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Abstract

Oral administration is the most preferred route for drug administration in clinic. However, due to unsatisfactory physico-
chemical properties of drugs and various physiological barriers, the oral bioavailability of most poorly water-soluble and
macromolecules drugs is low and the therapeutic effect is unsatisfactory. Ionic liquids (ILs), molten salts with unique proper-
ties, show amazing potential for oral delivery. In addition to being able to form active pharmaceutical ingredients based ILs
(API-ILs) to overcome drug solubility and polymorphism issues, ILs have also been used to enhance the solubility of poorly
soluble drugs, enhance drug stability in the gastrointestinal environment, improve drug permeability in intestinal mucus, and
facilitate drug penetration across the intestinal epithelial barrier. Furthermore, ILs were attempted as formulation components
to develop novel oral drug delivery systems. This review focus on the application progress of ILs in oral drug delivery and
the mechanisms. The challenges and perspectives of the development of ILs-based oral delivery systems are also discussed.
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IINTRODUCTION

Oral administration is the most preferred route for drug
administration in clinic, especially for long-term patients and
out-patients. Moreover, in the past decade, oral drugs con-
tinue to dominate the market, accounting for more than 50%
of FDA-approved drugs (1). However, after taking orally,
drugs need to be absorbed into circulation from gastrointes-
tinal (GI) tract firstly and then transported to the lesion site
to exert therapeutic effect. Due to unsatisfactory physico-
chemical properties of drugs such as poor solubility and/or
permeability, and various physiological barriers such as pH,
enzyme barrier, and mucus and intestinal epithelial barriers,
the oral bioavailability of most poorly water-soluble drugs
and macromolecular drugs (> 1000 g/mol) is low and the
therapeutic effect is unsatisfactory (2). Especially for protein
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and peptide drugs (PPDs), the oral bioavailability is usually
less than 1% due to their large molecular weight, instability
in digestive juice and poor membrane penetration (3). There-
fore, oral formulations need to overcome these problems to
achieve successful drug delivery (4, 5). A variety of strate-
gies have been proposed to improve oral drug absorption
(6), including lipid-based delivery systems, polymer nano-
particles (7-10), nano-drug crystals (11), polymer micelles
(12, 13), liposomes (14) and self-emulsifying drug delivery
systems (SEDDS) (15), etc. Despite great efforts, only a few
of them have been successfully translated (16). Notably, oral
PPDs are still blank in clinical practice except for the oral
dosage form of sermaglutide approved by FDA in 2019 (17).
However, the success of oral delivery of semaglutide is dif-
ficult to replicate since the enteric permeation enhancer used
in this formulation, salcaprozate sodium, is not applicable
to more PPDS (18). Novel materials or strategies still need
to be explored to improve the oral bioavailability of drugs.
Fortunately, ionic liquids (ILs) have attracted extensive
research interest as alternatives to traditional oral drug deliv-
ery systems (DDS) due to their excellent ability to enhance
the solubility, stability and permeability of drugs. ILs are a
class of organic salts that are usually liquid at temperatures
below 100 °C. ILs that exist in the liquid state at room tem-
perature are termed room-temperature ILs. The low melt-
ing point of ILs is achieved by the presence of bulky and
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asymmetric organic cations and organic/inorganic anions in
the structure (19). Notably, ILs have many distinctive fea-
tures such as excellent electrical conductivity, high thermal
stability, extremely low volatility, reduced vapor pressure,
amazing solubilizing ability and tunability. More impor-
tantly, the properties of ILs such as melting point, viscosity,
electrical conductivity and even cytotoxicity are tunable, and
can be tailored by selecting different ionic components (20).
The properly designed ILs can have task-specific functionali-
ties or impart specific biological activities that enable their
use as a solubilizer of poorly soluble active pharmaceuti-
cal ingredients (API) (21), skin penetration enhancer (22),
antibacterial agents (23), macromolecular stabilizer (24),
and other biomedical field. Especially, ILs exhibit distinct
properties that are not generally achievable with common
delivery vehicles, and show promising application potential
for oral drug delivery. ILs have both the ability to enhance
the solubility and permeability of drugs, as well as improve
drug stability in the gastrointestinal tract, and improve drug
penetration through mucus and intestinal epithelial cells
(25-27). Using ILs can overcome multiple barriers that are
not conducive to drug absorption and improve oral bioavail-
ability of drugs, while conventional formulations often only
help to address one or two of these challenges associated
with the oral route. Furthermore, in pharmaceutical formula-
tions, ILs can perform multiple roles so that the use of ILs
alone can replace several excipients and make formulations
more effective and less costly. ILs have been attempted as
formulation components to develop novel oral DDS, such as
neat ILs-drug preparations (26), formation of API based ILs
(API-ILs) (28), microemulsions and nanoemulsions (29),
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thermoresponsive gels (30), and polymers conjugation or
combination formulation (31). ILs have gradually gained
attention in applications for oral drug delivery.

