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Spray drying is an efficient technique that is used not only for rapid evaporation of the solvent from different systems but also for
designing ultra-fine particles with various desirable characteristics. The obtained powders demonstrate reasonably narrow size
distribution with a submicron-to-micron size range. It is one of the recent techniques applied to present acceptable solutions to
enhance the absorption and bioavailability of some challenging drugs. In view of that, the purpose of this review is to shed some
light on the wide variety of the recently developed fine particulate products that can be produced from spray-drying technique.
This article reports the most outstanding advantages and challenges that could be overcome by exploiting the spray-drying
technique for the production of different pharmaceuticals, including pure drug particles and drug-loaded polymeric carriers. The
potential of this technique, whether used alone or in combination with other methods, in order to develop reproducible and
scalable procedures for the best translation of bench-to-bedside innovation of pharmaceutical products is hereby discussed.
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Introduction

Among the recent techniques adopted for producing dry ultra-
fine powders, spray drying is the most important reproducible,
affordable, time-saving, continuous, and scalable process [1,
2]. The idea behind this process depends mainly on producing
dry product from a liquefied system through spraying in the
presence of hot air (sometimes nitrogen); the solvent is evap-
orated, while the produced ultra-fine powder is collected.
Although spray drying was previously considered primarily
as a dehydration process, recent trends apply this technique
nowadays as a means for designing various pharmaceutical
carriers encapsulating hydrophilic and hydrophobic active
compounds. Interestingly, thermal degradation is not expect-
ed, even for thermolabile molecules, owing to the short time
of heat exposure (seconds or milliseconds) and the fast drying
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process. Examples of the produced pharmaceutical carriers are
amorphous solid dispersions, micro- and/or nano-particles,
and self-emulsifying drug delivery systems. The obtained
products display a homogenously distributed, submicron-to-
micron particle size [2].

The first application of spray-drying technique in the field
of pharmaceutical technology was to dry the naturally obtain-
ed medicated extracts. The popularity of using spray-drying
technique in this field refers mainly to its ability to dry even
the highly risked thermo-sensitive extracts avoiding the risk of
decomposition of their components. Thus, dry extracts are
exclusively industrially produced by spray-drying technique,
as it yields homogenous powders with better properties when
compared to other drying techniques [3]. Evaporation of the
solvent usually causes a cooling effect, which, thus, keeps the
droplet temperature relatively low [4].

Drying of various ingredients (pharmaceuticals or others)
can be performed using different types of dryers, depending
on the nature of the ingredients, as well as the desired product
characteristics. For example, lyophilization (freeze-drying) is
a widely used technique in the industry that is based on the
sublimation principle. During lyophilization, substances are
protected from high-temperature degrees and have a good
chance to preserve their initial desirable characteristics [5].
Alternatively, spray-drying technique involves maximizing
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heat transfer and can be used for any material having a liquid-
like behavior. Its versatility and speed render it the mostly
used drying technique for various materials, even for the
heat-sensitive ones. The excellent product quality along with
maintained texture and quick rehydration gives spray drying
more advantageous characteristics over other dehydrating
techniques [3].

A previous study compared spray and freeze drying to
obtain powdered Rubrivivax gelatinosus biomass. The
terms of comparison were yield, productivity, and product
recovery, as well as product characteristics involving color,
proximate composition, and oxycarotenoids (representing
pigment content). The study revealed lack of difference in
the yield between the two applied techniques. However,
higher productivity was obtained with using spray drying.
No difference in oxycarotenoid content was observed be-
tween the biomasses. Spray drying was more productive,
faster, giving similar yields as freeze-drying, although low-
er recovery rate was noticed. Spray dryer was selected as
the method of choice for obtaining Rubrivivax gelatinosus
biomass in that study [5].

The applications of spray drying extend beyond being a
mere drying instrument. Other aspects of utilizing the spray-
drying technique in pharmaceutical technology field include
the following: controlling the particle size, solid-state form
(amorphous/crystalline), porosity, and morphology; direct
conversion of various fluids into dry powders in a one-step
process; designing controlled drug-release particles; enhanc-
ing the entrapment efficiency; extending the shelf lives of
active ingredients; and formulating nanocapsules with numer-
ous encapsulating excipients [6, 7].

This review presents a recapitulation of the notable devel-
opments of spray-dryer devices, demonstrating the advantages
and drawbacks of each generation. Concomitant with the
growing need of developing new designs for pharmaceuticals
for enhanced biological availabilities, a brief presentation of
recent research articles applying the spray-drying technique is
also demonstrated in this review. Thus, the reader is provided
with the most suitable elucidation of the appropriate applica-
tion of the spray-drying technique used for developing poten-
tial pharmaceuticals.

