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Calcitonin (CT), a 32-amino acid polypeptide drug, is crucial in regulating calcium homeostasis and in-
hibiting osteoclast activity. CT is primarily administered via injections and nasal sprays. However, injec-
tions usually suffer from poor patient compliance, while nasal sprays may cause side effects such as epis-
taxis, rhinitis, and nasal mucosal ulcers, coupled with low bioavailability. Deep eutectic solvents (DESs),
formed by hydrogen-bond donors and acceptors, have shown potential in overcoming intestinal perme-
ability barriers and facilitating the oral delivery of peptide drugs. Herein, we developed an intestinal drug
delivery system for CT using DESs, which is expected to facilitate the subsequent development of oral
preparations. We first prepared and characterized DESs with different stoichiometric ratios of choline (Ch)
and geranate (Ge), followed by the investigation of the interaction between CT and Ch-Ge-based DESs
(CAGE). Intestinal transport studies revealed that CAGE significantly promoted the jejunal absorption of
CT-CAGE 1:2 (Ch and Ge in a 1:2 ratio), exhibiting the most pronounced pro-permeability effect. In vivo
pharmacokinetic and pharmacodynamic results indicated that, compared with the aqueous CT solution,
the CT-CAGE formulation increased bioavailability to 3.53 %, with a significant hypocalcemic effect. In vitro
studies further demonstrated that CAGE increased the transmembrane transport and membrane perme-
ability of CT. The pro-permeability mechanism of CAGE may be related to the opening of tight junctions
between intestinal cells and the improvement of paracellular transport efficiency. This DES-based drug
delivery system offers a novel and promising approach for the oral delivery design of CT, addressing the

limitations of administration routes.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid development of biotechnology, an increasing
number of protein and peptide drugs with potent biological activ-
ity have emerged for the treatment of diverse diseases. Calcitonin
(CT), a 32-amino-acid polypeptide, is clinically used to manage
osteoporosis and hypercalcemia [1-3]. However, its therapeutic
application faces significant challenges: the short plasma half-life
(<1 h) of CT necessitates frequent administration via daily or
alternate-day injections. The clinical formulations primarily consist
of injectable and nasal spray preparations. For instance, salmon
CT injection (e.g., Miacalcin) is administered subcutaneously at a
dose of 50-100 IU daily, with high bioavailability (~70%-80%).
But this invasive regimen poses challenges for chronic treat-
ment, often resulting in poor patient adherence and consequent
economic/psychological burdens [4]. While nasal sprays offer
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improved patient acceptability compared to injections, they are
associated with local adverse effects, including nasal irritation,
epistaxis, rhinitis, and nasal mucosal ulceration [5]. Furthermore,
their clinical application is severely constrained by low bioavail-
ability, as demonstrated by the commercially available Miacalcin®
nasal formulation, which achieves merely 3% systemic absorption
[6]. These limitations have driven substantial research interest in
developing novel CT delivery systems.

Oral-based drug delivery systems have remained a priority in
peptide drug delivery due to their economic viability, dosing con-
venience, and superior patient compliance [7]. Nevertheless, the
hydrophilic nature of CT renders it susceptible to gastrointesti-
nal degradation while impeding mucosal permeation, collectively
contributing to suboptimal oral bioavailability [8]. Consequently,
two critical challenges dominate the CT oral delivery: gastrointesti-
nal stability and systemic absorption. Several strategies, including
permeation enhancers [9], nanoparticulate carriers [10] and pH-
responsive formulations for targeted intestinal release [11], were
employed to enhance the oral bioavailability of CT. However, most
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existing studies focus on nanoparticle delivery systems and suf-
fer from drawbacks, including complex preparation processes, high
costs, instability induced by external factors (such as temperature
and pH), and potential toxicity.

Deep eutectic solvents (DESs) are eutectic mixtures mainly
formed through hydrogen-bond interactions between hydrogen-
bond donors (HBDs) and hydrogen-bond acceptors (HBAs) [12,13].
These DESs demonstrate multifunctional pharmaceutical applica-
tions, acting as solubilizers, permeation enhancers, antibacterial
agents, and stabilizers for macromolecules in poorly soluble active
pharmaceuticals [14-18]. In particular, DESs based on choline (Ch)
and geranate (Ge) exhibit high biocompatibility, biodegradability,
and negligible toxicity, demonstrating significant application po-
tential in drug delivery [19-21]. Emerging evidence has shown that
the Ch-Ge-based DESs (CAGE) can promote the paracellular trans-
port of protein and peptide therapeutics while concurrently pro-
tecting against enzymatic degradation in the gastrointestinal tracts
[22]. As a result, CAGE is a promising strategy for the oral delivery
of biological drugs.

