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Abstract: Tableting by direct compression (DC) is one of the simplest and most cost-effective drug
manufacturing approaches. However, most active pharmaceutical ingredients (APIs) and excipi-
ents lack the compression and flow properties required to meet the needs of high-speed industrial
tablet presses. Therefore, the majority of DC APIs and excipients are modified via processing/co-
processing particle engineering techniques to boost their properties. Spray drying is one of the
most commonly employed techniques to prepare DC grades of APIs and excipients with promi-
nent advantages. This review aims to present an overview of the commercially marketed and
investigationally-prepared DC APIs and excipients produced by spray drying.

Keywords: spray drying; direct compression; tablets; co-processing; multifunctional; sustained
release; oral disintegration; active pharmaceutical ingredient; excipient

1. Introduction

Tablets constitute the most common dosage form due to economical manufacturing,
accurate dosing and patient convenience. Tablets can be manufactured by direct compres-
sion or via dry, wet or melt granulation of drug(s)/excipient(s) mixture. Direct compression
is a simple, quick and cost-effective method of tableting, and is therefore receiving enduring
interest. However, it requires that the processed materials have excellent flowability and
respond well under compression, a prerequisite which many commercialized excipients
and active ingredients do not meet. As such, formulators usually resort to granulation
techniques to enhance flow and compression properties of the drug/excipient mixture.

In order to facilitate direct compression, specialized DC excipients and grades of some
high-dose drugs have been developed and marketed. These grades are prepared by various
techniques to obtain particles with suitable micromeritic and physicomechanical properties.
Spray drying is such a strategy that has been extensively exploited in recent decades. It is a
continuous one-step process producing powders with uniform particle size and approxi-
mately spherical particle shape, rendering them good flowability. Also, the isodiametric
shape of spray-dried particles helps particle rearrangement in the die during tableting
leading to enhanced compaction behaviour [1]. The process parameters can be controlled,
and the formulation can be optimized by employing process analytical technology (PAT)
and quality-by-design (QbD) principles [2–5]. With appropriate process and formulation
design, it is possible to produce a ready-to-compress (RTC) mixture or an almost final
product that needs only one last mixing step with binder/disintegrant/lubricant before
tableting (Figure 1).

Furthermore, spray drying is a unique co-processing technique allowing the produc-
tion of composite particles consisting of combinations of different ingredients dissolved or
suspended together in a liquid medium. The produced co-spray dried composite particles
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usually have improved physical form and advanced attributes such as better flowability
and compactability or reduced hygroscopicity compared to the individual components
or their physical mixtures [6,7]. Additional functionalities such as sustained release [8,9],
delayed release [10,11] and taste masking [11–13] can be achieved by selecting suitable
co-excipients and drug state in the feed liquid as solution or suspension.

This review article was conducted using the Scopus® (Elsevier) and PubMed® (NLM:
United States National Library of Medicine) databases, information freely available on
the internet and product information available by the manufacturers. It aims to present
an overview of the commercially marketed and investigational DC excipients and APIs
prepared by spray drying. While many review papers address tableting by direct compres-
sion [1,7,14–21] or the spray drying process [6,22–27] separately, this review tries to connect
the two processes by focusing on the significance and the benefits of spray drying to im-
prove DC properties of pharmaceutical excipients and APIs. In particular, it emphasizes the
attributes of the spray-dried products which critically influence tableting at the different
stages of compression: packing and rearrangement, compact formation and ejection.

Processes 2020, 8, x FOR PEER REVIEW  2  of  23 

 

dissolved  or  suspended  together  in  a  liquid medium.  The  produced  co‐spray  dried 

composite particles usually have improved physical form and advanced attributes such 

as  better  flowability  and  compactability  or  reduced  hygroscopicity  compared  to  the 

individual components or their physical mixtures [6,7]. Additional functionalities such as 

sustained release [8,9], delayed release [10,11] and taste masking [11–13] can be achieved 

by  selecting  suitable  co‐excipients  and  drug  state  in  the  feed  liquid  as  solution  or 

suspension. 

This review article was conducted using the Scopus® (Elsevier) and PubMed® (NLM: 

United States National Library of Medicine) databases, information freely available on the 

internet and product  information available by the manufacturers. It aims to present an 

overview  of  the  commercially marketed  and  investigational DC  excipients  and APIs 

prepared  by  spray  drying.  While  many  review  papers  address  tableting  by  direct 

compression [1,7,14–21] or the spray drying process [6,22–27] separately, this review tries 

to connect  the  two processes by  focusing on  the significance and  the benefits of spray 

drying to improve DC properties of pharmaceutical excipients and APIs. In particular, it 

emphasizes the attributes of the spray‐dried products which critically influence tableting 

at  the different stages of compression: packing and rearrangement, compact  formation 

and ejection. 

 

Figure 1. Unit operations employed in the production of tablets via granulation or spray/co‐spray drying. Figure 1. Unit operations employed in the production of tablets via granulation or spray/co-spray drying.



Processes 2021, 9, 267 3 of 25

2. The Spray Drying Process

In this section a concise summary is given to help the reader to understand the effects
of process and formulation parameters on the spray dried drug and excipients particles.
For detailed information on the fundamentals of spray drying, the reader is referred to
books by Masters [28] and Fu et al. [29], book chapter by Celik and Wendel [30] and reviews
by Cal and Sollohub [23] and Ziaee et al. [26].

The spray-drying process consists of overlapping stages, involving feed atomization,
air-spray contact, liquid evaporation, and solid separation (powder collection). The liquid
solution, suspension or emulsion is pumped from the feed container to the drying chamber
through an atomization nozzle. Water is the preferred vehicle (solvent, dispersion medium)
due to safety and cost considerations. For poorly water-soluble drugs and excipients,
the use of organic solvents/cosolvents or an aqueous suspension is the alternative approach.
Several types of atomizers are available including centrifugal (rotary disk), pneumatic (two-
fluid), pressure and ultrasonic nozzles. Energy applied during atomization transforms the
liquid into fine droplets that are subjected to heated air or inert gas in the drying chamber.
The high surface area of the droplets helps rapid drying by efficient heat and mass transfer
(Figure 2).
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The size distribution of sprayed droplets highly determines that of the finally-produced
particles and is affected by atomizer type, energy introduced (e.g., pressure or centrifugal
speed), viscosity and surface tension of the feed. In general, high spraying energy favors
smaller droplets and particles formation, whereas high viscosity and surface tension favor
large droplets and particles formation. The evaporation takes place in a very short time
ranging from milliseconds to few seconds making spray drying very suitable for heat-
sensitive products. In general, the larger the droplet, the more time it takes to evaporate.
Therefore, large-scale spray dryers with suitable dimensions of drying chamber are usually
required for industrial production of DC excipients to produce powders of large particle
size, which are usually required to achieve good flowability.
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The drying rate is influenced by the temperature difference between the drying air
and the droplet, droplets size, volatility of liquid(s) and feed formulation. The kinetics
of droplets drying can be separated into two distinct stages. The first is constant-rate
period where solvent evaporation from the droplet surface is replaced by solvent form
interior. The second stage is the falling rate period, and this stage starts at critical moisture
content, where the solvent evaporated from surface is not adequately replaced from the
interior and formation of a thin solid skin appears on the surface of the droplet. This layer
restricts the mass transfer process, leading to a decrease in the evaporation rate and an
increase in the temperature of the particle (Figure 3). The particle formation is influenced by
two dimensionless parameters: the initial saturation of the solutes and the Peclet number
(Pe), which is the ratio of the evaporation rate to the diffusion coefficient of the solute
(Equation (1)) [22]:

Pei = k/8Di (1)

where k represents the evaporation rate and Di is the diffusion coefficient of solute i. For Pe
less than 1, diffusion of the solutes is fast in comparison with the radial velocity of the
retracting droplet surface. This means that the solutes remain almost evenly distributed in
the droplet during the evaporation, and spherical particles with a particle density close to
the true density of the dry components are likely to form. For Pe numbers >> 1, the surface
recedes relatively fast so that droplet surface becomes enriched with the dissolved or
suspended components that have insufficient time to diffuse. Depending on material
properties, crystallization or precipitation of dissolved materials occurs at the surface once
a critical concentration is reached [22]. Viscoelastic materials form a flexible surface skin in
the falling rate period. When the pressurized vapor escapes, it causes localized collapse
and surface cavities [32]. Suspended materials may form a composite shell. For additional
information on the particle formation during spray drying, the reader is referred to a review
by Vehring [22].
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3. Direct Compression of Spray-Dried APIs

Spray drying has been particularly important for enhancing the compression of poorly
compressible high-dose drugs. Although the majority of the studies report combinations
of drugs with auxiliaries, there are some studies reporting spray drying of a solution of
drug without auxiliaries, aiming at compression improvement via changes in the solid
state, particle size or shape. The main investigations of drugs spray-dried alone or co-spray
dried with excipients are summarized in Table 1.

Di Martino et al. [34] spray dried acetazolamide from ammonia solutions. The ob-
tained powder was composed of a mixture of polymorphs I and II. On the other hand,
compression of the respective pure polymorphs, obtained by crystallization from solution,
was not possible, giving capped tablets even at high compression pressures. This was
explained by the remarkable improvement of particle rearrangement in the initial stage
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of compression of the spray-dried polymorphs due to the spherical shape and minor
wrinkledness of the particles.

Paluch et al. [35] obtained nanocrystalline microparticles of the poorly compactable
chlorothiazide by spray drying a drug solution in water/acetone mixture. Tablets com-
pacted from the obtained nanocrystalline microparticles (Figure 4) had remarkably higher
tensile strengths than those from micronized chlorothiazide raw material. In another study
from the same group, the compression behavior of several solid forms of chlorothiazide
sodium and potassium salts were evaluated. The results proved the superior tabletability of
the spray-dried microparticles of both salts that were composed of primary nanoparticles,
which offered a larger interparticle contact area during the compaction stage [36].
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4. Direct Compression of Co-Spray Dried APIs with Excipients

The majority of spray drying applications of drugs involve co-processing with excipi-
ents. The presence of the excipients favorably modifies the solid-state crystalline properties
and may exercise some binding effect as well. The most commonly investigated excipients
are carbohydrates and polymers.

The influence of different carbohydrates on spray drying processability and tableting-
related properties (flowability, compactability and hygroscopicity) of spray-dried high-dose
drugs has been investigated in a series of published papers [37–40]. Spray drying of binary
and ternary paracetamol-excipient mixtures demonstrated the efficiency of three carbohy-
drates to improve the physical properties and compactability of this high-elastic relaxation
drug. Mannitol and maltodextrin enhanced compactability, while erythritol increased pow-
der density and flowability [37]. A D-optimal mixture design was employed to evaluate the
effects of the three carbohydrates in co spray-dried mixtures. The composition containing
20.9% w/w erythritol, 13.9% w/w maltodextrin and 11.6% w/w mannitol was found optimal
regarding powder flow, mechanical strength and disintegration of paracetamol tablets [38].
In a further study by the same research group, optimization of processing parameters
was sought out to obtain RTC mixtures. A mixture of paracetamol with carbohydrates
(erythritol, maltodextrin, mannitol), disintegrant (crospovidone), glidant (colloidal silica)
and surfactant (polysorbate 80) was co-spray dried. Inlet and outlet air temperatures
were found to affect the median particle size, moisture content and flowability. However,
regression models for the effect of processing parameters on tablet hardness, friability and
disintegration time were not statistically acceptable [39]. The combination of erythritol,
maltodextrin, mannitol, crospovidone, colloidal silica and polysorbate 80 considerably
improved the compactability of paracetamol, ibuprofen and cimetidine via co-spray dry-
ing in a lab-scale apparatus. Furthermore, high contents of paracetamol (70% w/w) and
ibuprofen (75% w/w) were successfully loaded using a production scale spray-drier [40].
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McDonagh et al. [41] investigated the role of the soluble fraction of paracetamol and
α-lactose monohydrate on the tableting of their crystallo-co-spray dried agglomerates.
Different inlet feed solvent compositions were employed to modify the soluble fraction
of lactose in the inlet feed. It was found that an increase in the soluble fraction of lactose
resulted in greater mixing in the final spray-dried product and greater improvement in
compressibility and tabletability [41].

Polymers with good capability to act concomitantly as binders and crystallinity modi-
fiers are also interesting additives for co-spray drying. They offer the advantage of being
used at lower percentage than low-molecular-weight carbohydrates (Table 1) and thus
to avoid enlargement of tablet volume of high-dose drugs. Joshi et al. [42] prepared
amorphous celecoxib and celecoxib-PVP-meglumine ternary mixture by spray drying and
compared their compaction behavior with crystalline celecoxib. They found that tablets
formed from ternary mixture gave higher tensile strength in comparison with amorphous
or crystalline celecoxib. Also, pressure-induced devitrification that inhibited direct com-
paction of the amorphous celecoxib occurred to a lesser extent in the ternary mixture,
thus making it suitable for direct compaction.

Al-Zoubi et al. [43] co-spray dried naproxen and naproxen sodium with HPMC
seeking out enhancement of compression behavior. Co-processing resulted in reduced
crystallinity of naproxen and higher dihydrate content of naproxen sodium. When mixed
with suitable processing aids, the co-spray dried powders formed tablets with superior
mechanical properties compared to unprocessed or spray-dried alone drug powders.

Chinta et al. [44] investigated co-spray drying aqueous acidic solutions of propranolol
HCl with chitosan and lactose. Three chitosan grades (low-, medium-, and high-molecular-
weight) were evaluated. The spray-dried agglomerates prepared with lactose and chitosan
showed excellent flow and were suitable for tableting.

