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Introduction: Today, the properties of many new chemical entities have
shifted towards higher molecular weights and this in turn increases the lipo-
philicity hence decreasing aqueous solubility. The low solubility of drugs usu-
ally has in vivo consequences such as low bioavailability, increased chance of
food effect and incomplete release from the dosage form.

Areas covered: The present review discusses the advantages of the liqui-
solid technology in formulation design of poorly water soluble drugs
for dissolution enhancement and highly water soluble drugs for slow
release pattern.

Expert opinion: With the advent of high throughput screening and combina-
torial chemistry, it has been shown that most of the new chemical entities
have a high lipophilicity and poor aqueous solubility, hence poor bioavailabil-
ity. In order to improve the bioavailability, the release rate of these drugs
should be enhanced. Although there are multiple technologies to tackle this
issue, they are not cost effective due to the involvement of sophisticated
machinery, advanced preparation techniques and complicated technology.
As the liquisolid technology uses a similar production process as the conven-
tional tablets, this technology to improve the release rate of poorly water sol-
uble drugs will be cost effective. This technology also has the capability to
slow down drug release and allows preparing sustained release tablets with
zero order drug release pattern. The excipients required for this technology
are conventional and commonly available in the market. The technology is
in the early stages of its development with extensive research currently
focused on. It is envisaged that the liquisolid compacts could play a major
role in the next generation of tablets.
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1. Introduction

The solubility of active pharmaceutical ingredients is a matter of concern to formulators
for the design of fast or slow release formulations. The development of fast release for-
mulations for poorly water soluble drugs is not an easy task as many of new chemical
entities shifted towards liphophilicity which results in decreasing water solubility [1,2].
Due to the low solubility, many of these developed formulations have bioavailability
issues. It has been reported that about 40% of the drug in the development stage and
60% of synthesized drugs have poor water solubility [1,3]. One of the approaches to
improve bioavailability of poorly water soluble drugs is an increase in dissolution/
solubility of drugs. Although there are several techniques to enhance the dissolution
rate of drugs (e.g., transformation into soluble polymorph, micronization, solid disper-
sion, co-grinding, preparation of salt, nanosuspension, complex formation), these
techniques are not cost effective due to advanced methodologies and also sometimes
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Article highlights.

« Liquisolid technology has been proven to be a promising
technology to improve the dissolution rate of poorly
water soluble drugs.

Bioavailability of poorly bioavailable drugs can be
enhanced through liquisolid technology.

Liquisolid formulations show better wettability.

Liquisolid technology has also capability to slow down
the drug release.

Zero order release kinetics is achievable with liquisolid
formulations.

The retardation effect of hydroxypropylmethylcellulose is
amplified in liquisolid formulations.

The technology is in the early stages of its development
with extensive research currently focused on.

It is envisaged that the liquisolid compacts could play a
major role in the next generation of tablets.

This box summarizes key points contained in the article.

lead to unsatisfactory results. For example, the use of polymorphs
or pseudopolymorphs is often disappointing due to lack of stabil-
ity. The liquisolid technique has been proven to be a very prom-
ising approach to obtain fast release formulations. This
technology has also the capability to slow down drug release of
highly water soluble drugs from tablet matrices provided the
right excipient is selected. The application of the liquisolid tech-
nology in both areas (dissolution enhancement and sustained
release action) is discussed extensively below.

Briefly, liquisolid systems are considered as free-flowing and
compressible or compactable powders containing a non-
volatile liquid vehicle and solid drug particles. The solid drug
particles can be dissolved or partly dissolved by the liquid vehicle
(co-solvent). This liquid system may be converted into a dry-
looking, free-flowing and compressible powder by mixing with
suitable excipients termed the carrier and coating materials,
which is discussed later. In liquisolid formulations, the excipient
with a capability to adsorb liquid on its surfaces is called the
carrier which usually has the highest contribution in the
formulation. The excipient with very high surface area which
usually covers the carrier surfaces containing liquid to improve
flowability of liquisolid powders is known as coating materials.
The outline of liquisolid preparation is presented in Figure 1.

2. Theory of liquisolid systems

A powder can retain only limited amounts of liquid while
maintaining acceptable flow and compression properties.
To calculate the required amounts of powder excipients
(carrier and coating materials), a mathematical approach
for the formulation of liquisolid systems has been
developed by Spireas and Sadu (4,5]. This approach is based
on the flowable (®-value) and compressible (W-number)
liquid retention potential introducing constants for each
powder-liquid combination.

The ®-value of a powder represents the maximum
amount of a given non-volatile liquid that can be
retained inside its bulk (w/w) while maintaining an
acceptable flowability. The flowability may be determined
from the powder flow or by measurement of the angle
of repose.

The W-number of a powder is defined as the maximum
amount of liquid the powder can retain inside its bulk
(w/w) while maintaining acceptable compactability result-
ing in compacts of sufficient hardness with no liquid leak-
ing out during compression [6]. The compactability may be
determined by the so-called ‘pactisity’ [4,6] which describes
the maximum (plateau) crushing strength of a 1 g tablet
compacted at sufficiently high compression forces.

The terms ‘acceptable flow’ and ‘acceptable compression
properties’ imply the desired and thus preselected flow
and compaction properties which must be met by the final
liquisolid formulation.

Depending on the excipient ratio (R) of the powder
substrate, an acceptably flowing and acceptably compressible
liquisolid system can be obtained only if a maximum liquid
load on the carrier material is not exceeded. This liquid:carrier
ratio is termed ‘liquid load factor L/ (w/w) and is defined as
the weight ratio of the liquid formulation (W) and the carrier
material (Q) in the system:

)
Ly =W/Q

R represents the ratio between the weights of the carrier (Q)
and the coating (¢) material present in the formulation:

)
R=0Q/q
The liquid load factor that ensures acceptable flowability
((DLf ) can be determined by:
3)
®Le =D +¢-(1/R)

where @ and ¢ are the ®-values of the carrier and coating
material, respectively.

