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ABSTRACT

Spray-drying is an inherently continuous and well-established industrial drying process. It
can accelerate manufacturing of biopharmaceuticals and vaccine products, resulting in both
an economic and health benefit. In this review, we cover a systematic assessment and dis-
cuss the spray-drying of diverse protein pharmaceuticals and excipients included therein,
solvent systems applicable to these formulations, equipment used and, respective process
parameters. Further, key quality aspects of spray-dried protein solids are discussed. Based
on the overall trends, we present a concise perspective into the future of protein pharma-
ceuticals spray-drying.

Abbreviations: ALR: Air-to-liquid ratio; API: Active pharmaceutical ingredient; BCG: Bacillus
Calmette-Guérin; bFGF: Fibroblast growth factor; BSA: Bovine serum albumin; CFD:
Computational fluid dynamics; COPD: Chronic obstructive pulmonary disease; COVID-19:
Coronavirus disease 2019; CQA: Critical quality attribute; DoE: Design of experiments; DP:
Degree of polymerization; DPPC: Dipalmitoyl phosphatidylcholine; DPT: Diphtheria, pertussis
and tetanus; Fc: Fragment crystallizable; HBS: HEPES buffered saline; HBV: Hepatitis B virus;
HiB: Haemophilus influenzae serotype b; HPC: Hydroxypropyl cellulose; HPMC:
Hydroxypropyl methylcellulose; HPMCAS: Hydroxypropyl methylcellulose-acetate succinate;
HPV: Human papilloma virus; HPSCD: (2-Hydroxypropyl)-f-cyclodextrin; IgG: Immunoglobulin
G; IM: Intramuscular; mAb: Monoclonal antibody; MDG: Mono-dispersed droplet generator;
PAT: Process analytical technologies; PBS: Phosphate-buffered saline; PEG: Polyethylene gly-
col; PEO: Poly(ethylene oxide); PLGA: Poly(lactic-co-glycolic acid); PSD: Particle size distribu-
tion; PVA: Polyvinyl alcohol; PVP: Polyvinylpyrrolidone; PVP-VA: Poly(vinylpyrrolidone-co-vinyl
acetate); QbD: Quality by design; RH: Relative humidity; RhDNase | = Recombinant human
DNase |; DNase |: Deoxyribonuclease I; RSM: Response surface methodology; SDS: Sodium
dodecyl sulfate; SWOT: Strengths, weaknesses, opportunities and threats; U.S. FDA: United
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1. Introduction

Protein pharmaceuticals are, normally, formulated as
aqueous dosage forms. However, liquid dosage forms
are often unstable, presenting limited shelf life that fre-
quently requires storage and transport under refriger-
ated conditions. To overcome these limitations, protein
pharmaceuticals can be formulated as a dry powder.
Ideally, when in the powder form, the biomolecule, will
remain stable and retain its activity for the intended
periods (3 years or more) under ambient storage condi-
tions. Traditionally, freeze-drying is the process of
choice, when drying protein pharmaceuticals. In freeze-

drying, the liquid formulation is first frozen and then
the ice is removed by sublimation and desorption.™" As
of 2014, there are over 400 approved freeze-dried
products by the United States Food and Drug
Administration (U.S. FDA). The estimated annual
growth of freeze-dried products for 2018 was 13.5%.!*!
Many approved freeze-dried products are protein for-
mulations (i.e. vaccines, antibodies, enzymes, peptide
hormones, etc.) that emerged rapidly over the last
years.”! Likewise, the expansion of alternative drying
processes able to sustainably support the rapid develop-
ment of biopharmaceutical technologies, are a central
need of this industry in years to come.
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Table 1. Commercially approved protein pharmaceuticals produced via spray-drying.

Active
pharmaceutical
ingredient

Product Approval

Exubera® (Pfizer) Insulin January 2006

Trelstar® LA (Verity October 20107

Pharmaceuticals)

Triptorelin pamoate

Somatuline® Lanreotide acetate November 2013°
LA (Ipsen)

Raplixa® (The Fibrin sealant (human) April 2015°
Medicines
Company)

Excipients Formulation Route of administration
Mannitol, glycine and Ready to use powder Inhalation
sodium citrate
PLGA, mannitol, Microsphere IM injection
carboxymethyl- suspension (powder
cellulose, for reconstitution)
polysorbate 80
PLGA, mannitol, Microsphere IM injection
carmellose sodium, suspension (powder
polysorbate 80 for reconstitution)
Trehalose, calcium Ready to use powder Topic

chloride, albumin,
sodium chloride,
sodium citrate, L-
arginine
hydrochloride

By United States Food and Drug Administration.

BProduct specific waiver granted by the European Medicines Agency for the powder formulation (not approved in the U.S).

*Withdrawn from market subsequently.

While freeze-drying presents numerous advantages,
there are some inherent challenges. Namely, the difficulty
to control the particle/cake properties and microstructures,
inter-vial variability, challenge to process large quantities of
material, enormous power, time, and resource consump-
tion are some of the major hurdles. These have led many to
the quest of finding alternative drying technologies, spray-
drying being one of them.'*) Unlike spray-drying, other
exploratory drying technologies reported for the processing
of protein therapeutics, tend to be costly, time consuming,
and not mature enough for industrial implementation.
Moreover, one of the main advantages of spray-drying, and
a critical driver in generating the interest of the industry in
this technique, is the possibility for “continuous proc-
essing.”* This provides a promising and rapid solution in
terms of large volume manufacturing in particular cases
like the recent crisis caused by the coronavirus disease 2019
(COVID-19).

In the last 15years, spray-drying has, in fact, been
successfully applied in the production of a few protein
pharmaceuticals (Table 1). In 2006, the inhaled insulin
powder, Exubera® (Pfizer), became the first commer-
cial spray-dried protein hormone (later withdrawn
from the market). Spray-dried alternatives of
Poly(lactic-co-glycolic acid) (PLGA) microspheres for
depot liquid crystal formulation of triptorelin pamoate
and lanreotide acetate were approved in 2010 and
2013, respectively. More recently, in 2015, Raplixa®
(ProFibrix BV) became the first approved protein
drug manufactured via aseptic spray-drying. Beyond
these, other protein pharmaceuticals produced via
spray-drying in a wide array of dosage forms are,
presently under clinical development.”!

In general, drying of protein pharmaceuticals can
pose a risk to their chemical and physical stability.'®

Thus, it is of utmost importance to understand how
spray-drying’s formulation and process parameters
(and their interactions) impact the quality of protein
pharmaceuticals. To that end, this review will exten-
sively discuss the learnings achieved over the last
30years of research conducted in the field of solid
protein drug formulations produced by one-step
spray-drying process. The following subtopics will be
covered: classes of protein pharmaceuticals and exci-
pients used in spray-drying; solvent systems applicable
to these types of formulations; spray-dryer equipment
used and process parameters applicable to protein for-
mulations; quality aspects of spray-dried protein phar-
maceuticals. At the end, we concisely discuss the
perspectives on the protein spray-drying based on the
identified trends, and identify some opportunities and
gaps for the future research in the field.

2, Literature search and statistical analysis

The literature research was carried out between
October and November 2020 using Scopus (https://
www.scopus.com/). Research papers on the subject
area  of  “Pharmacology, Toxicology, and
Pharmaceutics” containing the keywords “spray-dry-
ing®™ and “protein®” were searched. Considering
nanotechnology platforms as a formulation strategy
was out of the scope of our review. Any papers with
keywords containing the prefix “nano-” were not con-
sidered. Patents were also not surveyed, because we
considered that, given the enormous number of docu-
ments on the subject, there would be great potential
in gathering a disproportionate amount of heterogen-
ous information, that would possibly pose a challenge
to present a coherent message to our readers.


https://www.scopus.com/
https://www.scopus.com/
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Scopus

research
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No protein
based API

No spray-
drying used
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research

Figure 1. Resume of the strategy for the literature research.

Consequently, the literature search yielded 252 refer-
ences that were manually screened and an additional
158 works were excluded because:

e no protein was used as the active pharmaceutical
ingredient (n=64);

e spray-drying was not used to process the formula-
tions (n=29);

e spray-drying was not used in a single step (e.g.
pre-complexation of the protein products with
inorganic materials, pretreatment of the spray-dry-
ing feed solutions with high-speed homogenization,
extrusion after drying, particle cross-linking after
spray-drying) (n=25);
no pharmaceutical application (n=13);
the reference was not a research paper (n=12);
complex plant extracts were used and a clear dis-
tinguishment between active pharmaceutical ingre-
dient and excipients could not be made (n=>5);

e DNA/RNA based products were used as the active
pharmaceutical ingredient (n=4);

e the protein was used in combination with small
organic drugs (n=3);

e no information about the spray-drying process or
formulation was available (n=2);

e no version in English was available (n=1).

Additionally, two relevant reviews on the topic and
the internet were manually screened™”! and 34 works
not found in the Scopus research were deemed
adequate to be added. Consequently, a total of 128
experimental research papers were considered for the
evaluation of the trends in spray-drying of protein
therapeutics over the last 30 years. A resume of the lit-
erature research strategy is schematically presented in

Figure 1.
Relevant information (e.g. class of protein
pharmaceutical, excipients and equipment used,

atomization principle, etc.) taken from the papers,

Studies used
for research
| n=128 |

I Antibodies

B Bacteriophages

Peptide hormones
[ Signal proteins
I Vaccines

Enzymes
Proenzymes
I Transport proteins

Figure 2. Classes of protein pharmaceuticals found in spray-
drying literature.

was statistically analyzed using MS-Excel 2016
(Microsoft, USA).

3. Classes of protein pharmaceuticals
employed in spray-drying studies

The inclusion of the word “protein®” led to the
appearance of proteins, peptide hormones, and vac-
cines within the search. The vaccines identified had as
targets virus, bacteria or cancer cells and used live
attenuated organisms, non-virulent recombinant ver-
sions of these or their antigen proteins as the active
pharmaceutical ingredient (API). Bacteriophages,
viruses able to infect and kill bacteria, were also con-
sidered. By analyzing 128 works, we categorized the
protein pharmaceuticals found in the spray-drying lit-
erature in eight main functional classes (Figure 2):
(21%), bacteriophages (2%), enzymes
(29%), peptide hormones (16%), proenzymes (1%),

antibodies



4 J. T. PINTO ET AL.

Somatuline
approved

Trelstar . Il Antibodies B Bacteriohages
approved Raplixa Enyzmes Hormones
Eibere] approved Proenzymes Signal proteins
xubera ) :
@) approved| ) I Transport proteins [l Vaccines
10 e 124 i
104 |
0w 87 1%} I
0 QL
3 3 84
k7 k7
u— 6+ o=
3] o
s e
@ [}
Qo Q |
E a4 £
E] S
z z
24
O_CDvl\oooao~—Nm«-mLJNcacoo~—Nm<ru'>qav‘~c’ocno
VOO NDOOOOOOODOOO0 T F= v v v ==\
REvEvEvEvielololololololojlolololoolololololololo o)
TrE T T T ANANNNNNNNNNNNNNNNNNNNN
Figure 3. Overview of the published studies by year: (a) total number and (b) used ¢

signal proteins (1%), transport proteins (17%), and
vaccines (14%).