In this study, we developed an oral drug delivery platform in-
tegrating CT with CAGE (CT-CAGE). We first synthesized and char-
acterized various DESs with different Ch-Ge molar ratios, then in-
tensively investigated the interactions between CT and CAGE. Also,
the hypocalcemic effect of the preparation was proved both in vitro
and in vivo. CT-CAGE may reversibly open the tight junctions be-
tween cells, thereby improving the paracellular transport efficiency
of CT and enhancing its oral absorption. More importantly, CT-
CAGE had a significant hypocalcemic effect and showed no obvious
irritation to the intestine. Therefore, CAGE is a promising strategy
for designing the oral CT delivery system.

DESs with different Ch-Ge molar ratios (2:1, 1:1, and 1:2) were
prepared using the heating and stirring method. CAGEs with var-
ious molar ratios exhibit distinct colors. As the content of Ch
increases, the color deepens, and the viscosity rises (Fig. S1 in
Supporting information). Meanwhile, the properties of CAGE pre-
pared with different molar ratios are different. For example, as the
content of Ch in the ratio increases, the density, pH value, and
electrical conductivity of CAGE all increase (Fig. S2 in Supporting
information). Subsequently, we utilized proton nuclear magnetic
resonance spectroscopy ('HNMR) and Fourier transform infrared
(FTIR). In THNMR, the singlet peak of Ge in CAGE at 11.87 ppm
disappeared, indicating the formation of hydrogen bonds between
Ge and Ch (Fig. S3 in Supporting information). In the FTIR spec-
trum, the absorption peaks of O-H and C=O in Ch appeared at
3403 and 1692.1 cm~!, respectively. The absorption peaks of O-H
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and C=0 in Ge were observed at 2970.4 and 1692.1 cm™!, respec-
tively. The shifts of the O-H and C=0 absorption bands in DESs
varied with the molar ratio of Ch to Ge. The -OH and C=0 peaks
in CAGE shifted to 3396.3-3422.9 and 1645.6-1689.8 cm~!, respec-
tively (Fig. S4 in Supporting information). These results collectively
confirmed the formation of CAGE.

Next, we prepared CT-CAGE (with a 40% CAGE proportion in
the solution) by vortexing. We investigated the interaction be-
tween CT and CAGE using fluorescence and circular dichroism (CD)
spectroscopy. In the fluorescence spectrum, due to the presence
of tyrosine in CT, irradiation with 280 nm excitation light results
in maximum fluorescence emission intensity at 301 nm. After CT
bonded to CAGE, the internal conformation of CT changed, alter-
ing the hydrophobic environment around the tyrosine residues and
ultimately affecting its maximum fluorescence intensity. Fluores-
cence quenching can be observed in the three preparations with
different molar ratios. The blue shift of the fluorescence emis-
sion peak of CT-CAGE, approaching the excitation peak, indicates
that the tyrosine microenvironment became more hydrophobic, the
macromolecule tended to be in a folded state, and the interac-
tion between CAGE and CT was strong (Fig. 1A). Little alteration
was observed in the shape and ellipticity of the CD spectra of the
CAGEs 1:1 and 1:2 compared with the free CT (Fig. 1B). The neg-
ative peak at 200 nm was the random coil, which was the main
secondary structure of CT. The data indicated that CAGEs 1:1 and
1:2 did not affect the secondary structure of CT.