Precedence of spray-drying technique

Spray-drying technique has also been exploited in fields other
than pharmaceutical industry. Other applications include
chemical materials, cosmetics, and food and flavor industries
[8—11]. The technique demonstrates advantageous merits,
such as being rapid, continuous, and reproducible. Thus, it is
successfully applied at both laboratory and industrial scales.
Furthermore, it has the ability of producing particles at a
single-step process, whereas other commonly used
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techniques, such as the “emulsion/solvent evaporation,” in-
volve multi-step techniques that can affect the results’ repro-
ducibility [12—14]. The successful translation of “bench-to-
bedside” expression, comprising two important criteria, scal-
ability and cost-effectiveness, is highly complied in the spray-
drying process [15, 16]. It gained much interest when com-
pared to other commonly used drying techniques, such as
lyophilization, as it is cheaper, less time-consuming, and does
not involve freezing, which consumes high energy [10, 17,
18]. Therefore, it has been recommended by some researchers
as an alternative method to lyophilization [19-21]. Other ad-
vantages include being a simple process that is easily operated
at low costs and energy-saving process that is easily scaled-up.
Additionally, it has the ability to operate with either aqueous
or organic solvent, using open or closed cycle design for
spray-drying technique [6, 7].

The ability of the spray dryer to produce ultra-fine dry
powder forms for a wide range of materials, including heat-
sensitive ones, without high damaging effects can be consid-
ered a remarkable advantage. The rapid solvent evaporation
occurring during the spray-drying technique results from the
atomization of the fluid into tiny droplets with great ratio of
surface area-to-volume [22]. Although one could expect that
the droplets could be subjected to high temperature during the
drying process, this drying time is very short (seconds or even
milliseconds). Thus, drug decomposition does not occur under
these conditions [23].

As other dehydrating techniques, spray-drying process
is applied to prolong the products’ lifespan. Also, it has
been used as a procedure with high inherent potential to
yield pure drug compounds [16]. Meanwhile, it was exten-
sively investigated by researchers to entrap drugs, aromatic
oil extracts, flavors, and pigments, within a various range
of pharmaceutical carriers, such as polymeric nano-/micro-
particles [17, 18, 24].

Among the remarkable characteristics of the spray-dried
powders are their enhanced flow properties. A previous study
by Anish et al. compared the angle of repose of poly(D,L-
lactide) microparticles produced by spray drying with that
produced by a conventional double emulsion/solvent evapo-
ration method, and an outstanding powder-flow property was
achieved by the spray-drying process [25].

A spray-dried powder is characterized by greater stability
against different environmental conditions (e.g., light, oxida-
tion, and temperature) and by being easily handled and stored
with high redispersing ability in aqueous solutions [26, 27].
The long shelf-life stability is largely attributed to the low
moisture content of the spray-dried powders [28]. Moreover,
they can be utilized as precursors for producing suitable dos-
age forms [19, 29, 30].

A very famous industrial and commercial application of
spray-drying process is the production of powdered milk. It
turned out to be prevalent in the 1960s, and, since then, the
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manufacturing of powdered milk became a huge business
in the twenty-first century. Likewise, in the pharmaceutical
industry field, the pharmaceutical companies Pfizer and
MannKind developed inhalable insulin powder under the
trade names of Exubera® and Afrezza®, respectively.
Moreover, several excipients are produced in the market
for direct compression purposes, such as F-Melt® (fast-
dissolving dosage forms excipient composed of a mixture
of mannitol, xylitol, inorganic excipient, and disintegrating
agent), Starlac® (maize starch in combination with lactose
monohydrate), Microcelac® (a mixture of microcrystalline
cellulose and lactose monohydrate), Cellactose® (lactose
monohydrate mixed with powdered cellulose), and
Prosolv® (silicon dioxide and microcrystalline cellulose).

A noteworthy remark about conventional spray dryers is
that its process yield is highly dependent on the scale of work.
Meaningfully, high yields are obtained in larger scale opera-
tions as the lost portions are significantly lower relative to the
total production volume [31]. Conversely, at the laboratory
scale, the yield can range from 20 to 70% [32, 33]. This can
be attributed to the loss of significant portion of the product
upon sticking to the drying chamber inner walls; thus, the
amount is relatively constant for large scale production.
Furthermore, fine powders of less than 2 um in size could
escape into the exhaust air if wrong cyclone size is used
[34-36]. However, this could be overcome if the right size
cyclone was used and if some filter system separators are used
[34].

Factors influencing properties of spray-dried
powders

Characteristics of the spray-dried powder can be greatly af-
fected and tuned by the following: (a) the equipment design,
(b) the process parameters, and (c) fluid feed properties.
Equipment design comprises concurrent flow and counter-
current, in addition to the mixed flow system. Two possibili-
ties exist concerning the directions of the flow of the drying
gas and liquid atomization—concurrent flow (similar direc-
tion) and counter-current flow (different direction). In concur-
rent flow, the final product exists in the area of lowest temper-
ature, making it the preferable choice for drying heat-sensitive
substances [20]. In counter-current flow, however, the dry
product contacts hottest air allowing higher thermal efficiency
[2]. The atomizer geometry also can affect particle size of the
product. For example, large-nozzle diameter favors formation
of large particle size product and vice versa.