Antibody proteins have the ability to bind with a
high specificity and affinity to a variety of mole-
cules.® In the human body, monoclonal antibodies
(mAbs) act as a defence against antigens. Since the
first large scale production of mAbs,® the rapid
technological advancement in the field has resulted in
mAbs dominating the pharmaceutical market and
pipelines, especially in recent years. Commercially
available mAbs are used to treat a wide variety of dis-
eases: from cancer to auto-immune diseases and
respiratory disorders.!"”) While all the commercial for-
mulations of mAbs are produced by freeze-drying,
spray-drying could represent a more cost-effective way
of processing these products and revolutionize their
manufacturing. Thus, there have been a major stride
and intensive research and developmental effort in
employing spray-drying to mAbs.''~*¢!

Bacteriophages can be used alone or in combin-
ation with antibiotics in order to treat bacterial infec-
tions.*”) Recently published literature explored the
potential to spray-dry these viruses for the treatment
of respiratory bacterial infections via the pulmon-
ary route, 384!

Enzymes are catalyst proteins essential for the bio-
chemical reactions in living organisms.!*!! Therapeutic
enzymes are mainly applied as replacement therapies in
genetic disorders, such as Gaucher disease.l*! Other
approved enzymes are applied in blood clotting dis-
eases, cancers, immunodeficiency, etc.*?) The accessi-
bility and the ease of functional analysis'**! of enzymes
made them the most extensively studied group of pro-
tein therapeutics via spray-drying,!21>+2%447°]

A number of endocrine hormones are polypeptides
and are vital for regulating biological processes such
as metabolism, reproduction, ion balance as well as
development and growth.”®! Insulin was the first
therapeutically approved peptide to treat Diabetes
Mellitus I and was/is available as an injectable liquid
formulation.”””) The approval of the spray-dried insu-
lin for inhalation (Exubera® Pfizer) in 2006 made
spray-drying of large biological molecules a palpable
reality. Since then, spray-drying of many other peptide
hormones such as human growth hormone,?*75-54
octreotide acetate,'®” parathyroid hormone!®*%7)
mon calcitonin,®®®! and ceterolix-acetate !
been highly investigated and some
approved (i.e. triptorelin pamoate
tide acetate).

Proenzymes are the inactive precursors of enzymes
and regulate catalytic activity, guaranteeing that this
only takes place whenever necessary.”’! Proenzymes
also have been the object of research with respect to
their activity-stability when spray-dried.®?!

Fibroblast growth factor (bFGF) is a signal protein
approved for the treatment of burns®* and is being
investigated as a potential agent for the treatment of
pulmonary diseases: i.e. spray-drying of bFGF is
reported to generate inhalable particles that could be a
promising alternative for the therapy of asthma and
chronic obstructive pulmonary disease (COPD).!**

Transport proteins carry gases, sugars, amino acids,
lipids, synthetic drugs, etc., through the vascular sys-
tem and tissue. Two well-known families of transport
proteins are globins and serum albumins.!”
Hemoglobin is the transporter of oxygen.”® Our lit-
erature research found that oxyhemoglobin was one

, sal-
have
been

lanreo-

have
and



of the first proteins to be successfully spray-dried
within a pharmaceutical context.””! Also spray-drying
studies of myoglobin are reported, given its ease of
availability and low cost.*”**) Serum albumins are the
most abundant proteins in plasma and they maintain
the osmotic pressure in blood, the acid-base balance
in plasma, and transport various compounds.'”” Due
to its low cost and availability, bovine serum albumin
(BSA) has been extensively used as a model protein
for spray-drying.!24°5-11%]
protein form bovine source, has also been employed
as model.!"*"]

Vaccines are crucial for the health of populations
around the world. Since the advent of the first vaccine
against smallpox, many technological advances have
made the development of BCG (Bacillus Calmette-
Guérin), DPT (diphtheria, pertussis and tetanus),
measles,  poliomyelitis,  hepatitis B (HBV),
Haemophilus influenzae serotype b (HiB), human pap-
illoma virus (HPV), COVID-19, and other vaccines a
reality.[lw] Given the importance of vaccines, it is
necessary to guarantee that they are able to reach pop-
ulations worldwide, alleviating cold-chain burdens.
Thus, vaccines should, ideally, be stable during an
adequate period of time at elevated temperatures (i.e.
25°C or more). To this end, powder forms are prefer-
able to liquid formulations. For this, it is not surpris-
ing that the spray-drying of diverse types of vaccines
has gathered the deep interest of various research
groupsl[71,ll7—l35]

In Figure 3, we present the chronological trends of
the studies in the spray-drying of protein pharmaceut-
icals. We can observe an extensive research of peptide
hormones during 2002-2011, and their numbers
dwindling slightly in recent years. The market intro-

p-lactoglobulin, another

duction of Exubera®, Trelstar® LA and Somatuline®
LA between 2006 and 2013 seemed to be a result of
the excitement in peptide spray-drying during earlier
years. In recent years, from 2013 to 2014, spray-drying
of antibodies and vaccines has gathered more atten-
tion in terms of the published research. This trend
reflects the tremendous rise and clinical success of
antibody therapies witnessed over the past decade.
Moreover, the quest of facile manufacturing processes
to cope with the supply of the antibodies and vaccines
for global pandemics like COVID-19 will potentially
rise the spray-drying research for these therapeutics.
In addition, spray-drying studies on transport proteins
(e.g. BSA) and enzymes (e.g. lysozyme, catalase, etc.)
have been kept steady throughout the years. Certainly,
because these constitute a good choice of model
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Bl Saccharides B Amino acids
Surfactants Salts and buffering agents
Excipient proteins Other

5%
3%

12%

Figure 4. Classes of excipients used in the formulation of pro-
tein pharmaceuticals via spray-drying.

molecules, when trying to limit costs and ease func-
tional analysis.

4, Overview of the excipients used in the
formulation of protein pharmaceuticals via
spray-drying

Functional excipients are pharmacologically inactive
ingredients that play a crucial role in improving deliv-
ery, processability and stability of formulated drugs,
ensuring pharmaceutical performance. Typically,
diverse excipients are included when formulating the
spray-dried proteins (see Table 1). Excipients can aid
in interfacial stabilization during dehydration/drying
steps, improve yield and processability of the spray-
dried powders as well as enhance their dispersity and
reconstitution. Our analysis considered the excipients
used in the formulation of the feed solutions prior to
spray-drying. We categorized our findings of the exci-
pients into six chemical classes (Figure 4): saccharides
(55%), amino acids (15%), surfactants (10%), salts and
buffering agents (5%), excipient proteins (3%), and
other molecules (12%).

4.1. Saccharides

Carbohydrates are the excipients of choice, when for-
mulating protein pharmaceuticals. Various theories
outline the mechanisms, by which saccharides stabilize
protein molecules and have been the subject of review
elsewhere.!"**! However, in resume, the vitrification
hypothesis postulates that amorphous carbohydrates
kinetically stabilize biomolecules above their glass
transition temperature (T,) by arresting their global
molecular mobility (a-relaxation).!'®”)  The water
replacement theory proposes that carbohydrates could
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Figure 5. Sub-categorization of the saccharides used in the formulation of protein pharmaceuticals for spray-drying.

also thermodynamically stabilize proteins by replac-
ing the hydrogen bonds with water present in the
hydrated state and thus, allow the biomolecules to
maintain their native conformation.!"**!  More
recently, it has also been shown that carbohydrates
are able to retard the local molecular motions of
proteins (f-relaxation), thereby providing protein
stability in the sub-T, range.!"**! Alternatively, cer-
tain saccharides are proposed to affect the packing
density and interact with proteins, thus stabiliz-
ing them.!"**!

When analyzing the carbohydrates used in spray-
drying research, we further sub-categorized them
(Figure 5), according to the number of monomer
(glucose) units they have.'*”) Likewise, carbohydrates
with one and two monomers are monosaccharides
and disaccharides, respectively. Saccharides with the
number of monomers between 3 and 9 were sub-cate-
gorized as oligosaccharides and that with more than 9
were considered polysaccharides.

4.1.1. Monosaccharides

Monosaccharides account for 22% of the saccharides
used for formulating spray-dried protein pharmaceuti-
cals. These are all sugar alcohols and an amino sugar,

i.e. glucosamine. Mannitol is the most used

monosaccharide. Sorbitol and myo-inositol seem also
to be periodically employed. The other remaining
monosaccharides (i.e. erythritol, glucosamine, and
xylitol) were found only in one study each,!*®!0%!28]
Even though mannitol is one of the most well-used
sugars in commercialized biologic products,!**") when
used alone to spray-dry certain classes of proteins
(e.g. mADs), its crystallization during processing has
shown the potential to deleteriously affect product
stability,[!11317-24:2831,35,4446.142] (yther evidence shows
that mannitol alone could be useful in stabilizing pep-
tide hormones®>®! in such a way that the monosac-
charide is actually used in the formulations of
Exubera®, Trelstar® LA, and Somatuline® LA. In com-
bination with amorphous sugars, mannitol could also
provide some advantage, as the partially crystalline
powders expected to be formed could, for example,
improve reconstitution of parenteral dosage forms.!***
In turn, sorbitol has shown to be able to stabilize
immunoglobulin G (IgG) and glutamate dehydrogen-
ase in spray-dried powders, demonstrating even stron-
ger stabilization when used in combination with
trehalose or other disaccharides.>>>>>°! Finally, while
the effect of using myo-inositol alone is unknown, its
combined use with other excipients was found to be
useful, when stabilizing vaccine products.[118’120’132’135]



4.1.2. Disaccharides

Disaccharides are the most used carbohydrates when
formulating protein pharmaceuticals for spray-drying
(50%). Among them, trehalose is the most preferred,
followed by sucrose, lactose and melibiose. However,
lactose and melibiose are reducing sugars, so their
free aldehyde groups can undergo the Maillard reac-
tion when in contact with the amino groups of
proteins.'?>*®%! Although, the reducing disaccharides
have been extensively selected to study protein spray-
drying[l7,22,24,44,48,51,80,81,83,84,86,94,111,128,131,144]
and are used in some marketed bio-formulations,
it is crucial to guarantee that no detrimental chemical
interaction takes place, during processing and storage.
Within a spray-drying context, it has been reported
that trehalose could be more successful than other
sugars, when stabilizing proteins.***®) Compared to
sucrose, for example, it has been suggested that tre-

