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Introduction

Increasing influx of poorly water-soluble drugs poses a significant challenge to oral drug
delivery. Conventional solubilization techniques such as solid dispersion and cyclodex-
trin inclusion, while capable of improving drug dissolution, suffer from a great
predicament in subsequent formulation processing. A novel “powder solution technol-
ogy,” the liquisolid technique, has come to the forefront in dealing with drug
solubilization and formulation of oral “problem” drugs. The liquisolid technique
involves the adsorption of liquid medications onto suitable carrier and coating
materials, followed by conversion into free-flowing, dry-looking, and compressible
powders. In the liquisolid system, the drug is dispersed in an almost molecular state,
which greatly contributes to drug dissolution and absorption. This review aims to
present the fundamentals of liquisolid technology and update the concept of liquisolid
processing to expand its applications. The trend of modern drug discovery, drug
solubilization approaches, application of liquisolid technology in formulation innova-
tion, formulation composition, and design of liquisolid systems were discussed in
detail. Special emphasis was placed on the application of liquisolid technology to
improve the dissolution and bioavailability of poorly water-soluble drugs. Accumulat-
ing evidence shows that the liquisolid technology has immense potential to improve
oral delivery and facilitate the secondary development of insoluble drugs.

for pharmaceutical practitioners. Approximately 40% of
approved drugs and nearly 90% of pipeline drug candidates

Rapid advances in science and technology have accelerated
the discovery of biologically active molecules, while at the
same time generating a large number of poorly soluble and
insoluble drug candidates.! Oral administration is the pre-
ferred route of drug delivery and has been used for thou-
sands of years. The solubility and dissolution of active
pharmaceutical ingredients (APIs) continue to be a concern
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under development are estimated to be poorly water-solu-
ble compounds.” These insoluble molecules, especially
Biopharmaceutical Classification System (BCS) Il molecules,
are invariably subject to absorption barriers due to limited
dissolution in the gastrointestinal (GI) tract. Therefore,
dissolution enhancement is particularly important to facil-
itate drug absorption.?
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A variety of formulation strategies have been explored to
improve the dissolution of poorly water-soluble drugs, includ-
ing micronization,” solid dispersion,” inclusion complexation,®
co-crystal formation,” nanocrystal technology,® the use of
ionic liquids,” liquisolid technology,'® and other pharmaceu-
tical dispersion techniques.'! Of these approaches, some can
lead to the development of solid dosage forms, while others
can only be applied to develop liquid dosage forms. Micron-
ization can barely increase the specific surface area (SSA) of
coarse drugs to a certain extent, but particle agglomeration
often plagues formulation development.'? Although solid dis-
persions and cyclodextrin inclusion complexes can be proc-
essed into solid dosage forms in one step using certain
techniques,'>'* the solvents used to dissolve drugs usually
have to be removed, which poses a major problem in subse-
quent processing due to the viscous nature of the resulting
products. Nanocrystal preparation also confronts the chal-
lenges of desolvation and crystal growth. Drug-loaded ionic
liquids and other colloidal dispersions must also be converted
to solid formulations for use.'® The subsequent processing of
these preparative intermediates poses a serious challenge for
the development of oral dosage forms. Interestingly, the
liquisolid technique holds great promise for continuous pro-
duction, providing a platform for the convenient conversion of
liquid medications into a solid form.'®

The liquisolid technology is an innovative and advanced
solid dosage form approach that can convert liquid or dissolved
drugs into apparently dry, nonadherent, free-flowing, and
compressible powders.!” The earliest concept of the liquisolid
system can be traced back to the 1980s with the introduction
of the powdered solution.'® In the liquisolid system, the drug s
in the highest form of dispersion with an absolutely large SSA
that allows the drug to dissolve freely in a dissolution medium.
Excellent wettability and miscibility due to the use of hydro-
philic nonvolatile solvents further contribute to the dissolution
enhancement. Liquisolid powders can either be made into
immediate-release or sustained-release preparations.'®!
Furthermore, the liquisolid technology is particularly suitable

Computer-aided drug design
(CADD)

Fig. 1 Modern drug discovery.

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

for solubilization and formulation development of amphipho-
bic drugs that tend to precipitate from nanoparticles or
dispersion systems upon encapsulation. Due to its low pro-
duction cost and ease of handling, the liquisolid technology is
emerging as an innovative and promising formulation strategy
to improve the dissolution and bioavailability of insoluble
drugs.??

