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Abstract

Liquisolid systems are a novel, promising platform for the production of solid dosage forms
with a high liquid content, i.e. dispersion of the drug in a suitable, hydrophilic, non-volatile liquid
vehicle or liquid drug. This technology requires conventional, but highly porous excipients
(carrier and coating material in the appropriate ratio) able to absorb/adsorb liquid medication,
resulting in both good flowability and acceptable compression properties. This approach has
shown great potential to improve the dissolution rate and bioavailability of poorly soluble drugs,
and has been recognized as a good alternative to common, more complex and expensive
techniques. A variety of applications of this simple technique have been investigated recently,
including the preparation of: modified release tablets, orally disintegrating tablets, solid dosage
forms with liquid herbal extracts, etc. This emerging technology has numerous advantages, and
the most important are: simplicity, cost-effectiveness, applicability in large scale production and
environmental friendliness. However, it is accompanied by certain challenges as well, such as
limited applicability in the case of highly dosed drugs. This article aims to give a comprehensive
overview of recent progress regarding the potential applications of this technology, as well as to
give an insight into the new liquisolid-based techniques intending to further support its
commercial applicability.
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Introduction

Apart from the considerable number of poorly water-soluble active pharmaceutical
ingredients (APIs) that are already on the market, an increasing number of drug
candidates with highly lipophilic structure and low aqueous solubility has directed
research efforts in the last two decades towards development of various formulation
approaches for improving bioavailability of orally administered drugs (1). Numerous
approaches have been developed and have shown the potential to improve solubility and
dissolution rate, including different methods for API particle size reduction (e.g. API
micronization), improvement of API solubilization in gastrointestinal fluids (e.g. lipid-
based formulations in soft gelatin capsules), modification of API solid state (e.g.
amorphous solid dispersions) (2). Most of the investigated methods, although promising
in laboratory settings, show highly challenging clinical translation potential. Namely,
production processes are often complex and cost-demanding, require special equipment
and/or specific analytical methods for quality control, which altogether makes the scale-
up difficult and often leads to low batch-to batch reproducibility (3). Furthermore, some
of the formulation strategies for poorly water-soluble APIs involve the use of organic
solvents and/or energy intensive processes which considerably contribute to the carbon
footprint and raise environmental concerns. Formulation of (amorphous) solid dispersions
is, for example, one of the most commonly applied methods, and despite decades of
intensive research in this area, there is still a limited number of marketed products based
on this technology. The underlying reasons are related to physical stability issues, as well
as to manufacturing processes that are usually classified into solvent-based (e.g. spray
drying) and melting methods (e.g. hot melt extrusion). It is important to note that physical
instability issues, such as conversion of the API from amorphous to a crystalline form,
can be provoked by numerous factors, including those related to thermal or mechanical
stress during manufacturing process. Although a variety of manufacturing techniques
have been developed, the major challenges for a wider industrial production of solid
dispersions are the still complex scale-up, high processing temperatures, high energy
consumption, usage of organic solvents and low process reproducibility (4).

Liquisolid technology as a promising, yet simple and cost-effective approach for
the bioavailability enhancement, stood out from the commonly applied more complex
techniques and gained increased research attention during the last decade. The application
of this approach not only to improve dissolution rate of poorly soluble APIs, but also to
prepare modified release preparations, solid dosage forms with liquid APIs or liquid
herbal extracts, has also been investigated. This paper aims to review the potentials for
various applications of liquisolid systems and the challenges for their manufacturing in
industrial settings, as well as novel solutions to overcome the limitations. A
comprehensive review of different applications of liquisolid systems that include novel,
liquisolid-based technologies has not been reported in the literature so far.
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Liquisolid system formulation approach

The formulation of soft gelatin capsules containing a liquid dispersion of a poorly
soluble API represents one of the most frequently applied methods to enhance the API
dissolution rate and consequently bioavailability. Soft gelatin capsules also represent a
practically unique approach for preparation of solid dosage forms with oily liquid APIs.
The production of soft gelatin capsules is rather costly and requires specific production
equipment, which initiated the development of a new concept in the 1990s, the so-called
“powdered solution technology” (5). This technique considered simple mixing of a
solution of a poorly soluble API in a non-volatile hydrophilic solvent, or a liquid API
with powder able to adsorb liquid (e.g. cellulose and silica) and form dry and acceptably
flowable powder. Powdered solutions enabled a rapid release of the poorly soluble API,
due to the fact that the API is already in solution, similar to soft gelatin capsules. Although
improved dissolution properties of poorly water-soluble APIs from powdered solutions
have been demonstrated, this concept lacked industrial applicability due to the limited
flowability and poor compressibility, i.e. the compression of these formulations led to the
liquid “squeezing out” phenomena and loss of a certain amount of the API. Therefore, as
a subsequent technology, liquisolid (LS) systems involved simultaneous consideration of
both flowability and compression characteristics (6).

LS systems were defined as dry-looking, non-adherent admixtures of liquid and
powder that possess acceptable flowability and, simultaneously, acceptable compression
characteristics. Liquid, i.e. liquid medication is a liquid lipophilic API or
solution/suspension of a poorly water-soluble API in a non-volatile, water miscible
solvent. The powder used for preparation of LS systems includes a carrier material that is
porous and able to absorb liquid into the inner pores, as well as to adsorb the additional
liquid onto the particles’ surface, and a coating material that possesses highly adsorptive,
fine particles able to adsorb any excess liquid from the surface of the carrier particles
loaded with the liquid medication. LS compacts were defined as immediate or sustained
release tablets or capsules that are prepared from LS powder and additional excipients,
such as lubricant, binder, disintegrant, if needed. The corresponding patent aimed to
ensure the applicability of this concept to an industrial scale, emphasizing that a certain
system of carrier and coating material can retain only certain amount of liquid while
maintaining acceptable flowability and compression properties at the same time (6).
Therefore, a mathematical approach to the formulation of LS systems has been proposed
by Spireas and Bolton (6). An important parameter is the carrier to coating ratio (R) that
represents the ratio between the quantities of carrier (Q) and coating (q) materials. By
applying the “liquisolid flowability test” for a certain R value, the “flowable liquid load
factor” (®Ly), representing the maximum liquid load resulting in acceptable flowability,
can be determined. Liquid load factor (Ly) is the ratio of the amount (in grams) of liquid
(W) over the quantity of carrier (Q). While for the former “powdered solution
technology” a specific method “angle of slide” and the limiting value of 33° were used
for assessing flowability, for LS systems the commonly used powder flow rate can be
assessed. An LS powder should exhibit consistent flow without blockages, and the
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limiting value for powder flow rate should be determined depending on the requirements
of the specific equipment used for further processing (tableting or capsule filling
machine). Considering that it was recognized that even with LS admixture possessing
good flowability, problems could occur during compaction, thus hindering its
processability on the industrial scale, a relatively simple method for evaluation of LS
system compactibility has been proposed and named “the liquisolid compressibility test”.
A detailed description of the procedure for the evaluation of compression properties of
admixtures with different R values and increasing amounts of liquid phase, as well as
mathematical equations used to determine powder excipient specific physical properties,
are provided in corresponding patent (6). This test considers the determination of a
specific parameter, “pactisity”’, which is the resistance to crushing of a one-gram tablet
prepared by compressing the LS system under the compression pressure resulting in
maximum tablet resistance to crushing. An acceptably compressible admixture has a
pactisity greater than or equal to 20kg/g, while no liquid squeezed out during compression
should be observed. “Compressible liquid load factor” (¥Ls) considers the maximum
liquid load resulting in acceptable compressibility defined by the abovementioned
criteria. For a given R value, finally, the optimum load factor (L,) should be determined
considering both flowability and compactability, i.e., by using the following equations (6,
7):
Lo =®L¢when ®L¢< YLy

Lo =YL when ®L¢> YL

The proposed mathematical equations allow the calculation of the excipient specific
formulation parameters that could further facilitate the calculation of the optimum
quantities for a certain system. These equations, as well as the criteria for the acceptably
compressible admixture, were based on the properties of common excipients, such as
microcrystalline cellulose and silica, and should be reconsidered in the case of novel
excipients with considerably higher specific surface area and adsorption capacity (8).
However, the idea behind the proposed formulation approach, i.e., the importance of
considering both flowability and compaction properties of the admixtures at the same
time, is of utmost importance for a wider applicability of the LS technology.