[141]

halose presents superior abilities to form H-bond net-
with  proteins!'*! produce
formulations with a higher T, . Likewise, the use of
trehalose alone or in combination with other exci-
pients is preferred, when developing protein formula-
tions via spray-drying.

works as well as

4.1.3. Oligosaccharides
Oligosaccharides are used less frequently than other
saccharides, when spray-drying protein pharmaceuti-
cals (8%). However, cyclic oligosaccharides like cyclo-
dextrins have shown great potential in stabilizing
proteins. This is potentially due to their cyclic struc-
ture bearing a hydrophobic pocket, which can encap-
sulate the hydrophobic residues of proteins.'*®! The
use of f-cyclodextrin alone and in combination with
other excipients was reported to stabilize IgG,!'*'"
[12] [118

trastuzumab,'? a tuberculosis vaccine,!'*® and lyso-
zyme®* in spray-dried formulations. Stabilization was
also achieved by employing (2-Hydroxypropyl)-
p-cyclodextrin alone or in combination with other
saccharides, when spray-drying IgG,!">' trastuzu-
mab,'?] BSA,10Y ﬂ—galactosidase,[45] and insulin.['*”!
In turn, dimethyl-f-cyclodextrin was able to stabilize
recombinant human growth hormone, when used
alone!®" and a-cyclodextrin helped maintain the activ-
ity of porcine trypsin.** The potential stabilizing
effect of linear oligosaccharides such as stachyose, lac-
tosucrose, melezidose, and raffinose has also been the
subject of investigation, 7148149

seldom used when spray-drying proteins (Figure 5).

! However, these are
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4.1.4. Polysaccharides

Polysaccharides are also commonly used in the formu-
lation of protein pharmaceuticals via spray-drying and
include a wide variety of molecules (20%). High
molecular weight amorphous polysaccharides fre-
quently possess higher T,s than other smaller saccha-
rides. According to
excipients presenting a higher T, could offer an
advantage when stabilizing proteins."*® Additionally,
some polysaccharides also present mucoadhesive and

the vitrification hypothesis,

modifying release properties that could be of interest
when formulating certain types of dosage forms (i.e.
sustained release, orally administered vaccines).
Dextran, inulin, chitosan, alginate and hyaluronan
seem to be preferred in comparison to other polysac-
charides, i.e. carrageenan,'°! chondroitin sulfate,!*"’
ficoll,[ 4] starch,['*”] maltodextrin,*®!
carboxymethylcellulose.

Dextran is composed of a-(1,6)-linked glucan with
side chains attached to the C-3 position of the back-
bone.!"""] The side chains vary in length, originating
dextran molecules with distinct degree of polymeriza-
tion (DP) and, hence different physicochemical prop-
erties (e.g. molecular weight, solubility, flexibility,
etc.). Dextran having various molecular weights, from
1 to 70kDa, have been applied to the formulation of
proteins via spray-drying, with weights between 40
and 70kDa being preferred. Dextran in combination
with mannitol and trehalose have successfully been
applied in the stabilization of recombinant viral vac-
cines!**!and  bacteriophages formulations.!***!
However, dextran with 1kDa and 60-70 kDa were not
so successful, when stabilizing IgG formulations!"!
and a tuberculosis vaccine!"'® via spray-drying. Used
alone, dextran of 20, 40, and 70 kDa have been unsuc-
cessful stabilizing formulations of methionyl human
hormone growthms] and transport proteins.”®! One
report describes the successful use of 10kDa dextran
to stabilize an investigational peptide hormone.!**

However, the presence of a larger percentage of reduc-
[150]

and
[60]

ing groups on smaller molecular weight dextran
should be carefully considered when selecting these
as excipients.

Inulin is a fructan, consisting of $-(2y1)-linked D-
(n=2-60),
o-(1 < 2)-p-glucose end group. Inulin is available
from a DP range of 3 to 80.1">31 Used alone, inulin
has shown to be able to stabilize an influenza vac-
71 lysozyme,!**!
deoxyribonuclease (RhDNase) LI when these were
spray-dried. The non-reducing nature of inulin makes

fructosyl residues usually with an

cine, and recombinant human
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Figure 6. Amino acids used in the formulation of protein
pharmaceuticals for spray-drying.

it an elegant choice of stabilizing excipient for protein
formulations.

Chitosan is a deacetylated derivate of chitin, (a
mucopolysaccharide consisting of 2-acetamido-2-
deoxy-fB-(1y4)-linked D-glucose.'>®  Chitosan has
mucoadhesive and controlled release properties that
could confer a formulation advantage. It has been
shown that chitosan is able to stabilize spray-dried
insulin"*? and BSA.'®) Moreover, the use of chito-
san has enabled the production of inhalable protein
particles with controlled release properties and
improved systemic delivery."*! In combination with
mannitol and gastro-resistant polymers, chitosan has
demonstrated to be able to successfully produce inhal-
able particles of salmon calcitonin®®! and micropar-
ticles of BSA for oral delivery,!'') respectively.

Alginates are natural polysaccharides extracted
from brown algae. Alginates are constituted by linear
chains of a-(1y4)-linked-L-guluronic acid blocks (GG),
p-(1y4)-linked-p-mannuronic acid blocks (MM) and
hetero-polymeric sequences of M and G (MG
blocks).!"**! Alginate is mucoadhesive and due to its
anionic nature in the presence of di-cations can form
hydrogels with modifying release properties. Likewise,
alginate and its sodium salt used alone and in com-
bination with mannitol were able to produce stable
microparticles of insulin."**'*”) When cross-linked
with zinc, inhalable particles of BSA were produced
using alginate."®”) In combination with gastro-resist-
ant polymers, alginate was used as a mucoadhesive
agent to successfully produce an oral vaccine of
Vibrio cholera.l'")

Hyaluronan is a glycosaminoglycan originating
from repeated disaccharides of p-glucuronic acid and

N-acetyl-p-glucosamine linked by a glucuronidic

B-(1y3) bond."*® Like alginate, it also presents
mucoadhesive and modifying release properties.
Hyaluronan and its sodium salt have been successfully
used to produce spray-dried BSA particles with con-
trolled release properties alone!'® and in combin-
ation with other excipients (i.e. alginate and
PLGA).!"*" For subcutaneous delivery, spray-dry-
ing of sodium hyaluronate in combination with leci-
thin was shown to be able to originate particles of
human growth hormone with sustained release
properties.[gzl

4.2. Amino acids

Amino acids are the monomer units of the long poly-
peptide chains that construct proteins.!"*”) More than
300 types of amino acids having distinct chemical
structures and a variety of physicochemical properties
occur in nature. Although amino acids are known to
stabilize liquid and solid forms of protein formula-
tions, the exact mechanism(s) by which they do it has
not been fully elucidated yet. It has been proposed
that amino acids can fill “free volume holes” in
amorphous formulations, improving stability"*"! or in
the case of charged hydrophilic amino acids by the
formation of H-bonds.”®! However, amino acids also
have shown other advantages, such as the improve-
ment of particle aerosolization!'®"! and parental dos-
age reconstitution.!"® In other cases, amino acids can
also act as anti-oxidants, avoiding the degradation of
formulation components.*®. We found 17 amino
acids used during spray-drying of protein pharma-
ceuticals (Figure 6). Leucine, arginine, glycine, and
histidine seem to be the amino acids most fre-
quently used.

Leucine is a hydrophobic neutral amino acid con-
stituted by an aliphatic side chain"*®! and its use is
intimately associated with the production of flowable
protein powders. Thus, the recurring use of leucine
seems to be more associated to its technological
advantages in terms of particle
dispersibility!!®-38-40-94118129.13L135] than o its poten-
tial stabilization effects..'*>'?>**) 1t has been pro-
posed that during spray-drying leucine migrates to the
air-liquid interface accumulating at the particle crust,
rigidifying it and originating crumpled particles that
present better flow.!®!!

Arginine is a hydrophilic amino acid, containing a
positively charged side chain"*®! and has shown both
technological and stabilizing advantages in parental
applications, particularly in high concentration formu-
lations of mAbs. In these types of formulations,
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Figure 7. Surfactants used in the formulation of protein phar-
maceuticals for spray-drying.

arginine has shown viscosity lowering abilities and
expedite powder reconstitution.”*'%?! Its superior sta-
bilizing ability is proposed to be associated to its side
chain ability to form H-bonds with proteins.”*’!
However, in aerosolisable formulations of IgG, argin-
ine was not successful in maintaining long-term sta-
bility."®! Additionally, it has also been shown that
used alone and in combination with other excipients,
arginine was able to stabilize f-galactosidase,!*®! cata-
lase, lysozyme,l”"! 1gG4,1%2! BSAM'2'1] a5 well as an

attenuated  measles!!?! and  influenza
[71]

anti-
gen vaccine.

Histidine is also a hydrophilic amino acid, contain-
ing a positively charged side chain (112), hence it is
normally applied as a buffering agent (to be discussed
later) in liquid formulations of proteins. However, his-
tidine also seems to confer some advantage, when
used in solid formulations and has been successfully
applied as a stabilizer in combination with sug-
ars!'*1832 or other amino acids.”") The use of histi-
alone does not seem to offer sufficient
stabilization of proteins after spray-drying.'**

Glycine is a hydrophilic neutral amino acid consti-
tuted by an aliphatic side chain.""*®! Similarly to histi-
dine, glycine seems to stabilize proteins when used
with sugars"'*7%) or other amino acids,””"! i.e. argin-
ine or histidine, but is less effective when used
alone.”®! Exubera® used a combination of glycine and
mannitol in its formulation.

dine

4.3. Surfactants

Surfactants are amphiphilic molecules constituted by
hydrophobic and hydrophilic groups that confer them
the ability to adsorb at interfaces.!'®* During drying,
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icals for spray-drying.