This article reviewed the application progress of ILs in
oral delivery of small molecular drugs and PPDs, focus-
ing on underlying mechanisms of improving the drug phys-
icochemical properties and enhancing drug delivery across
physiological barriers (Fig. 1). And the current challenges
and prospects are also discussed.

MECHANISMS OF ORAL DRUG DELIVERY
OF ILs

ILs Enhance Drug Solubility and Stability

ILs have been widely used to increase the solubility of
poorly soluble compounds, mainly by forming new inter-
actions with solute molecules and destroying the original
forces to promote solute integration (32). The multiple
hydrogen bonds formed between the cations and anions of
ILs and the drugs are an important mechanism for drug mol-
ecules to dissolve in ILs (33, 34). Dasari et al. (35) reported
that lassbio-294, a cardiovascular drug with poor water
solubility, could be successfully dissolved in imidazole ILs.
Experiments and molecular dynamics simulations proved
that the mechanism of drug dissolution was attributed to the
formation of hydrogen bonds between anions [CH;COO-]
of ILs and the drug. In another study, the increased solubil-
ity of glyburide in ILs composed of choline and tryptophan
was found to be closely related to the formation of complex
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hydrogen bonds and #-x interactions between aromatic rings
(36).

ILs Enhance Drug Stability

Low pH environment (pH=1.5-3.5) in stomach often causes
irreversible protein denaturation and provides an environment
with the best active state of pepsin, which may degrading
drugs (37). When considering oral delivery, the stability of
macromolecular drugs is a priority. Oral preparations must
be able to withstand the acidic environment and proteases in
gastrointestinal tract. Amazingly, ILs are excellent storage
stabilizers for macromolecular drugs, and they also have been
proved to be able to protect the PPDs from gastric acid as well
as digestive enzymes. The stability of a variety of protein drugs
in ILs has been determined, such as insulin (26), monoclonal
antibodies (38), stem bromelain (39, 40), and lysozyme (41),
etc. With the changes of ILs anion and cation pair composition
(39, 40) and ILs concentration (42), unique ILs solution
structure (nanoheterogeneous) also changed, which were
strongly correlated to the differences in the PPDs stability. In
addition, ILs can form a tight shell around solvated protein,
preventing its aggregation (43), and also promote the folding
of the secondary structures, reducing the aggregation of PPDs
(44). The interactions between ILs and macromolecular drugs
are still unclear (32). Through molecular dynamics simulation,
Palanisamy et al. explained the interaction mechanism between
CAGE and insulin in different concentrations of CAGE
aqueous solution (45). In their study, when the concentration
was below 0.5 mol fraction, geranic acid mainly provided
hydrogen bonds, gradually decreasing the water molecules
around insulin, thereby reducing the conformational shift of
insulin. There was no significant change in the secondary
conformation of insulin. In the study of CAGE was used for
oral insulin delivery, Banerjee ef al. demonstrated that CAGE
protects insulin from enzymatic degradation (26). In another
study, CAGE has been proved to be able to inhibit the activity
of dipeptidyl peptidase-4 which degrades glucagon-like
peptide-1 (GLP-1), thereby improving the stability of GLP-1
(46).

ILs Enhance Drug Diffusion in Gastrointestinal
Mucosa

The high-viscosity mucus layer of the GI tract effectively
reduces the diffusion of drugs in the mucus and lower the
retention time of drugs in GI tract, which is not conducive
to the oral absorption (32). Mucin is the main functional
component of the mucus layer and plays an important role
in the mucus layer. Due to its brush-like structure, it effec-
tively reduces the mobility of drugs and slows down the dif-
fusion of drugs (47). Moreover, mucin fibers interact with
the drug through van der Waals force, electrostatic force, and

hydrophobic interaction to affect the drug structure (48). Peng
et al. explored the interaction between choline based ILs and
gastrointestinal mucus (49), found that choline based ILs can
enhance the diffusion of macromolecular drugs in gastrointes-
tinal mucus, and believed that choline plays an important role.
By comparing the properties of the mucus layer, the possible
explanation is that the positive charge of choline can effec-
tively shield the negative charge of mucin glycoprotein in the
mucus layer. Furthermore, ILs with higher conductivity have
a greater impact on the viscosity of the mucus layer, because
they are more conducive to the dissociation of anions and cati-
ons in the mucus layer, thereby dispersing the mucin polymer
(49). In addition, compared with other mucus-modulating
agents choline based ILs have no significant effect on native
mucus gel structure, indicating their biocompatibility.