Similarly, the liquid load factor for production of
liquisolid systems with acceptable compactability (\PLf) can
be determined by:

(4)
YLy =W+y-(UR)

where ¥ and W are the W-numbers of the carrier and coating
material, respectively. In Table 1, examples of liquisolid for-
mulation parameters of various powder excipients with
commonly used liquid vehicles are listed.

Therefore, the optimum liquid load factor (Z,) required to
obtain acceptably flowing and compressible liquisolid systems
is equal to either q)Lf or '{JLf , whichever represents the
lower value.

As soon as the optimum liquid load factor is deter-
mined, the appropriate quantities of carrier (Q,) and
coating (g,) material required to convert a given amount
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Figure 1. Outline of liquisolid preparation.

Table 1. Liquisolid formulation parameters of various powder excipients with commonly used liquid vehicles [4].

Powder excipient or system ®-Values ¥-Numbers

Propylene glycol PEG 400 Propylene glycol PEG 400
Avicel PH 102 0.16 0.005 0.224 0.242
Avicel PH 200 0.26 0.02 0.209 0.232
Cab-O-Sil M5 (silica)* with Avicel PH 102 3.31 3.26 0.560 0.653
Cab-O-Sil M5 (silica)* with Avicel PH 200 2.57 2.44 0.712 0.717

*Included as coating material in carrier/coating powder systems.

of liquid formulation (W) into an acceptably flowing
and compressible liquisolid system may be calculated as
follows:
)
Q,=WIL,
and
(©)
90 = Q,/R
The validity and applicability of the above mentioned prin-
ciples have been tested and verified by producing liquisolid
compacts possessing acceptable flow [7] and compaction
properties [4].

3. Liquisolid formulations as a tool to
enhance drug release

Many poorly soluble drugs have been formulated as liquisolid
systems showing enhanced drug release. Different liquid
vehicles, carrier and coating materials were used to formulate
these drug delivery systems (Table 2).

3.1 Mechanisms of enhanced drug release from
liquisolid systems

In the literature, several mechanisms of enhanced drug release
have been postulated for liquisolid systems. The three main
suggested mechanisms include an increased surface area of
drug available for release, increased solubility of the drug
and improved wettability of the drug particles. Formation of
a complex between the drug and excipients or any changes
in crystallinity of the drug could be ruled out using DSC

and XRPD measurements [8-10].

3.1.1 Increased drug surface area
Even if the drug within the liquisolid system is completely dis-
solved in the liquid vehicle, it is still located in the powder
substrate in a solubilized, molecularly dispersed state. There-
fore, the surface area of drug available for release is much
greater than that of drug particles within directly compressed
tablets (5,10-13].

Accordingly, with increasing drug content exceeding the
solubility limit and thus increasing fraction of undissolved
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Table 2. Formulations of liquisolid systems with enhanced drug release.

Drug Liquid vehicle Carrier & coating material Ref.
Aceclofenac PEG 400 MCC & HPMC [14]
Bromhexine HCI PG MCC & colloidal silica [18]
Carbamazepine PEG 200 MCC & colloidal silica [8]
Clofibrate (liquid) - MCC & colloidal silica [4]
Famotidine PG MCC & colloidal silica [42]
Fenofibrate PEG 400 MCC & colloidal silica [15]
Fenofibrate PG MCC & colloidal silica [79,80]
Furosemide Synperonic® PE/L 81 MCC & colloidal silica [19]
Glibenclamide PEG 400 Colloidal silica & MCC [81]
Griseofulvin PEG 400 MCC & colloidal silica [15]
Hydrochlorothiazide PEG 200 MCC + magnesium [22]
carbonate & colloidal silica
Hydrocortisone PG MCC & colloidal silica [4,11]
Hydrocortisone N,N-dimethylacetamide/PEG Various silicas* [82]
400 (7:3 viv)
lbuprofen PEG 300 MCC & colloidal silica [83]
Indomethacin PG MCC & colloidal silica [9,12]
Indomethacin PEG 400 MCC & HPMC [16]
Lamotrigin PEG 400 MCC & colloidal silica [15]
Methyclothiazide PEG 400 MCC & colloidal silica [4,23]
Naproxen Cremophor® EL MCC & colloidal silica [28]
Piroxicam Polysorbate 80 MCC & colloidal silica [10,13]
Piroxicam PG MCC & colloidal silica [27]
Polythiazide PEG 400 MCC & colloidal silica [26]
Prednisolone N,N-dimethylacetamide/PEG Various silicas* [82]
400 (7:3 v/v)
Prednisolone PG MCC & colloidal silica [5]
Prednisone PG MCC & colloidal silica 14]
Prednisone N,N-dimethylacetamide/PEG Various silicas* [82]
400 (7:3 v/v)
Repaglinide Polysorbate 80 MCC & calcium silicate [48]

*Drug solution dispersed on various silicas (no compacts).

Cremophor® EL: Polyoxyl 35 castor oil; HPMC: Hydroxypropylmethylcellulose; MCC: Microcrystalline cellulose; PG: Propylene glycol; Synperonic®

PE/L 81: Polyoxyethylene-polyoxypropylene block copolymer.

drug in the liquid vehicle the release rate decreases. With
various drugs, it could be shown that the release rates are
directly proportional to the fraction of the molecularly
dispersed drug (F,) in the liquid formulation [5,11-13]. Fy,
is defined by Spireas er al as the ratio between the
drug’s solubility (§,) in the liquid vehicle and the actual
drug concentration (C,) in this vehicle carried by each
system [11].

Therefore:

@)
Fy =S,IC,
where Fy; = 1if S; 2> C,.