large molecules, like proteins, have a tendency to irre-
versibly accumulate at air-liquid interfaces. This can
lead to the physical degradation of proteins through
interfacial ~ aggregation  and  denaturation.'*"
Surfactants are known to stabilize protein formula-
tions and are widely applied in both powder and
liquid forms.""**! Two main mechanisms or a combin-
ation of thereof, seem to be responsible for the stabil-
ization of proteins by surfactants. One of the
mechanisms hypothesizes that stabilization takes place
through interfacial competition, where the surfactant
occupancy of the liquid-air interface is more favorable
than that of proteins.!"®! The other mechanism pro-
posed, postulates that stabilization of proteins occurs
due to the formation of complexes through hydropho-
bic binding with surfactant molecules.!"*****) Most
studies on the subject seem to indicate that interfacial
competition is the prevailing mechanism at work dur-
ing spray-drying.****7>7>7?] Thus, the optimal sur-
factant concentration depends on the total area of the
air-liquid interface. As shown in Figure 7, most of the
surfactants used are nonionic, with the exception of
sodium dodecyl sulfate (SDS) and sodium taurochol-
ate. Contrary to ionic surfactants, nonionic ones are
unable to denature proteins, even when used at high
concentrations''**! and thus, preferred.
Pharmaceutical nonionic surfactants are the deriva-
tives of poly(ethylene oxide) (PEO) and are exten-
sively used in formulations of biologics.'*”!
Polysorbate 20 and 80 as well as poloxamer 188 are
the most used surfactants in spray-drying of proteins.
However, the potential auto-oxidation of susceptible
surfactants like polysorbates at high temperatures has
to be considered, as this can jeopardize the long-term
storage stability of protein powders.*®”*! The use of
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Figure 9. Proteins used as excipients in the formulation of
protein pharmaceuticals for spray-drying.

anti-oxidant molecules, like the amino acid cysteine,
could be useful in preventing oxidation and guaran-
teeing longer stability of bio-powders containing poly-
sorbates.*"! Lastly, it is important to note that the use
of surfactants alone is not enough to stabilize protein
formulations, so they are usually used in combination
with other excipients (e.g. carbohydrates, amino acids,
salts, etc.). From a technological perspective, the use
of surfactants during spray-drying has shown to pro-
duce particles with a smoother surface.!**

4.4. Salts and buffering agents

Naturally, salts are used to produce buffered solutions
necessary to stabilize biomolecules. However, here in
this section, we will explore the advantageous effects
that the addition of certain specific salts has on the
physical stability and technological performance of bio-
powders. As observed in Figure 8, some salts and their
respective cations have been applied as excipients when
spray-drying proteins. Zinc is shown to suppress aggre-
gation of growth hormone”®" and BSA!®! when
these are spray-dried. Moreover, zinc was also used to
stabilize spray-dried insulin*”! and in combination
with calcium was found to improve the long-term sta-
bility of a measles vaccine."**! Additionally, zinc has
also been used to form hydrogel particles for the
inhaled delivery of protein therapeutics.'® With
respect to sodium, its phosphate salt has been success-
fully used to inhibit the detrimental crystallization of
mannitol during spray-drying of mAbs.*"! During
spray-drying, sodium chloride is reported to crystallize
recombinant human DNase 1" and act as osmotic
pressure regulator of a bacterial vaccine.''”!
Concerning calcium, this has shown to be able to

Synthetic polymers Lipids & lipophilic molecules Glycerol
75% 20% 5%

o
S
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Figure 10. Sub-categorization of other various excipients used
in the formulation of protein pharmaceuticals for spray-drying.

protect bovine pancreatic DNase I from proteolytic
action during spray—drying.[57] In contrast, magnesium
was unable to improve the stability of a measles vac-
cine."® Ammonium carbonate, a known pore former
agent, has been used to produce aerosolisable particles
of octreotide acetate.® Finally, magnesium stearate
has been applied to the production of microspheres of
an oral vaccine of Actinobacillus pleuropneumoniae,!'**
probably as agglomeration preventing agent.!'”!

4.5. Excipient proteins

Certain proteins can be used as excipient molecules to
stabilize other proteins. Some excipient proteins even
present the ability to modify the release or target spe-
cific biological marks when included in the formula-
tion of other proteins. Figure 9 shows the proteins
identified through our literature research as being
employed as excipients in spray-drying. For instance,
the concomitant investigation of BSA and f-lacto-
globulin has demonstrated that these are able to pro-
tect enzymes from loss of activity during spray-drying,
due to protein-protein interactions that reduce unfold-
ing and aggregation.”””) When spray-drying the BSA
and f-lactoglobulin together, it has also been shown
that the biomolecule with the higher surplus amount
decreases the apparent surface load of the protein pre-
sent in lower concentration.!"'”’ These works demon-
strated that globins could stabilize other large
biomolecules either by competitive surface adsorption
or by the formation of hetero-protein complexes. BSA
has also shown to successfully stabilize oral vaccines
against melanoma.**'**! Human serum albumin in
combination with other excipients has shown to
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Figure 11. Media used to spray-dry protein pharmaceuticals.
improve the stability of a measles vaccine.!'*”
However, its use as an excipient in the spray-drying
of parathyroid hormone, although successful in pro-
tecting the peptide from surface adsorption, has
shown to be detrimental to the hormone bioavailabil-
ity.!*®) Another globin, ovalbumin, has demonstrated
to successfully sustain the release and change the bio-
availability of inhalable protein microspheres.!'**
Gelatin, used in the same study was not so successful
in achieving a similar end. In contrast, sodium casein-
ate, a mixture of four phosphoproteins, has been
shown to be successful in maintaining the activity of
an inhalable formulation of bacteriophages.*”! Lastly,
aleuria aurantia lectin has been applied to oral vac-
cines to target M-cells in the intestine and ensure the
uptake of the formulation.!*”’

4.6. Other excipients

We classified other excipients as a miscellaneous group
of molecules with various ends when added to the for-
mulation of large biomolecules via spray-drying. As in
Figure 10, we sub-categorized the molecules into three
different groups: synthetic polymers (75%), lipids and
lipophilic molecules (20%), and glycerol (5%).

4.6.1. Synthetic polymers

Synthetic polymers such as Eudragit®, ethyl cellulose,
hydroxypropyl methylcellulose (HPMC) and HPMCAS
(hydroxypropyl methylcellulose acetate succinate) are
applied to spray-dry formulations of protein therapeu-
tics as enteric coating agents for oral delivery. The
release of proteins in the stomach will lead to their
degradation due to the low pH in the gastric environ-
ment. Consequently, an enteric coating is applied to
protect the biomolecules until these can be released in
a more amiable environment (i.e. intestine). Thus,
Eudragit® L-30 D-55,"*""%% Eudragit® $100 in com-
bination with HPMC!"'*! and Eudragit® FS 30 with
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HPMCAS" have been used in the formulation of
Vibrio cholera vaccines and BSA to produce particles
that could potentially be used for oral delivery. Ethyl
cellulose and HPMCAS have been used in combination
to investigate the possible production of oral vaccines
for melanoma and Actinobacillus pleuropneumo-
niae."**~1?* Particularly HPMC, that has been studied
in-depth, showed that when used alone, it can migrate
to the surface of spray-dried droplets, coating proteins
in-situ and exerting a beneficial protective effect on
biomolecules."*®!  Moreover, the same study also
showed that HPMC produced irregularly surfaced par-
ticles that could have an advantage in terms of powder
flowability and provide the sustained release of a drug.
PLGA is applied to modify the release of injectable
bio-microparticles (Trelstar® LA and Somatuline®
LA).P>1" Additionally, some research groups have
also tried to apply PLGA as a modifying release agent
for the formulation of inhalable protein particles.'*"
However, the local lung toxicity of degraded acid prod-
ucts of PLGA still remains a major concern to its suc-
cessful pulmonary application. The same study showed
that low viscosity grade hydroxypropyl cellulose (HPC)
was compatible with the lung and produced inhalable
particles of BSA via spray-drying with improved deliv-
ery efficiency. Polyvinyl alcohol (PVA) alone, also
showed, to produce inhalable particles of BSA with
modified release profile."®* In combination with tre-
halose, PVA was able to stabilize and improve the
aerosolization ~ of  lysozyme and  catalase.®
Polyvinylpyrrolidone (PVP) has been used in combin-
ation with other excipients (i.e. saccharides and amino
acids) to successfully formulate tuberculosis (PVP with
a molecular weight of 8kDa) and HPV vaccines.''®'?")
In combination with polyethylene glycol (PEG), PVP
has shown to produce large porous particles that could
be used to deliver proteins to the lung."®*! It has also
been demonstrated, that PEG 4000 in combination
with chitosan and HPSCD is able to produce sustained
release microspheres of BSA.'®!  Another study
showed that poly(vinylpyrrolidone-co-vinyl acetate)
(PVP-VA) was successful in stabilizing lysozyme and
trypsin upon spray—drying.[50]

4.6.2. Lipids and lipophilic molecules

With respect to lipid excipients, dipalmitoyl phosphat-
idylcholine (DPPC), an endogenous phospholipid to
the lung, has been frequently applied to protein for-
mulations, particularly, inhaled ones. In combination
with sugars (i.e. lactose, mannitol, trehalose), DPPC
has been used to produce spray-dried inhalable par-
ticles of bFGF, human growth and parathyroid
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hormones, wherein the lipid showed to induce aggre-
gation of bFGE.”") For human growth and parathy-
roid hormones, DPPC was shown to enrich the
surface of the spray-dried particles, thus stabilizing
them. The lipid acted as barrier to moisture uptake,
thereby preventing the crystallization of the sugar pre-
sent in the formulations of the hormones.***¢ In
combination with Eudragit® E100, DPPC was used to
produce microparticles of albumin that exhibited sus-
tained release profiles."®”) Another lipid, egg lecithin
(Lipoid E80®), was used in combination with hyalur-
onic acid to produce sustained release formulations of
human growth hormone for subcutaneous injec-
tion.®” Triethyl acetate, a lyophilic molecule, was
applied as a plasticizer for the enteric coating of oral

vaccines of Vibrio cholera.'?!!

4.6.3. Glycerol

The polyol, glycerol, is an interesting molecule and its
mechanism of stabilization of large biomolecules, like
proteins, largely unknown. Although glycerol is a plas-
ticizer and thus, able to increase the primary molecu-
lar mobility of protein formulations, it is surprisingly
reported to actually retard the secondary or local
molecular motions.''”®! This way, it has been pro-
posed that the stabilizing effect of the polyol is due to
its anti-plasticization effect on the local molecular
mobility (e.g. f-relaxation) of solid formulations con-
taining biomolecules. In the case of spray-drying, gly-
cerol has been applied in combination with other
excipients in the formulation of measles and BCG

vaccines. 119132

5. Feed media used in the spray-drying of
protein pharmaceuticals

As spray-drying is a process by which a solution/sus-
pension is dried and a powder obtained, prior to the
solution/suspension being processed, the formulations
of proteins will have to be dissolved or dispersed in a
given medium. The characteristics of the feed medium
are very important, and the interplay involving feed
components and their properties as well as process
conditions will determine the powder quality of the
final formulation. In general, spray-drying of proteins
is carried out using water-based solutions (Figure 11).
Bacterial and some viral products are an exception,
where a suspension of the agent in an aqueous growth
medium is normally used.