Rathod et al. [45] co-processed cefuroxime axetil with chitosan chlorhydrate and
mannitol by co-spray drying 5% slurry of drug and carriers at 1:1 drug:excipient ratio
in isopropanol. They employed a full factorial design to optimize mannitol:chitosan
chlorhydrate ratio and inlet air temperature as independent variables. Analysis of the
results using the Kawakita and Heckel models revealed that the batch produced from the
optimized conditions had better compressibility than the physical mixture.

Vanhoorne et al. [46] co-spray dried paracetamol with mannitol and PVP. Compaction
properties of the co-spray dried powders were compared to physical mixtures for composi-
tions containing 75% paracetamol, 20–25% spray-dried mannitol, and 0–5% PVP. Mixtures
of co-spray dried paracetamol with 5% PVP and 20% mannitol produced tablets with
higher tensile strength than the corresponding physical mixtures at all applied compres-
sions pressures (34–229 MPa). The improvement of mechanical strength by co-spray drying
was attributed to the coating of paracetamol crystals with δ mannitol and PVP.

Metformin HCl is a problematic drug for DC processing due to poor compactabil-
ity and high administered dose (500–1000 mg). Barot et al. [47] co-spray dried aqueous
solutions of PVP K30 (0–3% w/v) with metformin HCl in an attempt to develop a di-
rectly compressible grade. They found that metformin HCl co-spray dried with 2% PVP
K30 showed excellent flowability and compressibility as well. Further investigation was
sought out by Al-Zoubi et al. [48], who compared five hydrophilic polymers (HPMC, PVP,
copovidone, sodium alginate and sodium carmellose) regarding their ability to enhance
the compression behavior of metformin HCl. Co-spray drying with the polymers resulted
in increased amorphous drug content associated with increased deformability and reduced
ejectability. A significant correlation was found between compaction work and relative
crystallinity (p = 0.042), which confirmed the importance of crystalline to amorphous con-
version on the deformability and particle bonding mechanisms. However, compactability
and tabletability of metformin HCl were improved only by co-spray drying with the an-
ionic sodium alginate and sodium carmellose polymers that could make ionic interactions
with the positively charged ammonium of the drug. [48].
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The above results demonstrate the ability of spray drying to convert the crystalline
state of the drug to amorphous, which improves interactivity, enhances plasticity and hence
deformability and contact area. Additionally, they demonstrate the drug’s ability in the
spray-dried particulate form to retain chemical bonds with the excipient formed during
spray drying and thus enable modification and improvement of the mechanical properties.
Furthermore, the spray-dried particles may present higher polymer concentration at the
surface due to the rapidness of the drying process, enhancing bond formation during
tableting. Therefore, all the aforementioned mechanisms should be considered when
selecting polymers for co-spray drying with the view of tableting improvement.

Honick et al. [49] co-spray dried hypromellose acetate succinate (HPMCAS) with
itraconazole from organic solutions. They showed that the compacts from solid dispersions
(SDDs) had a higher elastic recovery and much greater tendency to laminate, particularly
at higher compression speeds, in comparison with physical mixtures. However, the intact
compacts from SDDs tended to have higher mechanical strength than those produced from
physical mixtures, probably due to the smaller particle size of the SDDs.
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Table 1. Illustrative studies attempting direct compression of drugs by spray dying alone or with excipients.

Drug Nominal Content
Per Tablet (mg) Additive (s) Additives Nominal

Percentage (%)
Alterations Due to Spray Drying Affecting Functional Properties Related to Direct

Compression Improvement Reference

Spray-dried APIs

Acetazolamide 250 N/A 0 Formation of a mixture of polymorphs I and II; More isodiametric microparticles; Reduced
elastic recovery; Higher tensile strength [34]

Chlorothiazide 250–500 N/A 0 Microparticles composed of primary nanoparticles; Higher tablet tensile strength and higher
tablet porosity obtained by spray drying [35]

Chlorothiazide
sodium N/A 0 Microparticles composed of primary nanoparticles; Higher specific surface area and

superior tabletability [36]

Chlorothiazide
potassium N/A 0 Microparticles composed of primary nanoparticles; Higher specific surface area and

superior tabletability [36]

Co-spray dried API-excipients

Paracetamol 325–650
Erythritol

Maltodextrin
Mannitol

50.8 Improved flowability and compactability; Prevented capping and lamination [37]

Paracetamol 325–650

Erythritol
Mannitol

Maltodextrin
Crospovidone

Colloidal silicon dioxide
Polysorbate 80

30–58.1 Improved flowability and compactability, Production of an RTC mixture [39,40]

Ibuprofen 200–800

Erythritol
Mannitol

Maltodextrin
Crospovidone

Colloidal silicon dioxide
Polysorbate 80

25–55 Improved flowability and compactability, Production of an RTC mixture [40]

Cimetidine 200–400

Erythritol
Mannitol

Maltodextrin
Crospovidone

Colloidal silicon dioxide
Polysorbate 80

30–55 Improved flowability and compactability [40]

Paracetamol 325–650 Lactose 50 Improved compressibility and compactability, lower yield pressure [41]

Paracetamol 325–650 Mannitol 20–25 Improved tabletability and decreased friability [46]
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Table 1. Cont.

Drug Nominal Content
Per Tablet (mg) Additive (s) Additives Nominal

Percentage (%)
Alterations Due to Spray Drying Affecting Functional Properties Related to Direct

Compression Improvement Reference

PVP 0–5

Cefuroxime axetil 125–500 Mannitol
Chitosan chlorhydrate 50 Lower yield pressure (Heckel) [45]

Celecoxib 50–400 PVP
Meglumine 30

High degree of amorphization; More isodiametric microparticles; Improved packing (lower
Carr’s, Hausner’s indices and angle of repose) and flowability; Lower yield pressure (Heckel);

Higher compactability and tabletability
[42]

Metformin HCl 500–1000 PVP 0–3 Disruption of crystal lattice; More isodiametric microparticles [47]

Metformin HCl 500–1000

PVP
Copovidone

HPMC
Sodium alginate

Sodium carmellose

0–5
Reduced crystallinity; More isodiametric microparticles

Reduced elastic recovery; Higher work of compaction; Improved compactability and
tabletability by co-spray drying with sodium alginate and sodium carmellose

[48]

Naproxen 250–500 HPMC 5 Reduced crystallinity; more isodiametric particles; Higher compactability and tabletability [43]

Naproxen sodium 275–550 HPMC 5 Increased dihydrate content; more isodiametric particles; Higher compactability
and tabletability [43]
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5. Direct-Compression Spray-Dried Excipients
5.1. Spray-Dried Lactose

The first commercially available spray-dried excipient for direct compression was
lactose, introduced in 1956 [50]. Spray drying resulted in a final product that comprised
80–90% of α-lactose monohydrate crystalline particles agglomerated into spherical units
with the aid of the remaining amorphous material. The amorphous component was
produced from the dissolved lactose in the feed slurry. Spray-dried lactose would usually
contain 9–12% β-lactose, predominantly in the amorphous matrix [51]. The spray-dried
agglomerates exhibited enhanced flowability and compressibility compared to either 100%
amorphous or crystalline α-lactose monohydrate. The excellent flow resulted from the large
particle size and spherical shape of the agglomerates. On the other hand, the amorphous
fraction present contributed to superior compressibility by virtue of higher degree of
plastic deformation and better binding [52]. In theory, compaction of the spray-dried
lactose combines fragmentation and plastic deformation of the crystalline monohydrate
and the amorphous fractions, respectively [50,53]. However, the consolidation mechanism
of lactose also depends on its particle size. The brittle-ductile transition diameter of lactose
is 45 µm, but when the particle size is less than that, plastic deformation may be the main
consolidation mechanism of spray-dried lactose [51].