In Figure 2, the effect of the fraction of the molecularly
dispersed drug (Fj;) on the release rate of hydrocortisone
formulated as liquisolid compacts containing various drug
concentrations in varying amounts of propylene glycol as
liquid vehicle is shown. It is obvious that the drug release
rate increases linearly with increasing F),. Interestingly, this
linear increase may be observed only above a certain Fys
limit. Accordingly, lower Fj; values and higher fraction of

undissolved drug in the liquid vehicle, respectively, are not
sufficient to increase percentage of drug released at 30 min.
However, this may not be transferred to other time points
of drug release.

3.1.2 Increased drug solubility

In addition to the first mechanism of drug release enhance-
ment, it is expected that C,, the solubility of the drug, might
be increased with liquisolid systems. In fact, the relatively
small amount of liquid vehicle in a liquisolid compact is not
sufficient to increase the overall solubility of the drug in the
aqueous dissolution medium. However, at the solid-liquid
interface between an individual liquisolid primary particle
and the release medium, it is possible that in this microenvi-
ronment the amount of liquid vehicle diffusing out of a single
liquisolid particle together with the drug molecules might be
sufficient to increase the solubility of the drug if the liquid
vehicle acts as a co-solvent [5,10-13]. The overall increase
in the solubility of drugs caused by liquisolid systems was
confirmed by Yadav ez al. [14-17).
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Figure 2. Effect of the fraction of molecularly dispersed drug
(Fym) on the hydrocortisone release rate at 30 min of
liquisolid compacts (means + s.d., n = 3).

Adapted from [11].

3.1.3 Improved wetting properties

Due to the fact that the liquid vehicle can either act as surface
active agent or has a low surface tension, wetting of the liqui-
solid primary particles is improved. Wettability of these sys-
tems has been demonstrated by measurement of contact
angles [10] and water rising times [14-16]. It is obvious
from Figure 3 that liquisolid compacts show lower contact
angles compared to conventional tablets due to the presence
of a surface active agent, for example, polysorbate 80 [10].

3.2 Optimization of liquisolid formulations with
enhanced drug release

The liquisolid technique has been successfully applied to low
dose poorly water soluble drugs. The formulation of a high
dose poorly soluble drug is one of the limitations of the liqui-
solid technique. As the release rates are directly proportional
to the fraction of molecularly dispersed drug (F,) in the lig-
uid formulation, a higher drug dose requires higher liquid
amounts for a desired release profile. Moreover, to obtain
liquisolid systems with acceptable flowability and compact-
ability, high levels of carrier and coating materials are needed.
However, this results in an increase in tablet weight ultimately
leading to tablet sizes which are difficult to swallow. There-
fore, to overcome this and various other problems of the liqui-
solid technique, several formulation parameters may be
optimized (Table 3).

In various studies, the effect of different types of non-
volatile liquid vehicles has been investigated. The results sug-
gest that the selection of a liquid vehicle with a high solubiliz-
ing capacity for the drug and thus an increased F, leads to
enhanced release profiles [5,12,18,19]. That means that by selec-
tion of a liquid vehicle with optimum solubilizing properties
the amount of liquid and thus the weight and size of the

Nokhodchi, Hentzschel & Leopold

liquisolid tablets can be reduced. However, in addition to
the drug solubility in the liquid vehicle, other physicochemi-
cal characteristics of the liquid vehicles such as polarity, vis-
cosity, molecular mass, chemical structure and lipophilicity
may also have an effect on drug release [5].

A further approach to minimize tablet weight is to
increase the liquid load factor by using carrier and coating
materials with a high specific surface area or by adding poly-
vinylpyrrolidone (PVP) to the liquid formulation. It was
found that the higher the specific surface area of an excipi-
ent, the higher the liquid load factor [7]. For instance, the lig-
uid adsorption capacity of microcrystalline cellulose
(1.18 mz/g) is higher than that of lactose (0.35 mz/g), starch
(0.6 mz/g) and sorbitol (0.37 mzlg) [10]. Fujicalin®
(30 m®/g), a spherically granulated dicalcium phosphate
anhydrous, and Neusilin® US2 (300 m*/g), a magnesium
aluminometasilicate, turned out to be very effective exci-
pients for liquid adsorption while maintaining acceptable
flow and compaction properties [20,21].

Khaled [22] noticed precipitation and consequently reten-
tion of the drug in the cavities of porous excipients on contact
of the liquid formulation with the release medium. This
retention could be minimized by using either a dilute drug
solution or PVP as crystallization inhibitor (8,22]. Moreover,
PVP may also act as binder during compaction leading to
an increase of the liquid load factor [s].

The release rate of a drug from a dosage form is
dependent on its disintegration and the dissolution rate of
the drug. Therefore, it is very important for liquisolid
systems with enhanced drug release to ensure that disinte-
gration is not the rate-limiting step and drug dissolution
is not hindered by a slow disintegration of the dosage
form. It was found that the release rate increases by addition
of super-disintegrants such as sodium starch glycolate or
croscarmellose sodium to the liquisolid formulation [14-16].

Another formulation parameter that may be optimized is
the ratio of carrier:coating material (R). An increase in the
R-value results in an enhanced release rate if microcrystalline
cellulose and silica are used as carrier and coating materials,
respectively. Liquisolid tablets with high R-values contain
high amounts of microcrystalline cellulose, low quantities
of silica and low liquid:powder ratios. This is associated with
enhanced wicking, disintegration and thus drug release. In
contrast, if high amounts of silica are used, which means
that the R-value is low, the liquisolid tablet is overloaded
with liquid formulation due to a high liquid load factor.
In such cases, even though drug diffusion out of the primary
particles may be rapid, oversaturation might occur resulting
in local precipitation/recrystallization of the drug and thus
decreased release rates [8,23]. Moreover, as silica is a hydro-
phobic material high amounts of it can cause retardation
of drug release. Therefore, Spireas ez al. recommend a min-
imum R-value of 20 [23]. In the case of liquisolid sustained
release tablets lower R-values may be used [24,25), which is
discussed later.
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Figure 3. Better wettability of liquisolid tablets
(unpublished data).