The spray-drying operation patterns can be either open- or
closed-loop. The open-loop uses air as the drying medium
which is not re-circulated. It is preferable in most cases as it
is cheaper and more stable [37, 38]. In the other pattern, how-
ever, nitrogen (as an inert gas) is used and re-cycled in the

drying chamber during the whole process preventing mixing
of gases [39] and permitting better management of oxidation-
sensitive substances [40].

The characteristics of the product can be also varied largely
according to the fluid feed properties (concentration, viscosity,
density, surface tension, and solvent boiling point); e.g., con-
centrated formulations favor larger particle formations and
fluids with low surface tension yield smaller particle size.
Additionally, fluids with low boiling points usually produce
particles with porous surface [25, 41-45]. Thus, fine tuning of
the process parameters can largely affect the obtained product
and various possibilities of the formed product can be pro-
duced using the same device and fluid feed. Figure 1 summa-
rizes the process parameter effects on the spray-dried product.
For example, increasing feed viscosity causes moderate in-
crease in the outlet temperature of the product, a minor in-
crease in the yield, high increase in particle size, and a minor
decrease in product humidity [34, 46].

The evolution of the nano spray-dryer
technique

In an attempt to improve traditional spray-dryer models and
extending its application to the production of more developed
product, a new generation of laboratory-scale devices named
“nano spray-dryer” was produced. Fine powders with particle
sizes ranging from 300 nm to 5 um with optimum yield can be
produced from this generation even if small sample sizes is
used [47]. Such advantage is very useful when a new, expen-
sive material is being developed in its early stages [48]. Also,
its ability to produce particles within the nano range is of
extreme importance for drug delivery purposes as it enhances
the bioavailability and release of the loaded biologically active
agents. Drug-loaded nanoparticles have innumerable advan-
tages, such as higher surface area-to-volume ratio, enhanced
cell penetration rate, and improved stability [4].

The nano spray dryer was invented with the aim of modifying
submicron-particle production using conventional spray dryers.
The incomplete separation and collection of nanoscaled particles
comprises a significant constraint of traditional cyclone separators
[4]. Particles with sizes less than 2 um could hardly be collected
with typical cyclones even with the use of high-performance ones
[49-53]. Thus, electrostatic particle collectors were utilized to
collect nanoscale particles in a feasible way [47, 54-56].

Moreover, the inefficient production of very fine droplets by
the traditional atomizers was improved through the development
of spray cap based on vibrating mesh technology; hence, submi-
cron powders can be produced. The vibrating mesh technique
has been inspired by the nebulizers used in aerosol manufactur-
ing [57-59]. The spray cap consists of a vibrating mesh con-
trolled by a piezoelectric actuator with a pre-determined ultrason-
ic frequency generating ultra-fine droplets. The vibrating mesh is

@ Springer



Drug Deliv. and Transl. Res. (2020) 10:1-12

outlet } ™1 Yield ]
M temperature . )
Increasing aspirator rate
4 L product

humidity

“outlet temperature

parameters on final

Increasing drying

P product gas humidity

humidity

Effect of process

product

M product
humidity A particle size
4 Joutlet
temperature
Increasing feeding
rate /4 Yield
M1 1Poutlet
temperature
Increasing inlet
 Yield

temperature

characteristics

4 Yield

1 P outlet temperature

J L product humidity

Increasing spray gas

Increasing feed viscosity flow
/ Yield
J product Il
M particle humidity _ particle size

size

M Poutlet
ten[pera!ure
Using organic solvent
o M4 Yield
Joutlet J particle size
temperature — -

44 L product humidity

Fig. 1 Effect of process parameters on the final product characteristics (www.buchi.com). 117, high increasing influence; 11, moderate increasing
influence; 1, minor increasing influence; || |, high decreasing influence; | |, moderate decreasing influence; |, minor decreasing influence

a thin metal plate with tiny laser-drilled holes. The piezoelectric
vibration causes rapid repetitive movement of the spray mesh in
the upward and downward directions, leading to ejection of mil-
lions of accurately sized droplets into the drying chamber. Spray
meshes are supplied with various hole diameters, thus, producing
a large variety for controlling droplet size according to the phys-
ical and chemical properties of the fluid (e.g., viscosity and sur-
face tension). These droplets can be transferred upon drying into
dry powder with narrow and reproducible particle size distribu-
tion [6, 47, 60].

The generated submicron particles are driven by the concurrent
drying gas flow to the electrostatic particle collector and attracted
to it. Simultaneously, adhesion of the particles to the drying cham-
ber’s inner walls is greatly diminished; therefore, high-collection
efficiency for the particle is attained [32, 61]. The laminar flow of
the drying gas contributes to the suitability of the system to dry
thermo-sensitive products, decreasing the probability of degrada-
tion and loss of activity. In addition, it provides mild, uniform, and
instant heating [32, 39, 47, 62]. The drying air leaves the instru-
ment in a powder-free form [4]. The high voltage at the collecting
electrode permits efficient recovery and separation of submicron
particles that can reach approximately 100% even for small solid
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batches [32, 33, 56, 63]. The electrostatic particle collector has the
ability to reserve thin-walled particles without any damage [64,
65]. The produced particles can be gently scraped from the walls
of the collecting electrode.