This work was intended to provide information on the
potential of liquisolid technology in enhancing drug disso-
lution and absorption. We discussed the features of modern
drug discovery, various strategies for dissolution enhance-
ment, and formulation composition and design ideas for
developing liquisolid systems with an emphasis on the
practical applications of liquisolid technology in dissolution
and absorption enhancement. Extended liquisolid technolo-
gy concepts and application scenarios were also presented
and commented.

Overview of Modern Drug Discovery

Drug discovery and development represents one of the most
important medical activities that contribute to human health
and well-being. The modality of drug discovery has dramati-
cally evolved over the past century. From the initial seren-
dipitous discovery of an active compound, it is transiting to
the current pattern: a target- and mechanism-driven ap-
proach based on a deep understanding of a disease.?> Drug
discovery and synthesis are becoming increasingly comput-
erized and automated. Genomics, proteomics, and metab-
olomics hasten the rate of drug discovery,?* while molecular
mimicry and molecular docking speed up the generation of
new pharmacological active ingredients (APIs).>> High affin-
ity to a disease target inevitably comes at the expense of
water solubility, as intermolecular interactions are dominat-
ed by hydrophobicity. This shift in drug discovery has led to
mixed results (~Fig. 1).2% On the one hand, computer-aided
drug design, combinatorial chemistry, and high-throughput
screening have greatly accelerated drug discovery; on the
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other hand, this shift in drug discovery has also led to the
emergence of an overwhelming number of highly hydropho-
bic active entities with poor druggability. In addition to those
biodrugs, these newly discovered compounds are character-
ized by greater lipophilicity and/or high molecular weight. As
reported,27 approximately 40% of marketed drugs and 90% of
drug candidates in the discovery pipeline are poorly water
soluble or insoluble molecules, posing a serious challenge for
formulation development.

According to the BCS,?® poorly water-soluble drugs in-
clude BCS Il and IV compounds. They are all characterized by
a dissolution-limited process after oral administration. Most
cases of failure in new drug research and development (R&D)
can be ascribed to their poor or inadequate water solubility.
Troubles associated with poor solubility of drugs can result in
low bioavailability, hence inferior oral drug delivery efficacy.
For BCS IV drug candidates, oral formulations are generally
not encouraged to develop, since the issue of insufficient
absorption is difficult to overcome even if a formulation
technique solves the dissolution limitation. Oral dosage
forms are the best options for BCS II drugs for their clinical
application once the dissolution limitation is addressed. As
far as conventional oral preparations are concerned, dosage
escalation is necessary to achieve effective treatment goals.
However, this dose escalation may cause adverse GI reac-
tions, even enterotoxicity, upon oral administration.?® To this
end, dissolution improvement is the key to solving the
challenge in the oral delivery of lipophilic drugs, both for
old and newly discovered APIs.
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Approaches for Improving Drug Dissolution

According to the specification of China Pharmacopeia, the
solubility of drugs is specified as very soluble, freely soluble,
soluble, sparingly soluble, slightly soluble, very slightly solu-
ble, and practically insoluble or insoluble. APIs with a solubility
of less than 1 mg/mL are considered poorly water-soluble
drugs, including very slightly soluble and practically insoluble
or insoluble ones. Eligible oral formulations must be satisfied
by the solubility—the highest dose of API able to be completely
dissolved in 250 mL of GI fluids, i.e., matching the sink condi-
tion for dissolution.3° For poorly water-soluble drugs, the sink
condition is difficult to achieve with conventional formula-
tions. This predicament requires the use of advanced formula-
tion technology to achieve formulation innovation.

Avariety of pharmaceutical techniques have been explored
to improve a drug’s solubility or dissolution, including chemi-
cal modification, particle downsizing, amorphization, crystal
engineering, nanometerization, and liquisolid technique, as
shown in =Fig. 2. Chemical modification improves drug
solubility and dissolution by changing the chemical structure
of the drug such as salt formation and introduction of a
hydrophilic group.3! It is the use of medicinal chemistry to
improve the dissolution of a drug from the perspective of
pharmaceutics. A drug salt can ionize in an aqueous solution,
increasing its water solubility and dissolution rate. The attach-
ment of a hydrophilic group, on the one hand, can improve the
solubility of the drug itself, and on the other hand, a long
hydrophilic chain (e.g., polyethylene glycol [PEG]) enables the

Crystal form selection

Co-crystals

Crystal engineering

Solid dispersion
Cyclodextrin inclusion

Micronization
Nanocrystals

Salification

Nanoparticles, liposomes,
micelles, nanoemulsions,
nanocapsules, etc.

