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The dehydration of biopharmaceutical products through drying provides numerous benefits,
including ease of handling and storage, reduction in transportation costs, and improved stability.
Typically, the drying of biotherapeutics is accomplished through freeze-drying, however, the removal
of water by lyophilization possesses several drawbacks, including lengthy drying times, low energy
efficiency, and the high cost of purchasing and maintaining the equipment. Furthermore, freeze-
drying is a batch process which may be challenging to adapt and implement with the recent push
for continuous manufacturing. These limitations have led to the search for next-generation drying
technologies that can be applied to the manufacture of biotherapeutic products. Several alternative
drying methods to freeze-drying have been developed and implemented in industries outside of
pharmaceuticals, such as food and agriculture, and some are at an advanced state. With the aim
of applying lessons learned from technologies in various industries, herein, we review several
processing technologies with particular emphasis on the advantages and disadvantages of each in
comparison to lyophilization and their potential to be adapted and utilized for drying biotherapeutic
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compounds.
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1. Introduction

Biopharmaceuticals or biologics, distinct from small
molecule pharmaceuticals, include a wide variety of ther-
apeutic products derived from living organisms or pro-
duced using biotechnology, e.g., recombinant proteins,
vaccines, blood components, cellular therapies, and gene
therapies. Following the advent of recombinant DNA
technology in the 1970s, the pharmaceutical industry
observed a shift in pipeline development from predomi-
nantly chemically synthesized drugs towards biologics.
The FDA approved the first protein-based biologic
(recombinant insulin, Humulin) in 1982 and the first
monoclonal antibody (-OKT-3) in 1986 (later with-
drawn). Thereafter, there has been continual growth in
the number of biopharmaceuticals on the market. The
US and EU have seen a combined average of more than
10 new approvals every year since the mid-1990s [1],

which is in stark contrast to the total number of approv-
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als prior to 1990, which was 9.

As the number of biopharmaceutical approvals and
those in development continues to grow, the complexity
has also increased. In the late 90’s, recombinant proteins
and monoclonal antibodies (mAbs) were at the frontline
of innovation, offering many challenges associated with
stabilizing their highly labile structures. Currently, the
industry is faced with manufacturing antibody drug con-
jugates (ADCs), multi-valent polysaccharide-conjugate
vaccines, and gene therapies, to name a few. The chal-
lenges associated with manufacturing these compounds
are considerably greater, with the formulation scientist
and process engineer having to extrapolate his/her basic
knowledge of stabilization approaches for proteins to
these novel modalities.

Removal of water through drying provides numerous
benefits in addition to improved stability, including ease
of handling/storage and reduction in transportation
costs. These factors are critical in products for which: 1)
bulk drug substance (DS) is not converted into drug
product (DP) immediately and/or 2) formulation/fill-fin-

ish activities and DS manufacture take place at different
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sites. Currently, these challenges are being met by freez-
ing the bulk DS, however this necessitates implementing
a robust system (i.e., facility, equipment, validation, etc.)
for maintaining the integrity and stability of the DS at low
temperature during storage and transport.

All drying techniques share a common objective (i.e.,
removal of water), however conceptually they are differ-
ent and may require modifications based on the proper-
ties of the compound. The need to preserve high product
quality of labile biomolecules and maintain aseptic pro-
cessing has limited the number of process technology
employed in the biopharmaceutical industry.
Lyophilization is the most widely acceptable technique
for improving the stability of biopharmaceutical com-
pounds and several commercially approved products are
available [2]. As such, lyophilization represents the gold
standard to which alternative drying methods must be

compared.

2. Next Generation Drying Technologies

The choice of drying method depends on several fac-
tors including the physical properties of the product,
application of the product, container closure system, type
of energy source available, and scalability requirements.
The temperature at which the product is dried is one of
the key parameters influencing the quality of the dried
product. Typically, higher temperatures will have a nega-
tive impact on product quality while decreasing the dry-
ing time. Lower drying temperatures, on the other hand,
maintain product quality, but require a lengthy drying
process. Thus, optimization of the drying temperature
and processing time is the most common challenge
encountered in developing an efficient drying process.
Depending on the energy source and the configuration of
the drying system, the parameters to be optimized will
differ, as will be described below for select processing
techniques. Energy consumption, quality, process yield
(recovery), and shelf-life of the dried product are critical
parameters assessed during the evaluation of a novel
drying technology. The different techniques introduce
varying stresses, which may compromise stability [3]. In
addition, lessons learned and advances in drying technol-
ogies from more mature industries, such as food science,
may be adapted to address the unique challenges

encountered by the biopharmaceutical industry.