A critical remark that a spray dryer operator must take care
about is that the much smaller vibrating mesh orifices’ diameter
may result in longer processing times and limits drying of highly
viscous polymeric solutions [66]. A small incidence of product
deposition on the vibrating mesh may occur which can lead to
reduction of the yield and might mix the collected fine particles
with coarse particles generated from the eruption of the crust [47].
Some researchers reported the limitation of nano spray dryer with
shear-sensitive substances because of the mechanical shear of the
vibration [67].

Applications of spray-drying technique
for preparing pharmaceutical technology
products

Table 1 summarizes the recently published pharmaceutical
applications of spray dryer.
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Table 1 Recently published

Drug

Aim

pharmaceutical technology Phal?na§eutical
applications of spray-drying application
technique
Nanostructured
systems
Microparticles

Bovine serum albumin

Naproxen

Phenytoin

Itraconazole

Simvastatin

Insulin

FITC-dextran 150

Rifampicin and
kanamycin

Isoniazid and rifabutin

Galactosidase

Polio vaccine

Offering a novel approach for protein nanoparticle development
[32]

Fabrication of fast-dissolving naproxen formulation to be com-
pressed as tablets [68]

Improving the anti-convulsant activity of phenytoin through
developing reconstitutable spray-dried nanocapsules [69]

Enhancing the dissolution of itraconazole through
nanocomposite formation [70]

Enhancing the dissolution rate and bioavailability of simvastatin
via solid SNDDS [71]

Studying the potential of spray-drying process to formulate solid
lipid microparticles encapsulating protein drugs [72]

Delivering high-molecular weight biopharmaceuticals in a
sustained-release pattern using the sol-gel technology [73]

A combination therapy for treatment of respiratory tract
infections [74]

Inhalable tuberculosis therapy [75]

A model protein drug [56]

Minimizing the loss of activity during drying and storage [76]
Improving drug solubility [77]

Increasing drug solubility [78]

Enhancing the rate of dissolution, solubility, stability, and ability
to be compressed in a tablet form [79]

Investigating the effect of feeding a three-component solution to

Amorphous solid  Darunavir
dispersions Felodipine
Co-crystals Ibuprofen and
isonicotinamide
Sulfadimidine and
4-aminosalicylic ac-
id
Nanosuspensions  Econazole nitrate
Risperidone
Spray-dried Atorvastatin calcium
emulsions

Natural extracts

Liquid extract of sisal

be feed during the spray-drying process to form a co-crystal
(80]
Improving its aqueous solubility and ocular bioavailability [81].

Designing an effective formulation with intended criteria of low
particle size, high yield, and considerable compressibility [82]

Enhancing the anti-hyperlipidemic activity [83].

Production of a low moisture content, a good solubility, and
optimum hecogenin content [84].

Nanostructured systems

Despite the increasing demands for developing nano-
therapeutics containing proteins for treating cancer, diabetes,
and asthma and the emerging of spray drying to obtain these
structures, a challenge exists in separating and collecting the
protein-loaded nanoparticles using old-fashioned spray
dryers. The limited yield percentages and difficulty in
obtaining a submicron-particle size encouraged a research
team to utilize the nano spray-dryer B-90 for formulating bo-
vine serum albumin (BSA) in nanoparticulate form [32]. A
Taguchi statistical experimental design method (with five var-
iables in three levels) was employed to study the effect of
independent variables and adjust the experimental conditions
for the accurate selection of the best formulation. The inde-
pendent variables were spray cap mesh size, concentration of
BSA solution and surfactant, drying air flow rate, as well as
the inlet temperature. The dependent variables were the size

and morphology (axial ratio) of the fabricated nanoparticles.
Analysis of the results revealed that morphology and particle
size were principally affected by the concentration of surfac-
tant and spray cap mesh size, respectively; whereas, the inlet
temperature and drying air flow rate displayed a minimal ef-
fect. Finally, an optimized spherical nanoparticle formulation
with smooth surfaces was produced with a size 0460 = 10 nm
and a production yield of 72 £4% through the utilization of
4 wm spray mesh size with a BSA and surfactant concentra-
tions of 0.1% and 0.05% w/v, respectively, and the drying air
flow rate was 150 L/min with an inlet temperature of 120 °C.
These results demonstrate the ability of the nano spray-dryer
B-90 as a simple and alternative technology for protein nano-
particle production for a wide range of drug delivery
applications.

Braig et al. succeeded to fabricate fast-dissolving crystalline
nanoparticles containing naproxen. The rates of dissolution of
the pure crystalline drug nanodispersion, pure drug

@ Springer



Drug Deliv. and Transl. Res. (2020) 10:1-12

microsuspension, and spray-dried granules were compared with
those of the compressed tablets (containing the spray-dried
granules in addition to a bulking agent as well as a disintegrant).
With frequent sampling during the first 120 s under both sink
and non-sink conditions, nanodispersion showed complete dis-
solution after 60 s. Spray-dried formulation prepared with man-
nitol showed slightly delayed dissolution [68].