Solid preparations
containing solution

Improving hydrophilicity

Fig. 2 Pharmaceutical techniques for improving drug dissolution.
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self-assembly of molecules upon conjugation with the parent
compound, thus facilitating the dissolution.>?

Reducing the particle size of a drug is the most commonly
used approach to improve its dissolution. According to the
Noyes-Whitney equation,33 the dissolution rate of a drug is
proportional to the surface area and the saturation solubility of
the drug, which can be achieved by the particle size reduction.
There are typically two techniques available to reduce the size
of drugs, i.e., micronization and nanocrystallization. Micron-
ization is a mechanical and high-shear process to reduce the
size of drug particles to the micron scale.3* Nanocrystal
technology is a method of obtaining drug nanocrystals by
top-down or bottom-up techniques.>> The nanocrystal tech-
nology is more feasible in improving drug dissolution than
micronization. Amorphization is a formulation technique for
obtaining amorphous drugs that can be achieved through solid
dispersion and cyclodextrin inclusion. For example, revapra-
zan has been separately produced in solid dispersions, solid
SNEDDS, and inclusion compounds with the crystalline drug
being converted to an amorphous state in all formulations. All
formulations significantly increased the drug solubility, disso-
lution, plasma drug concentration, and area under the curve
compared with revaprazan powders.>®

Crystal engineering involves the selection of the crystal
form and formation of the eutectic crystals (co-crystals). Some
drugs may be polycrystalline during recrystallization due to
different crystallization processes. Differences in solubility
exist in different crystal forms, and the optimal crystal form
can be determined based on their solubility. Eutectic crystals
have a lower dissolution potential energy due to the presence
of crystalline defects, which favors the improvement of drug
dissolution. Nanometerization refers to the preparation of a
natural, incidental, or manufactured material-containing par-
ticles, in an unbound state or as aggregates or as agglomerates
with a nanoscale size. Nanometerization is a broader concept
that refers to various nanotechniques involved in the prepara-
tion of polymeric nanoparticles, lipid-based nanoparticles,
liposomes, micelles, nanoemulsions, nanocapsules, etc. In
pharmaceutics, it refers specifically to formulation processing
that allows the incorporation of nanocarriers or nanoparticles.
Although nanometerization does not directly improve drug
dissolution, it creates a supersaturated drug concentration in
the GI tract that facilitates drug absorption. The liquisolid
technique is based on solid dispersions, which is a pharma-
ceutical technology used to formulate drug-containing liquid
or preparative intermediate into a solid dosage form. The
liquisolid technique lends strong support for the development
of oral formulations of poorly water-soluble drugs.’

Liquisolid Technology in Formulation
Innovation

The liquisolid technology involves the conversion of a liquid
drug into a dry, nonadherent, free-flowing, and compressible
powder mixture by mixing the liquid drug with suitable
excipients.>® Indeed, the liquisolid technology should not be
confined to converting liquid-containing drugs into a pro-
cessable solid form but specifically refers to a technology that

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

can solidify liquid drugs. It allows the liquids that aid in the
dissolution of a drug to remain in the liquid system or to be
promptly removed from the system. Likewise, liquid medi-
cations are also not limited to a true solution of the drug,
which can be a solid dispersion solution, a cyclodextrin
inclusion solution, a self-emulsifying system, or an ionic
liquid. Both pure drug solutions and carrier excipient-con-
taining drug solutions can be loaded into liquisolid systems.
Volatile solvents can be removed from the system via drying
or evaporation after drug loading, leaving dried drug or drug
dispersions in the system.3%#? The liquisolid technology not
only serves as a platform for the solidification of liquid
medications, but also has deeper application scenarios in
pharmaceutical processing. In a broad sense, the liquisolid
technology, as depicted in =Fig. 3, should encompass all
aspects of technologies capable of solidifying liquid drugs,
including liqui-pellet and extrusion-spheronization techni-
ques originating from the liquisolid concept.?%41+42