ILs Enhance Drug Intestinal Epithelium Transport

The intestinal epithelium is the last and most important barrier
affecting drug absorption (48, 50). ILs can enhance intesti-
nal epithelial transport of drugs by enhancing the fluidity of
cell membranes, disrupting cell membrane integrity, or open-
ing tight junctions between cells. Banerjee et al., found that
hydrophilic IL CAGE enhanced insulin transepithelial trans-
port, which was further verified by the CAGE concentration-
dependent enhanced permeability of both paracellular perme-
ability markers Lucifer yellow and fluorescein isothiocyanate
(FITC)-dextran (26). In contrast, even at low concentrations,
CAGE decreased the transcellular uptake of coumarin-6,
which was a fluorescent marker for passive transcytosis.
Therefore, CAGE can enhance insulin transport through
paracellular route. In another research, Lim et al. found that
1-octyl-3-methylimidazolium cation (OMIM™) in amphiphilic
ILs can insert into the cell membrane and coordinate with the
negatively charged phospholipid group to form the structure
of OMIM™*-phosphate-OMIM™, which makes the fatty acid
structure disordered, and the cell membrane is thinned by
0.6 nm (51). This enables ILs to facilitate the permeation of
small molecules across membranes, such as a dramatic seven-
fold increase in the permeability coefficient of cell membranes
to ammonia. However, it is worth noting that the property of
ILs to enhance drug permeability often brings about toxicity-
related events. Rational design of ILs with high safety and high
performance is one of the current research hotspots.

ORAL DELIVERY APPLICATION OF ACTIVE
PHARMACEUTICAL INGREDIENTS BASED ILs
(API-ILs)

Conversion to salt is usually an effective approach to over-
come the unsatisfactory physicochemical properties of
drugs. Approximately 50% of marketed drugs are supplied
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in salt form. However, the most significant problem of the
solid form of drugs is crystal polymorphism. Using ILs tech-
nology, by pairing appropriate ions and fabricating API-ILs,
the required drug properties can be finely tuned. API-ILs are
novel molten salts that formed by the combination of the
basic or acidic API and counterions, or two different APIs
(52). At present, API-ILs have shown surprising effects to
overcome the low solubility, insufficient stability, polymor-
phism and poor oral bioavailability of drugs. The hydrogen
bonding and weak Coulomb force formed between cations
and anions makes melting points of API-ILs lower, the lat-
tice energies weaker, alleviating the polymorph formation,
thus solving the problems of solubility, stability and bio-
availability of API (34, 53). In addition, a wise choice of
counterion with biological activity will enable API-ILs to
have dual pharmacological activities and possibly produce a
combination of compounds with synergistic effects (54). For
example, compared with lidocaine hydrochloride, lidocaine
docusate (an API-ILs) has a longer analgesic effect (54).

API-ILs Composed of Weakly Basic API
and Counterions

Weakly basic API that are poorly water-soluble can be con-
verted into API-ILs by pairing with lipophilic anions. In
2013, API-ILs was first reported for oral delivery by com-
bining the cationic drug amitriptyline hydrochloride (AH)
and the anionic surfactant sodium dodecyl sulfate (SDS) to
prepare AH-SDS ILs (55). AH-SDS ILs can self-assemble
into 342 nm-sized vesicles in water. The loading efficiency
of AH in AH-SDS ILs was 57.7%. Compared with AH,
AH-SDS ILs had a prolonged release profile and improved
permeability in intestinal epithelium in vitro, and a smaller
Cmax and a higher 72 h-post-dose concentration in vivo after
oral administration in rabbits.

