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Abstract

The poor water solubility of existing drugs and those in the pharmaceutical pipeline has
persisted as a challenging issue for the industry over the past several decades. The development
of amorphous solid dispersion (ASD) has gained considerable importance in recent years. ASD
involves dispersing drug molecules in amorphous polymeric carriers, preventing crystallisation,
and ultimately improving solubility. Spray drying, due to its ability to facilitate extremely quick
solvent evaporation, stands out as an effective technology for the production of solid dispersions.
The formation of ASDs is influenced not only by the kinetics of solvent evaporation but also
by various other elements. The state in which the active pharmaceutical ingredient (API) is in
solution, the interaction between the API, carrier, and solvent, formulation variables such as feed
concentration or solvent type, and process parameters such as drying gas flow rate or solution
spray rate are some examples of these. The final physical structure of the solid dispersion particles
is influenced by all of these elements combined. ASD formulations that perform well and remain
stable over the pharmaceutical product’s shelf life are mostly dependent on formulations,
polymer selection, and spray-drying parameter settings. By addressing the instability challenges
of ASD, the pharmaceutical industry could leverage the promise of ASD to overcome stability

limitations and usher in a new era of enhanced drug delivery systems.

Introduction

Amorphous solid dispersions (ASDs) play a crucial role in
drug delivery systems, especially for poorly water-soluble
drugs. ASD is formulated by dispersing drug molecules
in amorphous polymeric carriers, which stabilise the
drug and inhibit crystallisation.! Since it lacks a crystal
structure and has higher mobility, the amorphous state is
more soluble than the crystalline form. The hydrophilic
carriers used in ASD will enhance the water intake while
preserving supersaturation and preventing precipitation
in the gastrointestinal tract (GIT). Moreover, ASD can
improve solubility and bioavailability by expanding the
surface area that is accessible for the dissolution of the
drug in the GIT, which allows for better absorption and,
consequently, higher therapeutic efficacy.?

The primary factor affecting a drug’s solubility is its
chemical potential in the undissolved phase. In an ASD,
the undissolved solute is a multi-component phase
comprising the drug, a polymer, and the solvent. Physical
forms of undissolved solids with lower drug-drug

interactions facilitate the release of drug molecules from
the solid form. This is the main reason why amorphous
forms dissolve more readily than crystalline ones.
Amorphous molecules exhibit reduced intermolecular
attractions and are more easily released from the solid
surface into the solvent medium.’ Solubilization is an
energy-intensive process that involves breaking the bonds
between solvent (polymer) molecules to allow the solute
to disperse, as well as disrupting the lattice structure of the
solute (drug).*

ASD has been created using a variety of drug-processing
techniques, including electrostatic spinning, spray drying,
hot melt extrusion (HME), and supercritical fluid
technology. The physicochemical properties of the API
and its suitability for an ASD are assessed before choosing
an appropriate processing method. Furthermore,
other processes are assessed for the development of
ASD, including polymer matrix selection as well as the
percentage of drugloading.’ It is necessary to evaluate how
the carrier would maintain the amorphous APT’s stability
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both throughout storage and the drugs absorption and
dissolution in the gastrointestinal system.

Spray drying is one of the common methods used to
prepare ASD, either in alab or on a commercial production
scale.® As opposed to other solid dispersion technologies
like melt extrusion, spray drying uses mild temperatures
and brief exposure durations to produce powder with
acceptable particle sizes. Furthermore, phase separation
between the medication and polymer components is
prevented by the rapid drying process, which takes
only a few seconds or milliseconds.” When used in a
meticulously designed manner, spray drying technology
can be used to prepare ASD heat-sensitive medications.®
Also, spray drying is a simple and effective technique
for preparing ASD. Hence, the majority of the marketed
products are prepared by spray drying.! When it comes
to processing and economy, spray drying outperforms
other ASD technologies. These benefits mostly consist of
low moisture content, good product purity, and consistent
particle production within a targeted tiny size range. Spray
drying also provides regulated continuous processing, is
scalable for industrialization, and makes energy input for
the amorphization of a variety of compounds easier.’

However, formulation scientists continue to face
significant challenges in addressing the physical stability
of ASD-based drugs. Numerous factors, such as the glass
transition temperature (Tg) of polymers and amorphous
drugs, drug mobility, drug-polymer miscibility,
drug-polymer interaction, drug molecular weight,
recrystallization temperature of amorphous drugs,
storage environment (temperature and humidity), and
preparation process, have played a significant impact on
the physical stability of ASD.'**?

It is critical to consider the critical parameters in ASD,
including formulation, polymers, and the spray-drying
manufacturing method, to establish a successful product
for ASD formulation that can maintain stability throughout
the shelf life of the pharmaceutical product. This review
highlights some important aspects of spray-drying ASD,
such as strategies to overcome physical instability. The
formulation and spray drying manufacturing process
factors will be covered in this review, as they play a
significant role in producing a stable ASD.

Physical stability challenges of ASDs with spray drying
methods

The instability challenge of ASD causes difficulties with
product development and commercialisation. A well-
developed ASD system in supersaturated form is crucial
to ensure that the ASD preparation will be able to exhibit
superior drug solubility and enhance the dissolution for
better therapeutic efficacy in vivo." Issues associated
with the tendency of the amorphous drug to revert to
a more stable crystalline form over time upon storage.
Thermodynamic (nucleation and crystal formation) and
kinetic (molecular mobility) characteristics are largely
influenced by processing and storage conditions, as well

as temperature and relative humidity.”®

ASD can behave like a liquid or like a solid, depending
on the system’s temperature. The glass transition (Tg) for
amorphous solids is the temperature range at which the
material’s characteristics change from solid-like (glass) to
liquid-like (supercooled liquid) or vice versa.'* The Tg is a
critical temperature that characterizes the transition from
a glassy, amorphous state to a rubbery, more mobile state.
A higher Tg generally indicates greater physical stability."”
It is common practice to use Tg as a “benchmark” when
evaluating a formulation’s likely stability concerning
temperature and/or other storage conditions that may
have an impact on Tg. It is well known that instabilities
related to the drug and carrier, both chemical and
physical, tend to be more noticeable above Tg than below
Tg.'® Taking into account that crystallization kinetics
often follow Arrhenius behaviour, where the rate of the
process is exponentially dependent on temperature.
Lower temperatures typically slow down crystallization
kinetics, providing a kinetic barrier to the transition to the
crystalline state. When there occurs a transition from the
glass phase to the liquid phase at an increased temperature
over Tg, ASD crystallises and phases out rapidly.”
According to the Tg — 50 °C rule, it is generally advised to
keep ASD at a temperature that is at least 50 °C lower than
its Tg. Conversely, a temperature known as the Kauzmann
temperature (Tk) can be used to store the ASD at a point
where molecular mobility can be completely stopped.?