Components of liquisolid formulations

The preparation of an LS system involves a simple mixing procedure, schematically
represented in Figure 1. Spireas (7) described in detail the preparation procedure in a
mortar with the aid of a pestle, and in a few studies it has been shown that the equipment
commonly used for solid dosage forms production, such as a fluid bed processor (9, 10)
or an extruder/spheronizer, could be used for the production of LS systems (11, 12). The
excipients required for the preparation of an LS system involve: a carrier, coating material
and liquid vehicle (if liquid medication represents the dispersion of an API in a suitable
liquid).
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Figure 1. Schematic representation of liquisolid system preparation
Slika 1.  Sematski prikaz pripreme te¢no-&vrstih sistema

The carrier should be an excipient with a porous nature and high specific surface
area that is able to absorb a considerable amount of liquid. The most commonly used
carrier is certainly microcrystalline cellulose (MCC), but other conventional excipients,
such as amorphous cellulose (7), starch, lactose, sorbitol (13) were used. Novel highly
porous excipients with a significantly higher absorption capacity, e.g. Fujicalin®
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(anhydrous dibasic calcium phosphate), Neusilin® US2 (amorphous form of magnesium
aluminometasilicate) (9, 14), Syloid® XDP 3050 and Syloid® XDP 3150 (mesoporous,
amorphous silica) (15) were also investigated as potential carriers in LS systems. In order
to achieve sustained drug release, hydrophobic carriers such as quaternary
polymethacrylates Eudragit® RL and RS were also used as carriers in LS compacts (16).

Upon saturation of the carrier's inner pores with liquid phase, adsorption of the
liquid and formation of the liquid layer on the surface of the carrier particles will occur.
Particles of the coating material have a role in adsorbing the excess liquid present on the
surface of the carrier particles, thus ensuring that the powder is dry-looking and free
flowing. The coating material should therefore have a high adsorption capacity and very
fine particles (preferably 10 to 5000 nm in diameter). The most frequently used coating
material is colloidal silica (Aerosil® 200). Other excipients used as coating materials
include: Neusilin® UFL2 (17), Florite® (calcium silicate) (18), Syloid® 244 FP
(mesoporous amorphous silica) (19) and crospovidone (11, 12).

Unlike solid self-emulsifying drug delivery systems that consider a liquid lipid-
based formulation adsorbed onto the porous excipient, LS systems represent a different
approach to the bioavailability enhancement of poorly water-soluble APIs, where a
simple solution or suspension of the API in a suitable hydrophilic solvent is converted
into a non-adherent powder by using a carrier and coating material. Liquid vehicles used
for LS formulations should be: non-volatile, i.e. with a high boiling point (considering
that the liquid phase remains loaded on the carrier, with no drying step involved), water-
miscible, and preferably not highly viscous organic solvents, such as propylene glycol,
liquid macrogols, glycerol, and polysorbates (7). Cremophor® EL (macrogolglycerol
ricinoleate) was also shown to be a suitable liquid vehicle in LS systems with poorly
soluble APIs (12, 20, 21). The solubility of the API should also be considered when
selecting the liquid vehicle, since higher API solubility in the selected solvent can lead to
lower tablet weight (due to the lower required quantities of porous excipients), as well as
to a higher fraction of molecularly dispersed API, which contributes to the dissolution
rate enhancement (22).

Some additional excipients may be needed for the preparation of LS compacts
(tablets or capsules) (7). In the case of immediate-release preparations, the most important
ones are disintegrants enabling faster wetting and disintegration of LS compact, thus
ensuring that disintegration is not a rate-limiting step for the drug dissolution.
Superdisintegrants, such as sodium starch glycolate, croscarmellose sodium and
crospovidone, are the most commonly used in LS formulations (23). A suitable lubricant
may also be included in the LS compact formulation. In the case of the sustained-release
LS compacts, the addition of a suitable binder, i.e. matrix-forming agent (e.g.,
hydroxypropylmethyl cellulose, HPMC), is recommended (7).

Advantages and limitations of liquisolid technology

LS technology as an approach for the production of solid dosage forms with a high
liquid content offers numerous advantages, including the following (7, 22):
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e Improved dissolution profile and, consequently, bioavailability of poorly soluble
APIs;

e Sustained release formulations with zero order release can be prepared;

¢ Solid dosage forms (tablets or capsules) with liquid APIs can be prepared;

e The preparation technique is simple, cost-effective and environmentally
friendly;

e Common production equipment for solid dosage forms can be used;

e Conventional excipients can be used for a LS system preparation;

e [t has a great potential for large-scale production.

Although highly promising, this technique is accompanied by certain challenges

calling for future research efforts, and some of them involve (7, 8, 22):

e The formulation of LS systems with high dose APIs is highly challenging due to
the required large quantity of liquid vehicle, and thus large carrier and coating
material quantities, which may lead to unacceptable weight of unit dosage form;

e High solubility of the API in selected non-volatile solvent is preferable;

e The optimum quantities of porous excipients are liquid phase specific and have
to be carefully determined;

e Despite being apparently dry and showing good flowability, LS admixture could
still exhibit compression difficulties, particularly during tableting on modern
industrial high-speed tablet presses;

e More thorough investigations into the compaction behavior of LS systems and
factors affecting it would facilitate industrial application of the LS technology.

Regarding the challenges associated with preparation of LS compacts with APIs
that require higher therapeutic doses, the addition of polyvinylpyrrolidone (PVP) in the
liquid phase has been suggested as a possible way to considerably reduce the required
amount of carrier and coating material. PVP can act as a binder during compaction, which
may enable higher liquid loads. Another benefit ascribed to the addition of PVP in liquid
phase is inhibition of the precipitation of API in supersaturated liquid medication (7, 24-
26). The introduction of novel mesoporous excipients has also allowed significantly
higher liquid loads, i.e. a higher amount of the API incorporated in LS system, in
comparison with common carriers such as MCC. Further enhancements aiming to expand
the applicability of the LS concept in the case of high-dose APIs are expected and present
the subject of some recent investigations described in the section Novel liquisolid-based
techniques.

Studies addressing the lack of knowledge regarding compaction behavior of
liquisolid systems are still scarce. Apart from several studies reported in the last years
that involve the analysis of mechanical properties (resistance to crushing, friability) of
liquisolid tablets (18, 27-32), there are only a few recent studies dealing more thoroughly
with factors influencing compaction behavior of liquisolid systems (14, 19), including
recent papers of our research group (8, 9). These studies revealed that the influence of
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different formulation and process parameters can significantly affect compaction
behavior of LS systems and that the use of dynamic compaction analysis and
mathematical models for the evaluation of compression properties could contribute to a
better understanding and facilitate the optimization of the formulation and production
process of LS tablets. Furthermore, the results of our recent study indicate that the
application of SeDeM Expert System could be a useful tool for liquisolid system
processability evaluation (11).

Applications of the liquisolid technology

Drug dissolution enhancement

Over the years, the LS technique has been extensively researched as a way to
improve the dissolution and bioavailability of poorly soluble APIs. Several mechanisms
of improved drug dissolution from LS systems have been proposed (25):

e Increased drug surface area available for release, due to the presence of drug
molecules/particles dispersed in the liquid vehicle, with a higher fraction of
molecularly dispersed drug contributing to faster drug release;

e Enhanced aqueous solubility due to the liquid vehicle acting as a co-solvent in
the microenvironment at the interface between the LS powder particle and
dissolution medium;

e Improved wetting properties of powder particles due to the presence of the
hydrophilic liquid vehicle acting as a surface active agent or having a low surface
tension.

Due to their widespread application, nonsteroidal anti-inflammatory drugs
(NSAIDs), most of which belong to group II of Biopharmaceutics Classification System
(BCS) and are characterized by low solubility, were some of the first candidates for model
APIs in LS systems (33). Javadzadeh et al. compared the dissolution rate of piroxicam
from LS compacts with that from conventional directly compressed tablets and hard
gelatin capsules. LS compacts contained MCC as a carrier and colloidal silica as a coating
material, while polysorbate 80 was chosen as the liquid phase following previously
conducted solubility studies with several potential solvents. The results of dissolution
testing indicated that the LS technique greatly improved the dissolution rate of piroxicam,
with 100% of the API being released from the LS compacts in 10 minutes, while at the
same time frame 60% and 50% of the API was released from tablets and capsules,
respectively (34). In the following study of the same research group, the effect of the
carrier type and aging on the characteristics of piroxicam LS compacts, including
dissolution rate and compact hardness, was examined. The study showed that after being
stored in appropriate conditions for 9 months, neither hardness nor dissolution rate of
compacts changed significantly (13). Tiong and Elkordy used naproxen as a model drug,
with MCC, colloidal silicon dioxide and maize starch as the carrier, coating material and
disintegrant, respectively. It was shown that the application of the LS technique improved
the dissolution rate in comparison to directly compressed tablets of the same composition,
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excluding liquid phase (Cremophor® EL or macrogol 400). The importance of
formulation variables, drug concentration and the type of liquid vehicle used, and their
effect on dissolution rate were also noted. The results indicated that the solubility of drug
in liquid vehicle does affect the dissolution rate, but differences in porosity, compact
hardness and disintegration time need to be taken into consideration as well (35). The
improvement of in vitro dissolution rate was also noted in studies with indomethacin (36),
ketoprofen (37, 38), diclofenac sodium (39) and nimesulid (40). Furthermore, a number
of different APIs with low solubility were formulated as LS systems, including:
methyclothiazide (41), carbamazepine (24, 42), famotidine (43), griseofulvin (44),
flunarizine (45), rosuvastatin calcium (10), itraconazole (46), etc. A study with
ketoconazole, another model substance with dissolution-rate limited bioavailability,
showed an almost 3 times higher percentage of the API released from LS compacts
compared to directly compressed tablets, prepared with the same excipients.
Ketoconazole was molecularly dispersed inside the LS system, and the lack of changes
in the crystalline state, as well as the absence of any interactions between API and
excipients, was confirmed by solid state characterization (26).