3.3 Stability of liquisolid systems with enhanced
drug release

To obtain information on the stability of liquisolid systems,
the effects of storage on the release profile and the crushing
strength of liquisolid tablets were investigated. Stability stud-
ies of liquisolid systems containing polythiazide (40°C/42 and
75% r.h., 12 weeks) [26], hydrocortisone (ambient conditions,
10 months) [4], carbamazepine (25°C/75% r.h., 6 months) (8],
indomethacin (25°C/75% r.h., 12 months) [9], piroxicam
(25°C/75% r.h., 6 and 9 months, respectively) [10,27] or nap-
roxen (20°C/76% r.h., 4 weeks) 28] showed that storage at
different conditions neither had an effect on the hardness
nor on the release profiles of liquisolid tablets. This indicates
that the technology is a promising technique to enhance the
release rate without having any physical stability issues.

4. Liquisolid formulations as a tool to
prolong drug release

As the excipients (polymeric materials) used in the design of
liquisolid tablets are similar to those used in the design of
simple sustained release matrix tablets, a brief background
on sustained release matrix tablets is beneficial for the reader.

4.1 Background

Extended release dosage forms, unlike conventional dosage
forms, do not disintegrate and are formulated in such man-
ner as to make the contained drug available over an extended
period of time following administration. Theoretically, an
oral sustained release matrix should allow a reduction in
dosing frequency as compared to a conventional dosage
form [29].

In the last 2 decades, sustained release dosage forms have
made significant progress in terms of clinical efficacy and
patient compliance [30]. Preparation of drug-embedded
matrix tablets that involves the direct compression of a blend
of drug, retardant material and additives is one of the least
complicated approaches for delivering drug in a temporal
pattern into the systemic circulation. Matrix systems are

commonly used as sustained release dosage forms because
it makes manufacturing easy [31]. There are lots of polymeric
materials that have been explored as retarding agent in
matrix systems and each of which presents a different
approach to the matrix concept. Generally, these matrices
for oral delivery can be assigned to one of the following
groups. Although there has been much basic research
devoted to the development of the following types of devices
and much experimentation under idealized conditions that
suggests that they will work, there are complications that
can arise if the device is ingested orally [32].

4.1.1 Fatty matrices (digestible base)

These matrices are prepared by adding the drug and excipients
to the molten fat or wax, congealing, granulating and com-
pression into cores. Substances which produce these matrices
include carnauba wax, fatty alcohol, glycerol palmitostearate,
stearyl alcohol, beeswax, aluminum monostearate and glycerol
monostearate [33]. On the one hand, the mechanism of drug
release from these matrices can be diffusion of the drug
through solvent-filled pores. On the other, they are poten-
tially erodible and control the release of drug through a
combination of diffusion and erosion.

4.1.2 Plastic or inert matrices (non-digestible base)
Plastic or inert matrices are prepared in a similar way to fatty
matrices. Drug release from these matrices occurs by simple
diffusion through water-filled pores. Water penetration into
the matrix is the rate-limiting step in such systems unless
channeling agents such as PEG are used. Water penetrates
into the matrix and the drug is able to diffuse through these
same pores leaving a matrix skeleton. Examples of polymers
used to prepare this type of matrix are polyethylene, methyla-
crylate, methylmethacrylate, ethylcellulose, polyvinyl chloride
and polyvinyl acetate.

4.1.3 Hydrophilic matrices

Hydrophilic polymers were first introduced as a potential can-
didate for sustained release in 1966 (34]. These are probably
the cheapest and easiest matrices to prepare. The ingredients
can be either directly compressed or granulated to aid flow.
Once in contact with water, hydrophilic polymers hydrate
forming a gel layer. The mechanism of drug release from
hydrophilic matrices is a combination of drug diffusion and
erosion [35]. Polymers used in the manufacture of hydrophilic
matrices include:

i) Cellulose derivatives such as methylcellulose,
hydroxypropylmethylcellulose, sodium  carboxy-
methylcellulose,  hydroxymethylcellulose ~ and
hydroxypropylcellulose

i) Non-cellulose polysaccharides of natural origin such
as guar gum, alginates and carrageenan

iii) Acrylic acid polymers such as polyacrylamide
and polymethacrylamide.
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Table 3. Optimization of formulation parameters for liquisolid systems with fast drug release.

Formulation parameter Optimization

Effect

Liquid vehicle High drug solubility in the vehicle
Carrier and coating High specific surface area
materials

Addition of excipients Polyvinylpyrrolidone
Super-disintegrant

Excipient ratio (R) High R-value

Increased fraction of the molecularly dispersed drug (Fy,)
Increased liquid load factor (Ly)

Increased liquid load factor (Ly), increased viscosity of
liquid vehicle, inhibition of precipitation

Fast disintegration

Fast disintegration, inhibition of precipitation

Although polymeric matrices can highly differ from
each other due to the chemical and physical properties of
the polymer (neutral, polyelectrolyte, liphophilic, hydro-
philic or amphiphilic), they share the same structural
characteristics [36,37].

Clearly, the choice of the polymer depends on the final route
of administration (examples include oral, ophthalmic, rectal,
vaginal and subcutaneous) and on different factors such as
degree of matrix swelling, biodiversity, biocompatibility,
interactions with drug, excipients and mechanical properties.

The use of HPMC-15 cps as matrix material in a direct
compression process has been reported previously (3839].
Hydroxypropylmethylcellulose (HPMC) is the excipient cho-
sen by most formulators for the preparation of hydrophilic
matrix systems most probably because of its fast gel formation
resulting in fast initial release, and the formation of strong,
viscous gels to prolong drug release [40].

4.2 Sustained release with liquisolid formulations
Although there are a few techniques to produce slow release
formulations, the liquisolid technique is fairly new and a
promising technique to provide a slow release pattern with
zero order release kinetics [24,25.41). The liquisolid technique
as a new and promising method alters the dissolution rate of
drugs. The technique has recently been used to enhance the
dissolution rate of poorly water soluble drugs such as indome-
thacine, piroxicam, hydrocortisone, prednisolone, famotidine,
naproxen and carbamazepine [5,7.8,12.28.42] as described earlier
in this manuscript.