Furthermore, a significant factor influencing the
stability of ASD is the interaction between the moisture
and the polymer or API. The medication’s stability and
moisture sorption may be impacted by the hygroscopicity
of the drug or polymer in ASD and the degree of moisture
the drug is exposed to throughout storage. Amorphous
forms absorb more water, leading to a plasticizing effect
that lowers the transitional temperature and increases
the crystallisation rate. Polymers also elicit this effect by
forming hydrogen bonds with water or moisture, affecting
the mobility of the dispersed API.**

A variety of technologies, including solvent evaporation,
coprecipitation, melt agglomeration, spray drying, hot-
melt extrusion (HME), KinetiSol® Dispersing (KSD),
freeze drying, and supercritical fluid technology, have
been employed to produce solid dispersions. Using various
technologies to process materials into an amorphous
state can result in a product with significantly differing
performance and attributes. This could be explained by
how processing aids, including solvents and plasticisers,
and processing variables such as shear, temperature, and
processing time, impact the product’s properties and
performance.” The selection of manufacturing techniques
is guided by specific variables. These consist of the drug’s
characteristics, such as its log P value, degradation
temperature, and solubility in the solvent or polymer."

HME and KSD technologies still pose challenges for
pharmaceutical applications, as material degradation can
occur during these processes due to elevated temperatures

342 | Pharmaceutical Sciences. 2025;31(4)



Almurisi et al

and excessive shear forces applied during fusion,
necessitating adjustments to mitigate degradation.'
Freeze-drying is a valuable method for solid dispersion
processing on a laboratory scale or for screening in drug
discovery settings, as it requires minimal quantities of
material. However, its industrial use for the production
of solid dispersions is limited due to its high cost, long
processing times, and significant energy consumption.*
Alternatives, the use of spray drying is advantageous
for thermolabile materials at a commercial scale.
Additionally, it is helpful in the early phases of drug
development because it requires less material.! However,
upon scale-up of the solid dispersion-based spray drying
process, the amount of feed solution to be prepared and
its hold time increase. Therefore, it is essential to consider
the potential challenges, such as the risk of product
degradation due to high temperatures and the need for
proper control of various parameters to achieve desired
product characteristics.'

The understanding of the factors influencing the
stability of spray-dried solid dispersions has been the
focus of numerous studies. Spray-dried compounds
may become less stable due to process stresses such as
high temperatures, atomisation stresses, and air-liquid
interfacial tensions. The drug may come into contact with
hot gases or shear stress during atomization, which could
cause the medication to lose its active ingredient and cause
the product to become unstable.” Also, finding a solvent
system that is compatible with the formulation, has a
minimal residue in the final product, and can solubilize
the drug-polymer system is the most difficult part of this
process. Non-homogenous ASD and prolonged processing
durations may result from the components’ poor or partial
solubility.? On the one hand, the maximum concentration
of residual solvents, especially organic solvents, must meet
stringent standards for quality.”

The instability of ASD products arises from several
factors, emphasising the critical need for close
monitoring of spray drying process parameters.
One significant challenge is the absence of reliable
techniques to predict formulation stability. Additionally,
a lack of comprehensive understanding regarding the
physiochemical characteristics of drugs, polymers, and
other additives contributes to the instability. Furthermore,
the configuration of manufacturing processes lacks
informed guidance, leading to a potential detriment to the
efficacy of ASD products as they undergo recrystallization.
Consequently, it is crucial to address stability issues
and put stability-related strategies into practice, such as
proper formulation design, and rigorous manufacturing
process control, to reduce the risk of physical instability
and to guarantee the long-term viability of the ASDs
formulation in drug delivery systems. An effective small-
scale screening technique can forecast the characteristics
of the solid dispersion and offer crucial information
regarding the suitability of the preparation procedure.
The timeframe for formulation development and the

economic budget could both be greatly shortened by using
these screening techniques."

The physicochemical stability of amorphous drugs
requires an in-depth investigation of their structure. The
reason for its relative under-exploration is mainly the lack
of high-resolution analytical tools. However, in a recent
study, researchers explored the molecular packing of
amorphous posaconazole and its ASD using advanced
analytical methods. They employed solid-state nuclear
magnetic resonance and X-ray pair distribution functions
analytical techniques. By using these two approaches, they
were able to learn more about the chemical structure of
the drug-polymer intermolecular interactions within
the ASD. The structural insights gained from this study
contribute to the knowledge of the physicochemical
characteristics of amorphous drugs and provide useful
data for the creation of stable amorphous formulations.*
In another study, the size of the drug-rich regions within
ASDs was quantitatively evaluated using solid-state NMR.
The researchers specifically used a method known as 19F
centerband-only detection of exchange (CODEX). The
findings of this investigation provide an understanding of
how interactions between drugs affect the phenomenon
of recrystallization in the restricted space of the polymer
matrix.”

ASDs molecular miscibility and homogeneity are
important characteristics that affect their processability,
bioavailability, and physicochemical stability.
Conventional methods including X-ray diffraction
(XRD) and differential scanning calorimetry (DSC) can
be used to detect crystalline drugs in an ASD matrix.
However, these analytical techniques have not been as
successful in establishing drug-polymer homogeneity in
the amorphous form.* Also, atomic force microscopy
and scanning electron microscopy are limited to surface
investigations. On the other hand, Raman and infrared
spectroscopy have been widely employed to obtain
useful chemical information regarding miscibility.*"* It is
specifically exploring the utility of employing fluorescence
dyes to better understand miscibility and the size of
phase-separated domains in ASD.** Furthermore, a novel
1H spin diffusion NMR approach has been utilised for the
sub-100 nm resolution quantification of molecular mixing
in ASDs; it provides finer-grained monitoring of mixing.
The nifedipine-poly(vinylpyrrolidone) ASDs made by
spray drying and hot-melt extrusion were investigated
using this method. The ASD made by hot-melt extrusion
displayed heterogeneity on the>30 nm scale and
inadequate equilibration, but spray-dried ASDs displayed
homogeneous mixing.**