In recent years, improved bioavailability of poorly soluble drugs formulated as LS
systems was reported in a number of in vivo studies (47-53), including the studies
performed in healthy human volunteers (27, 54). Jhaveri et al. (50), for example,
conducted a study with carvedilol as a model drug. Macrogol 400 was chosen as the liquid
phase, Neusilin® US2 was used as a carrier, whereas colloidal silicon dioxide was used
as a coating material. The final blend contained a lubricant (magnesium stearate) and
disintegrant (croscarmellose sodium) as well. Pharmacokinetic studies were carried out
on Wistar rats and oral bioavailability was determined by estimating plasma
concentration of the drug in selected time points. A suspension of pure carvedilol was
used as a control. The results showed a statistically significant improvement of
bioavailability from LS compacts, with increased absorption rate and higher plasma
concentration in each of the chosen time points. These findings were in accordance with
the previously obtained in vitro dissolution results, which showed that for all the tested
LS formulations, more than 85% of drug was released in 30 minutes. In another
interesting investigation involving in vivo studies, LS compacts were prepared in order to
improve the dissolution and, consequently, antidiabetic effect of pioglitazone. LS
admixtures were prepared with MCC, colloidal silicon dioxide and macrogol 400, while
magnesium stearate and croscarmellose sodium were added afterwards. Both in vitro
dissolution studies and in vivo studies in mice were conducted using a selected LS
formulation, and the obtained results were compared to those from a directly compressed
tablet of the same composition (without liquid phase) and pure drug. There was a
statistically significant improvement in the drug release rate, with more than 99% of drug
being released from the LS compact in 60 minutes, while only 29% was released from
the directly compressed tablet and 25% from compacts containing pure drug. The
reduction of blood glucose levels in tested mice when LS compacts were administered
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was statistically significant, which was not achieved by either of the control treatments
(32).

Development of liquisolid orally disintegrating tablets

Orally disintegrating tablets (ODTs) have numerous advantages over conventional
uncoated tablets, including faster onset of action and easy application, i.e. facilitated
swallowing and administration without water, which makes them particularly suitable for
pediatric, geriatric, patients with swallowing difficulties, psychiatric, paralyzed, or
bedridden patients (55). Formulating LS systems with various poorly soluble APIs as
ODTs has attracted increasing research attention over the last years. Basalious et al. (54)
aimed to formulate felodipine LS ODT that could be applied in the therapy of
hypertensive crisis, an acute condition where the onset of drug action is of outmost
importance. Optimized LS formulations contained 5mg of felodipine (dissolved in
macrogol 400), carrier (MCC PH 102 or silicified MCC), colloidal silicon dioxide as a
coating agent, crospovidone as a superdisintegrant, and suitable excipients for taste
correction. Optimized LS ODTs exhibited fast disintegration both in vitro and in vivo,
with disintegration times ranging between 7 and 11 seconds. A significantly higher in
vitro dissolution rate was achieved in the case of LS ODTs, particularly those prepared
with silicified MCC (Prosolv® SMCC 90) as a carrier (80% of API released in 10 minutes)
in comparison with both soft gelatin capsules and conventional tablets (60% and 30%
API released in 10 minutes, respectively). In vivo studies in healthy human volunteers
showed a significantly faster felodipine absorption rate from buccally administered LS
ODT containing Prosolv® SMCC 90 compared to orally administered soft gelatin
capsules, indicating the suitability of LS ODTs in emergency situations. In one of the
reported studies dealing with the development of LS ODT formulation, zolmitriptan was
used as a model API. Zolmitriptan is used in the treatment of migraine, another condition
in which rapid onset of action is very important, which together with its low
bioavailability makes it a suitable model substance for the formulation of these systems.
One of the objectives was to evaluate the effect of superdisintegrant type on disintegration
and wetting time. LS ODTs with crospovidone showed the shortest wetting and
disintegration time, and the selected LS formulation showed a significantly shorter
disintegration time and faster dissolution rate compared to conventional ODTs (56).
Mogqbel and co-workers (57) compared two different approaches for preparation of ODTs
with chlorzoxazone as a poorly soluble API that undergoes extensive first pass
metabolism, and thus requires an improvement in the dissolution rate to enhance the
bioavailability. Namely, ODTs were prepared by the conventional method, i.e. co-
processed excipients were used for the preparation of ODTs by the direct compression
process, and by the LS technology with macrogol 400 used as a non-volatile solvent. It
was found that the formulation factors (e.g. carrier to coating ratio, liquid load factor)
could influence wetting, disintegration time and dissolution rate of LS ODTs and should
be carefully optimized. LS ODTs showed a faster wetting and disintegration time, higher
dissolution rate in comparison with ODTs prepared with co-processed excipients, while
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the in vivo studies in healthy human volunteers revealed that LS ODTs are less palatable
due to the gritty feel in mouth and higher tablet weight.

Development of modified release preparations

Spireas and Bolton (41) proposed the liquisolid technology not only as an approach
to enhance the bioavailability of immediate release preparations, but also as a tool to
achieve sustained drug release. It has been even suggested that liquisolid systems can
provide zero-order release kinetics similar to much more complex and more expensive
commercial osmotic pump tablets. This relatively simple and low-cost approach involves
the addition of a binder/matrix forming agent such as HPMC to a common LS
formulation. Javadzadeh et al. (16) proposed a somewhat different approach to the
formulation of liquisolid systems with sustained release, where Eudragit® RL or RS were
used as hydrophobic carriers. Polysorbate 80 was selected as a solvent in which model
highly water-soluble API (propranolol hydrochloride) showed the lowest solubility. LS
compacts were prepared by the direct compression of the prepared admixture and by wet
granulation with HPMC as a binder. Both LS techniques applied showed a greater
retardation potential compared to conventional matrix tablets (obtained by the direct
compression of the API, silica and Eudragit®), but the addition of HPMC was found to
amplify the retardation effect. It was noted that besides the hydrophobic carrier, liquid
vehicle can play an important role in achieving prolonged drug release. Contrary to
immediate-release formulations, in the case of prolonged release preparations liquid
vehicle in which the API shows lower solubility was recommended. Furthermore, it was
stated that polysorbate 80 enabled the creation of a fine matrix structure, by acting as a
plasticizer, i.e. contributing to the flexibility of the carrier chains and therefore keeping
the API entrapped more tightly within the polymer network. Nokhodchi et al. (58) applied
a similar approach in the case of theophylline as a model API, and revealed that in the
case of poorly water-soluble APIs the addition of HPMC to LS formulation with
hydrophobic carriers might be needed to achieve prolonged release, considering that
presence of a co-solvent increases the dissolution rate of the API. In another study with a
model API that has high water solubility (venlafaxine hydrochloride), it was shown that,
irrespective of the carrier type, hydrophilic MCC or hydrophobic Eudragit® RS PO,
polysorbate 80 as the non-volatile solvent in which API has the lowest solubility led to a
slower drug release in comparison with macrogol 400 or propylene glycol. It was also
observed that in the case of both carriers an increase in the R value (in the range of 2 to
8), corresponding to the higher carrier and lower coating material content, led to a slower
drug release. The authors explained this by a slower diffusion of the liquid medication
through a higher amount of the porous carrier material (59). However, it should be
emphasized that sustained-release LS formulations are usually prepared with a
considerably higher content of the coating material, i.e. lower R values (<10) in
comparison with immediate-release LS systems, due to the lower absorption capacity of
Eudragit® carriers (16, 58, 59). This supports the conclusion proposed by Nokhodchi et
al. that a higher amount of a highly hydrophobic coating material, which is most often
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colloidal silicon dioxide, also contributes to slower drug release from these formulations
(25, 21). Elkordy et al. (21) also selected a non-volatile solvent in which the model API
(griseofulvin) showed the lowest solubility, but, interestingly, the selected liquid vehicle
solely enabled prolonged drug release from a common LS formulation containing MCC
as carrier and colloidal silicon dioxide as coating material. Namely, the selected liquid
vehicle was Kollicoat® SR 30 D (polyvinyl acetate aqueous dispersion stabilized with
povidone and sodium lauryl sulfate), and it was postulated that this water insoluble
polymer coated drug particles, thus reducing wettability and decreasing the dissolution
rate. One recent study reported the application of LS technology for the development of
a bilayered core-in-cup buccoadhesive tablet intended for the treatment of hypertension.
The first layer presented an immediate release LS compact with olmesartan, and the
second layer was a prolonged release LS compact with azelnidipine. The aim was to
improve the low bioavailability of azelnidipine, bypass the first-pass effect and prolong
its release and therefore its therapeutic effect. Olmesartan LS compact was prepared with
Myglyol® 812 (medium-chain triglyceride) as the liquid phase, MCC as the carrier and
colloidal silicon dioxide as the coating material. The final tableting blend additionally
contained a filler (mannitol), superdisintegrant (sodium starch glycolate), mucoadhesive
polymer (sodium carboxymethyl cellulose or chitosan), and lubricant (magnesium
stearate). The prolonged release compact was prepared with mannitol, mucoadhesive
polymer and colloidal silicon dioxide, while azelnidipine was dissolved in melted
poloxamer 188. Ethyl cellulose was added in the last compression step to surround the
double-layered tablet from three sides in order to obtain the core-in-cup system. In vitro
release studies showed that, by applying this approach, similar olmesartan release profile
can be achieved as in the case of commercial reference immediate release tablets, while
it led to an improved in vitro release of azelnidipine in comparison with a physical
mixture. The results also indicated that dissolution profiles were not affected by the
bilayered form of a tablet in comparison with separate LS compacts. An in vivo
pharmacokinetic study in healthy human volunteers was conducted with an immediate
release commercially available tablet as a control. Olmesartan was rapidly absorbed and
reached higher maximum plasma concentration (Cmax) than the control, while
azelnidipine showed a prolonged release profile with a significant increase in the extent
of absorption (60).