The liquisolid technology offers many advantages over
other dissolution-enhancing techniques. The liquisolid tech-
nology appropriately integrates liquid solubilization, solid
dispersion, and formulation processing. The preparative
process is largely simplified beyond low production cost
and easy industrialization. An enormous number of poorly
water-soluble drugs can be formulated into liquisolid sys-
tems for dissolution and bioavailability enhancement.** This
technology is expected to convert solid dispersions and
cyclodextrin inclusion complexes into tablets and capsules.
The use of nonvolatile and anhydrous solvents is also of great
promise to improve the chemical stability of water-labile
drugs. Hydrolysis and oxidation are the predominant chemi-
cal degradation pathways of drugs.** Drug degradation in the
liquid system is inhibited in an anhydrous medium due to the
absence of moisture, while nonvolatile solvents also insulate
drugs from oxygen exposure. The liquisolid technique cir-
cumvents the problems of downstream processing caused by
the presence of liquid residues in other solubilization
approaches. It transforms preparative intermediates such
as solid dispersions and inclusion complexes into specific
dosage forms, showing unique potential in formulation
innovation. Of course, there are also disadvantages associat-
ed with the liquisolid technique. The technique is exclusively
applied for poorly water-soluble drugs with a low dose,
whereas the loading of high-dose drugs into liquisolid sys-
tems becomes difficult due to limitation capacity. The incor-
poration of hydrophilic liquids in the liquisolid systems can
also cause problems with hygroscopicity, which may be
detrimental to the stability of formulation as well as drugs.

Formulation and Design of A Liquisolid
System

The smallest dimension of the drug in a formulation is
manifested by its molecularity dispersed in suitable carrier
excipients. In terms of solid dispersions, coarse poorly water-
soluble drugs can be converted to solid solution upon
complete dispersion in a selected carrier.”>* Likewise,
liquefied medications can also be converted into dry-like,
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Fig. 3 Schematic illustration of liquisolid systems.

free-flowing, and compressible or fillable powders or gran-
ules by mixing with adsorptive excipients and subsequent
formulation. A liquisolid system provides the molecular
dispersion of drugs and creates the most favorable conditions
for rapid dissolution. A liquisolid system is designed to
convert a liquid drug into a processable solid form. Apart
from the basic excipients used in tablets or capsules, a
classical liquisolid dispersion system typically consists of a
nonvolatile solvent, carrier material, coating material, and
other excipients.'’ In the case of liquisolid compacts, the
drug is first completely dissolved in the minimum amount of
nonvolatile solvent necessary to make a liquid drug, then the
liquid drug is mixed with carrier material to produce wet

Solid dmN =i :
iqui i
medication

Carrier material
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Tableting or
capsuling

Liquisolid
systems

powders or granules, followed by the addition of coating
material to form dry, free-flowing, and compressible mix-
tures, and finally compressed into tablets. The formulation
composition of a liquisolid dispersion system (liquisolid
compacts) is shown in =Table 1.

The solvents used to dissolve poorly water-soluble drugs
for developing liquisolid systems are normally nonvolatile
liquids, meanwhile biologically inert, lowly viscous, and
preferably water-miscible, in addition to strong solvent
powder. A variety of hypotoxic solvents are employed to
produce liquisolid systems, including PEG, propylene glycol,
glycerin, and polysorbate. Mixed solvents or cosolvents can
also be used to solubilize insoluble drugs. In liquisolid

Table 1 Components generally involved in a liquisolid formulation

Excipient type Characteristics

Function

Examples

Inert, water-miscible,
compatible with drug
candidates, and has excellent
dissolution capacity

Nonvolatile solvent

The nonvolatile solvent acts as a
solvent and a binding agent in a
liquisolid system

PEG, glycerin, propylene glycol,
polysorbate, Cremophor EL,
Transcutol HP, Capryol 90,
2-pyrrolidone, Labrasol

Porous, large specific surface
area, sufficient adsorption abil-
ity, good flowability, and
compressibility

Carrier material

Carrier material plays a
fundamental role in forming the
dry powders from liquid
medication

Microcrystalline cellulose (MCC;
e.g., Avicel, Ceolus, Vivapur,
Emcocel), lactose, mannitol,
magnesium aluminometasilicate
(Neusilin), dibasic calcium
phosphate anhydrous (Fujicalin)

Coating material Ultrafine and highly adsorptive
particles, good flow-enhancing

effect

Coating material contributes to
covering the wet surface of
particles by adsorbing excess
liquid to ensure a good
flowability of powders