Currently, API-ILs are mostly used as formulation com-
ponents to develop oral SEDDS to overcome the insufficient
solubility of drug and enhance the stability of the formula-
tion. It was reported that through the metathesis reaction,
three weakly basic poorly water-soluble drugs, itraconazole
(Itz), cinnarizine (Cin), and halofantrine, were converted
into API-ILs by interacting with a series of lipophilic
counterions (decylsulfate (DS), triflimide (Trim), docusate
(Dos), oleate, niaproof). The resulted API-ILs can be highly
soluble in SEDDS at a ratio of 1:1 w/w, and the solubility
of Cin-DS and Itz-Dos in SEDDS was increased by about
7-fold and 50-fold compared with their free base form of
SEDDS, respectively. The SEDDS containing Cin-Trim
and Itz-Dos significantly increased plasma exposure of Cin
(2-fold) and Itz (20-fold) compared with drug suspensions
(56). API-ILs based on the weakly basic drug atazanavir
(ATV) was reported using two lipophilic counterions to pre-
pare the lipophilic salt of ATV-2-naphthalene sulfonic acid
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(ATV-2-NSA) and ATV-dioctyl sulfosuccinic (docusate)
acid (ATV-Doc) (41). ATV-2-NSA and ATV-Doc could sig-
nificantly improve the solubility of ATV in SEDDS, which
was 5.7 and 3.7-fold that of ATV free base, respectively.
Compared with ATV-Doc SEDDS and free AVT SEDDS,
ATV-2-NSA SEDDS has better stability and no precipitation
is observed within 30 h even at high concentrations (60 mg/
mL). In addition, a rat PK study conducted at this concen-
tration found that the exposure to ATV-2-NSA SEDDS was
equivalent to that of ATV free-base solution, but with less
variability. In another study, to address the low bioavail-
ability of small molecule kinase inhibitors (smKI) erlotinib,
gefitinib, ceritinib and cabozantinib, Williams et al. (57) pre-
pared lipophilic salt-docusate ILs, which were co-adminis-
tered with lipid-based formulations to improve the absorp-
tion of smKI. Compared with free base or commercially
available salts, the solubility of API-ILs in the medium-
chain SEDDS was significantly enhanced (> 100 mg/g, at
least 5-fold that of the free base form). In vivo evaluation
results showed that the absolute bioavailability of erlotinib
docusate or cabotinib docusate based on SEDDS was signifi-
cantly improved, approximately 1.5 and 1.8-fold that of free
base or marketed salts. The weakly basic drugs and anion
used to form API-ILs are shown in Fig. 2.

API-ILs Composed of Weakly Acidic API
and Counterions

Similarly, as anionic component, weakly basic API can also
be developed into API-ILs. Shadid er al. synthesized cholin-
ium salt of sulfasalazine (Sulfa-ILs) with sulfasalazine and
choline chlorided. The solubility of Sulfa-ILs in saline and
phosphate buffer (pH 8.0) was about 4000 times and 10
times that of Sulfa in saline, respectively (58). Although
Sulfa-ILs could partially precipitate in the simulated gastric
fluid and show limited effect in increasing the solubility in
simulated intestinal fluid, the oral absolute bioavailability
of Sulfa-ILs in rats could be increased by about 2.5 times
compared with the Sulfa-PM suspension (1:1 sulfa:choline
mixture). Moshikur et al. developed a series of API-ILs
based on the weakly acidic drug methotrexate (MTX). In this
work, MTX was used as the anionic component and choline,
tetramethylammonium, tetrabutylphosphine or proline ethyl
ester (ProEt) as the cationic component (59). The experi-
mental results showed that compared with MTX, IL[ProEt]
[MTX] exhibited better pharmacokinetic properties, its oral
bioavailability was 4.6 times higher, and the accumulation
of MTX in the lung, spleen, kidney and gastrointestinal tract
was significantly reduced. In vivo antitumor studies fur-
ther confirmed the improved efficacy of IL[ProEt][MTX]
in inhibiting tumor growth. In another oral drug delivery
study, weakly acidic and insoluble drugs tolfenamic acid
(Tolf), meclofenamic acid, diclofenac and ibuprofen were
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Fig.2 Weakly basic drugs and anions used to form API-ILs in oral DDS (55-57).

respectively paired with counterions to form API-ILs to
enhance drug dissolution in SEDDS. The prepared API-ILs
had high solubility in SEDDS at ratio of 1:1 w/w. At high
doses (100 mg/kg), the SEDDS preparation of Tolf ILs had a
smoother, longer plasma exposure curve and decreased C,,,
compared with free drugs (60). The weakly acidic drugs and
cations used to form API-ILs are shown in Fig. 3.