Simplicity, low cost and capability of industrial production
are some of the advantages of the liquisolid approach to be
used in liquisolid sustained release systems.

In order for liquisolid formulations to produce better sus-
tained release performance, the surface area of liquisolid pow-
ders should be reduced by converting the powder into tablet
form. This emphasizes that this type of formulations should
be free flowing, able to form stable compacts at low compac-
tion pressures (good compactibility) and should not stick to
the punches.

Spireas and Bolton [41] were pioneers in this technology
who presented the first information on liquisolid sustained
release formulations in 1998. Until 2008, there were no

systematic studies on the use of the liquisolid technique
for controlling drug release from polymeric matrices.
Capability of this technique to slow down the release of
propranolol HCI and theophylline was extensively studied
by Javadzadeh er a4l (241 and Nokhodchi er 4l 251 in
2008 and 2010, respectively.

The hypothesis behind the liquisolid technology to prolong
drug release is that if hydrophobic carriers such as Eudragit®
RL and RS are used instead of hydrophilic carriers, sustained
release systems can be obtained. The presence of hydrophilic
HPMC polymer grades amplifies the retardation effect of
this technology [25]. In addition, in liquisolid sustained release
formulation, usually the surface area of carrier (Eudragit RS
or RL) is low compared to the carriers used in fast release
liquisolid formulation (Avicel); therefore, in order to increase
loading factor and obtain a better flowability the amount of
coating material (silica) is usually high [24]. This in turn helps
to induce more retardation properties to the liquisolid
formulations as silica is a hydrophobic material.

Although the technology might look very easy to apply to
drugs with different solubilities, it seems that the industrial
application of the liquisolid technique can be hampered due
to a few hurdles such as poor flowability and poor compacti-
bility of the liquisolid powder blend. Recently, the flowability
of liquisolid powder blends was addressed by the application
of a new mathematical model which is described earlier in
this manuscript. This new mathematical model enables for-
mulators to calculate the appropriate quantities of carriers or
excipients required to prepare acceptably flowing powders.
However, the high weight of sustained release liquisolid tab-
lets represents a problem as the amount of drug is generally
higher than in conventional tablets. Moreover, in order for
tablets to retain their integrity they should be robust compacts
and not disintegrate easily in the dissolution medium. Other-
wise, the retardation effect might be suppressed. These short-
falls can be overcome by increasing the percentage of adjuvant
in the formulations; however, this leads to a final weight of
the tablets > 1 g which makes them difficult to swallow.
Thus, in practice it is relatively difficult to convert conven-
tional tablet formulations containing a high amount of drug
or liquid drug such as clofibrate to liquisolid compacts with
the same final tablet weight as the conventional tablets. One
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approach to reduce the tablet weight is the incorporation of
highly compactable excipients such as microcrystalline cellu-
lose in liquisolid formulations. However, it has been reported
that the compression of these liquisolid formulations contain-
ing liquid drugs might lead to a considerable liquid squeezing
out from the compacts [4].

A recent approach was introduced by Javadzadeh et al. (8]
stating that an increase in the loading factor could reduce the
amount of carrier and coating materials to be added in liqui-
solid formulations and still to obtain acceptable flowability
and compactibility for liquisolid powders. They showed
that by incorporation of hydrophilic polymers such as
PVP, HPMC and PEG 35000, the loading factor can be
increased (8]. The authors used these hydrophilic polymers
to reduce the final tablet weight with the highly dosed
drug carbamazepine. They believed that by adding PVP to
the liquid system (microsystems), it would be possible to
produce dry powder formulations containing liquid with a
high concentration of drug. By addition of such materials
to the liquid system, a low amount of carrier is required to
obtain a dry powder with free flowability and good compact-
ibility. The authors believe that by preparing microsystems
(adding some additives such as PVP, HPMC or PEG
35000 to the liquid system), the loading factor can be
increased above 0.25. The results showed that the loading
factor for carbamazepine powder blends containing micro-
crystalline cellulose as carrier and PEG 35000 as hydrophilic
polymer can indeed be increased to 0.6 and still these formu-
lations possess good flow properties. Similar results were
obtained with sustained release liquisolid formulations of
theophylline where the loading factor was around 0.66 and
they still showed better flowability than their physical mix-
tures (Table 4). This could be attributed to the granulating
effect of the co-solvents used in the formulation of the liqui-
solids. In addition, the liquid vehicle containing the drug
can initially be adsorbed by the carrier surface followed by
covering the carrier surface with the fine coating particles
(silica) to yield granules with high flowability. As the physi-
cal mixtures contained very fine particles, they could not
flow very well due to large cohesive or adhesive forces as a
result of the high surface area of the fine particles.

The data presented in Table 4 show that in most cases the
liquisolid compacts are superior to the physical mixtures in
terms of tablet hardness. For example, liquisolid compacts
containing silica:Eudragit RL at a ratio of 1:1 showed a higher
hardness (173 N) than their physical mixture counterparts
(37 N). On the other hand, liquisolid compacts containing
PEG 200 showed a lower hardness than its physical mixture.
This indicates that the type of liquid vehicle, ratio of silica:
Eudragit, type of Eudragit and presence of HPMC could
have a remarkable effect on the mechanical properties of liqui-
solid tablets. It can be concluded that not only all of the liqui-
solid formulations have better flowability than the physical
mixtures but also some of them showed better compactibility
than the physical mixtures.