Colloidal silicon dioxide
(e.g., Aerosil, Cab-O-Sil M5),
Neusilin, Calcium silicate (Florite)

Other excipients Disintegrant, lubricant, release
modifiers, flavoring, and

coloring agents

The selected agents can
improve the quality of solid
dosage forms

Sodium starch glycolate (CMS-Na),
crospovidone, L-HPC, PVP k25, PEG
6000, HPMC, Eudragit

Source: Reproduced with permission from Zhang et al,'! copyright 2018 MDPI, Basel, Switzerland.
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systems, the liquid vehicle works as both a solvent and a
binder.® Other hydrophilic or amphiphilic solvents such as
Transcutol, Maisine 35-1, Labrafac CC, and Solutol are occa-
sionally used in the liquisolid systems.*’ Carrier materials
play a crucial role in changing liquid drugs into dry powders.
They should have a porous microstructure and a large SSA.48
The most commonly used carrier materials in liquisolid
systems include microcrystalline cellulose (e.g., Avicel and
Ceolus), mesoporous silicate, lactose, sorbitol, anhydrous
dibasic calcium phosphate (Fujicalin), and amorphous mag-
nesium aluminometasilicate (Neusilin). Fujicalin and Neu-
silin are inorganic functional materials, which display large
SSAs, up to 40 and 300 m?/g, respectively.*® Neusilin is not
only used as a carrier material but also as a coating material
due to its excellent adsorption and flowability.>® Coating
materials help cover the wet particles to result in dry
powders with sufficient flowability. They are characterized
by fine micromeritic properties and a high adsorptive capac-
ity that can adsorb excess liquid from the admixture. The
coating materials currently used in liquisolid systems in-
clude colloidal silicon dioxide (e.g., Aerosil and Cab-0-Sil
M5), amorphous silica gels (e.g., Syloid), calcium silicate
(Florite), Neusilin, etc.’! In addition to the excipients men-
tioned above, a liquisolid system usually involves the use of
other additives to facilitate formulation development, such
as disintegrants, lubricants, and release modifiers.’?>3

In addition to the dissolution enhancement, liquisolid
technology has also been employed as an innovative formu-
lation strategy to develop sustained- or extended-release
dosage forms. The rationale behind liquisolid technology to
prolong drug release lies in the involvement of hydrophobic
excipients (e.g., Eudragit RL and RS) instead of hydrophilic
excipients or the incorporation of retarding agents (e.g.,
polyvinylpyrrolidone [PVP] and hydroxypropyl-methyl cel-
lulose [HPMC]) or the use of viscous or liposoluble liquid
vehicles (e.g., glycerin and polysorbate) in the liquisolid
formulations, where a sustained release profile can be
achieved.”>=> The hydrophobicity and lower SSA of hydro-
phobic excipients compared to Avicel contribute to delayed
drug release. Macromolecular polymers such as HPMC can
form a gelatinous diffusion layer that delays drug release
from liquisolid compacts. Viscous or liposoluble liquids as
nonvolatile solvents used in the liquisolid systems can also
control drug release in the presence of diffusion and insolu-
bility barriers. A major advantage of applying liquisolid
technology to extend drug release is the possibility of
obtaining liquisolid systems with zero-order release kinetics.
For instance, Pavani et al produced sustained-release tablets
of trimetazidine dihydrochloride using Tween 80 as a non-
volatile vehicle and a binary mixture of ethyl cellulose (F1, F2,
and F3), Eudragit L-100 (E1,E2,and E3) or RS-100 (S1, S2, and
$3) and Aerosil as carrier-coating materials.”® The dissolu-
tion profile of formulation E3 followed the Higuchi and
Peppas model, showing a nearly zero-order release. Similar-
ly, Hussain et al developed aceclofenac-loaded Eudragit
L-100 and RS-100-based sustained-release tablets charac-
terized by a zero-order release pattern using glycerin as the
liquid vehicle upon the coating material Aerosil.”’ These

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

studies indicate that the liquisolid technology has the po-
tential to successfully develop sustained-release formula-
tions. While the technology may seem straightforward for
oral drugs that require sustained release, there are hurdles in
the transition to industrialization due to poor flowability and
compactibility as a result of the high proportion of con-
trolled-release materials. A workable approach was pro-
posed by Javadzadeh et al to increase the loading factor
whereby to reduce the amount of carrier and coating mate-
rials,? thus obtaining liquisolid powders with acceptable
flowability and compactibility. By introducing hydrophilic
polymers such as PVP, HPMC, and PEG 35000, the loading
factor can be increased. Either way, the liquisolid technology
can be used to develop both immediate-release and sus-
tained-release formulations to meet the challenges of oral
drug delivery.