Several techniques have been employed to identify
crystallisation in ASDs, such as Fourier-transform infrared
spectroscopy (FTIR), DSC, and powder X-ray diffraction
(XRPD). Nevertheless, the majority of these techniques
are unable to identify extremely low crystallinity levels
below 1 weight percent of the formulation weight *, or
when crystallite sizes drop below 10-5 cm.** An ASD
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may have drug loadings as low as 10-15%, which implies
that a sizable portion of the drug may have crystallised
before it is detectable. In the study conducted by Correa-
Soto et all,”” they compared the efficacy of XRPD and
second harmonic generation (SHG) microscopy in
identifying crystals in low drug-loading ASDs. Spray
drying was used to create ASDs of flutamide (FTM) and
ezetimibe (EZT) with hydroxypropyl methylcellulose
acetate succinate (HPMCAS), which were then kept in
a controlled environment to promote crystallisation.
The findings demonstrate that, in comparison to XRPD,
SHG microscopy demonstrated superior sensitivity in
identifying and tracking crystal formation in spray-dried
ASDs, allowing for earlier detection. SHG is a nonlinear
optical process in which a given energy of light interacts
with materials that are not centrosymmetric to produce
a second energy of light.*® Coherent SHG can only arise
from non-centrosymmetric systems; on the other hand,
isotropic and centrosymmetric systems, such as liquids,
glasses, and other amorphous materials, produce very
little signal because of almost perfect cancellation.* Many
drugs have inherent chirality, which results in crystalline
forms that are usually SHG-active.®

Spray drying design space for generating stable ASDs

Spray drying is a useful method for quickly eliminating a
solvent from a system and creating a range of features that
can be tailored to a specific need. Spray drying can be used
to create eutectic mixes, solid dispersions, microparticles,
nanoparticles, self-emulsifying delivery systems, and
other powdered products. There are four crucial processes
in the spray-drying process, which are shown in Figure 1.
In the beginning, the liquid supply is atomized into tiny
droplets via atomization. These droplets then begin to dry
when they come into contact with the drying gas in the
drying chamber. Dry particles are formed as a result of
this drying step, which finally separates and collects away

Atomizer

from the drying gas.* Each of these steps is essential to
produce dried particles with particular properties in an
effective and regulated manner. There are numerous ways
to modify the spray drying process, including changing
the nozzle, the direction of flow, the design of the cyclone,
the type and scale of the drying gas, and more."

Spray drying apparatuses come in a wide variety of
configurations, including variations in the nozzle design,
drying chamber geometry (height, width, material), flow
direction (counter-current and co-current), cyclone
design, type of drying gas, and course scale.? The viscosity
of the feed material and the type of atomizer system being
used determine which feed pump should be used.”® Low-
pressure pumps are recommended for rotating atomizers
and bi-fluid nozzles, while high-pressure pumps are
required for pressure nozzles."

The atomizer is the core of a spray-drying system. The
size range and size distribution of the droplets mainly
depend on the atomizer. Atomizers can be divided into A
two-fluid nozzle (2FN), three-fluid nozzle (3FN), pressure
nozzles, and rotary nozzles.* The 2FN and 3FN are the
most commonly used atomizer. Figure 2a and 2b show
two-fluid nozzle and three-fluid nozzle. A 2FN with a
single channel is often employed in spray drying processes
to atomize the feed solution, the feed solution is pumped
through an inner channel, and the atomizing gas passes
through a concentric outer channel.* The 2FN can only
have a single feed solution, which must be composed of
compatible components and solvents. A 3FN, on the other
hand, enables separate pumping of two feed solutions
through two passageways. Two distinct materials can be
sprayed-dried in two incompatible solution systems with
this setup.”® For instance, using a 2FN for spray-drying
omeprazole sodium and Eudragit L100 (EL100) was not
possible. The inability of the two components to generate
a co-dissolved feed solution resulted in drug precipitation
and discolouration since omeprazole is unstable at low pH
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Figure 1. Schematic representation of spray drying process steps
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levels (the pH of the EL100 solution is 2.8). The separate
drug and polymer solutions stayed stable throughout the
procedure when the two components were spray-dried
with a 3FN.* Nevertheless, further study reveals that
naproxen crystallised from the 3FN ASDs more quickly
than it was produced from the 2FN. In 2FN, a single
solution containing naproxen and polyvinylpyrrolidone
(PVP) was made in an acetone and water mixture at a
1:1 volume ratio, while in 3FN, naproxen and PVP were
separately dissolved in acetone and water, respectively.
The 3FN nozzle’s inadequate mixing of acetone- and
water-based solutions was attributed to the drug and
polymer’s inhomogeneity. The formulated ASD was
shown to be stable when drug-polymer solutions for 3FN
were prepared using only acetone as a solvent. This finding
implies that the instability of the 3FN ASD was caused by
inadequate mixing of water and acetone solutions. The
study provides insights into how the choice of nozzle and
solvent affects the physical stability of spray-dried ASDs.*’
In a pressure nozzle (Figure 2¢), the droplets were formed
by an abrupt pressure drop at the tip of the nozzle. At
this point, the energy of the liquid upstream, in the form
of pressure, was converted into velocity.*® It requires
less energy to operate, and leaves fewer wall deposits.
Conversely, the nozzle is prone to blockage and clogging,
has a limited capacity, wears out quickly, and cannot be
used with liquids that are very viscous or include crystals.*
Rotary nozzle (Figure 2d) atomises a feed liquid stream
by using centrifugal energy from a disc or wheel rotating

at high speed.”® The feed is delivered to the disk’s centre
and pushed to the edge, where it quickly breaks up into
droplets.” The rotary atomizer can be used with high-
viscosity liquid feeds and in systems with large capacities.
The primary drawbacks are the following: relatively high
energy consumption and high maintenance requirements,
production of wall deposits (resulting from broad spray),
and incorporation of air into the droplets due to air
aspiration by the rotating wheel.”