A recent study developed reconstitutable spray-dried
nanocapsules containing the anti-convulsant drug, phenytoin,
within a lipid core [69]. Chitosan-coated lipid core
nanocapsules were formed from a lipid core (composed of a
surfactant and medium-chain triglycerides) coated with a
polymeric membrane of poly(e-caprolactone) with the addi-
tion of maltodextrin as an adjuvant in the process of spray
drying. Transmission electron microscopy images showed
the spherical-shaped nanosized particles for both uncoated
and chitosan-coated phenytoin-loaded nanocapsules. The in-
vestigated powders demonstrated good physical and chemical
properties as well as gastrointestinal stability after being
reconstituted in water. The reconstituted powder improved
the anti-convulsant activity of phenytoin against pilocarpine-
induced seizures in mice, in comparison with the pure drug.

In an attempt to enhance the dissolution of one of the hydro-
phobic drugs, Li et al. combined the wet-milling and spray-
drying techniques to form nanocomposites [70]. The impact
of several dispersants on itraconazole dissolution rate from the
produced nanosuspensions was studied. Either hydroxypropyl
cellulose or sodium dodecyl sulfate and their combination were
considered as baseline dispersant system. Different formula-
tions were prepared using different classes of dispersants.
Two model hydrophilic dispersants (mannitol and sucrose)
were added with hydroxypropyl cellulose to the wet-milled
itaconazole nanosuspensions. Additives were wet-co-milled
with the itaconazole-hydroxypropyl cellulose system as they
are considered swellable super-disintegrants. Nanocomposites
were then formed by drying the wet-milled suspensions.
Characterization of the produced powder revealed that a median
drug size of less than 0.20 wm was recorded for formulations
fabricated with hydroxypropyl cellulose—sodium dodecyl sul-
fate and hydroxypropyl cellulose with concentrations of 4.5%
and more as measured by laser diffraction analysis. Dissolution
studies demonstrated a fast itraconazole release that reached
80% within 20 min. The addition of the selected dispersants
resulted in higher drug dissolution rates, owing to the faster
erosion of the nanocomposite matrix with significant superior-
ity to the superdisintegrants. The dissolution impact was abso-
lutely correlated with the swelling capacity of disintegrants en-
suring a swelling/erosion-based mechanism [70].

Meanwhile, the impact of carrier type and spray-drying
conditions was thoroughly investigated by Sharma et al. [71]
who developed a solid self-nanoemulsifying drug delivery
system (S-SNEDDS) to investigate their effects on dissolution
rate and bioavailability of an anti-hyperlipidemic drug,
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simvastatin. Different formulations were prepared using the
examined carriers to enhance the dissolution rate and bioavail-
ability of simvastatin. Firstly, liquid-SNEDDS composed of
Labrafil M 1944 CS/Tween-80/Ethanol containing simvastat-
in were prepared and recorded a droplet size of 40.69 nm.
Then, the carrier was added and subjected to spray-drying
process. The spray-dried formulation, containing the hydro-
philic Aerosil 200, produced nanoemulsions with unaffected
droplet size and drug release patterns upon subjection to dif-
ferent stress conditions (such as thermodynamic stress and
freeze—thaw cycles).

Furthermore, a remarkable superiority of the formulation
prepared with Aerosil 200 (either in its liquid or solid form)
was proven in the in vitro simvastatin dissolution studies over
the pure and marketed simvastatin. DSC and powder-XRD
characterization revealed presence of simvastatin in an amor-
phous state in Aerosil 200-based SNEDDS formulation.
Transmission electron micrograph for the solid SNEDDS
demonstrated non-agglomerated, distinct spherical droplets
with size less than 100 nm. Upon carrying out in vivo study
using rats and performing the pharmacokinetic study, a proven
superiority of the developed solid SNEDDS over the market
product was recorded with an increase in C,,, mean resi-
dence time, and AUC,,_,, values, as well as superior bioavail-
ability [71].

Microparticles

Wau et al. investigated the potential of spray-drying process to
formulate solid lipid microparticles encapsulating protein
drugs [72]. Firstly, insulin, as a model protein, was trans-
formed into insulin—phospholipid complex, by dissolving
with lipid excipients in an organic solvent. Then, the system
was spray-dried to fabricate solid lipid microparticles. A sim-
ilar method was adopted to formulate polymeric microparti-
cles using D,L-lactic-co-glycolic acid (PLGA). As viewed by
scanning electron microscope, spray-dried solid lipid micro-
particles and PLGA microparticles had smooth surface and
spherical particles. Spray drying of insulin caused minor alter-
ation in its secondary structure. Sustained release of insulin
was achieved from the solid lipid microparticles with a signif-
icantly lower burst release compared to insulin-loaded PLGA
microparticles. This can indicate the potentiality of spray dry-
ing to develop sustained-release protein-encapsulated solid
lipid microparticles.