The liquisolid technology discussed in this section is not
conceptually equivalent to the liquisolid system. Liquisolid
systems are truly solid-like dispersion systems containing a
liquid component, which can only address the formulation
challenges of small-dose drugs and have a limited selection
of nonvolatile solvents. The liquisolid technology is a spe-
cialized technique that converts a liquid drug into a solid
form. It can overcome the limitations of drug dose and
solvent selection, providing more options for oral drug
delivery. For low-dose drugs, we can develop liquisolid
compact formulations using a nonvolatile good solvent.
However, for high-dose drugs, the amount of solvent needed
to dissolve a poorly water-soluble drug often exceeds the
maximum loading capacity of the excipient. At this point,
formulation design will become particularly critical for the
development of a liquisolid system. To improve the solubility
of a high-dose drug, we can also utilize an ionic liquid as an
alternative to a nonvolatile solvent to solubilize the drug,
thereby reducing the liquid volume in the final formula-
tion.”® Furthermore, we can use a volatile solvent plus
functional materials to achieve molecular dispersion of
poorly water-soluble drugs in the pseudo-liquisolid system
via drying in solid technique.’® For example, it is an advisable
strategy to combine a precursor solution containing solid
dispersion carriers, inclusion materials, or self-emulsifying
constituents with liquisolid technology for synchronous
drug wrapping and loading via timely evaporation of volatile
solvents.®-63 With the help of these technologies, the crite-
ria for drug candidates to develop liquisolid systems have
been extended from low-dose drugs to some high-dose drugs
and amphiphobic drugs. Fortunately, these novel formula-
tion designs have slowly made their way into the minds of
formulators to develop novel liquisolid systems.

Liquisolid Technology for
Dissolution|Absorption Improvement

Liquisolid technology can be deemed as a pragmatic phar-
maceutical dispersion technique.'' In liquisolid systems,
poorly water-soluble drugs are molecularly dispersed in
the solid excipients,?"-®* and thus liquisolid technology has
enormous potential for improving dissolution. For the



majority of poorly soluble drugs, the liquisolid technology
can solve dissolution problems and improve oral bioavail-
ability. BCS II drugs are particularly well suited to be devel-
oped as liquisolid compacts or capsules because the rate-
limiting step for absorption is related to dissolution.®>%® The
absorption issues of BCS IV drugs can also be addressed to
some extent by liquisolid technology in combination with
the use of absorption enhancers.®”68 In recent years, a great
many poorly water-soluble drugs have been formulated into
liquisolid systems for dissolution and/or bioavailability en-
hancement, including telmisartan,®® raloxifene hydrochlo-
ride,’® risperidone,”! curcuma,’? erlotinib,”® efavirenz,’*
etodolac,”® ritonavir,’® itraconazole,”’ simvastatin,’® sily-
marin,”® cannabidiol,*° clopidogrel,80 loratadine,®' rivarox-
aban,®? and cannabis sativa extracts.®> ~Table 2 shows the
properties of the above APIs, the composition of their
liquisolid systems, and the results obtained after in vitro/
vivo testing. Significantly improved biopharmaceutical
attributes (e.g., dissolution, permeability, or absorption)
have been investigated using the liquisolid technology.

Development of Liquisolid Technology ~Wang, Zhang

Using propylene glycol as a nonvolatile solvent, micro-
crystalline cellulose as a carrier, and silicon dioxide as a
coating material, Naureen et al developed liquisolid com-
pacts using a central composite design to improve the
dissolution of mirtazapine.®* The results showed that the
crystallinity of mirtazapine in the liquisolid formulation
vanished and the drug was completely dissolved in the
nonvolatile solvent and thoroughly dispersed within the
powders composed of carrier and coating materials. In
addition, the dissolution of the drug was found to be higher
from liquisolid compacts than from the conventional tablets
compressed directly. In another study,85 ketoprofen, a BCS I
drug, was made into liquisolid formulation with PEG 200 as a
solvent and microcrystalline cellulose and Aerosil 200 as
carrier and coating material, respectively, in an attempt to
improve the dissolution rate of ketoprofen and thereby its
bioavailability. Differential scanning calorimetry and pow-
der X-ray diffraction confirmed the amorphous nature
of ketoprofen in the liquisolid system, which resulted in
a significant improvement in its dissolution and anti-