Development of solid dosage forms with liquid herbal preparations

Despite the tremendously increased interest in the use of herbal medicinal products
as an alternative to synthetic drugs in the last decades, studies directed towards enhancing
the dosage form design and overcoming stability issues of these products are still lacking.
Herbal medicinal products for oral use are available on the market predominantly as
different liquid dosage forms, most commonly as tinctures or syrups. The application of
liquid dosage forms is often associated with a risk of dosing errors, considering that it
largely depends on the suitability of the dosing device (e.g. plastic dosing spoon, dropper,
graduated syringe, dosing cup), as well as on the patient's skill and ability to properly
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admeasure the required dose (61). Furthermore, issues regarding the unpleasant taste of
some herbal products or stability related concerns are more prominent in the case of liquid
preparations in comparison to solid dosage forms. Herbal preparations can be produced
in the form of various solid dosage forms (62). Tablets and capsules are widely accepted
by both patients and pharmaceutical manufacturers. However, herbal medicinal products
in these dosage forms are very rarely present on the market. Soft gelatin capsules filled
with liquid herbal preparations, among numerous advantages, have some disadvantages,
and the most limiting one is related to the relatively complex and costly manufacturing
process. On the other hand, hard gelatin capsules and tablets are usually prepared from
dry herbal extracts obtained by the spray or freeze-drying process. Both of the drying
procedures are energy-consuming and require special and expensive equipment.
Furthermore, the products obtained can be very hygroscopic, thus raising stability issues.
LS technology could be used as a suitable alternative to overcome the limitations of these
commonly applied methods. However, only a few papers published recently have dealt
with the application of this technique for the preparation of solid dosage forms with liquid
herbal extracts (63-68). In a study comparing the influence of the preparation method,
liquisolid or freeze-drying technique, the characteristics of the powders with oregano herb
extract were evaluated. Liquid extracts were obtained by using combinations of a non-
volatile solvent (glycerol, macrogol 400 or propylene glycol) and ethanol. LS systems
were formulated with Neusilin® US2 used both as a carrier and coating material.
Considering that the extraction solvent contained ethanol, drying phase as a modification
to liquisolid technique was applied in order to evaporate this volatile solvent. Compared
to the commonly used freeze-drying method, the application of LS technique was found
to be simpler and more cost-effective. The results of dissolution testing showed that 2-3
times more rosmarinic acid and 3 times more carvacrol, as active compounds of the
extract, was released from LS capsules compared to the capsules containing a freeze-
dried extract. The non-volatile solvents used for extraction should also be taken into
account, as it has been observed that they have a significant effect on the dissolution rate
of one of the active ingredients (rosmarinic acid). LS systems have shown better
flowability in comparison with the freeze-dried extract as well. Unlike freeze-dried
extracts that were hygroscopic, LS capsules were stable during the whole stability testing
period, and no significant differences in the release rate of rosmarinic acid and carvacrol
were noticed (63). LS technology was also used to prepare tablets with oleoresin-like
crude extract of Curcuma comosa. MCC was used as a carrier, colloidal silicon dioxide
as a coating material, while the influence of the addition of propylene glycol (as non-
volatile solvent) with PVP was analyzed. Croscarmellose sodium and magnesium stearate
were added to tableting mixtures as well. Considering the high viscosity of this crude
extract, its solution in absolute ethanol was first prepared to achieve homogenous
distribution within the carrier and coating material, and afterwards ethanol was
evaporated. The LS systems prepared were found to have a good flowability and
compression resulted in tablets with acceptable mechanical properties. The authors
observed a decrease in the resistance to crushing and disintegration time, and enhanced
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dissolution with a decrease of the R value. Enhanced dissolution at lower R values has
been attributed to faster disintegration and a higher amount of colloidal silica, i.e. its
larger surface area exposing extract to dissolution media. The dissolution profiles of the
major active compounds of the extract have been considerably enhanced by its
formulation into the LS system in comparison with that from the crude extract. The
addition of a non-volatile solvent resulted in increased disintegration time and slower
dissolution, and it was postulated that in the case of LS systems with Curcuma comosa
extract improved dissolution can be attributed only to the increased surface area of the
extract available to the dissolution medium (64). The LS technique was used to develop
colorectal-targeted delivery tablets containing natural purple rice bran oil that is used as
a supplement in colorectal carcinoma treatment. The oil was converted into a dry powder
using MCC and colloidal silicon dioxide, and before compression into tablets the
modification of LS technique was introduced, which involved wet granulation with PVP
solution in isopropanol. The obtained granules with the addition of a lubricant and
disintegrant were compressed into tablets, which were then coated with Eudragit®L100
and Eudragit® NE30D in order to achieve targeted colon release. In vitro dissolution
studies demonstrated the potential of the LS technology in converting liquid active
principles/oils into solid dosage forms that can be further developed for targeted delivery
(65). Silymarin is a herbal antioxidant with poor solubility and extensive first pass
metabolism resulting in low bioavailability, and thus could be a suitable candidate for the
formulation of a LS system. In a recent study, silymarin was dissolved in propylene glycol
and a viscosity increasing agent (PVP K30 or HPMC) was added in order to increase the
drug loading capacity. MCC and colloidal silicon dioxide were used as a carrier and
coating material, respectively, while the prepared LS admixtures were filled into hard
gelatin capsules. Compared to the capsules with the pure silymarin, both the rate and
extent of release from LS capsules were greatly improved. The type of viscosity
increasing agent used affected the dissolution as well as its concentration, with the best
results (in terms of the rate and extent of drug released) obtained in the case of
formulations containing PVP in a higher tested concentration (40%). An in vivo study in
rats showed that the cardioprotective effect of silymarin from the LS formulation was
more pronounced than the effect of pure silymarin (66). Recently reported studies
introduced the modified LS technology as an approach for the preparation of tablets with
liquid extracts of different Rosaceae family plants. Namely, this approach involved a
drying step, but after the compression of a tableting mixture containing LS admixture and
other suitable excipients (filler, disintegrant, and lubricant), in order to evaporate solvents
used for extraction (water or ethanol). For preparation of LS admixtures, Neusilin® US2
and colloidal silicon dioxide were used as a carrier and coating material, respectively,
while non-volatile solvents were not used. The authors concluded that this method can
result in tablets with good mechanical properties, while fast disintegration and dissolution
can contribute to better bioavailability. Furthermore, they claimed that this approach can
increase the extracts’ stability and the content of antioxidants in the tablet, thus
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contributing to increased efficiency, while the production of an intermediate dry extract
is skipped (67, 68).