Due to Ch’s hydrophilicity and Ge’s hydrophobic tail, CAGE
exhibited self-assembly behavior in water or phosphate-buffered
saline (PBS), forming micelles/nanoemulsion [23,24]. Here, we
observed the morphology of CT-CAGE via transmission electron
microscopy. The results showed that after being appropriately di-
luted with purified water, CT-CAGE formed particles with relatively
uniform size and spherical-like shape, indicating that CAGE might
form micelles/nano-emulsions when mixed with water (Fig. 1C).
Subsequently, we investigated the in vitro release of CT-CAGE
using the dialysis method. CT-CAGE released slowly in the buffer
solution. Only 8% of CT was measurable in the pH 1.2 condition,
due to the degradation of CT in acidic environments. This data
suggests that the formulation can be destroyed in the gastric
juice environment, necessitating bypass of the gastric environment
during administration. In the pH 6.8 buffer solution, 97% of CT
was released at 12 h, and its content decreased slightly thereafter.
In the pH 7.4 buffer solution, CT was completely released by 10 h
and reached a release equilibrium (Fig. 1D). These results suggest
that CT-CAGE remained stable in the pH 7.4 buffer solution and
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Fig. 1. Preparation and characterization of CT-CAGE. (A) Fluorescence emission spectra of free CT and CT-CAGE with different molar ratios. (B) CD spectra of free CT and
CT-CAGE. (C) TEM image. Scale bar: 200 nm (left) and 500 nm (right), respectively. (D) The in vitro release curve of CT-CAGE. (E) Enzymatic stability of free CT and various
CT-CAGE incubated in simulated intestinal fluid containing pancreatin (pH 6.8). The data are given as mean + SD (n=3). *P < 0.05, ***P < 0.001 vs. the free CT.
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Fig. 2. The intestinal transport of CT-CAGE. (A) P,pp and (B) K, of different drugs in
the in situ single-pass intestinal perfusion experiment of rats. (C) The fluorescence
imaging results diagram of the jejunum segment of rats after in situ intestinal per-
fusion. The left side of the image corresponds to the intestinal villus side, while the
right side corresponds to the muscularis propria of the intestine. The blue fluores-
cence indicates the cell nucleus, and the green fluorescence indicates CT. Scale bar:
100pm. (D) Semi-quantitative fluorescence analysis of CT-CAGE preparation using
Image ]. The data are shown as mean + SD (n=3). *P < 0.05, ***P < 0.001 vs. the
free CT.

exhibited a faster release rate while protecting CT in an acidic
environment. Furthermore, enzymatic stability in the intestinal
environment is a prerequisite for the development of oral peptide
formulations. Herein, we investigated the enzymatic stability of CT-
CAGE in simulated intestinal fluid. As shown in Fig. 1E, free CT was
rapidly degraded in trypsin-containing simulated intestinal fluid,
with a degradation rate of 87 % after 4 h of incubation; in contrast,
CT-CAGE demonstrated a degradation rate of 40%-60%. These
results indicate that free CT is highly unstable in the intestinal en-
vironment, while CAGE can significantly alleviate the degradation
of CT by trypsin, enhancing its resistance to intestinal enzymes.

To screen the optimal ratio of Ch to GE, we investigated the
permeation-enhancing effects of different formulations of CT-CAGE
in the jejunum using in vivo unidirectional intestinal perfusion ex-
periments (Figs. 2A and B, Table S1 in Supporting information).
All the CAGE formulations could enhance the absorption of CT in
the jejunum. Among them, the jejunal absorption rate constant
(Ka) and apparent absorption coefficient (Papp) of the CAGE 1:2
group were approximately twice and 1.6 times those of the free
CT group (P < 0.05), demonstrating a permeation-enhancing effect.
Then, CT-CAGE uptake in the jejunal epithelium was observed us-
ing an upright fluorescence microscope. Compared with the free
CT, CT-CAGE exhibited intense green fluorescence, localized out-
side the intestinal villi, and penetrated the epithelial cells, extend-
ing into the lamina propria. Moreover, the fluorescence distribu-
tion of the CAGE 1:2 group was higher than that of other groups
(Fig. 2C). Additionally, the fluorescence intensity of CAGE 1:2 group
was the highest, which was 4.6 times higher than that of the
free CT group, indicating that CAGE 1:2 had the most substantial
intestine permeation effect (Fig. 2D). This is likely attributed to
the increased proportion of geranic acid, enhancing the lipophilic-
ity of CAGE and boosting the interactions with lipid bilayers and
tight-junction disruption [25]. However, the high hydrophobicity of
geranic acid could compromise the peptide solubility at excessive
ratios, potentially limiting CAGE permeation efficiency [26,27]. In
summary, CAGE can effectively promote the penetration of CT into
the intestinal mucus layer and epithelial cell layer, probably be-
cause CAGE opens tight junctions between epithelial cells.