Table 2 Reported liquisolid systems: API, formulation, and in vitro/vivo performance

Pharmaceutical Fronts

API Physical state Excipients In vitro/vivo outcomes Ref.
Telmisartan Partially amorphous Transcutol HP, Avicel PH 102, and pH-independent release with 69
/reduced Aerosil PH 200 significant improvement in
crystallinity dissolution
Raloxifene Molecular/amorphous Vehicle (Cremophor EL, Capmul PG-8, | Enhanced dissolution and 70
state or Transcutol HP), Avicel PH 102, and | intestinal permeability
Aerosil PH 200
Risperidone Low crystallinity Labrasol/Labrafil (1:1), Avicel PH 102, Higher dissolution and 71
nanosized amorphous silicon dioxide | increased oral bioavailability
(Si0z)
Curcuma Not characterized Ethanol (removed in the final Improvement in dissolution 72
products), Avicel PH 102, and Aerosil | with increased release
PH 200
Erlotinib Molecularly PEG 400 and Florite PS 200 Enhancement in dissolution, 3
solubilized state oral bioavailability, and
therapeutic effect
Efavirenz Amorphous/molecularly | Transcutol HP, Neusilin US2, and Higher dissolution rate than 74
dispersed state Aerosil PH 200 tablets containing pure drug
Etodolac Amorphous/molecularly | PEG 400, Avicel PH 200, Aerosil PH Enhanced oral bioavailability s
dispersed state 200
Ritonavir Amorphous form PEG 400, Transcutol HP, Labrasol, Solubility enhancement 76
Labrasol/Labrafil (1:1), Avicel PH 102, [ effect at the absorption site
and nanosized amorphous SiO,
Itraconazole Molecularly PEG 600, Alfacel PH 200, and Aerosil | Significantly higher drug 7
dispersed state PH 200 dissolution and enhanced
oral bioavailability were
achieved
Simvastatin Not characterized Tween 80, Avicel PH 101, fumed sili- Increase of dissolution rate 78
ca, and AcDi-Sol and overall enhancement in
pharmacokinetics and
pharmacodynamics
Silymarin Partially amorphous Propylene glycol (PG), Avicel PH 102, | Improved dissolution and 79
form Aerosil 200, HPMC K4M, and PVP K30 | cardioprotective efficacy
Clopidogrel Not characterized 80
(Continued)
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API Physical state Excipients In vitro/vivo outcomes Ref.
The mixture of propylene glycol and Fast and sustained releases of
water (2:1), MCC, starch maize, PVP, | clopidogrel were achieved
HPMC, and Aerosil 200 through the proper selection

of excipients

Loratadine Not characterized Propyleneglycol, glycerin, PEG 400, Dissolution was significantly 81
Avicel PH 102, and Aerosil enhanced
(not specified)

Rivaroxaban Amorphous state PEG 400, Avicel PH 200, and Both dissolution rate and oral 82
Aerosil 200 bioavailability were

improved

Cannabis sativa | Crystalline state Volatile vehicle (ethanol) and More than 90% cannabinoid 83

extracts (physically nonvolatile vehicles (Labrasol, PEG dissolution was achieved via

deposited onto 400, Labrafil M 1944 CS, and Tween liquisolid formulations using
carrier material) 20), Avicel PH 102, and Aerosil 200 liquids with low polarity

Abbreviation: API, active pharmaceutical ingredient.

inflammatory activity in vivo. Continuous manufacturing is
also a key component in realizing industrialized production
of liquisolid formulations. To achieve this technical transfor-
mation, Zakowiecki et al employed a twin-screw processor to
continuously produce liquisolid tablets containing either
simethicone (oily API) or a combination of simethicone
with loperamide hydrochloride.?® Liquid-loaded powders
that could be processed into tablets were continuously
output using porous tribasic calcium phosphate as a carrier
and the settings of the twin-screw processor. Raman imaging
was used to visually observe the drug distribution of each
component in the liquisolid tablets. In addition to dramati-
cally enhanced dissolution, the liquid drugs (loperamide
hydrochloride as the marker molecule) were uniformly
distributed in the tablets but varied in particle size as shown
in =Fig. 4, which can be attributed to the difference in
droplet size adsorbed by the excipient.