The direct compression characteristics of the initial spray-dried lactose were improved
over the years by optimizing mainly two factors: the percentage of amorphous content and
the primary particle size of α-lactose monohydrate spray-dried particles [54,55]. For exam-
ple, optimization of the amorphous content is claimed to explain the better compactability
of the FlowLac® 90 grade compared with the regular spray-dried FlowLac® 100 [56].

Different grades of spray-dried lactose are commercially available differing in tablet-
ing performance and sensitivity to environmental moisture during storage. In this context,
Pharmatose® DCL 14, an improved spray-dried lactose grade produced from smaller
primary particles of α-lactose monohydrate, was compared to the regular spray-dried
lactose grade Pharmatose® DCL 11. Both grades showed similar flow but different com-
paction behavior. Pharmatose® DCL 14 was significantly more compactible, which was
attributed to the greater total surface area provided by the smaller primary particles [51].
The compactability of Pharmatose® DCL 14 was preserved after storage of the tablets at
either 58% or 33% RH for 21 days compared to initial tablets. Interestingly, the strength
of Pharmatose® DCL 11 tablets increased after exposure to the high RH conditions for
the same period. Re-crystallization of the amorphous content in the tablets and bridge
formation was considered the reason for the increase in tablet strength. Conversely, pre-
exposure of the powder to moisture before compression reduced the compactability of both
grades, which was ascribed to the conversion of amorphous content to crystalline before
compression [57]. Finally, although it cannot be generalized, regular grades from different
manufacturers appear to have similar qualities. For example, the regular spray-dried
grades of lactose FlowLac® 100 and Pharmatose® DCL 11 were found to exhibit similar
flowability, compressibility and compactability behavior [58].

5.2. Microcrystalline Cellulose (MCC)

Microcrystalline cellulose (MCC) is another widely used spray-dried excipient. Al-
though it can be synthesized by different processes, mineral acid hydrolysis is the method
of choice to produce pure α-cellulose. First, cellulose is partially depolymerized and at a
next step it is neutralized and spray-dried [59,60]. The final product is a white, tasteless,
and odorless powder. Different grades of various particle size distributions and moisture
contents are available, which can be produced by controlling the agglomeration through
manipulation of the spray-drying conditions.

Moreover, specific cellulose pulps enabled the manufacturing of MCC grades that
exhibit high bulk density [61]. Some of the commercially available products are Avicel®,
Vivapure®, and Emcocel®. For additional information regarding the preparation of various
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MCC grades and their properties and applications, the reader is referred to a recent book
chapter by Chaerunisaa et al. [62] and an extensive review by Thoorens et al. [61].

5.3. Spray-Dried Calcium Salts

Three different calcium salts were developed as granular materials by spray drying to
improve their compaction and flow properties. The first is calcium lactate pentahydrate
(Puracal® DC), a brittle crystalline material that exhibits low compaction-speed sensitivity.
However, it has low fragmentation tendency, which makes it a lubricant-sensitive filler [63].
Disintegration and dissolution of prototype tablet formulations using calcium lactate pen-
tahydrate alone or with MCC were fast and complete [63]. Next calcium salt excipient is
spray-dried anhydrous dicalcium phosphate (Fujicalin®). Its properties were thoroughly
investigated and compared to the corresponding regular anhydrous dicalcium phosphate;
it has smaller particle size with higher specific surface area, porosity and compactability,
but similar flowability [64,65]. Due to its high brittleness, Fujicalin® exhibited stability
against over-lubrication with magnesium stearate, which was demonstrated for different
mixers and mixing times [66]. The third calcium-salt-based excipient is spray-dried tri-
calcium phosphate (Tri-Cafos® 500). It has a spongy structure and, thus, a large specific
surface area. Unlike the other directly compressible calcium salts, it consolidates primarily
by plastic deformation. When used as a co-diluent, it results in increased porosity and
faster tablet disintegration [67].

5.4. Spray-Dried Sugars and Polyols

Spray-dried sugars and polyols are gaining increased attention as fillers in chew-
able, suckable, effervescent and orally disintegrating tablets. Examples include sucrose
(Compressuc® PS), maltose (Advantose® 100), mannitol (Parteck® M, Pearlitol® SD,
and Mannogem®), and sorbitol (Neosorb® XTAB, Parteck® SI). Among these, manni-
tol has a range of interesting properties that have made it one of the most used fillers
for the aforementioned tablet forms [68]. Besides sweetness, it has a negative heat of
solution releasing a cooling sensation to the mouth. Also, it is not hygroscopic, although
very soluble in water, thus offering excellent stability and compatibility with drugs [69].
Spray-dried mannitol is commercially available in two grades: the 100 or EZ and 200 or XL
with the former having smaller mean particle size [70]. Unlike lactose, spray drying does
not affect its crystallinity with the final product being comprised of β crystals (Parteck®)
or a mixture of α and β mannitol crystals (Pearlitol®, and Mannogem®) [71,72]. Recently,
the powder and tablet properties of several brands and grades of spray-dried mannitol
were compared with commercially available granulated grades [70,72]. Except for a mi-
nor increase in the disintegration time observed after one-week storage (25 ◦C/75% RH),
the tablets of spray-dried mannitol grades showed superior physical stability over the
granulation-based grades.

Neosorb® XTAB is a powdered form of sorbitol developed by Roquette as a tooth-
friendly filler to make sugar-free tablets [73]. Sorbitol instant (Parteck® SI, Merck) is a
spray-dried free-flowing low-hygroscopicity crystalline grade of sorbitol with improved
compressibility and high adsorption capacity for the preparation of ordered mixtures due
to its loosely packed, randomly oriented, interwoven filamentary crystals [74]. Advantose®

100 is a nonhygroscopic free-flowing directly-compressible powder form of the disac-
charide maltose. Despite its crystalline nature and fragmentation during consolidation,
its compactability has been shown to be affected by lubricants over a range of compres-
sion forces [75]. Compressuc® PS is a spray-dried sucrose grade that complies with the
monograph “sucrose” of the USP/NF and Ph. Eur. [76].