API-ILs Composed of Weakly Basic APl and Weakly
Acidic API

Dual-active API-ILs synthesized from weakly acidic drugs
and weakly basic drugs enables the co-delivery of these
two drugs on the same platform. Clinically, diphenhy-
dramine (DPH) is often used in combination with ibu-
profen (IBU) or naproxen (NAP) for patients with sleep
disorders with pain. Wang et al. (61) prepared proton ILs
(DPH][IBU] PILs and [DPH][NAP] PILs) by pairing DPH
with IBU or NAP to improve the poor solubility of IBU
and NAP. The results showed that after formation of API-
ILs, the solubility of IBU and NAP increased by about
7-fold and 9-fold, respectively. Subsequently, to further

improve the problem of poor dissolution of PILs, [DPH]
[IBU] PILs and [DPH][NAP] PILs were dispersed into
mesoporous silica, and the PILs-carrier composite showed
improved dissolution and prolonged drug release and sig-
nificantly improved bioavailability. The DPH and IBU or
NAP used to form API-API are shown in Fig. 4.
API-ILs, as a liquid salt, is an attractive way to over-
come drugs polymorphism, poor solubility and poor
absorption problems to improve drug therapeutic effect.
Not only drugs in the cationic or anionic form can be made
into API-ILs, but poorly ionizable or non-ionizable drugs
can also be made into API-ILs by introducing ionizable
functional groups to prepare prodrugs. In addition, there
are thousands of counterions to choose from, and the
judicious selection of counterions can produce synergis-
tic effects with APIs, or enable API-ILs to have multiple
pharmacological activities. Therefore, API-ILs has shown
great potential in oral drug delivery. However, the applica-
tion of API-ILs in oral DDS is still in its infancy, and more
in-depth studies are required to fully understand and uti-
lize API-ILs. In addition, the stability of API-ILs in the GI
tract and its impact on the gut flora also deserve explore.
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Fig.4 DPH and IBU or NAP
used to form API-API in oral
DDS (61).
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ILs BASED ORAL DDS FOR SMALL MOLECULE
DRUGS

Poor solubility is the main challenge in the clinical appli-
cation of BCS class II and BCS class IV drugs. Accord-
ing to statistics, 40% of marketed drugs and up to 70% of
potential drug candidates exhibit extremely poor oral bio-
availability due to water insolubility (62—65). ILs, known as
"green solvent and super solvent", showed great application
potential in dissolving drugs in place of volatile and toxic
traditional solvents. The development of ILs-based oral DDS
to overcome the solubility problem of BCS class II drugs
was reported by Williams et al. for the first time (66). They
prepared two kinds of ILs firstly, 1-hexyl-3-hexyloxy-car-
bonylpyridinium bis(trifluoromethylsulfonyl)imide ([hhcpy]
[NTf,]) and 1-hexyl-3-hexyloxy-carbonylpyridinium
dicyanamide([hhcpy][N(CN),]), and found that, compared

@ Springer

Weakly acid API
OH OH
I
Ibuprofen Naproxen

with soybean oil, [hhcpy][NTf,] and [hhcpy][N(CN),] could
increase the solubility of danazol, itraconazole and fenofi-
brate by 5.5, 100, 1.7 times and 100, 500, 1.7 times, respec-
tively. Then, in order to reduce the risk of drug precipitation
caused by ILs miscible with water in vivo, they further stud-
ied another twol-methyl-3-octylpyridinum alkyl sulfate ILs
([Cgmypy][C,(SO,4] and [Cgmepy][C3SO,4D). Finally, they
prepared SEDDS with ILs instead of lipids to overcome the
insufficient solubility of danazol in the formula. The result
showed that the oral bioavailability of SEDSS 4504 in rats
was 4.3 times that of danazol suspension, and was equivalent
to SEDDS;; ;4. Notably, compared with that of SEDDS;
pharmacokinetic parameters of SEDDS¢g04 including the
plasma concentration and drug exposure time were much
better. It was speculated that the related mechanism might
be that ILs DDS enabled better interaction of danazol with
endogenous bile salt micelles, resulting in markedly dis-
persed species that can be better absorbed.
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ILs composed of amphiphilic ions showed excellent abil-
ity to improve drug solubility and great potential for oral
delivery. Amphiphilic ions of these ILs have a synergistic
effect on improving drug solubility. The hydrophobic part,
can accumulate around the solute, and there is no counte-
rion that strongly interacts with water, limiting the degree of
solute-hydrotrope aggregation. Choline, an important com-
ponent of cell membrane with low toxicity and high biodeg-
radability, is a hydrophilic cation which can be paired with
hydrophobic molecules to synthesize third-generation ILs
with excellent dissolving ability (34). Sintra et al. reported
that both cholinium vanillate and cholinium gallate based
ILs were able to increase the solubility of ibuprofen by up to
500-fold, while cholinium salicylate based ILs could enhance
ibuprofen’s solubility by up to 6000-fold, and all these three
choline based ILs could increase naproxen’s solubility by up
to 600-fold when compared with pure water (67).