The spray dryer’s heating chamber environment
is regulated by the air heating and filtration system’s
operational parameters.”® The fluid spray and the air
contact time have an impact on airflow contact because
they both affect the drying rate and drying intensity.™
In general, two types of feed-drying air flow conditions
either open-loop or closed-loop. The open-loop system is
the most widely used spray-drying design in the industry.
The drying gas in this method is utilised only once before
being expelled into the atmosphere following the proper
post-treatment. The closed-loop configuration in which
the drying gas is reheated and then reintroduced into the
drying chamber after the solvent is removed is the most
common in the pharmaceutical industry, particularly
when producing solid dispersions.*® An inert gas, such
as nitrogen, must be used as the drying medium in these
systems because flammable organic solvents are commonly
used in them. Despite higher initial costs, the closed-
loop design is more cost-effective in regular operation
due to its lower gas usage when compared to the open-
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loop version.*” Regarding the direction of the drying gas
flow concerning the direction of the liquid atomization,
there are two options: co-current flow (which is the same
direction) and counter-current flow (which is the opposite
way).” To dry heat-sensitive materials, the co-current flow
is preferred since the finished product comes into contact
with the coolest air. In the counter-current flow, the dry
product is in contact with the hottest air, and therefore it
cannot be used with temperature-sensitive materials but is
desirable in terms of higher thermal efficiency.**

The final step in the ASD process involves separating
the resulting powder from the drying medium. Once
dried, the particles are directed to a collector typically
positioned at the base of a gas-stream cyclone, created
by an aspirator located downstream of the exit filter,
effectively preventing particles from entering the exhaust
gas.” In the pharmaceutical industry, cyclones and bag
filters are frequently used as collection systems. Bag filters
are ineffective for particle sizes less than 2 pm, while
cyclone efficiency decreases dramatically for particle sizes
less than 15 um.*

Formulation aspect in spray drying-based solid
dispersion technology

The drug, an organic solvent, and a polymer are the main
components of spray-drying solutions. The characteristics
of the drug substance require thorough evaluation as they
significantly impact the product’s performance, stability
during long-term storage, and production feasibility. The
characteristics that need to be considered are solubility and
miscibility in organic and aqueous solvents, interaction
with polymers, melting point, and thermal stability.”

In general, drugs with limited water solubility and
low in vivo bioavailability in a crystalline state are likely
to benefit from the use of spray drying technology. The
Biopharmaceutics Classification System (BCS) is a useful
tool for forecasting oral absorption by taking into account
a drug’s permeability and water solubility. Additionally,
the formulator should establish the solubility profile and
melting temperature (Tm) for basic drug characterization
to facilitate effective screening.”® The maintenance of the
ASD’s physical condition is of utmost importance, and
drug potency, dosage, and solubility needs should all be
considered when determining the ideal drug loading in
the formulation.”® Based on marketed spray drying ASD
products such as Nifedipine Afeditab® CR, Tacrolimus
(Prograf®), Ivacaftor (Kalydeco®), and Telaprevir
(Incivek®).® Most drugs belong to Class II or Class IV
in the BCS and exhibit low solubility which makes these
drugs a good candidate for ASD. The high melting point
of a compound is not restricted in spray drying such as
in the case of Ivacaftor. Additionally, the drug loading
should not be too high to allow the drug molecules to be
surrounded by the polymer and prevent crystallisation. On
the other hand, it is reported that the commercial product
Kalydeco® is made as an 80% drug load spray-dried
dispersion using the polymeric carrier HPMC-AS.®' The

molecular weight and rotatable bond count were found
to be important determinants of drug glass formation
capacity. The ability of drugs to form stable ASD was found
to be significantly impacted by several factors, including
high molecular weight, relatively few benzene rings, low
levels of molecular symmetry, and electronegative atoms,
which may preferentially lead to glass formation rather
than alternative fast crystallisation.®

Choosing the appropriate polymer is essential to
producing a medicinal product with stable ASD. The
optimal polymer should be able to keep the medication
in its amorphous state during production, storage,
and transportation, as well as increase the drug’s
bioavailability.®® The physical characteristics of the
resultant dispersion are significantly influenced by the
drug-polymer interaction. One important noncovalent
interaction thatcanbe controlled to prolong theamorphous
state of the active pharmaceutical ingredient (API) after
spray drying is hydrogen bonding. The precise structural
and physicochemical characteristics of the API and its
polymeric excipients determine the presence and potency
of hydrogen bonding.®* Polymethacrylates, cellulose
derivatives, PVP and PVP/VA (vinyl acetate) are common
polymers used in spray drying ASD. Moreover, spray-
dried medication dispersions frequently use HPMC-AS
as the polymer of choice.® While HPMC-AS is frequently
effective in processing and spray drying, it should not
be regarded as the automatic choice for amorphous
dispersions. The diversity of chemical structures in API
requires a similar diversity in excipients.”

There are polymers with a variety of favourable features,
but there are also drawbacks to take into account. For
instance, copovidone (PVPVA) and povidone K30
(PVPK30) have a significant hygroscopicity that can
lead to both chemical and physical instability in ASD,
although these polymers may have great miscibility with
an API that permits a high drug loading.**” As a result,
ASD which uses many polymers as carriers provides
an interesting option for getting over a single polymer’s
drawbacks. Polymer blends and their impact on physical
stability in ASD have been investigated.®®*® Whether
a polymer is miscible or immiscible with the other
polymer(s) is a crucial factor to take into account for these
polymers mixed in ASD. ASD that consists of only one
phase, with each component miscible with the others in
the appropriate ratio, is frequently preferred. Marks et
al. investigated the miscibility of several polymers made
by spray-drying, including Eudragit 100 (a methacrylate
copolymer), HPMCAS, HPMC, PVP, and others.”” They
found that while the cellulosic polymers (HPMC and
HPMCAS) were miscible with PVP at all ratios, they
were not miscible with Eudragit 100 at certain ratios.
The authors propose that polymer blends of hydrophobic
and hydrophilic polymers can be used to control the
performance of ASD. Despite the potential advantages of
polymer blend ASD, the literature has not used them as
much because of the added complexity involved in using
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polymer blends in ASDs as opposed to a single polymer.

In addition, the drug-to-polymer ratio is chosen
depending on the characteristics of the polymer and
should be easy to process, enabling the intermediate to be
processed into dosage forms such as tablets or capsules.
Preserving the drug’s amorphous nature in the final dose
form is the main challenge of solid dispersion. High
polymer levels and low drug strength can be used to achieve
this® During the first stage of the product’s development,
a suitable polymer and drug loading should be chosen
before spray-dried solid dispersions are manufactured.”
On the other hand, physicochemical interaction is to
be taken into account to avoid unexpected outcomes of
the dosage form at the final level as thermodynamics of
crystallization/destabilization driving forces depend on
the drug loading capacity, drug-polymer solubility and
miscibility, and its glass transition (Tg).”” The functional
groups of the polymer and API should be “tuned” to
maximise the positive intermolecular attractive forces.
A physically stable ASD can be achieved by selecting
polymers with a larger molecular weight or by being
able to create efficient drug-polymer intermolecular
interactions.”