5.5. Spray-Dried Rice Starch

Era-tab® and Primotab ET® are excipients based on agglomerated rice starch particles
that were used to be commercially available spray-dried grades. The usefulness of spray-
dried rice starch for direct compression was evaluated against several fillers in terms of
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physical properties and tabletability. Era-tab® was shown to possess excellent flowability,
compactability as well as disintegration and dissolution properties. From its drawbacks,
the most important are its moderate dilution potential and lubricant sensitivity [77,78].
However, the latter is lower when compared to other starch products, and it is considered
sufficient for tablet formulations [79].

5.6. Investigational Products

In addition to studies on commercialized spray-dried excipients, investigation of the ef-
fect of spray drying process on the mechanical properties and reworkability of some known
polymers has been reported. The main research studies on investigational spray-dried
alone or co-spray dried excipients are summarized in Table 2. Spray-dried hypromellose
acetate succinate (HPMCAS) from organic solutions exhibited higher hardness and lower
out-of-die yield strength [80], but higher tensile strength of compacts than unprocessed
material, indicating improved ability to form strong compacts upon loading [49,80].

Rege et al. [81,82] spray-dried chitinosans that had undergone N- deacetylation and
depolymerization. As compared to the tray-dried product, spray-dried chitinosan parti-
cles were more isodiametric and exhibited better flowability. Moreover, the compaction
properties of their mixture with tetracycline, used as a model drug, were superior.

Kolakovic et al. investigated the physical and mechanical properties of spray-dried
cellulose nanofibers compared to two commercial grades of MCC, Avicel® PH101 and
Avicel® PH102. The results showed that spray-dried nanofibrillated cellulose has a better
flowability than Avicel® PH101 and its addition to Avicel® PH102 improved the flowability
of the resulting mixtures. Tablets with a model drug (paracetamol) were successfully pre-
pared on an eccentric press. However, compared to microcrystalline cellulose, spray dried
nanofibrillated cellulose was more brittle but less deformable and compactable [83].

The results of the above studies show that spray drying decreased the compressibility
but increased the brittleness of carbohydrate-based excipients. Since the outcome of
compaction also depends on the initial stage of particle rearrangement before compact
formation, and since the spray-dried particles achieve more uniform packing and easier
particle rearrangement, the overall effect of spray drying on tabletability should be balanced
considering the individual effects on flowability and compression behavior.

6. Direct-Compression Co-Spray Dried Excipients
6.1. Lactose-Based

6.1.1. Lactose-Cellulose (Cellactose®)

Cellactose® 80 is composed of 75% α-Lactose monohydrate and 25% cellulose powder
(3:1 ratio) co-spray dried mixture. Its reported angle of repose is 34◦, the bulk density
0.37 g/cm3 and the tapped density 0.49 g/cm3 [84]. According to the manufacturer [84],
it is designed as an excipient for manufacturing tablets by direct compression due to its su-
perior flowability, reduced segregation tendency and compressibility. Casalderrey et al. [85]
compared the properties of a 3:1 ratio of α-Lactose monohydrate/microcrystalline cellulose
combination processed either by dry granulation or extrusion/spheronization with those
of Cellactose® powder of similar particle size. Cellactose® showed better sphericity and
flowability than the dry granulation blend (Carr’s index 24% compared with 37%). Addi-
tionally, Cellactose® had improved mechanical properties, but much poorer disintegration
than tablets of the other blends compressed at the same high punch pressure. The strength
and water-resistance of well-compacted Cellactose® tablets were attributed to the spatial
distribution of cellulose and lactose in Cellactose® particles, rather than to β-lactose content
or extra-particular structural features [85]. Arida and Al-Tabakha [86] reported superior
compactability of Cellactose® over the counterpart physical mixture.

6.1.2. Lactose–MCC (MicroceLac® 100)

MicroceLac® 100 is a co-spray dried mixture of 75% α-Lactose monohydrate and
25% microcrystalline cellulose [87]. According to the product’s brochure (MEGGLE’s co-
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processed lactose grades for direct compression: MicroceLac® 100), it has a Carr’s index
of 21%, angle of repose equal to 34◦ and a bulk density of 0.46 g/cm3 and it is claimed
to have good flowability and compaction properties, thus making it suitable for direct
compression. Compared to its counterpart physical mixture, MicroceLac® 100 showed
better flowability and tablet mechanical strength [88,89], faster disintegration and drug
dissolution (f2 = 16.61) [89]. However, it was more susceptible to water-induced crystal-
lization due to thermodynamic instability and crystallization of the amorphous content
into stable crystalline form [88]. The Heckel yield pressure of MicroceLac® 100 (170 MPa)
was very similar to that of spray-dried lactose, FlowLac® 100 (168 MPa), indicating similar
deformability [90].

6.1.3. Lactose-Starch (StarLac®)

StarLac® is a co-spray dried material composed of 85% α-lactose monohydrate and
15% white maize starch manufactured by Meggle Pharma. According to the manufac-
turer, its Carr’s index is 19.4% and the angle of repose is 29◦ [91]. The lower Carr’s
index compared to Cellactose® and MicroceLac® 100 may be attributed to higher spheric-
ity and smoother surface of particles (Figure 5). The reported Heckel yield pressure is
lower for StarLac® than FlowLac® indicating higher plasticity [90,92]. Hauschild and
Picker investigated the tableting properties of StarLac® and compared it with FlowLac®

(spray-dried lactose) and a corresponding physical mixture of FlowLac® and maize starch.
They concluded that StarLac® has good compactability and similar compression proper-
ties to FlowLac®. Moreover, the high deformability of StarLac® makes it an interesting
excipient for use in the tableting of pressure-sensitive drugs [93].

6.1.4. Lactose-MCC-Starch (CombiLac®)

CombiLac® is composed of 70% α-lactose monohydrate, 20% microcrystalline cellu-
lose, and 10% white native corn starch [94]. Mužíková et al. [95] studied the properties of
this spray-dried ternary mixture. They compared the flowability, compactability, and tablet
properties of CombiLac® with the corresponding physical mixture. They found that
CombiLac® had lower Hausner’s ratio, indicating better packing and flowability, and bet-
ter tabletability than the physical mixture. Moreover, the compaction of CombiLac® was
more sensitive to the presence of lubricants in the formulation, which is explained by
the lower fragmentation propensity of the brittle main excipient (lactose) when co-spray
dried with the plastic co-excipients (starch and MCC) compared to the corresponding
physical mixture. Bowles et al. [96] characterized the tableting behavior for a range of
co-processed excipients. Their results revealed that CombiLac® had lower Carr’s index,
better ejectability, slightly faster compact disintegration (<60 s) but similar compressibility,
compactability and tabletability profiles compared to MicroceLac® 100.
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6.2. MCC-Based

6.2.1. MCC–Mannitol (Avicel® HFE)

Microcrystalline cellulose-Mannitol (Avicel® HFE) is a co-spray dried material com-
posed of 90% microcrystalline cellulose and 10% mannitol [98]. Avicel® HFE-102 is reported
to have a nominal particle size of 100 µm, angle of repose of 30.67◦, bulk density around
0.41 g/cm3 and Carr’s index of 19.19% [98,99]. It showed similar compression behav-
ior and slightly faster disintegration of compacts compared to Avicel® PH-102 [90,96].
Moreover, tablets compressed at a pressure of 78 MPa were strong with tensile strength
between 5 and 6 MPa, friability 0.01% and disintegration time 4.03 min [99]. This man-
nitol/microcrystalline cellulose combination improves palatability and decreases the dis-
integration time due to the good water solubility, wetting properties, and negative heat
of solution of mannitol [100]. Therefore, this co-processed material is suitable for direct
compression of chewable tablets.

