaSSGF
for 2 hours, followed by FaSSIF for another 2 hours and PBS
(pH 7.4) for an additional 8 hours. At different time points, 100 ul
of buffer was taken, and an equal volume of fresh buffer was added
to ensure a constant volume. The content of INS was determined
using the BCA kit.

To study the bioactivity of INS after the preparation and drug
release process, I@U and T@I@U were immersed in PBS for
24 hours at 37°C and isolated by ultracentrifugation. The content
of the released INS was determined using the BCA kit. Then, the
released INS (5 IU/kg) or free INS (5 IU/kg) was administered
to the overnight-fasting Sprague-Dawley rats by subcutaneous
injection.

Hemolysis test

The mouse blood samples were mixed with different concentrations
of T@l@U in physiological saline solution (0, 0.125, 0.25, 0.5, 0.75,
and 1 mg/ml) and incubated at 37°C for 4 hours. The erythrocytes
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were mixed with H,O in the positive group and saline in the negative
group, respectively. After centrifugation, the UV absorption value
of the supernatant at 540 nm was measured, and the hemolysis rate
of the sample was calculated according to the formula

Hem01Y5i5 = (Asamples - Anegative ) /(Apositive - Anegative) x 100%

Cell culture

The human colon adenocarcinoma cell line (Caco-2) was purchased
from the China Type Culture Collection. Caco-2 cells were cul-
tured in a DMEM medium containing 20% FBS and 1% penicillin-
streptomycin and placed in a 37°C, 5% CO cell incubator.

Cell cytotoxicity study in vitro

Different cell lines at the density of 1 x 10* cells per well were cul-
tured in 96-well plates separately. A series of doses of UiO-68-NH,,
I@U, and T@I@U (0, 31.25, 62.5, 125, 250, and 500 pg/ml) in the
culture medium was applied to the cells for 24 hours at 37°C with
5% CO, and five samples were taken in parallel. The medium was
discarded, and the cells were exposed to freshly prepared MTT
solution (5 mg/ml) for another 4 hours. Afterward, DMSO (100 ul)
was added to wells. The optical density was monitored at 490 nm
using a microplate reader.

Live/dead cell viability assay

Caco-2 cells were seeded in 12-well plates and cultured for 3 days.
The cells were treated with DMEM medium containing different
samples for 24 hours, and the live/dead cells were stained with
calcein AM and propidium iodide. The images were taken by an
inverted fluorescence microscope.

Cellular internalization studies in vitro

To visualize the uptake of UiO-68-NH,, I@U, and T@l@U, Caco-2
cells were cultured in 12-well plates with slides for 3 days and incu-
bated with either free RITC-INS, RITC-INS@U, or T@RITC-INS@U
at 37°C for different time intervals. Subsequently, the cells were fixed
with 4% paraformaldehyde and stained with DAPI for 20 min. After
rinsing the slides with PBS, the location of NPs in cells was observed
by CLSM (LSM 800, Zeiss, Germany). The intensity of fluorescence
was also measured by flow cytometry.

To further evaluate the role of Tf in the uptake trial, Caco-2 cells
were incubated with double-labeled T@I@U. In addition, the cellular
uptake of T@I@U was studied with prior incubation with Tf. After
incubation with different formulations for 2 hours at 37°C, the
amounts of RITC-INS were determined using CLSM.

The colocalization of nMOFs and lysosomes was characterized.
In brief, T@RITC-INS@U were added to the cells and incubated at
37°C for various time intervals (15, 30, 60, 120, and 240 min). Sub-
sequently, Caco-2 cells were stained with LysoTracker Green for
30 min. The CLSM was used to analyze the colocalization of the
samples and lysosomes.