The selection of a solvent is crucial during the spray
drying process that creates amorphous drugs since it has a
significant impact on the product’s quality. In general, the
solvent of choice should fulfil the following requirements:
(1) possess outstanding drug solubility, which is essential
for medicines to break down the crystal lattice and
become amorphous. The carrier should also be highly
soluble in the chosen solvent. (2) Maintain the medicines’
and the carrier’s chemical stability in the utilised solvent.
(3) Not harmful to humans or the environment. (4) quick
volatilization at a specific temperature to ensure safety
and prevent explosion and combustion during the drying
process.® For example, in Efavirenz in Soluplus® solid
dispersion, ethanol was the solvent of choice due to four
factors: the high solubility of the polymer and API, the
creation of a feed solution with a suitable viscosity, low
toxicity, and high volatility to facilitate solvent evaporation
during droplet drying.”*

Finding a mutual solvent for the polymer and API
can make the process of spray drying solvent selection
relatively simple; however, as the solution dries to the
final ASD particles, its composition can change, creating
unfavourable conditions such as phase separation and
other physical instabilities that may result from this,
which may trigger recrystallization 7. Before beginning
large-scale spray drying production, it is advisable to
conduct some preliminary studies to investigate the drug’s
solubility in potential solvent systems and excipients.
When selecting a suitable solvent system, it is important
to consider the effects of solution state chemistry on the
molecular, particle, and bulk level properties of the final
product, even if the drug and polymer are sufficiently
soluble in various spray drying solvents. Consequently,
it is possible to first anticipate the stability of the solid

solution/solid ~dispersion combination.” Incomplete
solubility, precipitation or inhomogeneous mixing in
the blend may be frozen due to high viscosity as a result
of fast drying and eventually produce inhomogeneous
component distribution in solid dispersions.!

These solvents could be organic (such as acetone,
dichloromethane [DCM], methyl ethyl ketone, dioxane,
tetrahydrofuran, ethyl acetate, chloroform, and
acetonitrile) or aqueous (such as alcohols like methanol,
ethanol, or isopropanol).*® Some types of solid dispersion
carriers are only partially soluble in organic solvents due
to their hydrophilic nature. Solvent mixtures like acetone-
methanol, alcohol-DCM, and alcohol-water are frequently
employed to get around this problem.”*”® It was found that
utilising a DCM-acetone solvent mixture improved the
miscibility of naproxen-PVP solid dispersions, followed
by methanol-acetone and DCM-methanol.” This work
showed that spray drying from a solvent/anti-solvent
mixture created solid dispersions with stronger drug-
polymer miscibility, less crystallinity, and higher physical
stability. Furthermore, the solvent has a significant
influence on the molecular interactions between the drug
and polymer in solution. For instance, rafoxanide (RAF)
interacts with PVP in an aqueous solution of NaOH and
acetone, but not in organic co-solvents of acetone and
ethanol.*

According to the studies shown in Table 1, the stability
of an API dispersed in a polymer has been linked to a
variety of mechanisms, including the API’s solubility and
miscibility in the polymer carrier, the polymer’s ability
to slow down the APT’s molecular mobility, the API and
polymer’s molecular interaction, and/or steric hindrance
or dilution caused by the polymer’s structure.® The multi-
component system ASD, which consists of drugs, an
amorphous polymer matrix, and functional excipients, is
seen as a positive step towards increasing physical stability.
Numerous factors, including the creation of homogeneous
dispersions and physical stability, should be taken into
account when dealing with such systems.®

Critical process parameters in spray drying technology
As shown in Figure 3, there are mainly two categories
of relevant factors in the spray drying process: feed
solution parameters and process factors.”” The feed
solution’s viscosity, surface tension, density, chemical
stability, and composition make up the former. The
majority of the process parameters are machine-related
and include airflow pattern, drying gas flow pattern, feed
rate, atomizing gas type, nozzle type, and inlet/outlet
temperature.”” The adjustment of the spray drying process
is a challenging process due to the interplay of various
parameters.

Spray-dried solutions might be suspensions or dissolved
solutions. The solubility of the drugs or excipients in the
solvent or the attainment of the highest solution viscosity
that can be atomized are the two factors that determine the
API concentration in dissolved solutions.” If the solubility
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Table 1. Studies formulated for ASD based on the spray drying approach

Model of drug

Carriers and additives

Outcomes

Reference

Efavirenz (EFV)

Dipyridamole
(DPM) and
cinnarizine
(CNZ)

Probucol,
Danazol, and
Phenytoin

Repaglinide

Celecoxib
(CLX)

Curcumin

Enzalutamide
(ENZ)

Ezetimibe

Griseofulvin
(GRI)

Delamanid
(DLM)

Polymer: Polyvinyl caprolactam-
polyvinyl acetate—polyethene glycol graft
copolymer (Soluplus®)

Solvent: Ethanol

Polymers: Polyvinyl pyrrolidone K30 and
hydroxypropy! methylcellulose K100
Surfactants: sodium dodecyl sulphate
and poloxamer 188

Solvent: dichloromethane-ethanol
mixture

Polymers: hydroxypropyl methylcellulose
acetate succinate

HPMCAS: A-MA (methoxy), A-CEA
(succinate), A-HPA (hydroxypropyl),
A-PAA (acetate), P(GATA) (acetate), and
D-P(GATA) (hydroxyl).

Solvent: acetone or acetone/methanol
mixture

Polymers: Eudragit E100, hydroxypropyl
cellulose (HPC) and PVP
Solvent: Ethanol

Polymers: Isomalt and PVP K30
Solvent: Ethanol and water

Polymer: Gelucire®50/13 (stearoyl
macrogol-32 EP)-Aerosil®
Solvent: Ethanol and water

Polymer: hydroxypropy!