6.2.2. MCC–Guar Gum (Avicel® CE-15)

Microcrystalline cellulose-guar gum (Avicel® CE-15) is a co-spray dried material
composed of 85% microcrystalline cellulose and 15% guar gum [98,99]. It has Carr’s index
19.46%, indicating intermediate flowability [99]. Avicel® CE-15 is reported to have a D90 of
221.06 µm, a specific surface area of 0.5 m2/g, and a moisture content of 4.66% [99]. It has
also been reported that tablets compressed at 130 MPa had friability 0.58%, disintegration
time 7.27 min, and tensile strength around 2 MPa. Therefore, it is suitable for direct
compression operations, especially for chewable tablets due to guar gum, which provides
a suitable sensory experience by reducing the grittiness of MCC.

6.2.3. MCC–Dicalcium Phosphate (Avicel® DG)

Avicel® DG is a co-spray dried material composed of 75% microcrystalline cellulose
and 25% anhydrous dibasic calcium phosphate. It is proposed by the manufacturer for the
tableting of difficult to compress materials and for dry granulation [98]. The combination
of plastic and brittle material decreases bonding during roller compaction, facilitating
breakage into granules. Subsequently, during tableting, both the high amount of small
particles of the inorganic excipient and the plastically deforming microcrystalline cellulose
particle surfaces provide sufficient surface area for bonding and compact formation [99].
Avicel® DG has been investigated for DC tableting, and its tablets showed rapid disintegra-
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tion, high tensile strength, and low friability. However, it has suboptimal flowability with
relatively high Carr’s index (24.98%) [99].

6.2.4. Silicified Microcrystalline Cellulose

Silicified microcrystalline cellulose (MCC) grades Prosolv® SMCC and Avicel® SMCC
are co-spray dried materials composed of 98% microcrystalline cellulose and 2% colloidal
silicon dioxide (CSD) [1,98,101]. Five grades of Prosolv® SMCC (50, 50 LD, 90, HD 90 and
90 LM) and three grades of Avicel® SMCC (50, 90, and HD 90) are available commercially
that differ in particle size and bulk density. Silicified MCC has shown better flowabil-
ity [102] and reduced stickiness [103] compared to non-silicified grades. In addition, it has
been reported that compacts of Prosolv® SMCC 90 and Prosolv® SMCC 90 HD had disinte-
gration time below 1 min at compression forces of 3, 3.5, and 4 KN [104]. The compaction
behavior of Prosolv® SMCC 90 was studied and compared to MCC [105]. Both excipients
showed similar densification behavior for compression pressures up to 400 MPa. In addi-
tion, it was found that the post-compaction relaxation of the corresponding tablets was also
similar. However, the presence of lubricant (magnesium stearate) affected the relaxation of
SMCC 90 tablets which was ascribed to a small negative effect of CSD on the interparticle
bonding strength of unlubricated MCC. The mechanical strength of the tablets of the two
excipients was similar at compaction pressures up to 400 MPa. Mixing with lubricant
decreased the strength for both types of tablets, and the effect was more pronounced in
the case of MCC [105]. Kachrimanis et al. [106] confirmed that there is a slight increase
in tablet strength but a marked increase in the disintegration time of Prosolv® compared
to Avicel® tablets for solid fractions between 0.7 and 0.9, which is similar to the range of
pharmaceutical tablets. They also suggested that SiO2 acts as a barrier or sink of moisture
for RH up to 52%, but at RH 72% the interparticle spaces become saturated with moisture,
thus not allowing water permeation into MCC which cannot act as disintegrant resulting
in higher disintegration times.

In 2010, JRS PHARMA introduced Prosolv® EASYtab as an excipient that fulfills
several desired features for direct compression purposes [107]. It can be simply mixed
with granules or DC grades of active ingredients to form an RTC mixture [108], but extra
disintegrant has to be added for products containing high content of solid dispersions in
order to shorten the disintegration time [109]. Aljaberi et al. [110] compared the compaction
and dissolution performance of Prosolv® EASYtab with corresponding physical mixtures
of MCC or SMCC with complementary excipients (colloidal silicon dioxide, sodium starch
glycolate, and sodium stearyl fumarate). Prosolv® EASYtab exhibited comparable com-
pactability, dissolution and stability with the corresponding MCC or Prosolv® SMCC
physical mixtures.

6.3. Starch-Based

StarCap1500®

StarCap1500® is a co-spray dried material composed of 90% corn starch and 10%
pregelatinized starch [1]. Mužíková and Eimerová [111] investigated the compaction ener-
gies, mechanical strength and disintegration time of StarCap1500® compacts. They found
that they had higher tensile strength than Starch1500® of the same size compressed un-
der the same conditions. However, the compact strength of StarCap 1500® was promi-
nently reduced when mixed with 0.4% magnesium stearate, which should be ascribed
to the low fragmentation tendency since starch is elastoplastic. Additionally, researchers
found that StarCap 1500® tablets had significantly shorter disintegration time compared
to Starch®1500 which was attributed to a more efficient capillary network. The total
compaction work expended was significantly larger and the decompression work lower
for StarCap 1500® than Starch®1500 attributed to the lower elastic relaxation of StarCap
1500® [111].
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6.4. Sugar-Based

6.4.1. Glucose-Dextrates (Emdex®)

Glucose monohydrate—Dextrates, NF (Emdex®) is manufactured by JRS PHARMA.
According to the manufacturer [112], this co-spray dried material comprises 95% glucose
monohydrate and 5% oligosaccharides derived from starch (Dextrates, NF). It has an
average particle size of 200 µm and offers several benefits as a water-soluble filler/binder
in direct compression formulations. It has excellent packing and flow properties with
Hausner’s ratio of 1.07 and angle of repose of 30◦. Additionally, compression of Emdex® at
forces between 3 kN and 15 kN produced tablets with tensile strength between 0.3 MPa
and 2.5 MPa. These features, besides a pleasant sweet taste, make it suitable for direct
compression of chewable, effervescent, and ingestible tablet formulations processed at
compression forces greater than about 10 kN [112].

6.4.2. Fructose–Starch (Advantose® FS95)

Fructose-starch co-spray dried (Advantose® FS95) is manufactured by SPI Pharma.
Despite the poor compressibility of fructose, when it is co-spray dried with a small amount
of starch (5%), the combination product becomes directly compressible [113]. Moreover,
Advantose® FS95 has a lower hygroscopicity and a particle size distribution that ensures
good flow properties with an angle of repose of 12◦. Besides the excellent compressibility
profile, it has reduced friability. Due to its sweetness, it is recommended for use in children’s
chewable multi-vitamin tablets [113].