Towards the lower influence of the pH value variations on drug dissolution rate

Most of the APIs are weak bases or weak acids, and therefore have pH-dependent
solubility, i.e. the dissolution of these APIs is affected by the changes in the pH value of
gastrointestinal fluids. El-Hammadi et al. (69) investigated the potential application of LS
systems as a way to reduce the influence that the pH value and its changes along the
gastrointestinal tract have on the drug dissolution rate. Loratadine was used as a model
poorly-water soluble API with pH-dependent solubility. LS tablets were prepared with
propylene glycol as a liquid vehicle, MCC and colloidal silicon dioxide as a carrier and
coating material respectively, while sodium starch glycolate was added as a disintegrant.
Dissolution studies were performed in media with different pH values (1.2, 2.5, and 5),
aiming to investigate the influence of possible variations of pH values of gastric fluid.
The results indicate that the application of LS systems could enhance loratadine
dissolution in stomach regardless of the fed or fasted state, considering that LS tablets
showed a considerably higher release rate of this weak base in comparison with both
directly compressed conventional tablets and commercial tablets, particularly at higher
investigated pH values. In a study with telmisartan, as a model API showing pH-
dependent solubility, the application of the liquisolid technique also resulted in
significantly improved dissolution and pH independent release (70). The enhanced
dissolution performance of these liquisolid formulations was attributed to the improved
wetting and increased surface area of the API exposed to the dissolution medium,
considering that it is molecularly dispersed within the water miscible solvent (70).
Badawy et al. (27) applied the liquisolid technology in order to improve the dissolution
of mosapride citrate from tablets and to reduce the influence of pH variations on its
dissolution rate. Dissolution studies performed by using biorelevant dissolution media
revealed an enhancement in both the rate and extent of the API dissolved, as well as a
reduced influence of the dissolution media pH value. The improved solubility and
dissolution of the API, as proposed by the authors, can be explained by the presence of a
hydrophilic solvent that diffuses into the dissolution medium along the API molecules
and acts as a co-solvent in that microenvironment. It was concluded that increased
thermodynamic activity of the API led to a nearly pH-independent dissolution.
Furthermore, an in vivo pharmacokinetic study in healthy human volunteers revealed
improved bioavailability of mosapride citrate from LS compacts compared to commercial
tablets.

Improvement of drug photostability in solid dosage forms

Silicon dioxide is one of the most commonly used coating agents in LS systems and
a substance with a high refractive index, which is why the LS technique was considered
as an alternative to film coating in order to improve the photostability of active substances
subject to degradation. In a study evaluating the potential of the LS technology to improve
drug photostability, amlodipine was chosen as a model substance due to its
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photosensitivity and formulations were prepared with MCC as a carrier, with the addition
of nanometer-sized silicon dioxide and titanium dioxide as coating agents, either alone or
in combinations. In order to test the photoprotective effect, the admixtures were irradiated
with a light for a certain period of time, after which the content of amlodipine was
determined and the results compared with the content determined in conventional film
tablets after undergoing the same procedure. The content of API in the LS admixtures
was ~ 97%, which was almost 20% more compared to conventional film tablets,
indicating that the LS technique could be a suitable alternative to film coating for
improving photostability (71).

Novel liquisolid-based techniques

Aiming to address the main challenges related to a wider industrial application of
the LS technique, i.e. to enable higher liquid loads while ensuring enhanced flow and
compression properties, different modifications of the LS technology have been proposed
lately. One of the approaches involves a combination of the liquisolid technology and wet
granulation. In a study suggesting wet granulation of LS powder prior to tableting,
granulation was performed with 10% PVP solution in water, and the obtained granules
showed improved flow properties. Unlike the ungranulated admixture, the obtained
granules could be compressed into tablets of acceptable mechanical characteristics, and
it was observed that the granulation process positively affected the in vitro dissolution
rate of glibenclamide from tablets (72). Suliman et al. (31) proposed a similar approach,
with the main difference being that in this method water as a liquid binding agent was
added to the dispersion of the drug in a liquid vehicle, and the rest of the excipients were
added afterwards (the so-called “water granulated LS formulations”). The observed
decrease in the angle of slide values indicated improved flowability of water granulated
LS admixtures. Regardless of the liquid phase (macrogol 200 or Synperonic ™ PE/L-61)
used, pactisity of these compacts was higher than of those prepared with the conventional
LS method. The in vitro dissolution studies showed an increase in the % of norfloxacin
released when the new preparation method with wet granulation was used, although the
significance of the increase depended on the type of liquid vehicle used as well.

An interesting liquisolid-based concept, the so-called “liquisolid pellets”, was first
proposed by Pezzini et al. (12) as a new preparation method for a multiparticulate system
using a combination of the LS technique and extrusion—spheronization method. After the
standard LS preparation process, a binding agent (copovidone aqueous solution) is added
to the admixture and the obtained mass is extruded, spheronized, and pellets dried in a
fluid bed system. Felodipine was chosen as a model drug and dispersed in a non-volatile
solvent (macrogol 400 or Cremophor® EL). MCC was used as a carrier, while
crosspovidone was added to the formulation as a coating and disintegrating agent.
Conventional pellets were prepared following the same procedure, with the exclusion of
the non-volatile solvent. It was observed that the LS pellets were smaller in size, with a
larger pore diameter and volume compared to the conventional pellets. Felodipine LS
pellets showed an improved dissolution rate in comparison with conventional pellets, with
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the type of the non-volatile solvent and disintegrant concentration being recognized to
affect the dissolution process. Another study conducted by the same research group deals
with the use of the same technology in order to improve the dissolution rate of
antiretroviral drug ritonavir. The previously described preparation method was applied,
with MCC as both a carrier and a binder, while crosspovidon was chosen as a coating
agent and disintegrant. Cremophor® EL and macrogol 400 were used as non-volatile
solvents. One of the advancements of the LS pellet technology reported in the study was
the ability to incorporate higher doses of API, which is one of the main limitations of
conventional LS tablets. LS pellets prepared with Cremophor® EL showed both the
highest rate and extent of drug release among the tested formulations, which confirmed
that the type of non-volatile solvent used is one of the most important variables affecting
drug release from these systems (73). In a following study of this research group, mixture
experimental design was applied for LS pellets with each of these solvents in order to
evaluate the influence of formulation parameters (concentrations of the solvent, carrier,
coating material/disintegrant) on the critical quality attributes of LS pellets (74). In a
recent study of our research group, liquisolid pellets were prepared by a combination of
the liquisolid technology and extrusion (water granulation)-spheronization. LS pellets
were prepared with MCC as a carrier and crosspovidone or silicon dioxide as a coating
material, while the ibuprofen solution in macrogol 400 was used as liquid phase. LS
pellets with a very high liquid load (up to 52%) exhibiting excellent flowability were
obtained, confirming the great potential of this combined technique to improve the
dissolution rate of high-dose poorly soluble APIs and yet preserve industrial feasibility
(11). Carvacrol is a natural product, an active component of essential oil from the plant
Thymus vulgaris, and a good candidate for LS system formulation because of its liquid
nature. In a study dealing with the preparation of pellets with this active ingredient, three
different methods were used to prepare carvacrol LS matrices with PVP, stearic acid or
colloidal silicon dioxide. The obtained matrices were then mixed with the additional
excipients and granulated with distilled water, following the application of extrusion and
spheronization to prepare pellets. All of the prepared pellets showed acceptable drug
release profiles. However, pellets containing PVP were found to have the most suitable
properties and showed the slowest dissolution rate (75).

Another approach based on a combination of LS technology and extrusion-
spheronization, which is named “liqui-mass technology”, was proposed more recently by
Lam and associates as a new approach that can improve the dissolution of poorly soluble
APIs while allowing high liquid loads (i.e. high dose of API) in liqui-pellets (filled into
capsules) or liqui-tablets as dosage forms. Despite its similarities with the LS technique
in terms of excipients used, the main difference is that the obtained liquid-mass system is
not always a free flowing powder, but rather a wet mass or paste intended for further
processing. Similar to the LS technology, liqui-mass system can be used to obtain pellets
or tablets with immediate or sustained drug release (76). In the first paper reported by
Lam et al. (76), naproxen was used as a model drug to formulate liqui-pellets with MCC
and colloidal silicon dioxide as a carrier and coating material, respectively, while several
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solvents were chosen as liquid vehicles. The prepared admixture was mixed with an
adequate amount of deionized water in order to obtain a wet mass of optimal plasticity
for extrusion and spheronization. The obtained pellets were dried in an oven at an
appropriate temperature. The prepared liqui-pellets showed excellent flow properties
despite a high liquid load factor (L#=1). Enhanced drug release from liqui-pellets in
comparison with pellets without liquid vehicle was observed, but was highly influenced
by the type of liquid phase used. In the following studies, the influence of different
formulation variables was investigated, aiming to optimize the release rate of naproxen
from liqui-pellets (77-79). Lam et al. (80, 81) have recently reported preparation of liqui-
tablets by compaction of liqui-pellets. They investigated the feasibility of preparing
tablets from liqui-pellets with different poorly soluble APIs, i.e. naproxen and ketoprofen,
while achieving acceptable mechanical properties and drug release. The addition of
Neusilin® US2, together with MCC as a carrier material, was found to improve the
mechanical properties of liqui-tablets, as well as the drug release rate (80). Liqui-tablets
were proposed as a suitable alternative to liquisolid compacts for formulation of tablets
with higher doses of poorly soluble APIs (81). This technology was also applied to
achieve a sustained release of propranolol hydrochloride. A liqui-tablet with sustained
release over 24 hours was obtained by incorporating a suitable polymer, in this case
Eudragit® RS PO, into the liqui-mass system. It was emphasized that sustained drug
release from liqui-tablets can be attributed to the synergistic retarding effect of the liquid
vehicle and polymer, with the concentration of polymer recognized as the most important
variable (82).