5.1. Impact of the feed media on the stability of
protein pharmaceuticals

The pH of the media containing biomolecules, e.g.
proteins, is critical for their activity. Evidence shows
that although the conformational stability of proteins
allows for slight fluctuations in pH, their most favor-
able conformation is tightly correlated to their optimal
activity.!'”"! Likewise, one important function of buf-
fers is to regulate shifts in pH and guarantee that the
molecules of interest are maintained in their optimal
conformation. Indeed, it has been observed that in
lyophilized solids, the ionization state of proteins
(microenvironmental pH) is important for its activity
and stability."”?) In the case of spray-drying, it has
been shown that spray-drying of f-lactoglobulin at
acidic pH leads to higher loss in activity than when a
neutral one is used.**’ In contrast, lowering the pH
of feed solution for a measles vaccine from 7 to 6 on,
resulted in an improvement of the formulation
potency after spray-drying.'*?! Given the importance
of guaranteeing an adequate environment for the sta-
bility of protein pharmaceuticals, a notable number of
reported feed media used in the spray-drying of large
biomolecules contain buffering salts (30%).

Phosphate buffers seem to be mostly applied (19%)
as they allow for a wide range of pH (pH = 5.8-8.0)
and are frequently applied in commercial formulations
of biologics.!'”?! Within spray-drying context, phos-
phate-buffered saline (PBS) was able to maintain the
potency of an inactivated influenza virus vaccine, better
than HEPES buffered saline (HBS) at pH = 7.4.1'7]
The authors attributed this to the ability of PBS, but not
HBS, to stabilize pH up to 70 °C. The use of different
salt concentrations of a citrate-phosphate buffer did not
notably impact the activity of f-lactoglobulin when
spray-dried.*! However, when different concentra-
tions of potassium phosphate were used to spray-dry a
measles vaccine, a salt concentration between 25 and
40 mM was found to be better in preventing loss of
potency during processing.[m] Moreover, the same
authors showed that it made no difference if potassium
or sodium phosphate were used. In a mAb formulation,
the use of different concentrations of sodium phosphate
showed that the presence of sodium had an influence
on the solid-phase of the sugar excipient (i.e. mannitol).
Sodium tended to amorphize mannitol and, thereby,
minimize protein aggregation during spray-drying.'*"
The use of amino acid buffers (6%) has also been inves-
tigated pertaining to the spray-drying of mAbs. In a
recent study, it has been shown that the use of histidine
buffer is more beneficial than lactate, when spray-dry-
ing an IgG mAb.**!



Studies on the use of buffering versus non-buffered
solutions, have demonstrated that the former have a
beneficial impact on the stability and retention of
potency of vaccines for hepatitis B and measles.!!®!3?]
Moreover, when spray-drying lysozyme in aqueous
mixtures of ethanol, it was found that the use of PBS
instead of non-buffered water improved the retention
of enzymatic activity after spray-drying.*”) On the
contrary, for the spray-drying of a tuberculosis vac-
cine, the use of non-buffered water or PBS had a
similar effect on the survival of the virus during
spray-drying.'*/'The notable use of non-buffered sol-
utions (27%) also seems to indicate that many biomo-
lecules might be sufficiently stable to withstand spray-
drying without the addition of buffering salts.
However, a systematic study explicitly examining the
buffering effect of the feed solution on the quality of
spray-dried protein powders, is yet missing.

Organic solvents (14%), are generally considered to
have a deleterious effect on biomolecules, such as
rigidification of their conformation, dehydration and
damage to the molecular structure.l'”*!  However,
some works in literature indicate that in spray-drying
the use of organic solvents might not always be critic-
ally detrimental. In most reported cases, the organic
solvents used are water miscible and volatile (high
vapor pressure). In an interesting study, Safy and Lee
evaluated the spray-drying of enzyme formulations
(trypsin and lysozyme) using mannitol and trehalose
from binary mixture of water with sixteen different
organic solvents and found that the degree of stabil-
ization and residual solvent content were strongly
dependent upon the solvent types used.'””) Using
lysozyme, other studies showed that the enzyme could
be, in fact, spray-dried from 20:80 wt.% ethanol:water
and methanol:n-butyl acetate mixtures without any
significant loss in activity.*>”?! In the case of bFGF,
when this was spray-dried from a 70:30 wt.% ethanol:-
water solution, it was observed that aggregation of the
biomolecule led to its destabilization.'®* Indeed, there
is some evidence that the use of lower organic solvent
concentrations in aqueous mixtures or their use alone
is more beneficial than the mixture of these with
water at concentrations >60 wt.%.!'”®!

5.2. Impact of feed medium properties on the
formation of solid particles

The properties of the medium and its solutes will
inevitably impact the drying process and the charac-
teristics of the resulting solid particles, i.e. particle size
distribution (PSD), morphology and surface-to-bulk
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chemistry, phase miscibility, and residual solvent con-
tents. For instance, the geometric diameter of solid
dry particles (dy) formed by spray-drying depends on
the following mass-balance!””:

de = <X ap (1)
Pp

where CF is the feed concentration, p, particle density
and dp, the droplet diameter. In general, for all atomiza-
tion devices, the diameter of the generated droplets will
correlate to liquid properties such as interfacial tension,
viscosity, density, etc. Thus, the latter are crucial to
thoroughly characterize and control in the course of the
droplet size engineering to obtain the desired particle
size distribution (PSD). Another important parameter
to consider is the solvent volatility and thus the evapor-
ation rate of the feed solution. During spray-drying,
evaporation is controlled by the difference between the
temperature of the inlet gas (T;,) and the wet-bulb tem-

perature (T,,;) of the droplet!!””178);

0.68
Ty = 137 ( ) log(Ti,) - 45 (2)

b
373.15

Further, the temperature at the droplet is partially
dependent on the boiling point (T}) of the solvent.
Thus, the decrease in T}, for a fixed Tj, also decreases
the T,,, leading to an increase in the T, — T, and
thereby the evaporation rate.'”®) Generally, the evap-
oration rate (k) relates to the Peclet number (Pe), a
dimensionless parameter describing solute (i) diffusion
[177]

(D) during droplet drying, by following equation'" """

k
Pe; = 8D, (3)

For Peclet numbers < 1, the velocity with which the
solute recesses from the interface is similar to the shrink-
ing rate of the droplet surface leading to the formation
of dense and round particles with a uniform radial con-
centration profile. Moreover, if the solute has a large
solubility in the solvent, precipitation will take place later
and a homogenous droplet, of which the true density is
similar to the raw material, is obtained.""”®'”°! For Peclet
numbers > 1, the solute diffusion does not accompany
surface recession rate, and a shell or skin is originated
leading to the formation of hollow particles.!'’”®'”"! The
surface enrichment E; of each solute during drying is
expressed by a polynomial equation of its Pe; value.

Pe; Pe? pe?

1 +— S R | 4
+5+ (4)

E = L
100 4000

In an effort to regulate evaporation during spray-
drying and manufacture large hollow porous particles
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Figure 12. Nozzles used to spray-dry protein pharmaceuticals.

of disaccharides, ()géin et al.,, for example, have tested
different ratios of solvent mixtures of methanol and
n-butyl acetate. They found that a ratio of methanol
to n-butyl acetate of 80:20vol.% was ideal to produce
inhalable particles of sugar that could potentially
deliver protein therapeutics to the lung.”?! Other
authors reported the use of hydroalcoholic feed solu-
tions to obtain irregular particles of protein formula-
tions. For example, the increase of ethanol in aqueous
medium containing insulin led to the formation of
crumpled particles with lower bulk density and thus,
more aerosolisable.!"®”) Similarly, increasing the etha-
nol content also originated a higher fraction of inhal-
able particles of lysozyme.!®") Considering that protein
molecules are surface active, another important phe-
nomenon to consider is the Marangoni effect.['78)
This convective surface flow occurs once a gradient in
interfacial tension is present. The gradient exerts shear
stresses at the interface, inducing the movement of
the fluid from lower to higher surface tension
areas.!"®") Prolonged action of the Marangoni effect
during particle formation might produce shear-
induced aggregation of sensitive protein molecules,
detrimentally impacting their stability. The addition of
surfactant (excipient with a higher surface activity
than protein) can circumvent this problem by replac-
ing the biomolecule at the droplet surface during dry-
ing and inducing the diffusion of the protein from the
surface to the bulk of the droplet. From a techno-
logical perspective, the addition of surfactant can
avoid the potential formation of a shell and promote
a more homogenous chemical distribution of protein
and excipients within the droplet, originating a
smoother surface,[2*737980:105.148]

6. Processability of protein pharmaceuticals
via spray-drying

With a longer history of use, freeze-drying presents a
plethora of fundamentally important research works

on the mechanism behind cryo-stabilization and lyo-
stabilization of proteins. In comparison, the literature
on pharmaceutical protein spray-drying is only a few
decades old. Every step in the spray-drying process of
proteins needs precise understanding, optimization
and control to prevent the loss of activity in the final
product. The extent to which the different steps con-
tribute to the (in)stability of the protein may signifi-
cantly differ for different process equipment and
processing conditions as well as protein formulation
types and involved excipients. For spray-drying of a
defined formulation of a particular protein, considera-
tions about manufacture can be split into equipment
and process-related factors. In terms of equipment
related factors, the type of spray-dryer itself, the scale,
the nozzle type, and the separator/cyclone design can
affect the final product quality.

6.1. Atomization nozzles

Atomization is a process by which a liquid stream is
broken into droplets that are dispersed into a sur-
rounding gas.!"® In general, disintegration of the
liquid jet can be achieved by its destabilization, which
is intimately dependent on the operating conditions of
the spray-dryer and the nozzle selected. As it can be
observed in Figure 12, twin-fluid nozzles are most
preferred for the atomization used in the spray-drying
of protein pharmaceuticals. Also, other types of noz-
zles have been applied with varying degrees of success,
which are presented in the next section.

6.1.1. Internal mixing twin-fluid nozzles

During gas-liquid atomization (hence, “twin-fluid”)
the mixing of the two phases can occur in various
ways. In internal mixing twin-fluid nozzles, the liquid
and gas phases are mixed in a chamber inside the
device before being discharged.'® By default, most
laboratory scale and some larger scale (e.g. Biichi B-
290, B-190, B-191, ProCept R&D, Anydro MS-35,
Anhydro MS-150, LabPlant SD, etc.) spray-dryers
come equipped with these atomizers. Thus, internal
mixing twin-fluid atomization is the most commonly
used in protein spray-drying. In this type of atomiza-
tion, the liquid is injected directly into a high velocity
gas stream inside the nozzle. Once both phases are
discharged through and meet at the nozzle, the con-
striction leads to the breakage of the jet by the venturi
principle."®*! Using water and air, the size of the gen-
erated droplets is mainly dependent on the air-to-
liquid ratio (ALR) and air pressure,'*>'®*! je. higher
ALR and air pressures form smaller droplets. The



high surface to volume of smaller droplets might be
problematic as larger air-liquid interfaces might lead
to higher aggregation of protein-based products.!*®"
Indeed, this was observed when aqueous solutions of
lysozyme were spray-dried, and the collection of finer
fractions of the powders revealed higher loss of pro-
tein activity.!””) Besides some isolated cases, the dam-
age during atomization from a twin-fluid nozzle is
relatively minimal or at maximum comparable to that
from other steps, such as pumping, evaporation, and
collection.” To ameliorate such issues, especially
when generating fine particles (like in inhaled formu-
lations of 1-5pum), surface active excipients could be
used. In cases where oxidatively susceptible agents are
to be spray-dried, inert drying gases such as nitrogen
and argon could be used. However, so far, no direct
comparison with air was made in terms of their dif-
fering effects at the interfacial level.