2.1 Spray Drying

Several spray dried food powders are commercially
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available in the market today, including powdered milk,
whey, and egg products. The spray drying process is
conceptually simple; a solution is fed through an atom-
izer to create a spray, which is exposed to a heated gas
stream to promote rapid evaporation. When sufficient lig-
uid mass has evaporated, the remaining solid material in
the droplet forms particles which are then separated
from the gas stream using a filter or a cyclone. Particle
formation time is a function of the initial liquid droplet
size, the composition of the droplet, and evaporation rate.
The rate of particle formation is a key parameter that dic-
tates the required residence time and hence the scale of
equipment and processing parameters required to pro-
duce the desired particle size at the target production
rate. The concept has been implemented over a range of
equipment scales from bench units to large multistory
commercial drying towers. Exubera® (Nektar/Pfizer)
was the first inhaled therapeutic to be successfully manu-
factured by spray drying [4].

In addition to its ability to control powder properties,
the key advantages of spray drying compared to conven-
tional freeze-drying include: (1) shorter process cycle
time (i.e., more batches per unit time), (2) scalability
(i.e., large batch size per unit, requiring fewer produc-
tion units), and (3) the ability to process at atmospheric
pressure.

Figure 1 shows the drastic difference in the structure
and shape of freeze-dried and spray dried mango pow-
ders [5]. The spray dried preparations possessed a
spherical shape and smooth surface whereas the freeze-
dried preparations possessed a skeletal-like structure
and were highly porous. The color of the spray dried
mango powder was lighter compared to freeze-dried
powder, which was due to an additional excipient (malto-
dextrin) used in the spray dried formulation. Both pow-
ders exhibited amorphous properties (i.e. no crystalline
peak in the X-ray diffraction pattern) with no significant
difference in the T,. The drying residence time of a few
seconds for the spray dried process was significantly
shorter than the drying time of the freeze-dried product
(>30 hours).

Similar to lyophilization, protein denaturation has been
reported during spray drying due to desiccation- and
surface-associated stresses, often necessitating the use
of excipients for stabilization. Even though the drying
gas temperature may exceed 100°C in a typical spray dry-
ing condition, thermal denaturation of proteins is com-
monly not observed, mainly because the temperature of

the droplet barely exceeds the wet bulb temperature of
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Fig. 1 Scanning electron micrographs (SEM) of freeze-dried (left) and spray dried (right) mango powders

(magnification of 100x). Figure from Caparino [5].

water (~407C). Additionally, the protein denaturation
temperature is a function of water content, increasing
sharply with decreasing water content. Although one
must keep in consideration the risk of prolonged particle
exposure to drying gas in the collector vessel, dry pro-
teins are relatively stable, demonstrating denaturation
temperatures typically exceeding 100°C [6].

Feasibility to spray dry sucrose-based mAb formula-
tion was assessed using lab-scale MS-35 (SPX Flow Inc.,
Elkridge, MD, USA) and bench-top B290 (Biichi, New
Castle, DE, USA) spray drying units. Sucrose was main-
tained at 50 mg/mL and protein concentration was varied
between 12.5 to 83 mg/mL for two mAbs, mAb 1 and
mAb 2. Process parameters were initially optimized
using a placebo formulation and then adjusted through-
out the production runs to maintain the desired target
outlet temperature. For both mAbs, recovery decreased
with increasing sucrose-to-mAb ratio (Ry,), which may
be explained by the decrease in protein surface accumu-
lation and Ty; in the case of mAb 1, recovery decreased
from 90% to 53% upon increasing R, from 0.6 to 4. For
reference, the recovery from the bench-top B290
(Biichi) was 62% at 0.6 R, with much lower throughput
(i.e., ~5x lower). Recovery in the absence of a surfactant
was greater than that in its presence for both mAbs. In
terms of storage stability, no change in % monomer was
observed by size-exclusion chromatography (SEC) irre-
spective of Ry, for mAb 1, mAb 2 formulated at 0.6 Ry,
did not demonstrate any change in % monomer upon

storage at 2-8°C for 12 mo. At higher Ry, values, how-

ever, ~20% decrease in % monomer was observed.