The deep penetration of T@I@U was studied as the literature
reported. Caco-2 cells on coverslips (i) were cultured in a medium
that contained different INS formulations for 4 hours. Then, cover-
slip (i) was put into fresh culture medium and fresh cells on the
coverslip (ii) for 12 hours. The above step was repeated to obtain
the coverslip (iii). The coverslips (i, ii, and iii) were visualized by
CLSM separately.
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In vitro transepithelial transport

The Caco-2 cells were seeded into a Transwell insert and cultured
for 3 weeks until the cell monolayer membrane was formed (the
TEER values reached above 500 ohm x cm?). Free INS, I@U, and
T@I@U in the medium were added to the apical side. Samples were
taken out from the basolateral side at 0, 0.083, 0.25, 0.5, 1, 1.5, and
2 hours, and the medium was always supplemented to keep the
volume consistent. During the process, the TEER values were
constantly measured to determine the integrity of tight junctions.
The INS contents were measured using the bovine INS ELISA Kkit.
The Papp values of INS from the different treatments were calculated
as reported.

Animal models

Male Sprague-Dawley rats (180 to 200 g) and BALB/c mice (18 to
20 g) were provided by Beijing Vital River Laboratory Animal
Technology Co. Ltd. All the animal studies were conducted following
the Chinese Regulations for the Administration of Affairs Concern-
ing Experimental Animals and performed in compliance with the
guidelines of the Institutional Animal Care and Use Committee of
Wuhan University.

The isolated intestine penetration test

The intestinal penetration experiment in vitro was carried out accord-
ing to the method reported in the literature. The Sprague-Dawley
rats were fasted overnight and then euthanized. A total of 5 cm of
duodenum, jejunum, and ileum with both ends ligated were taken
out, and then 200 ul of free INS, I@U, and T@I@U (10 TU/ml) was
injected into the intestinal lumen. The intestine was then incubated
in 5 ml of PBS buffer at 37°C with gentle stirring. The samples were
collected according to the above method, and the amount of INS
released was again quantified by ELISA kit.

In vivo fluorescence imaging

RITC-INS, RITC-INS@U, and T@RITC-INS@U were orally ad-
ministered to the overnight-fasted mice. The fluorescence images of
mice were captured at different time points using the SI Imaging
Amix imaging system to evaluate the metabolic process of INS
preparations. Another group of mice was euthanized after 4 hours
of treatment. The images of organs and intestines were also obtained.
Different formulations were orally administered to the overnight-
fasted rats for 4 hours. Then, the rats were euthanized, and the
intestine loops were excised and frozen in Tissue-Tek optimum cutting
temperature compound (OCT compound) with liquid nitrogen.
Cross intestine sections were obtained using a freezing microtome
blade, and then, the intestine sections were stained with DAPI for
10 min and visualized by CLSM.

INS bioactivity in vivo
In vivo studies were performed in alloxan-induced diabetic animals
(n = 6 per group). The rats and mice were induced to type 1 diabetes
by alloxan injections. The animals were regarded as diabetic if their
fasting BGL were higher than 11 mmol/liter in 1 week after injection.
The rats and mice fasted overnight before experiments and then
administered different samples by gavage. The hypoglycemic effect
was tested following the oral administration of I@U and T@l@U
(20 IU/kg). As control groups, one group of rats were administered
free INS (20 IU/kg) by oral gavage, and the other group was admin-
istered free INS (5 IU/kg) by subcutaneous injection. Blood samples
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were collected from the orbital venous plexus and analyzed using a
blood glucose meter, expressed as the percentage of baseline serum
glucose level (0 hours) at different periods. The INS contents in
blood samples were measured using the bovine INS ELISA kit. The
0-hour INS content was subtracted from the INS measured at dif-
ferent time intervals and plotted.

Histologic examination

Mice received oral gavage with free INS, I@U, and T@Il@U twice a
day for seven consecutive days. The mice were euthanized, and their
organs and intestines were put in 4% (w/v) formalin. Then, the
organs were embedded in paraffin, and the tissue was cut into slices,
both of which were later stained with hematoxylin and eosin for
microscopic examination.

Statistical analysis

Statistical significance was determined by a two-tailed Student’s ¢ test.
The differences were considered significant for P values * < 0.05,
**%<0.001. Unless otherwise noted, all parallel experiments are con-
ducted in three groups (n = 3). Error bars used in this work were SD.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm4677

View/request a protocol for this paper from Bio-protocol.
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