6.1.2. High-pressure effervescent twin-fluid nozzle
The high-pressure effervescent twin-fluid nozzle is an
adoption from the diesel industry."® In effervescent
twin-fluid atomization, the gas is also mixed with the
liquid before discharge. However, this nozzle design
leads to the formation of bubbles within the bulk of
the liquid. Likewise, when the feed is discharged the
bubbles will squeeze the liquid, breaking it into fine
droplets.'"®>'%) Here also, the droplet size depends on
the hydrodynamic properties of the feed liquid, gas to
liquid ratio, and gas pressure."®*®! This type of nozzle
generates much smaller droplets (mean droplet diam-
eter < 30 um). For protein pharmaceuticals, the high-
pressure effervescent nozzle has been successfully
applied in combination with a Biichi B-190 to produce
formulations of a mAb**! and a vaccine*®! with
sucrose. Likewise, high-pressure effervescent atomiza-
tion could be of advantage when aiming to produce
powders with a smaller particle size, such as for inhal-
ation. Again, the magnitude of local shear and the
relative sensitivity of the involved protein to the
shear-induced  denaturation  should be pru-
dently assessed.

6.1.3. Tri-fluid nozzle

The design of tri-fluid nozzles allows the concomitant
atomization of two different liquids (instead of one
like in twin-fluid atomization). The two liquids are
fed into the nozzle, mixed with a gas and then atom-
ized."®”) Likewise, it is possible to spray-dry incom-
patible materials and/or more easily promote the in-
situ coating of active material with an excipient.ugﬂ
Evidently, this type of nozzle has been used to
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produce PLGA coated microparticles of therapeutic
proteins such as BSA''"*! and lysozyme.”” As PLGA
is water insoluble, the use of a tri-fluid nozzle where
the organic phase containing PLGA can be separately
spray-dried from the aqueous solution containing the
biomolecule, is of great advantage (preventing any
potential organic solvent-induced protein denatur-
ation). Also, here, the droplet size is impacted by the
gas to liquid ratio. However, for tri-fluid nozzles the
feeding ratio between the two liquids also has to be
considered in order to guarantee adequate engineering
of the particle surface. For example, for the lysozyme
microparticles it was found that, when increasing the
feeding ratio from the outer to the inner solution in
the 4:1 to 10:1 range, the enzymatic surface enrich-
ment diminished.>*!

6.1.4. Rotatory atomization nozzle

Rotatory atomization uses centrifugal energy from the
high-speed rotation (10,000 to 50,000 rpm) of a disk
or wheel to atomize a feed liquid stream.!"®¥ The feed
is supplied to the center of the disk and forced to the
brim where it is rapidly disintegrated into drop-
lets."®?) Although, rotatory nozzles present the most
efficient mode of atomization in spray-drying, its
larger spray cone is best accommodated in large-
diameter drying chambers. Thus, these types of atom-
izers are mostly applied at larger scale (e.g. pilot-to-
manufacturing). The use of rotatory atomizers in nar-
rower towers will produce large wall deposits leading
to significant product losses and thus, are generally
not recommended at smaller scales.'®®'® Rotatory
atomization nozzles have been used at larger scales to
evaluate the drying behavior of alcohol dehydrogenase
encapsulated in trehalose matrices!”™ and to success-
fully produce microspheres of Actinobacillus pleuro-
pneumoniae antigens intended for oral
vaccination.!'*

6.1.5. Low-pressure ultrasonic nozzle

These types of nozzle use a hybrid principle between
ultrasonic and twin-fluid atomization. The liquid is
mixed with a pressurized gas inside a nozzle and its
tip vibrates at a high frequency.!'”” Likewise, the
liquid feed can be atomized into very fine droplets
(e.g. mass mean diameter < 7um) at low pressures
(< 3.5bar).l"*»1%) Besides the physicochemical prop-
erties of the liquid and feed rate, in these devices, the
droplet diameter will be mainly impacted by the amp-
litude and frequency of vibration. Naturally, higher
amplitude and frequencies will generate droplets of a
smaller size.!"””! By using this form of atomization in
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(b)

Figure 13. Overview of the DROPPO® system (a) schematic
design of the die-head and (b) droplet formation on an indi-
vidual jet.

combination with a Biichi B-190, Ohtake et al. have
successfully produced a heat-stable measles vaccine via
spray-drying.!'*?

6.1.6. Ultrasonic nozzle

In ultrasonic nozzles, atomization is achieved by the
use of high-frequency sound waves generated piezo-
electrically."®! The vibrations are transferred and
amplified by a titanium nozzle tip.'®"! Likewise, a
vibration at the nozzle tip aids the liquid atomization.
Compared to twin-fluid nozzles, ultrasonic atomizers
generate larger droplets with a narrower size distribu-
tion. Beside the physiochemical properties of the
liquid, the droplet size will be controlled by the liquid
feed rate as well as the amplitude and frequency of
vibration.["*® In the presence of disaccharides, spray-
drying of catalase with an ultrasonic nozzle, led to
higher loss of enzymatic activity than when a twin-
fluid device was used. The authors hypothesized that
this was probably due to the heating of the ultrasonic
nozzle, that contrary to the twin-fluid one, was not
cooled with ambient atomizing air. Similar observa-
tions were also reported by Ziaee et al., when spray-
drying aqueous solutions of lysozyme.”” Moreover,
in both works it was also observed that, when com-
pared to twin-fluid atomization, the ultrasonic one led
to powders with a higher water content. This could
pose a potential problem regarding long-term stability.
Lastly, ultrasonic atomization could also present a
challenge in terms of scale-up, considering that a
maximum feed rate of 50 ml/min can be employed
when using these devices.'*®!

6.1.7. Vibrating mesh

The vibrating mesh technology is a special adaptation
made by Biichi from nebulizer aerosol delivery in
order to generate nano-sized droplets with their B-90
equipment. In this, a liquid is fed through a mesh that
vibrates due to the high-frequency of a piezoelectric
piece. The fast up and downward movement of the
mesh breaks the liquid jet into millions of precisely
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Figure 14. Equipment used to spray-dry protein pharmaceuti-
cals across scales.

sized droplets that are then injected into the dryer.!*")
The droplet size will depend on the mesh size and the
hydrodynamic properties of the liquid. When compar-
ing the spray-drying of r-lactic dehydrogenase and tre-
halose using twin-fluid and vibrating mesh nozzles,
Grasmeijer et al. observed that the latter device led to
higher enzymatic losses. The authors then showed that
this was mainly due to the heating of the nozzle during
spray-drying. Other parameters, i.e. atomization, re-cir-
culation, evaporation and collection also led to enzym-
atic loss, but to a lower extent.”®! In another study, the
generated heat by the vibrating mesh was associated
with the gelling of mAb solutions.**) When spray-dry-
ing bacteriophages, the vibrating mesh atomization had
distinct effects on the loss of activity of the bioactive
material depending of the type of phage and excipients
being applied.*”! Lastly, scale-up of this type of atom-
ization could also be a challenge considering the lower
feed rates used in the Biichi B-90.°*

6.1.8. Mono-disperse droplet generator

The mono-disperse droplet generator (MDG) technol-
ogy has been adopted from ink-jet printing.!"*?! In
MDG nozzles, the jet break-up is a consequence of
the hydrodynamic instabilities within the liquid being
fed."*! In MDGs, droplets can be generated using
various different forces originating from distinct types
of nozzles, i.e. hydrodynamic, electro-hydrodynamic,
and mechano-hydrodynamic.!***

Among said equipment the DROPPO® generator
from Maag Germany GmbH allows the generation of
uniform spherical particles with a narrow size distribu-
tion by the application of a die-head where the liquid is
subjected to harmonic vibration (Figure 13). The liquid
flow, escaping from the die holes which are arranged in



concentric circles, will break into small droplets. The
size of the droplets will be determined by the diameter
of the die holes and by the pressure applied to the jet in
the distribution chamber. To our knowledge for the
spray-drying of protein pharmaceuticals, only one other
MDG has been tested, so far. In this device, a piezoelec-
tric piece pre-set at a given frequency, induced vibra-
tions into the liquid stream, breaking it into
droplets."®?! As a result of the low-frequency
employed, when a MDG nozzle was used in combin-
ation with a ProCept R&D spray-dryer, large mono-dis-
perse flowable (mean particle size~ 50 um) particles of
lactose and catalase were produced.””’! However, the
authors did not report the enzymatic activity after dry-
ing. Moreover, the yield was also quite low due to the
incomplete drying arising from droplet collision and
coalescence, which was observed to begin around 40 cm
below the nozzle orifice.!*"