Regarding the selection of the type of liquid vehicle for
sustained release action in liquisolid formulations, it was
suggested that the liquid vehicle with less capability to dis-
solve the drug can be selected to obtain a better retardation
effect. This is in contrast to fast release liquisolid formula-
tions where a liquid vehicle with a high capability to dissolve
the drug should be selected. For example, propranolol HCI
(a highly water soluble drug) and theophylline (low solubil-
ity in water) both showed the lowest solubility in polysorbate
80 (Table 5) and this liquid vehicle was incorporated in liqui-
solid sustained release formulations of propranolol HCI and
theophylline. This does not mean that the other liquid
vehicles cannot be used in liquisolid formulations because
Nokhodchi ez al. 25] showed that other liquid vehicles listed
in Table 5 can be used to obtain sustained release liquisolid
formulations (Figure 4).

It was shown that the drug solubility also has a significant
effect on the performance of liquisolid compacts to provide
sustained release properties. In the case of propranolol HCI
formulations containing Eudragit RL or RS, liquisolid
tablets showed slower release rates than their conventional
counterpart tablets [24] whereas with theophylline there
were no significant (p > 0.05) differences between some of
the liquisolid tablets and the conventional dosage forms [25].
This could be due to the different solubility of the two drugs
as the only difference between these two studies was the dif-
ference in drug solubility (solubility of propranolol HCI was
about 750 mg/ml, whereas solubility of theophylline was
12 mg/ml at pH 6.5). This indicates that the liquisolid tech-
nique can prolong drug release from liquisolid compacts
even if highly water soluble drugs are incorporated in their
liquid formulations.

Javadzadeh ez al. 24] stated that polysorbate 80 (Tween 80)
plays an important role in sustaining drug release from liqui-
solid matrices, and that a reduction of the glass transition
temperature (7y) of Eudragit RL or RS can be the reason
for the release prolongation of liquisolid tablets in the pres-
ence of polysorbate 80. This was further explained by Gruetz-
mann and Wagner [43] by a plasticizer effect of polysorbate
80 which leads to a reduction of the glass transition tempera-
ture and thus a higher flexibility of the polymer chains.
Plasticizers affect the intermolecular bonding between poly-
mer chains, thereby, increasing flexibility (44). Therefore,
reduction of the 7 of the polymer might be the reason for
the release prolongation of liquisolid tablets. At a temperature
above the 7, a better coalescence of the polymer particles
occurs forming a fine network and a matrix with lower poros-
ity and higher tortuosity. This way, the drug is surrounded
and entangled by the polymer network, resulting in the
restricted leaching of the drug (45]. It has been shown that
the 7, of Eudragit RL in the liquisolid formulation was
44 £ 2°C whereas in the physical mixture without polysorbate
80 the 7, was 63 + 3°C. When Eudragit polymers were mixed
with Tween 80 (the final concentration of Tween 80 to
Eudragit was 30% w/w), the T, of the sample was reduced
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Table 4. Flow and mechanical properties of liquisolid formulations and their physical mixture counterparts.

Formulation

Carr index (%)*

Hardness (N)

Liquisolid powder

Physical mixture

Liquisolid compact

Physical mixture

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
F13
F14
F15
F16
F17
F18
F19

LS-Silica:Eud.RL (1:2) Tween 20
LS-Silica: Eud.RL (1:2) P

F4 + 6% HPMC E4M

F4 + 10% HPMC E4M

F4 + 15% HPMC E4M

F10 + 10% HPMC E4M

F12 + 10% HPMC E4M

F4 + PVP K30 10%

F4 + PVP SR 10%

LS-Silica:Eud.RL (1:1) Tween 80
LS-Silica:Eud.RL (1:2) Tween 80
LS-Silica:Eud.RL (1:3) Tween 80
LS-Silica:Eud.RL (1:4) Tween 80
LS-Silica:Eud.RS (1:1) Tween 80
LS-Silica:Eud.RS (1:2) Tween 80
LS-Silica:Eud.RS (1:3) Tween 80
LS-Silica:Eud.RS (1:4) Tween 80
LS-Silica: Eud.RL (1:2) PEG200
LS-Silica: Eud.RL (1:2) PEG 600

1:

(1:

8.89 = 0.57 23.71 £ 0.33
11.93 £ 0.26 24.36 + 0.13
12.03 £ 0.11 23.20 + 0.60
10.44 £ 0.43 24.56 + 0.40
14.79 + 0.32 26.31 + 0.37
12.17 £ 0.80 27.37 £ 0.21
11.51 £ 0.23 2191+ 1.21
10.53 £ 0.30 22.32 +0.39
12.21 £ 0.38 2436 + 0.13
9.65 + 0.40 24.36 + 0.13
10.98 + 0.66 2436 + 0.13
15.27 £ 0.38 2436 + 0.13
12.70 £ 0.18 19.87 + 0.66
12.27 £ 0.08 24.47 + 0.52
13.60 + 0.21 22.76 £ 0.25
12.60 £ 0.30 24.47 + 0.52
13.46 + 0.36 2447 + 0.52
13.64 £ 0.58 20.43 £ 0.39
12.45 + 0.28 21.10 £ 0.59

173 £ 7
65+ 1
60 = 1
79+8
150 + 3
65 + 3
63 £ 1
66 + 1
28 2
2+1
70 £ 2
48 £ 2
67 £ 3
69 +2
93 +5
22 £ 1
58 = 1
64 + 2
79 £ 1

H

COWERADBNDPMONNNNWN-—=WO-N
AN /m s s o s s oy N s

+HHHHFHFHFHFHFHFHFFEFRFEFE R

*Carr index below 15 is an indication of good flow (data taken from [25]).
HPMC: Hydroxypropylmethylcellulose; PG: Propylene glycol; PVP: Polyvinylpyrrolidone.

Table 5. Solubility of theophylline and propranolol HCl in different liquid vehicles.