The reduction of particle size has been widely used as a method to improve the
dissolution rate of poorly soluble APIs. Nazem et al. (83) aimed to combine co-grinding
and the LS technique in order to improve celecoxib dissolution from tablets. API was
dispersed in macrogol 200 and then milled in order to obtain a liquid medication that can
be converted into a dry powder using suitable excipients. Physical mixture and
conventional LS tablets (prepared using the standard preparation method without milling)
were prepared as a comparison. Co-ground LS formulation had a better dissolution rate
compared to both controls, releasing 7.5 times more drug than the physical mixture in the
first 15 minutes. This is attributed to the reduced particle size and therefore improved
wettability and solubility of the drug in a non-volatile solvent.

Modifications of LS technology in terms of the nature of liquid phase have also
been investigated recently. Tong et al. (84), for example, used the combination of self-
nanoemulsifying and LS techniques to formulate tablets, with the aim of improving
compliance and oral bioavailability of vitamin K1 (VK1) which is an oily liquid, usually
administered intramuscularly or intravenously. An optimized self-nanoemulsifying drug
delivery system (SNEDDS), prepared by mixing VK1 with surfactants (soybean lecithin
and glycocholic acid) and cosurfactant (Transcutol HP), was converted into a LS system
using Fujicalin® as both a carrier and a coating material. The prepared powder was then
compressed into LS tablets with the addition of necessary excipients. LS tablets achieved
a higher dissolution rate than the tablets containing pure VK1 instead of SNEDDS, with
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more than 80% of drug being released at pH 6.8 in the first 5 minutes, as opposed to 0%
being released from tablets with pure VK1 under the same conditions. Pharmacokinetic
profiles (in vivo study performed in beagle dogs) showed notably higher values of
pharmacokinetic parameters (Cmax and area under the curve, AUC) for LS compacts with
a relative bioavailability of 200%. A similar approach was used in a study with
eplerenone, where LS systems were prepared by loading previously developed and
optimized nanoemulsions (NE) of eplerenone onto MCC as a carrier and nanometer-sized
amorphous silicon dioxide as coating material. The aim was to combine the advantages
of both methods, resulting in an oral solid dosage form with improved absorption of the
drug, decreased liver degradation and improved bioavailability. While eplerenone NE on
their own showed sustained drug release during 4h, the obtained eplerenone NE LS
systems showed immediate release (90% of drug released within 45 minutes).
Pharmacokinetic parameters (in vivo studies performed in rabbits) indicated an
improvement of the rate and extent of absorption when LS systems were applied, as
opposed to NE of eplerenone and conventional tablets (49).

Conclusion

LS technology has gained considerably increased research attention during the last
decade, which has resulted in a variety of possible applications and advancements of this
simple technique, greatly exceeding the initial idea. Being cost-effective, green
technology, applicable in common solid dosage form manufacturing facilities and
requiring conventional excipients, this technique is yet expected to achieve its
commercial implementation, contributing to greatly enhanced bioperformance of solid
dosage forms.

Acknowledgements

This research was funded by the Ministry of Education, Science and Technological
Development, Republic of Serbia through Grant Agreement with the University of
Belgrade — Faculty of Pharmacy No: 451-03-68/2022-14/200161.

References

1. Goke K, Lorenz T, Repanas A, Schneider F, Steiner D, Baumann K, et al. Novel strategies for the
formulation and processing of poorly water-soluble drugs. Eur J Pharm Biopharm. 2018;126:40-56.

2. Bertoni S, Hasa D, Albertini B, Perissutti B, Grassi M, Voinovich D, Passerini N. Better and greener:
sustainable pharmaceutical manufacturing technologies for highly bioavailable solid dosage forms.
Drug Deliv Transl Res. 2022;12(8):1843—1858.

539



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ghadi R, Dand N. BCS class I'V drugs: Highly notorious candidates for formulation development. J
Control Release. 2017;248:71-95.

Bhujbal SV, Mitra B, Jain U, Gong Y, Agrawal A, Karki S, et al. Pharmaceutical amorphous solid
dispersion: A review of manufacturing strategies. Acta Pharm Sin B. 2021;11(8):2505-2536.
Spireas S, Jarowski C, Rohera B. Powdered solution technology: principles and mechanism. Pharm
Res. 1992;9(10):1351-1358.

Spireas S, Bolton SM. Liquisolid systems and methods for preparing same. United States patent
5,800,834. 1998.

Spireas S. Liquisolid systems and methods for preparing same. United States patent 6,423,339 B1. 2002.
Aleksi¢ 1, Glisi¢ T, Cviji¢ S, Paroj¢i¢ J. Liquisolid systems: Evaluation of the influence of
formulation variables on the optimum liquid load. Arh farm. 2022;72:61-76.

Aleksi¢ I, German Ili¢ I, Cviji¢ S, Paroj¢i¢ J. An investigation into the influence of process
parameters and formulation variables on compaction properties of liquisolid systems. AAPS
PharmSciTech. 2020;21:242.

Vranikova B, Gajdziok J, Vetchy D. Modern evaluation of liquisolid systems with varying amounts
of liquid phase prepared using two different methods. Biomed Res Int. 2015;2015:608435.
Vasiljevi¢ I, Turkovi¢ E, Nenadovi¢ S, Mirkovi¢ M, Zimmer A, Parojc¢i¢ J, Aleksi¢ I. Investigation
into liquisolid system processability based on the SeDeM Expert System approach. Int J Pharm.
2021;605:120847.

Pezzini BR, Beringhs AO, Ferraz HG, Silva MAS, Stulzer HK, Sonaglio D. Liquisolid technology
applied to pellets: Evaluation of the feasibility and dissolution performance using felodipine as a
model drug. Chem Eng Res Des. 2016;110:62—-69.

Javadzadeh Y, Siahi MR, Asnaashari S, Nokhodchi A. An investigation of physicochemical
properties of piroxicam liquisolid compacts. Pharm Dev Technol. 2007;12:337-343.

Vranikova B, Svadinova P, Marushka J, Brokesova J, Holas O, Tebbens JD, Sklubalova Z. The
importance of the coating material type and amount in the preparation of liquisolid systems based on
magnesium aluminometasilicate carrier. Eur J Pharm Sci. 2021;165:105952.

Aleksic¢ I, Vasiljevi¢ I, Glisi¢ T, Cviji¢ S, Parojci¢ J. Liquisolid systems with mesoporous silica based
carriers: An investigation of flow and compaction properties. Paper presented at: 12th World
Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology; 2021 May 11-14,
virtual conference.

Javadzadeh Y, Musaalrezaeia L, Nokhodchi A. Liquisolid technique as a new approach to sustain
propranolol hydrochloride release from tablet matrices. Int J Pharm. 2008;362:102—-108.

Vranikova B, Gajdziok J. Evaluation of sorptive properties of various carriers and coating materials
for liquisolid systems. Acta Pol Pharm. 2015;72(3):539-549.

Hentzschel CM, Sakmann A, Leopold CS. Suitability of various excipients as carrier and coating
materials for liquisolid compacts. Drug Dev Ind Pharm. 2011;37(10):1200-1207.

Jadhav NR, Irny PV, Patil US. Solid state behavior of progesterone and its release from Neusilin
US2 based liquisolid compacts. J Drug Deliv Sci Technol. 2017;38:97—106.

Komala DR, Janga KY, Jukanti R, Bandary S. Competence of raloxifene hydrochloride loaded
liquisolid compacts for improved dissolution and intestinal permeation. J Drug Deliv Sci Technol.
2015;30:232-241.

540



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Elkordy AA, Essa EA, Dhuppad S, Jammigumpula P. Liquisolid technique to enhance and to sustain
griseofulvin dissolution: effect of choice of non-volatile liquid vehicles. Int J Pharm. 2012;434(1-
2):122-132.