4 methylcellulose acetate succinate
(HPMC-AS)

Solvent: Acetone and water

Polymer: HPMCAS
Coating: aluminum oxide (ALC)

Polymers: Poly (vinylpyrrolidone-co-vinyl
acetate) (PVPVA) or Soluplus®

Polymers: (HPMC and PVPVA) and three
weakly acidic polymers (Eud-L100,
HPMCP and HPMCAS)

Solvent: Dichloromethane and methanol

The drug did not crystallise in ASD formulations with lower and higher drug loading
(10% and 44%, respectively) after one year at 22°C with moisture protection. These
outcomes are attributed to Soluplus®, which can hydrogen bond with EFV, leading
to decreased molecular mobility and being physically stable. In addition, lowering
the hygroscopicity of the ASD increases drug loading.

The surfactant's incorporation into binary (drug-polymer) and ternary (drug-polymer-
polymer) ASDs had a negative impact on their physical stability and dissolution.
Therefore, to create optimal formulations of supersaturating dosage forms, research
into the effects of additive combinations on amorphous drug crystallisation during
dissolution and stability studies is advised.

All HPMCAS analogues produced amorphous phenytoin and danazol up to 50%
weight loading, while high polymeric Tg and hydrophobic methoxy functionality
were essential for inhibiting the rapid partitioning of probucol into the crystalline
domain. These findings provide a basic understanding of the interactions that
medicines and excipient microstructures can have in excipient formulation
applications.

Since Eudragit E100 demonstrated greater saturation solubility and a faster rate of
dissolution than the other polymers, it was chosen as the best polymer for creating
solid dispersion. After six months of storage at room temperature, the optimised ASD
formulation made with Eudragit E-100 was still in an amorphous state.

After being stored at 75% RH for a month, formulations were recrystallized. After
being stored in a high-humidity environment, it appears that the presence of
humidity could alter the crystallinity of CLX. Water can act as a plasticizer to lower
amorphous systems' T, and hasten the recrystallization process.

Both curcumin and Gelucire®50/13 possess non-polar characteristics, promoting
their interaction through intermolecular van der Waals forces. The application

of heat provides additional energy, facilitating these interactions and leading to
the solubilization of curcumin in the melted carrier. The physical stability of the
dispersion was confirmed by the absence of significant changes in FTIR spectra,
DSC, X-ray diffraction (XRD), and thermogravimetric analysis (TGA) results during
a 90-day evaluation period indicating favourable physical-chemical stability of the
microparticles.

Water can efficiently reduce the hydrodynamic diameter of HPMC-AS by 20%, from
220 nm to 160 nm, when added (up to 30% volume percentage). The creation of

a homogeneous amorphous phase and the prevention of ENZ crystallisation after
spray drying are both results of this reduction, which improves the miscibility of the
drug and polymer.

Aluminium oxide (ALC) was used to coat ASD microparticles in a solvent-free
method that reduced agglomeration, decreased hygroscopicity, and increased
wettability, flowability, and compressibility. The uncoated ASDs with 50% and
70% drug loadings showed crystallisation within a few days of accelerated storage,
whereas the coated samples showed no evidence of physical instability even after
two years.

This study demonstrates how drug dose, glass transition temperature, and particle
size affect the beginning of ASD crystallisation. The supersaturation increases with
increasing API concentration, which causes crystallisation to occur more quickly.
Additionally, the crystallization-onset time was earlier for small particles than for
larger ones. Additionally, compared to the GRI/Soluplus® ASD, the GRI/PVPVA
ASD showed a substantially higher glass transition temperature and a delayed
crystallization-onset time.

It was discovered that the small quantities of crystallinity during preparation limited
the drug release for ASD of the free base. Sulfonic acid-containing delamanid salts
had noticeably better amorphous stability. The salts of tosylate, besylate, edisylate,
and mesylate exhibited strong chemical and physical stability along with elevated
glass transition temperatures.
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of the API is restricted, suspensions can be made when
an amorphous form is not required.” The feed solution/
suspension is pumped into the drying chamber. Due
to the usage of pumps, there is a restriction on the feed
viscosity, the higher the viscosity, the more difficult it is
for droplets to form, and may cause clogging problems in
the tubes.”” The atomisation of the feed is made possible
by the grade and concentration of the polymeric carrier,
liquids having a viscosity of less than 300 mPas may get
atomised.”*” Also, the addition of surfactants to the feed

reduces surface tension and produces small droplet sizes.”
The mean droplet size and droplet size distribution are the
main characteristics of the droplet spray that results from
atomization, and these characteristics are reflected in the
characteristics of the resulting powder.”

Moreover, the feed rate or the mass of transferred
powder per unit of time regulates the quantity of solid
matter and solvent that enters the drying chamber. Thus,
changing the feeding rate can change physicochemical
parameters such as density, shape, particle size, and
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Figure 3. Factor affecting the formation of stable ASD in the spray drying method

solvent evaporation rate. Higher feed rates have been
shown to cause end particles to have a higher moisture
content and might result in overloading the condenser in
closed loop setup.®

The capacity to remove the solvent by evaporation
is determined by the inlet temperature, which is the
temperature of the drying medium (gas stream). The
selection of inlet temperature depends mainly on the
solvent’s boiling point as well as the components of the
formulation’s physical and chemical stability.® Setting
the temperature as high as feasible will result in the
lowest moisture content in the product while limiting
the thermal destruction of the active ingredients. High
inlet temperatures also aid in preventing microstructure
collapse, adherence of particles to the drying chamber
walls, and particle agglomeration.”” A high inlet
temperature nevertheless helps ensure a rapid rate of
solvent evaporation, which has an impact on particle
production and the stability of the final product because
crystallising materials have the potential to clog the nozzle
and potentially damage thermally sensitive compounds.”

On the other hand, the slower rate of evaporation
gives molecules enough time to rearrange, causing
phase separation and sometimes even the beginning of
crystallisation.” Higher inlet temperatures and a slight
difference in temperature between the inlet and the output
can be achieved to produce dry particles.'” The particle’s
water content may be affected by the increase in this
differential, resulting in high humidity.' Since the drying
gas’s outlet temperature is dependent on the solvent
vaporisation enthalpy, the solid load in the feed, the inlet
temperature, and the drying gas flow rate, an operator
cannot directly adjust it.> For instance, a higher pump
velocity lowers the outlet temperature, which increases the

difference between the inlet and outlet temperatures and
raises the products humidity.!”® The outlet temperature
affects both the amount of moisture in the spray-dried
product and the amount of organic solvents that remain.'™
Dry particle generation is made possible by the low boiling
point solvents, which evaporate easily.'®

Spray drying has employed a variety of atomization
gases, including compressed air, N, and CO,. The impact
of atomization and drying gas type on crystallisation has
been investigated by Islam and Langrish.'” According
to their findings, the drying and atomizing gas had an
impact on the crystallinity of the final spray-dried lactose
in the order of most crystallinity to least: N2 > air > CO2.
This could be because CO, has a higher mass transfer
and temperature than N, and air, which improves the
conditions for the formation of amorphous materials.
Also, CO2 is more efficient in the drying process and up
to 20% faster drying than air saving 4% on energy use for
the heat input.'”