Moreover, ILs formed by anions with different charge
numbers showed a certain difference in solubilization abil-
ity. Based on choline and phosphate, Agostinho et al. (68)
prepared five monoanionic and five dianionic ILs and found
that dianionic ILs had a stronger solubilizing effect than
monoanionic ILs. The solubility of ibuprofen and piroxicam
could be increased by 300-fold and 480-fold with 0.25 mol%
dianionic ILs, respectively, while 0.3 mol% monoanionic
ILs could only increase the solubility by tenfold. In another
study, Shi et al. (69) found that the ILs based choline and
geranate (CAGE, a composition with choline: geranic acid
stoichiometry of 1:2) markedly increased the solubilityand
oral bioavailability of sorafenib (SRF). The results showed
that the apparent solubility of SRF tosylate in CAGE was
100 million times higher than that in water. Notably, the
solubility of SRF in 10% CAGE was still 221-fold that of
water. Following oral administration of SRF-CAGE in rats,
the peak plasma concentration and elimination half-life of
SRF were increased by 2.2-fold and 2-fold, respectively,
and the average absorption time was prolonged by 1.6-
fold compared with SRF suspension formulation. After 80
times dilution of SRF-CAGE with water or PBS (pH 7.4),

Fig.5 Oral delivery of
sorafenib through spontaneous
formation of ionic liquid nano-
complexes (69). Reproduced

with the permission from Ref. SRF
69. Copyright © 2020 Elsevier. powder SRF in ionic liquid
(SRF-CAGE))
- >
ionic liquid
(CAGE)

nanocomplexes were formed, which may be the mechanism
by which of CAGE promote SRF oral absorption (Fig. 5). In
further experiments, Shi et al.(70)demonstrated that CAGE
could significantly enhance the anti-tumor effect of SRF on
4T1 cells and Caco2 cells by increasing apoptosis and block-
ing cell cycle progression.

ILs can improve drug permeability by enhancing trans-
membrane capacity, which is important for oral delivery of
BCS class IV and III drugs. Eleni et al. used ILs (1-Butyl-
3-methylimidazolium hexafluorophosphate, 1-Butyl-3-
methylimidazolium tetrafluoroborate and 1-Hexyl-3-meth-
ylimidazolium chloride (HMIMCI)) in combination with a
lipid-based formulation (self-nano-emulsifying drug deliv-
ery systems (SNEDDS), ILs:SNEDDS =3:7) to improve
the oral bioavailability of BCS IV drug amphotericin B
(AmpB) (71). The results showed that ILs not only signifi-
cantly improved the solubility of AmpB, but also increased
the transport of AmpB across Caco-2 cell monolayer. The
AmpB transport amount in the SNEDDS:HMIMCI group
was more than three times that of the SNEDDS group. In
another study, Shi et al. proved that CAGE enhanced SRF
penetration and crossing over multicellular structures and
the efficacy of SRF on these cells (70).

ILs BASED VARIOUS ORAL DELIVERY
SYSTEMS FOR PROTEIN AND PEPTIDE DRUGS

Direct Dispersion and Oral Delivery of Insulin
by Neat ILs

Initially, neat ILs were used for transdermal delivery of
proteins. Banerjee ef al. (22) firstly demonstrated the
effectiveness of the topical transdermal application of CAGE
by simply mixing neat choline-geranate (CAGE) and various
proteins (bovine serum albumin, ovalbumin and insulin),
demonstrating that CAGE could stabilize macromolecular
drugs and assist macromolecular drugs to cross the skin
barrier. Then they further successfully delivered insulin