The sol-gel technology is currently thought to be one of the
most favorable approaches for achieving controlled drug release.
The drug is entrapped within a porous mesh without the need of
covalent linkage formation. Furthermore, the sustained thermal
stability of drugs can be supported when entrapped with a mi-
cro-/nano-structured amorphous glass matrix [85]. The sol—gel
technique involves the use of a metal or silicon alkoxide as a
precursor. A recent precursor, tetrakis (2-methoxyethyl)



Drug Deliv. and Transl. Res. (2020) 10:1-12

orthosilicate, was utilized in a study by Wang and Friess [73] to
develop sustained-release microparticles for delivery of bioactive
agents by spray drying. The spray-dried silica particles encapsu-
lating FITC-dextran 150 (as a model compound of high molec-
ular weight) were produced by nano spray-dryer Biichi-90. The
formulation parameters affected and controlled the encapsulated
drug release profile. Particles with spherical shapes and smooth
surfaces were formed. The adjustment of the pH of the precursor
solution had an impact on the internal microstructures. In con-
clusion, the spray-drying process was capable of forming a prom-
ising alternative sol—gel technology based on drug delivery sys-
tem with the use of the new precursor, tetrakis (2-methoxyethyl)
orthosilicate, exhibiting the ability of delivering high-molecular
weight biopharmaceuticals in a sustained-release pattern.

Momin et al. recorded the improvement of co-spray drying
of the hygroscopic kanamycin with the hydrophobic drug ri-
fampicin aiming at producing an inhalable powder for enhanc-
ing the treatment of respiratory tract infections [74]. In this
study, direct delivery of a combination therapy was inhaled in
high dose to eliminate local respiratory infections. Thus, a
mixture of both drugs was co-spray-dried and inhalable parti-
cles with rifampicin-enriched surfaces were produced. The
produced powders were inhalable, amorphous, and having a
particle size range of 1.1-5.9 um. Analysis of particles’ sur-
faces with X-ray photoelectron spectroscopy and time-of-
flight secondary ion mass spectrometry proved rifampicin-
enriched surfaces. As appeared by scanning electron micros-
copy, the produced formulation was flake-shaped. The com-
bination powder showed good stability profile when stored for
30 days in an open Petri dish at 15 and 53% RH and 25 +2 °C.
Upon examining its safety to human, cytotoxic study was
performed using A549 alveolar basal epithelial cell line and
Calu-3 bronchial epithelial cell line. The combination powder
was non-toxic. This proves the success of spray-drying tech-
nique in producing surface-enriched rifampicin—kanamycin
particles as combination therapy for combating dangerous lo-
cal respiratory infections by delivering high-dose medication
to the lungs.

Spray-dried Konjac glucomannan microparticles (KGM) en-
capsulating isoniazid and rifabutin were produced to be admin-
istered as an inhalable tuberculosis therapy. KGM, a naturally
occurring compound used as a drug-delivery matrix, was utilized
for microparticle fabrication in this study in the presence of ex-
cipients. Isoniazid and rifabutin were entrapped efficiently within
the microparticles. Presence of excipients further promoted drug
release. Furthermore, no toxicity was observed when micropar-
ticles were tested on Calu-3 and A549 cells (cell viabilities were
higher than 70%) [77]. As shown in the scanning electron mi-
crograph, KGM microparticles demonstrated a convoluted shape
with a spherical or approximately spherical shape.

Biirki et al. [56] exploited the nano spray dryer to fabricate
respirable protein powder ranging in size from 1 to 5 pum.
With the use of galactosidase as a model protein in association

with stabilizer (trehalose), respirable powder formulations
were prepared. The influence of inlet temperature, pore size
of the spray mesh, and amount of ethanol in the formulated
solutions were studied and analyzed using a full factorial de-
sign. Results showed that spherical particles with smooth sur-
faces were produced with spray cap size of 4.0 um, while
powders with a mixture of shriveled and smooth spheres were
obtained with different spray cap sizes (5.5 and 7.0 um, re-
spectively). Some of the spheres were hollow from inside. The
authors also recorded the effect of process parameters as fol-
lows: a significant effect of the inlet temperature and its inter-
action with spray cap mesh size on the enzyme activity as
maintained full activity was recorded with the suggested pro-
cess. However, higher storage stability of the protein was
attained for spray-dried formulations prepared without ethanol
and large spray cap size [56].

A stable spray-dried Sabin inactivated polio vaccine (SIPV)
formulation was developed by Kanojia et al. [76] with the
target of minimizing the loss of activity during drying and
storage. The influence of atomization during the spray-
drying process was investigated, and the excipients were
screened. Tailoring of excipient combinations and their con-
centrations was extensively studied in order to maximize the
activity of sIPV after spray drying and storage. It was recom-
mended to separately spray dry the different serotypes and
then mixing them to obtain the trivalent vaccine.