The in vivo studies also demonstrate an excellent perfor-
mance of liquisolid formulation in improving oral bioavail-
ability. Andrographolide, a major bioactive component from
Andrographis paniculata, exhibits poor water solubility and
low dissolution rate. When formulated into liquisolid pow-
ders, good powder fluidity and compressibility character-
istics were achieved by solubilization in the mixture of N-
methylpyrrolidone, PEG 6000, and Soluplus followed by
adsorption with porous starch.8” The liquisolid formulation
not only increased the drug dissolution rate but also im-
proved the in vivo pharmacokinetic behaviors, resulting in
significantly enhanced oral bioavailability, up to 311.62 and
137.10% relative to commercial guttate pills and raw drugs. A
clinical pharmacokinetic study conducted in healthy human
volunteers also provided evidence that liquisolid formula-
tions hold great promise for bioavailability enhancement.®3
In this work, liquisolid tablets containing tadalafil (TDL) and
dapoxetine (DPX) were developed aiming to improve their
bioavailability and potentiate their therapy for male sexual
dysfunction. As a result, pharmacokinetic parameters of both
TDL and DPX with liquisolid formulation were optimized

Pharmaceutical Fronts Vol. 6 No. 3/2024 © 2024. The Author(s).

after oral administration (~Fig. 5). The relative oral bioavail-
ability of TDL and DPX was calculated to be 170.6 and
117.05%, respectively, compared to the marketed tablets.
Taken together, the in vitro/vivo studies have demonstrated
the tremendous potential of liquisolid technology to address
the formulation challenges of poorly water soluble drugs. The
rate and extent of drug absorption are closely related to their
dissolution and surface area available for absorption in the
intestinal lumen. APIs dissolved in nonvolatile solvents or
molecularly dispersed in solid excipients can overcome the
dissolution limitation, thus promoting oral drug absorption.
The future development of liquisolid technology should
focus on simplification and continuous manufacturing
through technology integration. The emerging liqui-pellet

Fig. 4 Raman correlation map showing the spatial distribution of
loperamide hydrochloride (in red). (Reproduced with permission from
Zakowiecki et al,%® copyright 2023 MDPI, Basel, Switzerland.)
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Fig. 5 The mean plasma concentration-time profiles of (A) marketed TDL tablets and optimized TDL LSTs at an oral dose of 5 mg and
(B) marketed DPX tablets and optimized DPX LSTs at an oral dose of 30 mg. DPX, dapoxetine; LSTs, liquisolid tablets; TDL, tadalafil. *Significant
difference at p <0.05. (Reproduced with permission from Alotaibi et al, 88 copyright 2020 MDPI, Basel, Switzerland.)

technology (derived from the extrusion/palletization tech-
nology) and liquiground technology (combining liquisolid
and co-grinding technologies) represent the next generation
of liquisolid systems. These novel technologies enable the
continuous manufacture of liquisolid formulations with high
drug loading and reduced excipient limitations.

Conclusion

Liquisolid technology is a promising preparative process that
enables the solidification of a liquid drug and allows the
dissolution of the payload in the final formulation. Liquisolid
technology maximizes drug dispersion (molecular form),
thereby improving drug dissolution, and hence the oral bio-
availability. Numerous studies have demonstrated rapid dis-
solution and drug absorption occurring with liquisolid
formulations. The problems of dissolution and absorption of
poorly water-soluble drugs, especially BCS II drugs, can be
easily solved by liquisolid technology compared with other
solubilization methods. It combines the advantages of solvent
solubilization and solidification in one step that facilitates the
production of an innovative solid dosage form. Liquisolid
technology is not only limited to the solidification of liquid
drugs or self-emulsifying formulations into a dry form, but it
also includes dehydration and solidification of solutions con-
taining solid dispersions, inclusion complexes, and other drug
solubilization systems. In the future, liquisolid technology
should move toward continuous manufacturing with the
support of advanced equipment. It is imperative to develop
novel solvents with strong solubilizing potential and carrier

materials with high adsorption capacity so as to cope with the
increasing number of insoluble drugs.
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