—SRF-CAGE
—Saline group

nanocomplexes
3 Drug in
Plasma

Time post administration
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orally using CAGE (26), even though the intestinal epithelial
barrier environment was more complicated than that of
the skin (72, 73). As shown in Fig. 6, CAGE significantly
enhanced the oral bioavailability of insulin, resulting in
a 40% decline of blood glucose levels in rats, due to its
excellent ability to protect protein from proteolytic enzymes
and promote insulin penetrate through the mucus membrane
by opening tight connections. Besides, Insulin-CAGE was
stable for 2 months at RT and at least 4 months at 4 °C as
assessed through secondary structure and in vivo bioactivity
evaluation. CAGE provides a stable environment for protein,
probably due to modifications of water structure around the
protein and interactions with charged residues on the protein
surface (74, 75). Consisting only of insulin and an ionic
liquid, Insulin-CAGE is a simple and robust formulation
that can be effortlessly prepared in a single-step process,
and requires no structural modification of insulin and no
additional excipients to enhance efficacy (26). Thus, it
precludes the generation of an immune response to modified
protein or the loss of active ingredients during preparation.
Taken together, neat ILs appear to play a great role in the
oral delivery of proteins.

lonic Liquid Gel for Oral Delivery of Insulin

ILs can also be added to different prescriptions to meet dif-
ferent delivery needs. As shown in Fig. 7, to address the
issue of poor liquid localization in the GI environments,
Peng et al. prepared ionic liquid gel patches for oral deliv-
ery of insulin (49, 76). They demonstrated that the “iono-
gel” CAGE-patches were a novel and simple approach which

could encapsulate ILs and drugs in a gel. Due to their adjust-
able properties, ILs could be easily mixed into PVA aqueous
solutions and dried or subjected to repeat freeze and thaw
cycles to obtain ionic liquid gel patches. Due to the slow-
release characteristics of the gel, about 40% of the loaded
insulin was released within 5 h, and CAGE had a similar
release behavior, suggesting that ILs are compatible in dif-
ferent systems. This novel IL gel approach allows localized
and controlled release of ILs and drugs in the GI tract for
enhanced oral delivery.

lonic Liquid Aqueous Solution for Oral Delivery
of Monoclonal Antibody

Encouraged by the ability of CAGE in the stabilization
and successful oral delivery of insulin, Angsantikul et al.
attempted to dissolve therapeutic monoclonal antibodies in
ILs aqueous solution for oral delivery. As shown in Fig. 8,
they prepared choline-glycolate (CGLY) and assessed the
effects of CGLY on antibody stability, in vitro transport, and
in vivo uptake (38). Compared with insulin (5.8kda), anti-
human TNF-o mouse IgG1(150kda) had a larger molecular
weight and a more complicated structure, presenting greater
challenges to successful oral administration. Firstly, they
screened different concentrations and types of CGLY for
their ability to bind monoclonal antibodies and found that
the excess glycolic acid in the prescription was detrimental
to maintaining antibody integrity, resulting in a formulation
of CGLY (2:1). Under the premise of ensuring the structural
activity of the antibody, the plasma IgG level in CGLY-IgG
group was five-fold higher than that of control group 5 h

Fig.6 Neat ILs for Oral A B
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structures of CAGE. b Circular — 1 month RT
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glucose changes. Reproduced
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26. Copyright © 2018 National
Academy of Sciences.
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Fig.7 Ionic Liquid Gel for Oral
Delivery of Insulin (76). Repro-
duced with the permission from
Ref. 76. Copyright © 2020
American Chemical Society.

Fig. 8 Ionic liquid aque-

ous solution for oral deliv-

ery of IgG (38) a Chemical
structures of choline and
glycolic acid. CGLY variants
(choline:glycolic acid molar
ratios of 2:1, 1:1, and 1:2) were
prepared by salt metathesis of
choline bicarbonate and glycolic
acid. b Retained antigen binding
capability of antihuman TNF-o
mouse IgG1 antibody (clone
MADI1) isolated from CGLY
variants at a concentration
range between 20 and 90%v/v.