6.2. Spray-drying scales

In literature included here, the major works describing
the spray-drying of protein pharmaceuticals (Figure
14) have been carried out using laboratory scale
spray-dryers (94%). Even though, spray-drying at
smaller scales might not entirely mimic larger ones, as
pilot-manufacturing equipment normally presents
higher evaporation capacities and throughput, labora-
tory scale spray-drying can still be highly valuable.
Specifically, laboratory scale spray-drying allows to
investigate the processability of protype formulations
using small quantities of material, this being particu-
larly, useful for high value pharmaceuticals like pro-
teins.'®® Moreover, contrary to larger scale where
stainless steel equipment is normally used, at the
laboratory level borosilicate glass is usually preferred,
allowing the privileged observation of the drying pro-
cess."®8 Thus, during the early stages of research and
development, laboratory scale equipment is normally
preferred. Nonetheless, it is important to understand
if the processes developed at smaller scales are trans-
ferable to larger ones. Obviously, the commercializa-
tion of products such as Exubera® Trelstar® LA,
Somatuline® LA, and Raplixa®, as well as other add-
itional evidence in literature show that dry powder
inhalers, wound therapies, vaccines!?*1#4 and inject-
ables****%] of proteins can be successfully produced
at larger scales. A potential difference between spray-
dryers across scales, due to differences in equipment
and throughput, is the particle size of the obtained
powders. At smaller scales, most often powders pre-
sent a size between 3 and 10pm, at larger ones
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particle sizes between 30 and 200pum are usually
achieved.'®®! At greater production scales, the larger
dimensions of the drying towers allow the droplets to
reside more time inside the dryer, leading to larger
particle sizes and powders with a lower moisture con-
tent.**'®8) This could be the reason why it has been
reported that for mAb formulations, larger scale
spray-drying was more efficient than using benchtop
Biichi equipment.”**! For example, production of for-
mulations with a larger particle size and lower mois-
ture could potentially have led to powders that have
less tendency to stick to the spray-dryer and be able
to be collected more efficiently. In contrast, laboratory
scale spray-dryers like the ProCepT R&D, where a
larger drying tower (allowing larger residence times)
and less turbulent airflow are used, also enable the
generation and drying of larger droplets sizes, better
mimicking larger scales.!'®) Other approaches looking
to better mimic larger scale processing, have also
involved the customization of laboratory Biichi scale
dryers. Using Buichi B-190, Maa et al., were able to
efficiently reduce the drying air flow resistance, by
replacing the bag filter unit for a vacuum system that
allowed to reduce the inlet air temperature to dry pro-
tein products at small scale.!”?) Although, evidence
seems to indicate that Biichi spray-dryers might not
be able to entirely mimic larger scale processes, they
have the advantage of a long tradition of use in
pharmaceutical development (including the knowledge
necessary for their translation to larger scales).”**!
Another important feature to consider across scales
is the particle separation from the gas phase. For this
and across scales, cyclones are usually preferred. The
solid particles are separated using centrifugal forces
created by a fast-rotational motion."®*! All the equip-
ment identified, with the exception of the Biichi B-90,
use cyclones to separate the solid particles from the
gas flow. Given that the Biichi B-90 is designed to
generate particles in the nano-sized range and trad-
itional cyclone separators are unable to collect par-
ticles below 2um, an electrostatic collector is used
instead.!"”!! Although the B-90 is primarily used to
produce nano-sized particles, this has also been
employed to produce microparticles of protein thera-
peutics.****7°) However, its potential complex scale-
up must be considered when selecting it in the early
stages of development. Returning to cyclone based
separation, it has been reported that in lab-scale dry-
ers this is less efficient than at a larger scale.l****
Likewise, in an effort to improve collection at small
scale, a study showed that although the use of differ-
ent cyclone designs in a Biichi B-190 led to an
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increase in production without using higher air inlet
temperatures, it did not improve the overall product
recovery.”?! The same authors have suggested that in
order to collect particles below 2 pm and those in a
larger range, the combined use of electrostatic and
cyclone separation principles could merit a more in-
depth investigation. However, in another study the
use of a smaller dimensioned cyclone design with
Biichi B-290 has shown a higher level of inactivation
of lysozyme (in aqueous solution) when the smaller
separator was used.l””) Hence, it begs the question if
extensive efforts should be employed in improving the
collection of the finer particles produced by laboratory
scale spray-dryers, when it is expected that at larger
scales, greater particle sizes will be obtained. A more
in-depth look on the strategies employed to scale-up
spray-drying processes is outside the scope of this
review and, can be found elsewhere.!3%1%4]

6.3. Process-related parameters

In spray-drying, protein drugs experience a number of
thermal, interfacial, and mechanical stresses at the
various stages of the journey between the bulk liquid
and dried particles. During drying, the temperature of
the atomized feedstock rapidly rises, reaching the
point where the surface of the droplets maintains
100% RH in the system (T,;). The drybulb tempera-
ture (T,p) is reached after evaporation, when the par-
ticle temperature is close to T, .1t Throughout the
reviewed studies, it was observed that the inlet tem-
peratures range from 45 to 225°C. Using Eq. (2) and
assuming a water boiling temperature of 100°C and
that the drying gas used is air, a maximum T,,;, could
be in the range of 25-51°C within the aforemen-
tioned range. Likewise, the highest temperature that
protein formulations will experience during the pro-
cess will be the T,,; and therefore, it is no surprise,
that this has been reported as a critical process par-
ameter.[*>*>19>196] Hence, while residing in the col-
lection chamber, it is important to guarantee that
protein powders do not experience an elevated T,,; as
this might lead to their degradation over time, espe-
cially during longer process times.'*”! When spray-
drying protein formulations, amorphous powders are
normally obtained, thus the relation between the T,
and T,,, must also be considered. It is usually
accepted that the higher the T,-T,,, the lesser the
powder will be sticking, resulting in an improvement
of the recovery. Incomplete drying, leading to an
excess in moisture could also yield powders with T,
values (e.g. below room temperature) that might have

a detrimental effect on the long-term stability of bio-
formulations. Maltesen et al., for example, deemed the
moisture content a critical quality attribute (CQA)
when spray-drying inhalable insulin powders.!**®
Considering that the water content of spray-dried pro-
tein formulations is affected by the residence time of
the gas in the dryer and the T, we further
emphasize the importance of optimizing the T,,;.
However, it must be considered that the T,,, will be
dependent on the liquid feed rate and concentration
as well as the gas airflow rate, relative humidity (RH)
and atomization principle. Concerning the gas airflow,
when this is given, values between 100 and 16001/h
have been found across the scales that we reviewed.
For vaccine materials, for example, besides the gas
inlet temperature (and consequent T,,,), also the gas
flow rate was found to be a critical parameter to con-
serve viral vector activity.!'*” For the spray-drying of
mAbs, the airflow rate was not so critical, but it was
found that besides the atomization principle, the
liquid feed concentration and rate can also impact
particle size distribution, impacting the bulk to surface
solute distribution, affecting powder performance (i.e.
stability, reconstitution).®* This spray-drying process
(parameter) complexity and the sensitive nature of
protein drugs certainly warrants the need of further
rigorous research, including a more in-depth mechan-
istic description of the phenomena critically affecting
the quality of bio-powders.

7. Quality aspects of spray-drying of protein
pharmaceuticals

During spray-drying of protein pharmaceuticals, one
has to guarantee their stability, safety, efficacy, and
purity/variability. The molecular, particulate, bulk, and
surface properties governing the quality, performance
and stability of lyophilized protein formulations and
the various analytical tools applicable to this end are
extensively reviewed elsewhere.!'”! Most of the ana-
lysis and the intrinsic and derived properties discussed
therein are also equally valid for spray-dried protein
products. The physical (change in solid-state, powder
properties, reconstitution and wetting behavior,
reversible aggregation, etc.) and chemical (protein
degradation, irreversible aggregation) stability of pro-
tein formulations are affected by temperature, mois-
ture content, mechanical perturbation, excipients, and
the physical state of the formulation (e.g. amorphous
vs. crystalline).l>?°! Eon-Duval et al. investigated
the quality attributes of protein formulations and clas-
sify them into: (1) product-related impurities and
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Figure 15. Overview of the complex relationship of parameters affe

substances, (2) process-related impurities, product
attributes, and (3) contaminants. Their impact on bio-
logical activity, pharmacokinetics and pharmaco-
dynamics, immunogenicity, and the overall safety/
toxicity was evaluated as well establishing the link
between the quality attributes of a new recombinant
protein product and its clinical efficacy and patient
safety.?°?] Yet another study of Eon-Duval et al. pre-
sented a detailed study on the application of quality
by design (QbD) principles to the drug substance
manufacturing process of a fragment crystallizable
(Fc) fusion protein. Here, the CQA were classified in
four main categories namely, (1) product-related
impurities and substances, (2) process-related impur-
ities, (3) contaminants, and (4) other product attrib-
utes. After defining the quality attributes and process
parameters, their impacts on CQAs were evaluated
using a multivariate design of experiments (DoE) dur-
ing the process characterization phase. A global multi-
step design space was established, defining operational
limits for the entire drug substance manufacturing
process to ensure that the drug substance quality tar-
gets were met, by using predictive statistical models
developed during the characterization and then con-
firmed by performing the entire process, from cell
bank thawing to final drug substance, at its limits dur-
ing the robustness.**! Important studies like the ones
from Eon-Duval et al., are sparsely found and, so far,
it appears that our understanding between quality
attributes and clinical outcomes, especially for formu-
lations of biologics prepared wvia advancing

cting the spray-drying of protein pharmaceuticals.

technologies like spray-drying, is far from being com-
plete. However, some studies in protein spray-drying
literature have taken a much needed first step, in fur-
thering the knowledge on how critical quality attrib-
utes can be identified, monitored, and controlled.

Schaefer and Lee have demonstrated that by
employing empirical models, the activation energy of
critical chemical interactions contributing to enzym-
atic degradation could be predicted.*"**! The authors
studied the inactivation of catalase during spray-dry-
ing over a range of outlet temperatures and repre-
sented them in the Arrhenius equation. From this, a
minimum activation energy for the damage of catalase
was calculated and the onset temperature for the ther-
mally induced degradation of the enzyme deter-
mined.'®" In another study, by using the combination
of a DoE and forced deactivation studies, Ziaee et al.
have demonstrated that some enzymes, like lysozyme,
do not follow the Arrhenius relationship of the tem-
perature dependence. Thus, the authors suggested
that, the combined use of a DoE with kinetic model-
ing, would be a more efficient approach, when deter-
mining the critical formulation and process factors
impacting the quality of spray-dried protein
pharmaceuticals.*”!

On another study, focusing on understanding the
solid-state properties of a spray-dried peptide hor-
mone, insulin, a complex interaction between the pep-
tide structure, excipient and process parameters was
identified using a DoE and multivariate data analysis.
It was shown that the insulin concentration was the
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most important parameter, followed by inlet drying
air temperature and the atomization gas flow rate.
The insulin concentration mainly affected the particle
size, yield and tapped density of the powder, while the
inlet drying air temperature mainly affected the mois-
ture content. No change was observed in physical and
chemical integrity of insulin, however the moisture
content of the powder was found to be the CQA in
relation to the storage stability of the formulation.!"*®!

Employing a DoE, Batens et al. developed several
statistical models describing the influence of process
and formulation parameters on the product character-
istics of a spray-dried mAb formulation. The T;,, con-
centration of the mAb and nozzle diameter were
shown to influence the droplet size and solute diffu-
sion during drying, impacting powder properties.!**!
By applying Plackett-Burman factorial DoE, Ramezani
et al. also investigated the stability and particle prop-
erties of mAb formulations obtained via spray-drying.
The authors showed the critical effect that the atom-
ization airflow and the type and ratio of saccharide
used on the formulation had on powder stability.?”!

Concerning the spray-drying of vaccines, systematic
investigations into formulation and process parame-
ters, showed that the use of excipients able to immo-
bilize viral vectors was critical in preventing their
unfolding, aggregation, and inactivation.'"*") The same
authors subsequently examined the relevance of viral
activity in the optimization of spray-drying process
parameters for the development of thermally stable
vaccine powders. By the use of a DoE with a response
surface methodology (RSM), it was found that, in gen-
eral, good conditions for maintaining viral activity led
to reduced yield and fewer particles of the desired
size.!"*®) Moreover, the results also showed that the
most significant spray-drying parameters were the Tj,
and atomization gas flow rate.