Then, Caco-2 cell monolayers were used to simulate the absorp-
tion and transport process of intestinal epithelial cells in vivo [28-
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Fig. 3. In vitro absorption and transmembrane transport effect of CT-CAGE. (A)
Concentration-dependent effects of CAGE on the transmembrane transport of CT.
(B) Confocal microscopic images of the transwell membrane. The blue fluores-
cence represents the cell nucleus stained with 4’,6-diamidino-2-phenylindole, di-
hydrochloride (DAPI), and the green fluorescence corresponds to the FITC-CT. Scale
bar: 50pm. (C) Flow cytometry was used to investigate the uptake of FITC-CT by
Caco-2 cells. (D) Concentration-dependent effects of CAGE on the transmembrane
transport of FLS. (E) Concentration-dependent effects of CAGE on TEER values. (F)
The effect of different inhibitors on the transmembrane transport of CT-CAGE. The
data are given as mean + SD (n=3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the free
CT (A, C, F). ***P < 0.001 vs. the free FLS (D, E).

30], and investigated the cellular uptake of CT-CAGE using confo-
cal laser scanning microscopy (CLSM) and flow cytometry. As de-
picted in Fig. 3A, the increase in administration time resulted in
increased CT transport. After 5 h of incubation, CAGE preparation
groups exhibited higher drug transport than the free CT. The higher
the CAGE concentration, the greater the transmembrane transport
of CT. The CLSM images revealed that the uptake of FITC-CT by
Caco-2 cells increased as the CAGE concentration of the prepara-
tion increased (Fig. 3B). Additionally, the flow cytometry quantifi-
cation results also indicated that the transmembrane transport of
CT in the preparation group was significantly higher than that in
the free CT group (Fig. 3C).

Secondly, we investigated how CAGE promoted the transmem-
brane transport of CT through the paracellular and transcellular
pathways. In the paracellular transport experiment, the trans-
membrane transport of FLS by CAGE was also observed in a
time-dependent and concentration-dependent manner (Fig. 3D).
In addition to quantitating the transport of CT-CAGE, we used
an electrical resistance meter to measure the effects of CAGE
at different concentrations on the electrical resistance value of
intestinal epithelial cells at corresponding time points. The mea-
surement of transepithelial electrical resistance (TEER) provides
a rapid and straightforward method for evaluating epithelial cell
barrier integrity. Changes in the TEER value can indicate alterations
in the integrity of the tight junctions between cells [31]. As the
administration time increased, the TEER value of Caco-2 cells grad-
ually decreased while the amount of CT transport continuously
increased. After 5 h of administration, the TEER value of the 2.8
mg/mL CAGE group decreased most significantly, consistent with
the maximum CT transport observed (Fig. 3E). The results prelimi-
narily demonstrated that CAGE may disrupt the tight junctions be-
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tween epithelial cells, thereby enhancing the paracellular transport
efficiency of CT and promoting the transmembrane transport of CT.

To further investigate the safety of CAGE, the culture medium
containing the preparation was replaced with fresh cell culture
medium after a 5-h transport, and the TEER value was measured
after 24 h. The TEER values of the 2.8 mg/mL CAGE group, 1.6
mg/mL CAGE group, 0.4 mg/mL CAGE group, and the free fluo-
rescein sodium (FLS) recovered to 76%, 84%, 97%, and 96% of
their original values, respectively. After removing CAGE, Caco-2
cells were able to restore the tight junctions between them and
form a complete layer of intestinal epithelial cells again. Therefore,
CAGE 1:2 may reversibly and transiently open the tight junctions
between Caco-2 cells, which demonstrated the favorable safety of
CAGE at the cellular level (Fig. 3E), consistent with a previous re-
port [22].