Amorphous solid dispersions

Amorphization is an approach to change the solid drug state
from a crystalline to an amorphous form. The amorphous form
displays higher solubility relative to the crystalline form be-
cause no energy requirement is needed to disrupt the crystal
lattice structure of the drug molecule, promoting better inter-
action chances with solvent molecules through intermolecular
interactions, and, hence, solubilization occurs [86, 87].
However, the excess thermodynamic properties of the amor-
phous forms can lead to a tendency to crystallization resulting
in negating the solubility advantage. A potential solution is the
development of amorphous solid dispersion idea. Amorphous
solid dispersion comprises drug molecules entrapped within
an amorphous polymeric carrier. Several factors, namely, the
anti-plasticizing effect of the polymer, intermolecular interac-
tions, and physical inhibition of crystallizing along with re-
ducing the drug chemical potential, result in a greater drug
solubility [87]. Additionally, the polymeric carrier role ex-
tends to improve dissolution rate and absorption [88].
Amorphous solid dispersions of darunavir and hydroxy-
propyl methylcellulose, hydroxypropyl methylcellulose ace-
tate succinate, or polyvinylpyrrolidone K-30 were prepared by
both spray-drying and electrospraying techniques. Both tech-
niques were successful in producing amorphous preparations
with similar characteristics regarding the residual solvent and
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drug release. Differences were recorded in the morphology
and the particle size distribution; however, this did not affect
the formulations’ pharmaceutical performance [77].

The Flory—Huggins theory was utilized to predict both
drug solubility and miscibility in polymers during formulation
of amorphous solid dispersion with the comparison of two
process techniques, melt extrusion and spray drying. The re-
search team of Tian and co-authors [78] prepared solid-
dispersion formulations of felodipine with a carrier polymer
(PVPK15, Soluplus, HPMCAYS) fabricated by hot-melt extru-
sion and spray-drying techniques and characterized the formu-
lae using thermogravimetric analysis, DSC, FTIR, and XRD
methods. Results showed that the spray-drying technique gen-
erated amorphous solid dispersions with higher drug loading
than the hot melt extrusion. FTIR analysis confirmed that all
spray-dried formulae were not crystalline with the existence of
integrated amorphous drug moieties, even with samples con-
taining high drug concentrations.

Co-crystals

Co-crystallization is a promising evolving method to enhance
the physicochemical properties of solid-state of active phar-
maceutical ingredients, namely, rate of dissolution, solubility,
stability, and ability to be compressed in a tablet form. Co-
crystals provide a distinctive chance for developing drug mol-
ecules with relatively low risk and high investment return
[89]. Various methods have been reported for co-crystal
manufacturing, such as solution-based crystallization method,
solid-based crystallization method, and spray drying.

Spray-drying technique showed superiority over other
methods upon formulation of co-crystals within a carrier poly-
mer according to Walsh et al. [79], where a model co-crystal
containing a combination of 1:1 mixture of ibuprofen and
isonicotinamide was designed. The authors examined the ef-
fect of the polymeric carrier type (mannitol, Soluplus, xylitol,
and polyvinylpyrrolidone K15) as well as the ratio of co-
crystal components to carrier for both adopted techniques.
The prediction of co-crystal formation was carried out by an-
alyzing Hansen Solubility Parameter (HSP) for the co-crystal
and carrier. During the spray-drying process, large difference
in HSP between the co-crystal and the excipients allowed the
incorporation of high amounts of excipients without altering
the co-crystal integrity (e.g., AHSP of 18.3 MPa’" in the case
of mannitol). In contrast, the small AHSP between two other
excipients (Soluplus and PVP K15) limited the ratio of
forming co-crystals at a very low value of excipients. On
comparing the obtained results from the two techniques,
ibuprofen:isonicotinamide co-crystal spray drying suggested
greater feasibility over hot melt extrusion as a procedure for
co-crystal formation within a carrier excipient, with a signifi-
cant reduction of the unit operation number needed to develop
the intended final pharmaceutical product.
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Another study by Walsh et al. [80] investigated the effect of
feeding a three-component solution during the spray-drying
procedure. The aim behind this research was to reduce the
trials needed to develop a final pharmaceutical product to a
one-step process (like eliminating blending with excipient).
Herein, the hydrophobic drug, sulfadimidine, and the hydro-
philic 4-aminosalicylic acid were considered as the co-former
model drug and intended to form a co-crystal with a third
component (an excipient) by spray drying. Thermal analysis
approach was utilized to assess the co-crystal solubility in the
excipient. By altering the ratio of co-crystal components to
excipient, different formulations were prepared. For immisci-
ble systems (difference in HSP was larger than 9.6 MPa’%?),
formation of co-crystals occurred with a preserved integrity
even with high excipient proportion (90% w/w). However,
when using an excipient that was miscible with the co-
crystal components, an amorphous dispersion was formed
even with low proportion of excipient. Co-spray drying of
the excipient (of either nature; crystalline or amorphous) with
the co-crystal components would lead to a co-crystal
formation.