6.4.3. Sucrose–Maltodextrin–Invert Sugar

Compressuc® MS is a co-spray dried product composed of sucrose, maltodextrin
(2.3% ± 0.5%) and invert sugar (1.7% max) with a porous particle structure. It complies with
the USP-NF under the monograph “Compressible sugar”. It has a mean diameter between
150 and 300 µm, bulk density between 0.53 and 0.61 g/cm3 and tapped density between
0.61 and 0.71 g/cm3. As it is the case with the spray-dried sucrose grade (Compressuc® PS),
Compressuc® MS is particularly suitable for the production of chewable and effervescent
tablets [76].

6.5. Inorganic-Based

CS90 and MS90 are co-spray dried filler-binder marketed by SPI Pharma. CS90 is
composed of 90% calcium carbonate and 10% starch with a typical median particle size of
150–175 µm and tapped density of 0.85 g/cm3. MS90 comprises 95% magnesium hydroxide
and 5% starch with similar particle size distribution and density to CS 90. Both excipients
are recommended for the manufacture of antacid chewable and mineral supplement tablets.
Due to the similarity in their physical properties, they can be easily mixed and combined
to prepare antacid tablets [114,115].
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Table 2. Illustrative studies attempting direct compression of excipients by spray drying alone or with other excipients.

Excipient Co-Excipient(s) Co-Excipient Optimal Percentage (%) Functional Properties Alterations Related to Improvement of Direct Compression Reference

Spray-dried excipients

HPMCAS N/A 0 Improved ability to form strong compacts upon loading due to lowered brittleness [49,80]

Chitinosans N/A 0 Improved flowability and compaction properties of mixtures with tetracycline as a
model drug [82]

Cellulose nanofibers N/A 0 Improved flowability compared to Avicel® PH101 [83]

Co-spray dried
excipients

α-lactose monohydrate HPMC
Crospovidone

3.5–10.5
0–3.5

Improved deformability and compactability attributed to the presence of HPMC and
formation of amorphous lactose during co-spray drying; More rapid disintegration

by adding crospovidone
[116]

Rice starch MCC 30 Spherical agglomerates; Improved flowability and tablet strength in comparison with
some commercial DC diluents [117]

Microcrystalline
cellulose calcium carbonate 40 Improved flowability and compressibility; Reduced lubricant sensitivity [118]

Mannitol HPMC 3.5–10.5 Improved deformability and tabletability [119]

Starch HPMC 3.5–10.5 Improved deformability and tabletability [119]

Calcium hydrogen
phosphate dihydrate HPMC 3.5–10.5 Improved deformability and tabletability [119]

Sodium Cholate HPMC 10 Improved compactability for formulations containing large amounts of
absorption enhancers [120]

Deoxycholic acid HPMC 10 Improved compactability for formulations containing large amounts of
absorption enhancers [120]

Mannitol PVP 0–20 Improved tabletability, compared to PM, attributed to formation of δ-mannitol at 20%
PVP ratio [46]

Sodium bicarbonate

PVP
Silicone oil
PEG 6000
Tween 80

4
0.5
3

0.25

Good compression characteristics, candidate for manufacturing of effervescent tablets
by direct compression. [121]
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6.6. Investigational Products

Wang et al. [116] investigated the tableting properties of co-spray dried α-lactose
monohydrate, HPMC, and crospovidone. Three particle size grades of lactose (90M, 200M,
and 450M) were compared. They found that co-spray drying using grades 90M and 200M
produced optimum formulations for tableting. Overall, the tensile strengths of the co-spray
dried excipients were larger than those of the corresponding physical mixtures of both
compositions. The improvement of compaction was attributed to the presence of HPMC
and to the formation of about 30% amorphous lactose during co-spray drying.

Microcrystalline cellulose-rice starch co-spray dried products for direct compression
purposes were reported by Limwong et al. [117]. The researchers prepared the co-spray
dried mixtures with rice starch compositions of 90%, 80%, 70%, 60%, and 50%. The compo-
sition with 70% rice starch was found to be most suitable for direct compression. Co-spray
dried powder of this composition had an angle of repose of 37.2◦ and Carr’s index 19.2%.
Flowability was better than several other directly compressible diluents available in the
market. Furthermore, the properties of 500 mg tablets (Ø 12.7 mm) of the co-spray dried
mixture with 70% rice starch compressed at 8.8 kN load were evaluated. The produced
tablets had an average strength of 188.7 N (SD = 8.6), friability 0.6%, and disintegration
time 2.56 min (SD = 0.22). These results qualified this co-processed product as a directly
compressible excipient [117].

Microcrystalline cellulose-calcium carbonate co-spray dried mixtures were patented
by Mehra et al. in 1987 [118]. Different ratios of the two components were suggested as
possible combinations. A ratio of microcrystalline cellulose to calcium carbonate of 60 to
40 was proposed. The bulk density of this product was in the range of 0.35–0.45 g/cm3,
and the pH of the aqueous slurry in the range 9.5–10. Moreover, the product’s flowability
and compressibility profile was better than that of MCC, and exhibited low sensitivity
to lubricants.

Li et al. investigated tablet properties of co-spray dried hydroxypropyl methylcel-
lulose (HPMC) with each of mannitol, starch and calcium hydrogen phosphate dihy-
drate (DCPD) [119]. They employed a center-composite design for optimization em-
ploying HPMC (3.5–10.5%) and solid content in feed (19–44%) as independent variables.
They found optimal DC co-processed excipient at HPMC compositions of 7.3%, 7.7% and
7.0%, and solid contents in the feed liquid of 44%, 40% and 32% for mannitol, starch and
DCPD, respectively.

Another work by Fan et al. [120] attempted to improve the compactability of the bile
salts sodium cholate (SC) and deoxycholic acid (DOA) that are used in formulations as
absorption enhancers. They co-spray dried SC or DOA with HPMC added at 0%, 2.5%,
5%, and 10% w/w levels. The obtained powders were compressed to tablets (Ø 6 mm)
at forces between 50 and 450 kg, and the co-spray dried products were compared with
the raw materials and physical mixtures at 10% (w/w) HPMC and 90% (w/w) SC or DOA
composition. The produced tablets had tensile strengths between about 0.5 MPa and
6 MPa. Co-spray dried powders of SC and DOC with 10% HPMC demonstrated best com-
pactability profiles. The improved tabletability of the spray-dried powders was attributed
to the fine particle size and to the amorphous state of the bile salts after spray drying.
In conclusion, co-spraying with HPMC can be a promising strategy to overcome the poor
tableting of oral peptide formulations containing large amounts of absorption enhancers.

Vanhoorne et al. [46] co-spray dried mannitol with PVP at percentages of 0%, 10%,
and 20%. Co-spray drying of mannitol in formulations with 0% and 10% PVP produced β

and α mannitol, respectively. However, spray drying mannitol in formulations with 20%
PVP produced mainly δ mannitol. Compaction properties of the co-spray dried powders
were compared to physical mixtures. Co-spray dried mannitol with 20% PVP gave the
highest tensile strength at all applied pressures.