To determine the transcellular transport pathway of CT-CAGE,
Caco-2 monolayers were pretreated with three different endocyto-
sis inhibitors. The CT transport remained almost unchanged com-
pared with the control group after Caco-2 cells were treated with
the three inhibitors, methyl-B-cyclodextrin (M-8-CD), chlorpro-
mazine (CPZ), and amiloride (AMLR). These results indicated that
CAGE did not promote the transmembrane transport of CT through
the three major transcellular pathways (caveolin-mediated endo-
cytosis, clathrin-mediated endocytosis, or micropinocytosis). Addi-
tionally, the cold temperature incubation (4 °C) indicated that the
uptake of CT-CAGE was significantly suppressed (Fig. 3F), suggest-
ing that active transport mechanisms may be the primary route for
cellular uptake of CT-CAGE. In summary, the permeation-enhancing
mechanism of CAGE could be attributed to the reversible opening
of the tight junctions between epithelial cells.

Subsequently, we evaluated the pharmacokinetic behavior and
hypocalcemic effect of the preparation in rats via intestinal in-
jection administration. All experimental procedures were per-
formed following the protocols approved by the China Pharmaceu-
tical University Institutional Animal Care and Use Committee (No.
202406068). The schematic diagram of the duodenal injection (DI)
experiment is shown in Fig. 4A. In the in vivo pharmacokinetic
study after intestinal administration of CT-CAGE, the Cpax of the
CT intestinal injection group was only 23.79 pg/mL. In comparison,
the CT-CAGE intestinal injection group achieved a concentration of
116.83 pg/mL. The area under the curve (AUC) of the CT intestinal
injection group was only 84.39 pghmL~!, whereas the AUC of the
CT-CAGE intestinal injection group could reach 413.65pghmL-1.
The bioavailability of free CT was extremely low (0.72 %), while CT-
CAGE has a 3.53% bioavailability, 4.9-fold higher than that of the
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free CT group (Fig. 4B and Table S2 in Supporting information). The
results demonstrated that CAGE enhanced intestinal absorption.

In addition, the in vivo pharmacodynamic study revealed that
the intestinal injection of CT-CAGE had a significant hypocalcemic
effect. At 8 h post-administration, the blood calcium concentra-
tion could be reduced to 68% of the initial level, and the hypocal-
cemic effect persisted for 24 h (Figs. 4C and D). Compared with
the control group receiving a DI of CT aqueous solution, the prepa-
ration group demonstrated a favorable in vivo hypocalcemic effect.
In conclusion, CAGE significantly improved the bioavailability and
therapeutic effect of CT. CT-CAGE could stably and continuously ex-
ert a hypocalcemic effect, laying a foundation for the design of CT-
CAGE oral preparations.

Currently, several oral peptide formulations, including
OSTORA™, Mycapssa, and Rybelsus, achieve oral delivery us-
ing lauroyl carnitine chloride, transient permeation enhancers
(TPE), and sodium N-[8-(2-hydroxybenzoyl)aminocaprylate] (SNAC)
respectively [5,32,33]. These formulations have been approved
or are ongoing clinical trials, exhibiting simplicity and a 1%
bioavailability with effectiveness. For instance, OSTORA™, an oral
CT formulation prepared by encapsulating citric acid vesicles into
enteric-coated capsules, has completed Phase III clinical trials,
demonstrating a 1% bioavailability and hypocalcemic effect [34].
This technology utilizes lauroyl carnitine chloride as the intestinal
permeability enhancer and citric acid as a pH-lowering agent
to create a locally weakly acidic microenvironment (pH 4.5-5.5)
in the intestine and inhibit protease activity [35]. Herein, we
reported a 3.53% bioavailability in the intestine using CT-CAGE
with a simple formulation and preparation. The study offers a
promising strategy for the oral CT administration.

To evaluate the acute toxicity of CAGE in rats, we recorded the
body weight changes of the rats after seven consecutive days of ad-
ministration, observed the gastrointestinal tissue morphology, and
detected serum biochemical indices. Both the control and CT-CAGE
groups exhibited steady body weight gain (Fig. 5A). Furthermore,
CT-CAGE showed no significant changes in intestinal tissue mor-
phology and no substantial alterations in the serum biochemical
indices of rats compared with the control group (Figs. 5B and C),
indicating the favorable safety profile of CAGE.

In summary, we verified that CAGE is a promising strategy
for oral CT delivery. The mechanistic investigations revealed that
CAGE exhibited a substantial permeation-enhancing effect by re-
versibly and transiently opening tight junctions between intestinal
epithelial cells. More significantly, CT-CAGE demonstrates excellent
hypocalcemic efficacy, improved bioavailability of CT and negligible
toxicity, possessing promising translational potential.
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