In Figure 15, we present an overview of the factors
affecting the spray-drying of protein pharmaceuticals.
However, we highlight that the relative importance of
each will depend on the CQAs for the intended prod-
uct application, i.e. a formulation for inhalation will
have distinct CQAs than the one for injectables.

8. Perspective and future considerations

With biopharmaceuticals holding prominent shares on
the approved, marketed, and current clinical develop-
ments, there is a tremendous need to intensify and
accelerate manufacturing technologies to expedite the
product development process. The isolation, formula-
tion, and product manufacturing steps of these

pharmacologically advantageous biologics are complex
and challenging, partly due to their inherent sensitiv-
ity to a variety of (in-process) stress factors.***) From
a product perspective, sterile liquid formulations and
freeze-dried powders to be reconstituted for injection
are the common norm for these types of drugs.
Therefore, therapeutic modalities like protein, peptide,
enzymes, antibodies, and various forms of vaccines
require cold storage and supply chain (cold chain) to
preserve their integrity. The solid formulations con-
taining dehydrated proteins stabilized by embedding
them into glassy matrices of sugar/polymer or encap-
sulating lipids are more stable than their liquid coun-
terparts and, thus provide an advantage, when
considering the complex logistics of global distribu-
tion. While protein formulations are often trans-
formed to solid-state by freeze-drying, one of the
limitations is that it takes several days to convert the
solution into a solid powder cake. In situations, where
accelerated manufacturing and supply are needed (e.g.
pandemic like COVID-19), the one-step transform-
ation of liquid formulations to particles through atom-
ization and rapid evaporation in spray-drying can
offer an enormous advantage. Spray-drying, an inher-
ently continuous process, can adapt production cap-
acity to product demand, allowing to dramatically
reduce the lead time, effort and energy consumption
of drug powder production, thereby resulting in both
an economic and health benefit. Also, the process can
be further advanced to be operated and controlled
with minimal manual intervention. Freeze-drying,
does not offer the same possibility, and being a multi-
step batch process with inefficient and uneven heat
and mass transfer, often raises concerns in terms of
vial-to-vial variability and inhomogeneous quality of
the dried products. To this end, the application of
innovative process analytical technologies (PAT) in
spray-drying, i.e. in-line monitoring of droplet size
distribution, moisture content, particle size distribu-
tion, etc. can enable real time quality monitoring of
the intermediate and final products, potentially avoid-
ing large laboratory testing efforts. Also, continuous
recording of process-related data using soft sensors
for RH, temperature, pressure, viscosity, etc. can bring
a great advantage. Besides analytical and hardware
advancements, heat and mass transfer modeling of the
spray-drying process using computational fluid
dynamics (CFD), various drying kinetics and flow
sheet engineering models are state-of-the art and their
use holds a great potential for the further enhance-
ment of the protein spray-drying field. Overall, the
combination of PAT and mechanistic modeling can



add a great incentive to widen the industrial imple-
mentation  of  protein  pharmaceuticals  via
spray-drying.

Although relatively new to the pharmaceutical pro-
tein drying industry and limited in number of prod-
ucts approved, contemporary research suggests that
the use of spray-drying is rapidly progressing. The
main downfall of spray-drying tends to be the high
processing temperatures/shear forces used, which cer-
tainly pose a risk, when processing thermolabile/shear
sensitive biologics. When high drying temperatures
can lead to degradation, the use of non-aqueous vola-
tile solvents in the feed solution could provide an
opportunity to significantly reduce the drying time
and temperature and thus, avoid product degradation.
Also, in the case of oxidation sensitive products, the
use of an inert gas is possible and can avoid any detri-
mental effects caused by the use of air. One of the
recurring concerns regarding spray-dried protein for-
mulations is that the moisture content of the final
product is slightly higher than the one typically
achieved through freeze-drying. Thus, further second-
ary drying via vacuum dehydration might be neces-
sary. The impact of secondary drying to the
formulation microstructure, mechanical relaxation of
the powders and protein integrity and eventual recon-
stitution behavior is important to understand and
deserves a thorough scientific investigation in future.
Given that sufficient scientific bases and a rational
workflow for the rapid design, optimization and pro-
duction of protein drug products are established,
spray-drying opens up the possibility to tighter pro-
cess control (employing PAT) and offers a wider array
of opportunities in terms of particle and powder
engineering.

One of the immense challenges, when applying
spray-drying to the production of sterile protein prod-
uct manufacturing, is establishing and maintaining an
aseptic operation. While limited number of spray-dry-
ing companies and contract manufacturers offer now-
adays the technology and services for aseptic spray-
drying, its wider adoption for diverse parenteral man-
ufacturing is prohibitively expensive. In this context,
the development of a partially sterile spray-drying
process could be a viable alternative. In this, process-
ing would be executed under conditions that could
guarantee low bioburden of the final product. Under
conditions, which are not fully aseptic, yet provide
dosage forms that meet the desired quality criteria,
the aforementioned could provide an overall high
benefit-to-cost ratio, when manufacturing sterile pro-
tein drug products. Downstream processing of spray-
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dried powders intended for reconstitution include:
handling, transport, and metering into vials, followed
by stoppering. Automated powder filling into vials is
based on a wide variety of principles dependent upon
the filling machine types, i.e. dosator nozzle-based,
tamp, pneumatic, vacuum, etc. Design, development
and application of an optimized vial filling process are
critical steps for mitigating the variability of product
quality namely, fill weight variability, agglomeration,
moisture content, re-dispersity, and stability. Dry
powder filling is a complex process and the filling
dose accuracy depends upon the rational selection of
filling principle and process parameters with respect
to the specific powder properties such as bulk density,
flowability, stickiness, electrostatics, etc. Also types of
vials, siliconized versus normal ones, and their surface
properties can impact of powder emptying or wetting
during reconstitution and thus, require a due research.
While pharmaceutical protein spray-drying literature
is emerging rapidly, surprisingly, there is a scarcity of
studies dealing with the automated vial filling of these
products. This could be due to the limited availability
of small-scale filling devices. Thus, the success of
spray-drying in biopharmaceutical industries will need
an integrated mindset where a holistic approach to
both spray-drying and filling is adopted.

The fundamental knowledge concerning the formu-
lation principles behind the development of spray-
dried protein biopharmaceuticals are far behind the
ones available for freeze-dried products. While the
mechanism of cryo-protection and lyo-protection of
protein structure during freeze-drying by some com-
mon sugar and amino acid excipients are recently
unraveled to some extent, similar mechanistic studies
encompassing the spray-drying stress (higher tempera-
ture, increase interfacial area of droplets, and shear
forces) are largely missing. Very recent studies using
(levitated or sessile) single droplets of some food and
pharmaceutical proteins, present encouraging results
on particle morphology formation and drying/diffu-
sion kinetics.?°°2”] Further availability of such data
from a wide range of protein and excipient types will
build the foundation for developing universal mecha-
nisms that can potentially help deriving spray-drying
models that are truly predictive of product quality.
The excipients used during spray-drying need, essen-
tially to stabilize the biopharmaceutical conformations
and be suitable to be utilized during processing (e.g.
T, of excipient > T,,,). At the same time, these exci-
pients should also help fulfill product CQAs, e.g.
proper aerosolization performance, rapid reconstitu-
tion, etc. Most of the reported studies simply chose
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STRENGTHS

= Fastprocesstimes

= Lessenergy consumption

= Mature technology in the
pharmaceutical industry

= Particle engineering possible

= Ease of implementation of PAT

= |nnovation potential in the
processability of pharmaceutical
proteins

= Development of new predictive
modelling approaches

= Translation of knowledge to pharma
from other industries (e.g., food
industry)

Limited knc
and process
stability

= Potential need for secol )

= Higher temperature, increased

interfacial area and shear force
stresses

Figure 16. SWOT analysis associated with the spray-drying of protein pharmaceuticals.

and utilize the freeze-drying excipients in the spray-
drying process and are limited to a few sets of saccha-
rides. With a wide diversity of physical and chemical
properties of protein biopharmaceuticals, one cannot
simply assume that these few excipients provide the
best stabilization of spray-dried products. Therefore,
we stress here the importance of further fundamental
research on the formulation’s aspects impacting pro-
tein spray-drying, rather than basing excipient selec-
tion on assumptions taken from freeze-drying
knowledge. Other than excipients, the extent of in-
process protein aggregation can also impact the final
particle morphology of the spray-dried powders. This
is especially important to consider when proteins are
used as excipients for other biomolecules. Likewise,
there is a greater need for the identification of the fac-
tors influencing the choice of a certain type of pH
modifiers and buffering agents over others for the
spray-drying of a given protein. Not only this will
impact the solute diffusion and drying processes, it
could also change local pH and micro-viscosity during
particle formation. Therefore, temperature dependence
of pH, pKa, and rheological behavior of feeds contain-
ing varying salts, need a more in-depth research. Also,
besides some isolated published cases, the scientific
guidance to organic solvent selection for protein
spray-drying is still currently missing. Like process
models, any predictive modeling, using molecular
dynamics simulation, thermodynamic models applic-
able to formulation design and describing the phase
dynamics relevant to the spray-drying process would
be highly valuable.?*®! Protein therapeutics are in

general expensive, thus very less data is published on
real world samples (that include in-vivo studies of
spray-dried protein products). Therefore, workflows
and standardized protocols aiding the prediction of
processing and formulation performance using none
to less amount of protein would also be immensely
advantageous. Finally, and on the top of a sound sci-
entific basis, one has to consider the long-term
techno-economic impact of selecting a certain excipi-
ent (e.g. the cost of sucrose versus trehalose) and solv-
ent (drying and recovery) for the production of
protein pharmaceuticals via spray-drying.

At the end, we present below a generic analysis
representing the strengths, weaknesses, opportunities
and threats (SWOT) associated with the spray-drying
of protein pharmaceuticals (Figure 16). Overall, the
perspective presented above and SWOT analysis can
also be extended to other emerging pharmaceutical
protein drying technologies associated to spray-drying,
such as electro-spray-drying, spray-freeze-drying, and
supercritical fluid technology.
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Nomenclature

Pg

particle density

CF feed concentration

dp droplet diameter

d, geometric diameter of solid particles
D; diffusion of solute i

E; surface enrichment of solute i
k evaporation rate

Pe; Peclet number of solute i

Ty boiling temperature

Ta drybulb temperature

T, glass transition temperature
T;, inlet gas temperature

Tyt outlet gas temperature

T wet-bulb temperature
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