¢ Fluorescence quantification
of FITC-IgG per unit area on
villi. d In vivo plasma antihu-
man TNF-a IgG concentration
after intrajejunal injection of
the IgG in CGLY2:1 or saline,
quantified by ELISA. Repro-
duced with the permission from
Ref. 38. Copyright © 2020 John
Wiley and Sons.
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after administration. Mechanism studies had shown that
CGLY could enhance the permeation of IgG through intes-
tinal mucus and epithelium.

lonic Liquid Functionalized Silica Nanoparticles
for Oral Delivery of Insulin

Chemical modification is a commonly used method for drug
delivery, which can improve performance and endow the
carrier the functions suitable for oral delivery (77).Therefore,
Mahkam et al. modified the imidazole group on SiO for oral
delivery of insulin (78). At pH 1.0, which was the pH of gastric
acid, the Si—O group was protonated. Therefore, the positive
charge of the imidazole group made the insulin molecules
electrostatically attracted, increasing the drug load of insulin.
At neutral pH, the pH of the gut, Si—O was deprotonated and
carried a large amount of negative charge, repelling the insulin
molecule and allowing insulin release. It provides a new way
to improve the solubility of macromolecular drugs.

In summary, ILs were attempted as formulation compo-
nents to develop various novel oral drug delivery systems
for macromolecules. The liquid form of ILs facilitates their
smooth addition, and its unique ionic and hydrogen bonds
make it dissolve well in different formulations. However, at
present, there are only few studies on the application of ILs
in oral delivery macromolecular drugs, and most of which
are studies on oral delivery of insulin molecules. Research
on other macromolecular drugs needs to be expanded
urgently. We believe that the application potential of ILs
for oral delivery of macromolecules remains to be explored.

CHALLENGES

Although exciting study results were elucidated, many chal-
lenges remain in the application of ILs for the development
of oral DDS. Firstly, the study of ILs based oral DDS lacks
systematic and still in its initial stage. Current studies mainly
focus on observing the effects of ILs on drug solubility, per-
meability and oral bioavailability, lacking evaluation of ther-
apeutic efficacy and in vivo safety. Secondly, although ILs is
considered a green solvent with low vitality and low toxicity
compared with traditional solvents, its safety remains chal-
lenged in biomedical applications especially for systemic
administration. The cytotoxicity and microbial toxicity of
the first- and second-generation ILs make their development
in drug delivery a challenge. The development of third-gen-
eration ILs with better biocompatibility has greatly improved
the safety of ILs, but long-term toxicity studies are still
needed. Thirdly, ILs have been reported to have the ability
to enhance the penetration of drugs through gastrointestinal

@ Springer

barriers, including mucus and epithelial barriers, which may
be related to the cations of ILs, but the specific mechanism
remains unclear. Correctly understanding the mechanism
will help researchers better understand ILs and design ILs
more rationally. Fourthly, the ionizable ions of ILs face dif-
ferent pH changes in the GI tract, which will lead to ILs
instability and drug precipitation. Therefore, improving the
stability of ILs in the GI tract and reducing the risk of drug
precipitation are also urgent problems to overcome in the
application of ILs for oral administration. Finally, the lack
of arecognized regulatory system for the application of ILs
in oral DDS is also a major constraint on ILs development
(52). However, with the further development of ILs, regula-
tory loopholes will gradually be overcome. MRX-7EAT, an
API-ILs patch, is currently the only ILs preparation that has
entered clinical trials for transdermal delivery but terminated
due to unsatisfactory treatment effects. The successful trans-
formation of ILs preparation into clinical practice still faces
great challenges. The great potential of ILs in improving the
efficiency of oral drug delivery and therapeutic effect means
that ILs is a promising vector and worth exploring.

PERSPECTIVES

Overall, ILs have unprecedented advantages in improving
the oral absorption of drugs, and are very promising carriers
for oral delivery, which will definitely attract more research-
ers to conduct in-depth studies. With the development of
application research of ILs in oral delivery, the deeper mech-
anisms will be elucidated, and the structure—activity rela-
tionship between ILs and their safety and delivery efficacy
will be expounded, which will be conducive to the design
of safer and more efficient ILs. Furthermore, clinical stud-
ies on tailored biocompatible ILs are expected to begin in
the near future to facilitate successful market translation of
IL-based DDS.
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CGLY: Choline-glycolate; Cin: Cinnarizine; DDS: Drug delivery
systems; Dos: Docusate; DPH: Diphenhydramine; DS: Decylsul-
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1: Glucagon-like peptide-1; HMIMCI: 1-Hexyl-3-methylimidazolium
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ILs: Ionic liquids; Itz: Itraconazole; NAP: Naproxen; PILs: Proton
ionic liquids; PPDs: Protein peptide drugs; SEDDS: Self-emulsi-
fying drug delivery systems; SmKI: Small molecule kinase inhibi-
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