Nanosuspensions

The utilization of the nano spray-drying technique to produce
a nanosuspension formulation for econazole nitrate was ex-
plored by Maged et al. [81]. The effects of the used carriers
(methyl-p-cyclodextrin and hydroxylpropyl-f3-cyclodextrin)
and stabilizers (polyvinylpyrrolidone k30, polyethylene ox-
ide, poloxamer 407, Cremophor EL, and Tween 80) were
investigated. The nano spray-dried formulations displayed
nearly spherical particles with smooth surface, and with no
observed drug crystals, that ranged in size from 121 to
1565 nm. High-yield values were obtained (=~ 80%). The sig-
nificantly improved drug release from the prepared
nanosuspension formula (prepared with hydroxypropyl-3 cy-
clodextrin and Tween 80) was a result of the presence of the
drug in amorphous form. The selected formula succeeded to
preserve the econazole nanosuspension from aggregation dur-
ing a one year of storage at room temperature. Moreover, a
distinct superior bioavailability was demonstrated when the
selected formulation was tested on albino rabbit’s eyes in
comparison with the crude drug suspension. Thus, nano spray
dryer proved to act as a one-step technique in producing ef-
fective and stable nanosuspensions.

Risperidone nanosuspension was prepared by optimizing
the spray-drying conditions to achieve an effective formula-
tion with the intended criteria of low particle size, high yield,
and optimum compressibility applying the Quality by Design
approach [82]. Nanosuspension was prepared by the anti-
solvent precipitation method using stabilizers namely,
Poloxamer 68 and Poloxamer 127. A factorial design was
used with two independent factors (inlet temperature and feed
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pump speed), while the dependent variables were size and
entrapment efficiency.

The spray-dried powders were compressed in an orally
dispersible tablet form and were characterized by their wetting
time, hardness, disintegration time, weight variation, friability,
and dissolution. Nanosuspension displayed particle size of
200.00£0.40 nm and a PDI value of 0.210+0.03. Spray-
dried risperidone suspension displayed rounded-edge particles
when viewed by the scanning electron microscope. Loss of
risperidone crystallinity occurred during the spray-drying pro-
cess as proved by the AFM, DSC, FTIR, and XRD. The
orodispersible tablets prepared using the optimum spray-
dried nanosuspension displayed better dissolution compared
to its marketed analog [82].

Spray-dried emulsions

Ultra-fine powder, containing atorvastatin calcium, was devel-
oped using the spray-drying technique by Basha et al. [83].
Atorvastatin calcium was solubilized in an emulsion form, and
hydrophilic carriers (sodium alginate, pectin,
hydroxypropylmethyl cellulose, and chitosan HCI) were added
in two different concentrations. Then, these formulations were
spray-dried and thoroughly investigated for their powder-related
characteristics, as well as their dissolution profiles. An optimum
formulation prepared using pectin demonstrated a superior dis-
solution rate compared to other formulations. Upon performing
the in vivo studies using hyperlipidemic rats, normal lipid profile
was attained by the optimum formulation compared to atorva-
statin calcium-marketed tablets. This was confirmed histopatho-
logically, revealing normal liver sections. The superior anti-
hyperlipidemic activity of the suggested formula was mainly
due to the enhanced dissolution of the drug.

Natural extracts

A spray-dried powder product (hecogenin) was obtained by
drying the liquid extract of sisal (Furcraea spp.) [84].
Optimization of the process was carried out based on adjusting
the spray-dryer operating conditions and monitoring the final
product quality properties. The best conditions that achieved
reasonable results were inlet and outlet temperatures of 160
and 82.6 °C, respectively, with an atomizer speed of
26,800 rpm. As a result of these conditions, a powder was
obtained with yield and stickiness values of 62.2 and 14%,
respectively. It also displayed low moisture content, good sol-
ubility, and optimum hecogenin content.

Another research, performed to enhance the operation con-
ditions for spray drying of the leaf extract of Murraya koenigii
(Linn), was carried out by Sablania et al. [90] using response
surface methodology. The independent variables were adjust-
ed as follows: an inlet temperature of 140—180 °C, maltodex-
trin concentration of 10-30%, and concentration of gum

acacia of 2—-10%. The dependent responses were the product
yield along with its solubility, the total phenolic content, and
the moisture content. The optimized conditions for the param-
eters confirmed a quadratic model, and the optimum spray-
drying conditions of Murraya koenigii leaf extract were sug-
gested to be an inlet temperature of 165 °C, maltodextrin
concentration of 30%, and 10% gum acacia. Thus, a product
was obtained with high desirability level of 0.918.

Conclusion

The current review presents an insight on the spray-drying
technique for drying substances and developing various drug
delivery systems. A wide range of particle sizes can be pro-
duced, paving the way for various pharmaceutical technology
applications at both the laboratory and industrial scales. The
continuous production of new spray-dryer generations, along
with the increasing number of annually published articles ap-
plying this technique, comprises a prosperous future of devel-
oping pharmaceuticals with enhanced biological perfor-
mances. This review displays with case presentations the dif-
ferent pharmaceutical technology products that can be obtain-
ed by this technique (nano- or micro-particles, amorphous
solid dispersion systems, co-crystals, formulation of spray-
dried emulsions, as well as natural extracts). In addition, pa-
rameters, characterization, physicochemical stability, and reg-
ulatory consideration are highlighted in-depth. Finally, the
perspective of this article is to inspire further researches to
apply the addressed technique to develop more advanced drug
delivery technologies.
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