Saleh et al. [121] spray dried sodium bicarbonate using PVP and silicone oil as aux-
iliary additives. These additives significantly improved the compressibility of sodium
bicarbonate. The prepared co-spray dried combinations showed excellent compressibility
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and sodium bicarbonate was not transformed into sodium carbonate. Therefore, the supe-
rior compression characteristics of the co-spray dried sodium bicarbonate, make it a future
candidate in the manufacturing of effervescent tablets by direct compression as a source of
carbon dioxide

Although co-spray drying is normally approached as a strategy to improve the tablet-
ing properties, some studies have reported no improvement or contrary results. Most of
them report a negative impact on the compactability of excipients when surfactants are
involved in the co-spraying process.

For example, Roberts et al. [122] prepared spherical spray-dried agglomerates of
hypromellose acetate succinate (HPMCAS) alone or in the presence of 1% or 3% sodium
lauryl sulfate (SLS). They reported a detrimental impact of co-spray drying with SLS on
the tabletability of HPMCAS as compared to the non-processed material.

Bergren et al. [123] investigated the compression behavior of co-spray dried α-lactose
monohydrate with polyvinylpyrrolidone (PVP) and polysorbate 80. The concentration of
PVP in the ternary blend was 25% w/w and that of polysorbate 80 0.1% w/w. The estimated
Heckel yield pressures ranged between 94 MPa and 127 MPa for all co-spray dried powders
compared to 87 MPa for spray-dried lactose powder (amorphous lactose). The presence
of polysorbate 80 in the co-spray dried powders decreased the tensile strength over the
applied compression pressure range (1–6 MPa). The compactability of tablets of co-spray
dried lactose with PVP was similar to that of spray-dried lactose alone. Similar observation
on the effect of polysorbate 80, as a co-excipient, on the compactability of amorphous
lactose particles prepared by spray drying was found by Fichtner et al. [124]. They reported
a positive correlation between the dispersive surface energy of spray-dried powders and
tensile strength of their compacts prepared at constant porosities.

Co-spray drying of lignin with sodium lauryl sulfate (SLS) for improved compaction
behavior of lignin was investigated by Solomon et al. [125]. The researchers prepared co-
spray dried powders of lignin that included SLS at 0%, 5%, 10%, and 15% levels. Although
the Heckel yield pressure and elastic recovery decreased with increasing SLS percentage,
a decrease of tensile strength with increasing SLS content in the compositions was noted,
attributed to the adsorption of surfactant at the droplet surface, thus reducing interparticle
bonding and resulting in poor compaction and capping.

7. Multifunctional Co-Spray Dried Excipients
7.1. Direct Compression and Sustained Release

7.1.1. Kollidon® SR

Kollidon® SR is a co-spray dried powder composed of 80% Polyvinyl acetate (MW~
450,000), 19% PVP (K 30), 0.8% SLS and 0.6% w/w silica. It is composed of roundish
particles with an average diameter between 80 and 100 µm and good flowability (angle of
repose < 30◦) [126]. The glass transition temperature is low (around 40–45 ◦C) and thus
deforms mainly plastically [127,128]. Several studies have demonstrated its suitability
as a matrix former for sustaining drug release by direct compression tableting [128–132],
and the release is independent of the compression force [131,133]. Kollidon® SR and its
mixtures with theophylline monohydrate exhibited higher compactability than MCC and
corresponding mixtures [134].

7.1.2. Investigational Products

Lactose–sodium alginate co-processed excipient was produced by spray drying an
aqueous solution of α-lactose monohydrate and sodium alginate (SA) at SA contents up
to 30%. The spray-dried composite particles had excellent micrometric properties as a
filler for direct tableting and good compactability. The matrix-tablets prepared from the
composite particles showed slower drug release than the physical mixture of lactose and
SA particles at the same lactose/SA ratio. The release was more retarded in acidic (pH 1.2)
than in neutral solution (pH 6.8) due to the pH-dependent swelling of SA [8,135].
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7.2. Direct Compression and Oral Disintegration

7.2.1. F-MELT®

F-MELT is a co-spray dried product based on the carbohydrates xylitol and manni-
tol, disintegrant (crospovidone and MCC) and inorganic component. It is available in
two grades, named C and M. The former grade contains magnesium aluminometasilicate
(Neusilin®) as the inorganic component, and the latter contains calcium hydrogen phos-
phate anhydrous (Fujicalin®). It has a good mouthfeel sensation and is designed for orally
disintegrating tablets (ODTs) and soft chewable tablets. It provides high drug stability
due to non-hygroscopicity and neutral pH, high flowability due to the dense isodiametric
particles, excellent tablet hardness, low friability and high drug loading. It does not cause
capping or sticking during compression [136,137].

7.2.2. PEARLITOL® Flash

PEARLITOL® Flash is a co-spray dried mixture of mannitol (80–85%) and maize starch
(15–20%). It is composed of isodiametric particles with a 200 µm mean diameter and about
1.8% moisture content. PEARLITOL® Flash disintegrates rapidly, providing a smooth tex-
ture making it suitable for ODT Pharmaceutical and/or Nutraceuticals formulations [138].

7.2.3. Investigational Work

Tanimura et al. [139] investigated co-spray dried composite particles of erythritol and
porous silica (Sylysia® 350) to prepare ODT tablets by direct compaction. They found
that co-processing with porous silica enhanced the compression of erythritol. Mixing
composite particles (10%) with crospovidone (10%), untreated erythritol, model drug (5%)
and magnesium stearate (1%) enabled the preparation of ODT tablets with sufficient tensile
strength and disintegration time by direct compression.

Mishra et al. [140] investigated a co-spray dried mixture of mannitol, aspartame and
superdisintegrants (Ac-Di-Sol®, Kollidon® CL, sodium starch glycolate) as a base for the
formulation of orally disintegrating tablets. Formulas based on spray-dried excipient base
had acceptable hardness and friability, with lower disintegration time than equivalents
based on physical mixture. Kollidon® CL resulted in the lowest disintegration time.

8. Conclusions

Spray drying is a fundamental technique for the realization of tableting by direct
compression. It can inflict changes in the solid-state, micromeritic, packing, deformation
and/or interparticle bonding of pharmaceutical materials. In most cases, such alterations
result in an overall enhancement of compression behavior of active and inactive ingredients.
Furthermore, co-spray drying of drug with excipient(s) or of two or more excipients allows
tailoring of properties and can result in multifunctional products that differ in characteris-
tics from simple physical mixtures. Such physical co-processing does not normally change
the chemical composition and, therefore, is not expected to change chemical reactivity
and compatibility. Besides, co-spray drying of a drug with different excipients allows for
the reduction of manufacturing steps through production of a ready-to-compress (RTC)
mixture or a near-final product.
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