Liquid vehicle Theophylline solubility (mg/ml) Propranolol HCl solubility (mg/ml)
PEG 600 14.5 -
PEG 400 - 79.7
PEG 200 17 79.3
Glycerine - 39.1
Propylene glycol 14.11 102.9
Polysorbate 80 11.26 13.3
Data taken from [24,25].
120 7 —=— PEG 200
—&— PEG 600
| —+— Tween 20
100 —— Tween 80
e PG
80 - Conventional tablet

Theophylline released (%)

Time (h)

Figure 4. The effect of the type of liquid vehicle on the release of theophylline from liquisolid compacts containing Eudragit
RL as carrier.
Figure taken from [25].
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to 15°C which is well below the temperature of manufactur-
ing process [43]. This in turn can improve the coalescence of
the polymers before adding other ingredients to the mixtures
of polymer and liquid medication (Tween 80 plus drug). This
indicates that the presence of other ingredients in liquisolid
formulation increases the T, of the final formulation.

One of the main advantages of liquisolid compacts is the
possibility of achieving a zero order release pattern. The
release data for all formulations listed in Table 4 were sub-
jected to the Peppas equation Q = kt” where Q is the amount
of drug release (%) at time t, k is the drug release constant and
n is the release exponent which is an indicator of the mecha-
nism of drug release. In case of cylindrical tablets when n
approximates 0.45, a Fickian/diffusion-controlled drug
release is implied, if the value of n approaches 0.89; phenom-
enologically one may conclude that the release is approaching
zero order release (erosion mechanism). It was interesting to
note that all formulations containing Tween 80 (formulations
F1 to F8 in Table 4) showed higher n values than the physical
mixtures. The n values for these liquisolid tablets varied
between 0.58 and 0.99 whereas the n values for the physical
mixtures were between 0.34 and 0.60. This indicates that
the contribution of erosion in liquisolid tablets is higher
than the contribution of the diffusion mechanism. These
data also indicated that some of the liquisolid compacts
showed near zero order release kinetics such as formulations
F2, F5, F6 and F16 listed in Table 4. Gonjari et al. [46] used
the liquisolid technology to prepare tramadol HCI liquisolid
compacts using propylene glycol as the liquid vehicle (solubil-
ity of tramadol HCI was 6.25 g/10 ml), HPMC K4M as a
retardant agent and Avicel® PH 102 as the carrier. In these
liquisolid compacts between 100 and 200 mg HPMC K4M
were used and the results showed that the amount of
HPMC had no significant effect on drug release. This was
in contrast to the results obtained by Nokhodchi ez a/. [25)
who showed that an increase in HPMC concentration from
6 to 15% resulted in a remarkable reduction in the release
rate of theophylline (Figure 5). This might be explained by
the presence of either Eudragit RS 100 or Tween 80 (polysor-
bate 80) in theopylline liquisolid compacts. On the other
hand, liquisolid compacts containing Avicel PH 102 should
disintegrate as Avicel has disintegrating properties which can
facilitate the dissolution rate. Comparing these three studies
showed that the selection of liquid vehicle, retardant agent
as well as carrier and coating material for formulating
liquisolid compacts for sustained release purposes are crucial.

5. In vivo consideration of liquisolid systems

Khaled ez al. (471 studied the clinical profiles of hydrochlorothia-
zide liquisolid tablets in six male beagle dogs for the first time in
2001. They concluded that there were significant differences
between the two formulations mentioned in Table 6 with regard
to AUCy_,, AUCy_,, and C,,,,. Their findings showed an
increase in the bioavailability of the drug by 15% when

formulated as liquisolid tablets. However, no significant differ-
ence was observed between commercial hydrochlorothiazide
tablets and its liquisolid formulations with regard to the rate of
absorption. Similar conclusions were made by El-Houssieny
et al. (48] where repaglinide liquisolid formulations showed a bet-
ter bioavailability than its commercial product (Table 6). In
another study, six healthy male volunteers aged between
20 and 40 years were tested with regard to differences between
commercial famotidine tablets and its liquisolid compacts [42).
The authors pointed out that there was no significant difference
between the commercial tablet and the liquisolid tablets in terms
of pharmacokinetic parameters.

These contradictory conclusions made by different authors
on the performance of liquisolid formulations could be due to
a difference in the solubility of famotidine, hydrochlorothia-
zide and repaglinide in their liquid vehicles used (in case of
famotidine propylene glycol was used whereas in case of
hydrochlorothiazide and repaglinide PEG 200 and polysor-
bate 80 were used, respectively). These contrary results on
liquisolid formulations showed that still more in vivo data
are needed to confirm the superiority of the liquisolid tablets.
However, generally, most studies showed better performance
of liquisolid formulations compared to their commercial
products (Table 6).

6. Brief comparison between immediate
release liquisolid systems and alternative
technologies

The liquisolid technique is a promising technique because of
the simple manufacturing process, low production costs and
the possibility of industrial production due to good flow
and compaction properties of the liquisolid formulations.

In the next subsection, the liquisolid technique is com-
pared to alternative technologies for the enhancement of
drug release and their advantages and disadvantages are
pointed out.

6.1 Technologies for the enhancement of drug
release
Release enhancement of poorly soluble drugs may be achieved
by an increase of the drug surface area, the drug solubility or
by formulating the drug in its dissolved state. Several method-
ologies such as micronization, adsorption onto high surface
area carriers, co-grinding, formulation of inclusion complexes,
solid dispersions and lipid-based formulations (e.g., SEDDS)
are used for enhancement of drug release [49-51].
Micronization can be carried out by using various mills to
increase the surface area of drugs and the main advantage of
this technique is its simplicity (52. However, in practice the
effect of micronization is often disappointing, especially if
the drugs are encapsulated or tableted. Micronized drugs
have the tendency to aggregate as a result of their hydropho-
bicity and electrostatic charge, thus reducing their available
surface area [53,54].
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Figure 5. The effect of HPMC concentration on drug release from liquisolid compacts and conventional sustained release

tablets.
Figure taken from [25].
HPMC: Hydroxypropylmethylcellulose.

Table 6. Mean bioavailability and pharmacokinetic parameters of liquisolid formulations following the administration
of a single oral dose (25 mg hydrochlorothiazide, 2 mg repaglinide) compared to the commercial formulation.