LuM, Xing H, Jiang J, Chen X, Yang T, Wang D, Ding P. Liquisolid technique and its applications
in pharmaceutics. Asian J Pharm Sci. 2017;12(2):115-123.

Vranikova B, Pavlokova S, Gajdziok J. Experimental design for determination of effects of
superdisintegrant combinations on liquisolid system properties. J Pharm Sci. 2017;106(3):817-825.
Javadzadeh Y, Navimipour BJ, Nokhodchi A. Liquisolid technique for dissolution rate enhancement
of a high dose water-insoluble drug (carbamazepine). Int J Pharm. 2007;341:26-34.

Nokhodchi A, Hentzschel CM, Leopold CS. Drug release from liquisolid systems: speed it up, slow
it down. Expert Opin Drug Deliv. 2011;8(2):191-205.

Molaei M-A, Osouli-Bostanabad K, Adibkia K, Shokri J, Asnaashari S, Javadzadeh Y. Enhancement
of ketoconazole dissolution rate by the liquisolid technique. Acta Pharm. 2018;68(3):325-336.
Badawy MA, Kamel AO, Sammour OA. Use of biorelevant media for assessment of a poorly soluble
weakly basic drug in the form of liquisolid compacts: in vitro and in vivo study. Drug Delivery.
2016;23(3):818-827.

Kurek M, Woyna-Orlewicz K, Khalid MH, Jachowicz R. Optimization of furosemide liquisolid
tablets preparation process leading to their mass and size reduction. Acta Pol Pharm.
2016;73(5):1325-1331.

Lu M, Xing H, Yang T, Yu J, Yang Z, Sun Y, Ding P. Dissolution enhancement of tadalafil by
liquisolid technique. Pharm Dev Technol. 2017;22:77-89.

Jaipakdee N, Limpongsa E, Sripanidkulchai B, Piyachaturawat P. Preparation of Curcuma comosa
tablets using liquisolid techniques: In vitro and in vivo evaluation. Int J Pharm. 2018;553:157-168.
Suliman AS, Anderson RJ, Elkordy AA. Preparation of novel optimum liquisolid compacts via
incorporating water granulation process to enhance the powder characterizations and dissolution
behavior of a poorly soluble drug: Norfloxacin. Powder Technol. 2019;354:259-70.

Bonthagarala B, Dasari V, Kotra V, Swain S, Beg S. Quality-by design based development and
characterization of pioglitazone loaded liquisolid compact tablets with improved biopharmaceutical
attributes. J Drug Deliv Sci Technol. 2019;51:345-55.

Azharshekoufeh LB, Shokri J, Adibkia K, Javadzadeh Y. Liquisolid technology: What it can do for
NSAIDs delivery? Colloids Surf B. 2015;136:185-191.

Javadzadeh Y, Siahi-Shadbad MR, Barzegar-Jalali M, Nokhodchi A. Enhancement of dissolution
rate of piroxicam using liquisolid compacts. I1 Farmaco. 2005;60(4):361-5.

Tiong N, Elkordy AA. Effects of liquisolid formulations on dissolution of naproxen. Eur J Pharm
Biopharm. 2009;73(3):373-384.

Nokhodchi A, Javadzadeh Y, Siahi-Shadbad MR, Barzegar-Jalali M. The effect of type and
concentration of vehicles on the dissolution rate of a poorly soluble drug (indomethacin) from
liquisolid compacts, J Pharm Pharm Sci. 2005;8(1):18-25.

Nagabandi V, Tadikonda R, Jayaveera KN. Formulation development and evaluation of liquisolid
systems to improve the dissolution rate of ketoprofen. Int J Biomed Res. 2011;2(10):530-541.
Vittal GV, Deveswaran R, Bharath S, Basavaraj BV, Madhavan V. Formulation and characterization

of ketoprofen liquisolid compacts by Box-Behnken design. Int J Pharm Investig. 2012;2(3):150-6.

541



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Vajir S, Sahu V, Ghuge N, Bang P, BV B. Enhancement of dissolution rate of poorly water soluble
diclofenac sodium by liquisolid technique. Int J Pharm Chem Sci. 2012;1(3):1338-1349.

Thadkala K, Voruganti S, Reddy Badari S, Chandra S. Enhancement of dissolution rate of nimesulide
by liquisolid compaction technique. Int J Pharm Tech Res. 2012;4(3):1294-1302.

Spireas S, Wang T, Grover R. Effect of powder substrate on the dissolution properties of
methyclothiazide liquisolid compacts. Drug Dev Ind Pharm. 1999;25(2):163-8.

Tayel SA, Soliman II, Louis D. Improvement of dissolution properties of carbamazepine through
application of the liquisolid tablet technique. Eur J Pharm Biopharm. 2008;69:342—7.

Fahmy R, Kassem M. Enhancement of famotidine dissolution rate through liquisolid tablets
formulation: In vitro and in vivo evaluation. Eur J Pharm Biopharm. 2008;69(3):993—1003.
Hentzschel CM, Alnaief M, Smirnova I, Sakmann A, Leopold CS. Enhancement of griseofulvin
release from liquisolid compacts. Eur J Pharm Biopharm. 2012;80(1):130-135.

Hani U, Suresh Babu M, Fatima A, Tauqeer S. Formulation and evaluation of liquisolid compacts of
flunarizine hydrochloride. Int J Pharm Technol. 2015;6(3):7115-7130.

Gong W, Wang Y, Sun L, Yang J, Shan L, Yang M, et al. Development of itraconazole liquisolid
compact: effect of polyvinylpyrrolidone on the dissolution properties. Curr Drug Deliv.
2016;13(3):452-61.

Khaled KA, Asiri YA, El-Sayed YM. In vivo evaluation of hydrochlorothiazide liquisolid tablets in
beagle dogs. Int J Pharm. 2001;222:1-6.

Khames A. Investigation of the effect of solubility increase at the main absorption site on
bioavailability of BCS class II drug (risperidone) using liquisolid technique. Drug Deliv.
2017;24(1):328-338.

Khames A. Formulation and characterization of eplerenone nanoemulsion liquisolids, an oral
delivery system with higher release rate and improved bioavailability. Pharmaceutics.
2019;11(1):40.

Jhaveri M, Nair AB, Shah J, Jacob S, Patel V, Mehta T. Improvement of oral bioavailability of
carvedilol by liquisolid compact: optimization and pharmacokinetic study. Drug Deliv and Transl
Res. 2020. doi: 10.1007/s13346-020-00734-3.

Sheta NM, Elfeky YA, Boshra SA. Cardioprotective efficacy of silymarin liquisolid in isoproterenol
prompted myocardial infarction in rats. AAPS PharmSciTech. 2020;21:81.

Patel K, Doddapaneni R, Patki M, Sekar V, Bagde A, Singh M. Erlotinib-valproic acid liquisolid
formulation: evaluating oral bioavailability and cytotoxicity in erlotinib-resistant non-small cell lung
cancer cells. AAPS PharmSciTech. 2019;20:135.

Jyoti J, Anandhakrishnan NK, Singh SK, Kumar B, Gulati M, Gowthamarajan K, et al. A three-
pronged formulation approach to improve oral bioavailability and therapeutic efficacy of two
lipophilic drugs with gastric lability. Drug Deliv and Transl Res. 2019;9:848-865.

Basalious EB, El-Sebaie W, El-Gazayerly O. Rapidly absorbed orodispersible tablet containing
molecularly dispersed felodipine for management of hypertensive crisis: Development, optimization
andin vitro/in vivo studies. Pharm Dev Technol. 2013;18(2):407-416.

Ghourichay MP, Kiaie SH, Nokhodchi A, Javadzadeh Y. Formulation and quality control of orally
disintegrating tablets (ODTs): Recent advances and perspectives. Biomed Res Int. 2021. doi:
10.1155/2021/6618934.

542



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Egla M, Hammid SNAA. Design zolmitriptan liquisolid orodispersible tablets and their in vitro
evaluation. J] Chem Pharm Res. 2016;8(11):232-242.

Mogbel HA, ElMeshad AN, El-Nabarawi MA. Comparative study of different approaches for
preparation of chlorzoxazone orodispersible tablets. Drug Dev Ind Pharm. 2016;43(5):742-750.
Nokhodchi A, Aliakbar R, Desai S, Javadzadeh Y. Liquisolid compacts: the effect of cosolvent and
HPMC on theophylline release. Colloids Surf B Biointerfaces. 2010;79:262-9.

Khanfar M, Sheikh Salem M, Kaddour F. Preparation of sustained-release dosage form of
Venlafaxine HCI using liquisolid technique. Pharm Dev Technol. 2013;19(1):103—-115.