A Buchi mini-spray dryer B-290 was used to create
the ketoprofen spray-dried solid dispersion products.
The operating parameters were set to 80 °C for the inlet
temperature, 60 °C for the outlet temperature, and 5
mL/min for feed. It is important to note that the inlet
temperature must not be higher than 80 °C to prevent the
resultant solid from changing into a semisolid condition
in the collecting chamber. This is important because the
mixture has a low theoretical Tg, which means that if it is
stored ata temperature greater thanits Tg, it will go through
a solid transition process.'® Another study used a lab-scale
Buchi 191 nozzle-type micro spray drier to manufacture
valsartan solid dispersion. The temperatures at the inlet
and outlet were 120 °C and 65-70 °C, respectively. The
flow rate was at 3 mL/min, and the aspirator setting of 10
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was used to maintain the atomization of the drying air,
meaning that the pressure within the aspirator vessels was
around -25 mbar.'”

Moreover, it is important to understand the impact of
the processing route on the dissolution performance of
the materials. Changes in process parameters can also
change the spray-dried material’s crystallinity, which
in turn affects its rate of dissolution and bioavailability.'
Drug dissolution rates can be greatly influenced by drug
concentration in the feed solution, the choice of polymer,
the choice of surfactant and the ratio of polymer/
surfactant/drug.” According to a study conducted by
Kauppinen et al,'' Diazepam solid dispersions with
mannitol as a hydrophilic matrix were produced using the
spray drying technique (3-fluid nozzle). It was found that
the water/organic solvent ratio is the most significant factor
affecting the dissolution rate, whereas the dissolution rate
increased with increasing water/organic solvent ratio. It
was also observed that the dissolution rate increased with
increasing atomizing airflow. On the other hand, the type
of organic solvent, total solid content, and feed flow rate
had no significant effect.

In another study, the effects of nitrogen flow rate,
sample concentration, and pump speed on the dissolution
profiles of solid dispersions of the model drug (nilvadipine
or nifedipine) prepared by the spray drying method
were evaluated."' The results showed that a higher
supersaturated dissolution profile and a more stable
physical state were achieved with a low nitrogen flow
rate and a high sample concentration. This suggests that
the spray drying parameters most critical for enhancing
solubility behaviour may also play a key role in improving
physical stability, indicating a relationship between
physical stability and solubility behaviour. At high
nitrogen flow rates, rapid solvent evaporation causes solute
particles to migrate to the droplet surface, leading to phase
separation and the formation of crystalline particulates or
large amorphous aggregates. This results in poor solubility
and physical instability. In contrast, low nitrogen flow
rates allow slower evaporation, promoting uniform
solute distribution and a homogeneous drug-polymer
matrix, enhancing solubility and physical stability.""" At
low sample concentrations, rapid solvent evaporation
driven by high saturated vapour pressure prevents solute
diffusion to the core, causing surface agglomeration and
heterogeneous drug-polymer distribution. This results in
poor solubility and physical instability. Conversely, high
sample concentrations slow evaporation due to lower
vapour pressure, allowing uniform solute distribution and
a homogeneous matrix, which enhances solubility and
physical stability.!"" Regarding the effect of pump speed,
clear trends were not shown compared with the effects of
nitrogen flow rate and sample concentration. These results
indicated the role of the spray drying process conditions
on the physical states and the dissolution performance of
the solid dispersions.

Role of QbD and PAT in spray drying
The demand for more reliable, effective methods of
spray-drying process design, scalability, and, ultimately,
product quality assurance persists despite the growing
number of pharmaceutical medications that are being
commercialised.”” Process and product understanding is
critical to achieving the goal of integrating quality into the
product during the development process. Therefore, the
use of quality by design (QbD) in the product development
stage has become more demanded by regulatory
bodies. QbD is an approach for creating high-quality
products with predetermined goals, an understanding
of important processes, and product parameters based
on risk assessment.'”?> Design space, specifications, and
manufacturing controls are established by considering the
data gathered from pharmaceutical development research
and manufacturing experience. It is important to identify
the critical quality attributes (CQA) and critical process
parameters (CPP) in spray drying to investigate the impact
of their modification on the final product’s quality.”

Identifying the quality target product profile (QTPP)
that is defined as the desired highlights expected in the
formulated drug product. is the first step ina QbD approach
to spray-drying process development to be a safe and
effective drug product.'”®* Subsequently, it is necessary to
understand the connections between spray-drying critical
process parameters (CPPs), critical material attributes
(CMAs) and ASD critical quality attributes (CQA) so
a robust control strategy can be developed. Based on
previous knowledge and preliminary experimental data,
risk assessment tools can be used to identify and rank
parameters (e.g., process, equipment, input materials) that
have the potential to affect the quality of the result.'**

It is possible to identify a product design space, choose
a suitable manufacturing method, and create a control
strategy that will yield consistent quality across time by
linking CMAs and CPPs to the estimated CQAs.!"* Design
of experiments (DoE) is a systematic approach used to
assess the link between variables influencing a process
and its end product. DoE connects CMAs and CPPs to
CQAs and obtains sufficient data about the influence of
these factors on QTPP. The risk assessment should be
implemented before the experiment’s design is carried out.

Controlled manufacturing procedures are necessary to
ensure that the amorphous medication does not undergo
phase separation or recrystallization. Process analytical
technology (PAT) is one of the components that could
be included in a strategy for process control. PAT is a
process analysis and control tool used in pharmaceutical
production that measures CPPs that affect CQA and
also allows for direct measurement of CQAs, facilitating
real-time release testing.''® Nuclear magnetic resonance
(NMR), Raman, and UV-VIS spectroscopy are among
the most often utilised spectroscopic techniques.
Furthermore, a variety of other PAT analytical techniques,
including tunable diode laser absorption spectroscopy
(TDLAS), focused beam reflectance measurements
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(FBRM), nanometric temperature measurement (MTM),
and near-infrared spectroscopy (NIR), are extensively
used in the pharmaceutical manufacturing industry and
are crucial to the real-time monitoring of processes.'”