Pharmacokinetic parameter Hydrochlorothiazide* Repaglinide*
Commercial Liquisolid p-Value Commercial Liquisolid p-Value

Crmax (ng/ml) 734 £ 116 970 + 161 0.0252 70+ 5 125+ 3 < 0.0001
tmax (h) 24 +09 2.1 +0.7 0.3939 1+0 1+0 1.0
AUCq_+ (ng-h/ml) 4692 + 1333 5622 + 1039 0.0363 190 + 3 374 £ 2 < 0.0001
AUCq_., (ng-h/ml) 5435 + 1627 6373 + 1201 0.0124 227 £ 3 471 =1 < 0.0001
Data taken from [47,48].
*Beagle dogs, n = 6.
'Rabbits, n = 12.

Adsorption of poorly soluble drugs on hydrophilic silica ~ and thus improved dissolution. Crospovidone (59,601,

aerogels was found to enhance drug dissolution. This can
be explained by both an increase in the specific surface
area of the drug adsorbed to the acrogel and an at least par-
tial amorphization of the drug. The main advantage with
hydrophilic aerogels as drug carriers is that this type of for-
mulation really promotes the very fast release of drugs [55]
even better than nanoparticles [56]. Furthermore, as the
drug particles are being adsorbed or crystallized in the solid
aerogel matrix, thus, they have a lower tendency to agglom-
erate and are better protected from the environment com-
pared to nanoparticles. However, drug adsorption is
dependent on the selected drug and sometimes only low
drug loads are achieved. Another disadvantage of this tech-
nique is the complex manufacturing process: silica aerogels
are loaded with drugs by adsorption from their solutions
in supercritical carbon dioxide [57.58].

Co-grinding of poorly soluble drugs with different
excipients may also result in an amorphization of the drug

PVP (60] and different types of silica [61,62] are suitable for
this purpose. Co-grinding is another straight forward proce-
dure to achieve drug release enhancement. Co-grinding tech-
nique is economically and environmentally desirable as,
unlike other techniques, it does not require toxic solvents
and sophisticated equipment. Therefore, recently, researchers
paid a special attention to apply the technique on various
poorly water soluble drugs [63-65].

Complexes of a lipophilic drug with cyclodextrin, com-
monly known as inclusion complexes, can be easily formu-
lated by mixing the drug with the carrier. The most
commonly used carrier B-cyclodextrin acts as a solubilizer
and stabilizer consisting of a truncated cone type structure
with an outer hydrophilic and an inner hydrophobic sur-
face [66.67]. However, the maximum possible drug load of
these systems is relatively low and the inclusion complexation
only works with drugs that fit into the cavities of the
cyclodextrin molecule.
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Solid dispersions consist of one or more active ingredients
dispersed in a readily soluble solid hydrophilic matrix pre-
pared by a melting (fusion) or solvent method. With the
melting method the drug is added to the molten carrier
and the mixture is stirred until a homogenous melt is
obtained. With the solvent method, drug and carrier are dis-
solved in small amounts of solvent with final solvent evapo-
ration. The higher release rates of solid dispersions may be
ascribed to a number of factors which include formation of
the amorphous form of the drug, reduction of particle size
to nearly the molecular level, improved wetting properties
and solubilization of the drug by the carrier (67-73. The
advantages of this methodology are the molecular dispersion
of the drug within the hydrophilic carrier and the compara-
bly high drug stability. In addition, solid dispersion tech-
nique is the most promising method to formulators
because of its ease of preparation, ease of optimization
and reproducibility.

Self-emulsifying drug delivery systems (SEDDS) are isotro-
pic mixtures of oil, surfactant, co-solvent and drug, which
emulsify spontaneously to produce oil in water emulsions
when introduced into an aqueous phase under gentle agita-
tion [74]. Generally, SEDDS are either administered as liquid
dosage forms or as soft gelatin capsules. In general, solid dos-
age forms are preferred over liquid preparations for many rea-
sons including ease of manufacture, patient compliance,
dosage uniformity and stability. Liquid SEDDS may be trans-
formed to solid self-emulsifying systems by addition of pow-
der carriers [75-78]. The liquisolid technique may be used to
transform liquid SEDDS into acceptably flowing and com-
pressible powders. One of the drawbacks of this technique is
the high surfactant concentration [49].

7. Conclusion

Poor water solubility is an issue of increasing gravity with the
newly developed drugs shifted towards higher lipophilicities.
Classic formulation strategies often fail to achieve the desired

bioavailability for such drugs. The liquisolid technology has

proven to be a useful innovative tool for improving the bio-
availability by enhancing drug release. It is an effective tech-
nology in terms of production capability and low cost of
formulations. Therefore, this technology has the potential
for large scale manufacture. The present review also showed
that the liquisolid technology can be used for the purpose of
slowing down the drug release for highly water soluble drugs
if the right excipients are selected.

8. Expert opinion

With the advent of high-throughput screening and combina-
torial chemistry, it has been shown that most of the new
chemical entities have a high lipophilicity and poor aqueous
solubility, hence, poor bioavailability. In order to improve
the bioavailability, the release rate of these drugs should be
enhanced. Although there are multiple technologies to tackle
this issue, they are not cost effective due to the involvement
of sophisticated machinery, advanced preparation techniques
and complicated technology. As the liquisolid technology
uses a similar production process as the conventional tablets,
this technology to improve the release rate of poorly water sol-
uble drugs will be cost effective. Moreover, as the route of
administration of this type of formulation is the oral route,
the patient compliance for the final products obtained by
the liquisolid technology will be high. This technology also
has the capability to slow down drug release and allows pre-
paring sustained release tablets with zero order drug release
pattern. The excipients required for this technology are con-
ventional and commonly available in the market. The tech-
nology is in the early stages of its development with
extensive research currently focused on. It is envisaged that
the liquisolid compacts could play a major role in the next
generation of tablets.
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