Rashad AA, Nageeb El-Helaly S, Abd El Rehim RT, El-Gazayerly ON. Chronological delivery of
antihypertensive drugs in bilayered core-in-cup buccoadhesive tablets: In vitro and in vivo
evaluation. AAPS PharmSciTech. 2020;21(1):21.

European Medicines Agency [Internet]. Good practice guide on risk minimisation and prevention of
medication errors [cited 2022 Aug 29]. Available from:
https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/good-practice-guide-
risk-minimisation-prevention-medication-errors_en.pdf.

World Health Organisation. WHO guidelines on good herbal processing practices for herbal
medicines, In: WHO Expert Committee on Specifications for Pharmaceutical Preparations: Fifty-
second report, Annex 1 (WHO Technical Report Series, No. 1010). Geneva, 2018.

Baranauskaite J, Kopustinskiene DM, Masteikova R, Gajdziok J, Baranauskas A, Bernatoniene J.
Effect of liquid vehicles on the enhancement of rosmarinic acid and carvacrol release from oregano
extract liquisolid compacts. Colloids Surf A Physicochem Eng Asp. 2018;539:280-290.

Jaipakdee N, Limpongsa E, Sripanidkulchai B, Piyachaturawat P. Preparation of Curcuma comosa
tablets using liquisolid techniques: In vitro and in vivo evaluation. Int J Pharm. 2018;553:157—168.
Sirithunyalug B, Saenjum C, Charumanee S, Sivamaruthi B, Chaiyasut C, Sirithunyalug J, et al.
Development of colorectal-targeted dietary supplement tablets containing natural purple rice bran oil
as a colorectal chemopreventive. Nutrients. 2018;10(4):444.

Sheta NM, Elfeky YA, Boshra SA. Cardioprotective efficacy of silymarin liquisolid in isoproterenol
prompted myocardial infarction in rats. AAPS PharmSciTech. 2020;21(3):81.

Kurhajec S, Kostelanska K, Pavlokova S, Vetchy D, Wolaschka T, Gajdziok J, Franc A. Stabilized
antioxidative plant extracts formulated by liquisolid technique. J Drug Deliv Sci Technol.
2020;6:102022.

Kostelanska K, Kurhajec S, Pavlokova S, Vetchy D, Gajdziok J, Franc A. Technology of processing
plant extracts using an aluminometasilicate porous carrier into a solid dosage form. Pharmaceutics.
2022;14(2):248.

El-Hammadi M, Awad N. Investigating the use of liquisolid compacts technique to minimize the
influence of pH variations on loratadine release. AAPS PharmSciTech. 2011;13(1):53-58.

Chella N, Narra N, Rama RT. Preparation and characterization of liquisolid compacts for improved
dissolution of telmisartan. J Drug Deliv. 2014;2014:1-10.

Khames A. Liquisolid technique: a promising alternative to conventional coating for improvement
of drug photostability in solid dosage forms. Expert Opin Drug Deliv. 2013;10(10):1335-1343.

543



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

Javaheri H, Carter P, Elkordy AA. Wet granulation to overcome liquisolid technique issues of poor
flowability and compactibility: A study to enhance glibenclamide dissolution. J Pharm Drug Dev.
2014;2(3):301.

De Espindola B, Beringhs AO, Sonaglio D, Stulzer HK, Silva MAS, Ferraz HG, et al. Liquisolid
pellets: A pharmaceutical technology strategy to improve the dissolution rate of ritonavir. Saudi
Pharm J. 2019;27(5):702-712.

dos Santos Fonseca AB, Beringhs AOR, Ferraz HG, Stulzer HK, Sonaglio D, Pezzini BR. Liquisolid
pellets: Mixture experimental design assessment of critical quality attributes influencing the
manufacturing performance via extrusion-spheronization. J Drug Deliv Sci Technol.
2020;57:101630.

Taghizadeh Z, Rakhshani S, Jahani V, Rajabi O, Haghighi HM, Abbaspour M. Preparation and in
vitro characterization of carvacrol pellets by combination of liquisolid technique and extrusion-
spheronization. J Drug Deliv Sci Technol. 2021;61:102232.

Lam M, Ghafourian T, Nokhodchi A. Liqui-Pellet: the emerging next-generation oral dosage form
which stems from liquisolid concept in combination with pelletization technology. AAPS
PharmSciTech. 2019;20(6):231.

Lam M, Commandeur D, Maniruzzaman M, Tan DK, Nokhodchi, A. The crucial effect of water and
co-solvent on liqui-pellet pharmaceutical performance. Adv Powder Technol. 2020;31:1903-1914.

Lam M, Ghafourian T, Nokhodchi A. Optimising the release rate of naproxen liqui-pellet: A new
technology for emerging novel oral dosage form. Drug Deliv Transl Res. 2020;10:43-58.

Lam M, Nokhodchi A. Factors affecting performance and manufacturability of naproxen Liqui-
Pellet. DARU J Pharm Sci. 2020;28:567-579.

Lam M, Asare-Addo K, Nokhodchi A. Liqui-tablet: The innovative oral dosage form using the newly
developed. AAPS PharmSciTech. 2021;22:85.

Lam M, Nokhodchi A. Producing high-dose liqui-tablet (ketoprofen 100 mg) for enhanced drug
release using novel liqui-mass technology. J Pharm Innov. 2021. doi: 10.1007/512247-021-09561-6.
Lam M, Nashed N, Nokhodchi A. Liqui-mass technology as a novel tool to produce sustained release
liqui-tablet made from liqui-pellets. Pharmaceutics. 2021;13:1049.

Nazem NM, Shokri J, Nourani N, Zangi AR, Lam M, Nokhodchi A, et al. Combining liquisolid and
co-grinding techniques to enhance the dissolution rate of celecoxib. J Pharm Innov. 2022; 1-10. doi:
10.1007/s12247-022-09641-1

Tong Y, Wang Y, Yang M, Yang J, Chen L, Chu X, et al. Systematic development of self-
nanoemulsifying liquisolid tablets to improve the dissolution and oral bioavailability of an oily drug,
vitamin K1. Pharmaceutics. 2018;10(3):96.

544



Tecno-cvrsti sistemi kao novi pristup razvoju
formulacija i proizvodnji ¢vrstih farmaceutskih
oblika lekova: Izazovi i perspektive

Ivana Aleksi¢”, Teodora Glisi¢, Jelena Paroj¢i¢

Univerzitet u Beogradu — Farmaceutski fakultet, Katedra za farmaceutsku tehnologiju i
kozmetologiju, Vojvode Stepe 450, 11221 Beograd, Srbija

* Autor za korespondenciju: Ivana Aleksi¢, E-mail: ivana.aleksic@pharmacy.bg.ac.rs

Kratak sadrzaj

Tecno-C¢vrsti sistemi su nova, obecavajuca platforma za proizvodnju ¢vrstih farmaceutskih
oblika sa visokim sadrzajem te¢nosti, odnosno disperzije lekovite supstance u pogodnom,
hidrofilnom i neisparljivom te¢nom vehikulumu ili same lekovite supstance u te¢cnom agregatnom
stanju. Ova tehnologija podrazumeva upotrebu konvencionalnih, ali visoko poroznih
ekscipijenasa (nosaca i sredstva za oblaganje u odgovarajuem odnosu) koji mogu da
absorbuju/adsorbuju tecnost uz zadrzavanje dobre proto¢nosti i prihvatljivih svojstava pri
kompresiji. Ovaj pristup je pokazao znaCajan potencijal da poboljSa brzinu rastvaranja i
bioraspolozivost slabo rastvorljivih lekovitih supstanci, a prepoznat je kao dobra alternativa
uobicajeno primenjivanim, znatno slozenijim i skupljim tehnikama. Pored toga, nedavno su
istrazivane brojne mogucnosti za primenu ove jednostavne tehnike, ukljucujuéi izradu: tableta sa
modifikovanim oslobadanjem lekovite supstance, oralno disperzibilnih tableta, Cvrstih
farmaceutskih oblika sa tecnim biljnim ekstraktima, itd. Ova nova tehnologija pruza brojne
prednosti, medu kojima su najvaznije njena jednostavnost, ekonomic¢nost, primenljivost u
industrijskoj proizvodnji i ekoloska prihvatljivost. Medutim, prate je i izvesni izazovi, kao §to je
ograniCena primenljivost u slucaju visoko doziranih lekovitih supstanci. Ovaj rad ima za cilj da
pruzi sveobuhvatan pregled nedavnog napretka u pogledu potencijalne primene ove tehnologije,
kao i da pruzi uvid u nove tehnike zasnovane na konceptu te¢no-¢vrstih sistema koje teze da dalje
prosire njenu komercijalnu primenu.

Kljucne rec¢i: porozni ekscipijensi, tablete, viSeCesti¢ni sistemi,
slabo rastvorljive lekovite supstance, poboljSana bioraspolozivost
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