Commercial products using spray drying technology
Over the past few years, ASD formulations have received
more attention from both academics and industry.””"'#11
The US-FDA approved pharmaceutical products based
on ASDs that use spray drying techniques are listed in
Table 2.5%512! Prograf® was the first commercially available
spray-dried medication. This cleared the path for many
new chemical entities (NCEs) utilising this method to be
commercialised. There will likely be more commercial
dosage forms in the future as more and more studies
elucidate a deeper knowledge of spray-dried dispersions.*

Furthermore, spray drying has demonstrated notable
advancement in producing specific biological products.
The first biological product to be licenced for spray-
drying was ExuberaVR, a Pfizer-developed insulin
inhalation powder in 2006. However, ExuberaVR was later
withdrawn from the market.’! The Trelstar LA by Verity
Pharmaceuticals in 2010 is another important progression
in the field of spray-drying-based pharmaceuticals.
Trelstar LA is an intramuscular injectable suspension of
microspheres loaded with triptorelin pamoate. It is mostly
used to treat diseases linked to hormones, including
endometriosis, prostate cancer, and early puberty.'!
Also, Ispen introduced Somatuline LA, a lanreotide
acetate microsphere solution, in 2013. The therapy has
demonstrated efficacy in the management of some forms
of neuroendocrine tumours and acromegaly, a disorder
characterised by an overproduction of growth hormone.'*
The approval of RaplixaVR, the first aseptic spray-dried
biologic topical formulation created by ProFibrix BV,
in 2015 marked a significant advancement in the field
of spray-dried biologic formulations. Fibrin sealant
(human), commonly referred to as RaplixaVR, is used to
control bleeding after surgery.'” Moreover, INBRIJA, a
levodopa formulation made of dry powder and created by
Acorda Therapeutics Inc., received FDA approval in 2018.
When inhaled directly into the lungs via a specialised
inhaler device, this innovative medication allows for
rapid absorption and prompt treatment of Parkinson’s
symptoms.'**

Future Perspectives

The USFDA approved 48 drug products (DPs) for ASDs
between 2012 and 2023, including 36 distinct medications
in 10 therapeutic categories. Copovidone (49%) and
HPMCAS (30%) are the most widely used polymers,
while the most prevalent manufacturing processes
are HME (35%) and spray drying (54%).'** Moreover,
electrospraying is a new manufacturing technology used
to prepare ASD products, appearing in 2023 with the
approval of Phyrago. Atomization of the feed solution is
generated by electrical forces, and particles are formed

Table 2. Some of commercial ASD products based on spray drying

Trade name  Chemical name Company Year of approval
Prograf® Tacrolimus Astellas Pharma 1994
Intelence®  Etravirine Janssen 2008
Modigraf®  Tacrolimus Astellas Pharma 2009
Zortress® Everolimus Novartis 2010
Incivek® Telaprevir Vertex 2011
Kalydeco® Ivacaftor Vertex 2012
Harvoni®  Ledipasvir/Sofosbuvir  Gilead Sciences 2014
Epclusa® Sofosbuvir/Velpatasvir -~ Gilead Sciences 2016
Orkambi®  Lumacaftor/Ivacaftor ~ Vertex 2016
Zepatier®  Elbasvir/Grazoprevir ~ Merck 2016
Erleada® Apalutamide Janssen 2018
Elexacaftor
Trikafta® (Crystalline)/Ivacaftor/ ~ Vertex 2019

Tezacaftor

Symdeko® Tezacaftor/lvacaftor Vertex 2019
and Ivacaftor

through rapid evaporation of the solvent, similar to spray
drying'125,126

However, there are just a few formulations that are
commercialised utilisingan ASD technique, approximately
four per year, even though the vast majority of novel
chemical entities have poor aqueous solubility properties.
It is expected that a wider variety of formulation and
manufacturing techniques willbe applied to ASD medicinal
product formulations and intermediates in the upcoming
years. It is anticipated that there would be more product
introductions using patient-centred aspects, especially for
the paediatric patient group. Also, more drug products
are probably going to be introduced in certain therapeutic
areas such as antivirals.'” Although PVPVA and HPMCAS
are the most widely used, it is anticipated that the variety
of polymer types employed in ASD formulations will
continue to grow in the future. Polymers like HPMCP
and polymethacrylates, which are both present in one
recent ASD product approval. The development of a
novel class of HPMC polymers (Affinisol) with enhanced
HME processability properties and organic solvent
solubility may lead to new formulation and processing
approaches. Improvements in ASD manufacturing (such
as solvent recycling) and increased use of methods like
HME, KinetiSol, electrospraying, supercritical fluid
technology, and continuous precipitation techniques
are anticipated as the pharmaceutical sector strives for
sustainability.'” Furthermore, emerging innovations
such as ultrasound-assisted drying, nano spray drying,
vacuum drying, dehumidified air systems, superheated
steam, pulse combustion, foam, and flame spray drying
are ushering in a new era of spray drying technologies.
These advancements offer enhanced powder uniformity,
improved preservation of active compounds, and greater
energy efficiency. By refining particle size control,
minimising nozzle blockages, and enhancing the stability
of sensitive bioactives, these technologies significantly
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optimise the spray drying process.'*

Conclusion

Spray drying is a method of creating ASD formulations
by atomizing the solution into tiny droplets and then
drying them to form solid particles. Spray drying is
becoming more and more popular because of its high
throughput and quick processing time. However, the lack
of understanding of the spray drying process frequently
leads to low-quality products and poor process efficiency.
To ensure that the final lyophilized product is as stable
as possible, formulation excipients and lyophilization
process parameters need to be carefully determined. Well-
established designs of lyophilized therapeutic formulations
can frequently be used to create lyophilized drugs that
can be successfully stabilised. DoE methodologies and/or
statistical modelling are becoming more and more popular
tools in ASD development to help with excipient selection.
These methods help to quickly and efficiently screen
formulation options and forecast the best formulations for
increased stability. Additionally, one benefit of the spray
drying process is that many parameters can be modified
during the process to improve the product’s stability and
shelf life. The most significant spray drying adjustable
factors that can have a direct impact on the finished
powders’ physicochemical characteristics are the inlet
drying air temperature, the kind of atomizer, feed flow
rate, and drying airflow rate.
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