Bowen et al. [7] evaluated the feasibility of spray dry-
ing several mAbs in a trehalose-based formulation using
similar dryers. In the initial study, >95% recovery was
reported for mAbs processed using MS-35. Similar to
the observations for the sucrose-based formulations pro-
vided above, much lower recovery (~50%) was achieved
using the various bench-top spray drying units. The
authors attributed the enhanced recovery for the MS-35
unit to longer residence time (i.e., longer drying time)
and greater compatibility with respect to the material of
construction (stainless steel vs. glass). In regards to the
impact of formulation composition, decrease in recovery
was reported as the trehalose-to-mAb ratio (Ry,) was
increased, similarly to the trend observed for the
sucrose-based formulations. Comparable change in %
monomer was reported for mAb powders immediately
following spray drying to those obtained following
freeze-drying. Difference was observed upon storage at
40°C; the spray dried mAbs demonstrated lower decrease
in % monomer compared to the freeze-dried mAbs,
although the residual water content was higher for the
former. This is a good counter example to the currently-
accepted mantra of drier product leads to improved sta-
bility. The observation was more substantial at R, of 2
than at 0.5. Work by Greiff [8] also suggests the exis-
tence of optimal residual water content for influenza
virus (1 - 2 %), for which the lowest water content (0.4 %)
resulted in the worst stability.

In the follow—up study, Gikanga et al. [9] evaluated the
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feasibility to manufacture the spray dried mAb using a
pilot-scale unit (MS-150, SPX Flow Inc.), which is
approximately 4 times larger than MS-35. With a
throughput of ~50 mL/min, the powder yield was similar
to that previously reported (>95%). Increased aggrega-
tion (<1% HMWS) was reported following spray drying.
Upon storing the powdered mAb at 25°C and 40C for 6
months and 3 months, respectively, differing stability
behavior was reported for the two mAbs, mAb A and
mAb B, in comparison to that in their liquid form; liquid
formulation of mAb A aggregated faster than the powder
counterpart, while the reverse trend was observed for
mAb B, providing further evidence that proteins possess
different sensitivity to drying stress. Interestingly, when
liquid formulations reconstituted from the spray dried
powders were compared to the liquid formulations prior
to spray drying, their tendency to aggregate/fragment
was reported to be similar. It should be noted that all
powders were completely dissolved within 3 min at 25
mg/mL protein target. Dani ef al. [10] also used spray
drying to prepare a high-dose human IgG formulation
intended for subcutaneous injection. Analyses demon-
strated maintenance of the mAb’s secondary structure
post-processing, and the dry powder mAb was success-
fully reconstituted at 200 mg/mL without loss of protein
monomer content. The powders were reported to recon-
stitute within a few minutes although the authors noted
the solutions to be more turbid than the respective liquid
formulations prior to spray drying, which may suggest
the presence of insoluble protein aggregates.
Furthermore, the activity of mAb formulations post-
spray drying was reported to be comparable to those
prior to spray drying using an iz vitro potency assay.
While the examples provided above have been limited
to proteins, spray drying has been utilized to success-
fully prepare a number of dry vaccines, including mea-
sles vaccine [11] and tuberculosis vaccine [12]. Spray
drying represents the most mature alternative drying
technology to lyophilization. The process provides an
opportunity to engineer particle size and shape, which
can enable delivery methods that are infeasible using
other drying techniques. Spray drying can also be
accomplished more quickly than lyophilization in most
cases. It allows for the processing of material under
atmospheric pressure, offering energy savings. Spray
drying does come with some unique caveats. Aseptic pro-
cessing for spray drying is more challenging than it is for
lyophilization. Additionally, a secondary drying method

may be required if very low residual water content is

© 2018 Japan Society for Food Engineering

desired in the final product, which may reduce the time
and energy savings for spray drying as compared to
lyophilization. Furthermore, there may be difficulties
associated with handling hygroscopic and/or electrostat-
ically charged powders. The fact that material recovery
is <100% is also an issue when considering its implemen-
tation for high-cost therapeutics. Still, proper process
design can overcome many of these limitations, high-
lighting the great potential of spray drying as an alterna-
tive to lyophilization that may enable continuous manu-

facturing.

2.2 Spray Freeze-Drying

Spray freeze-drying (SFD) is a drying process that
involves elements of spray drying and freeze-drying.
SFD technology has been applied to a range of food prod-
ucts such as whey protein, maltodextrin, coffee, and milk
powder [13]. However, applications may be limited to
valuable food and pharmaceutical products due to the
high fixed and operating costs of the freeze-drying pro-
cess. The process steps involved in SFD include atomiza-
tion, rapid freezing, primary drying, and secondary dry-
ing. As in spray drying, atomization involves spraying of
the liquid drug product. Instead of atomizing into a
heated gaseous medium, the liquid feed is atomized
directly into a cryogenic medium, in which rapid freezing
of droplets takes place to form ice particles. The sus-
pended frozen droplets are collected by sieves, or are
collected following evaporation of cryogen. The frozen
particles are then transferred to pre-chilled shelves of a
lyophilizer for subsequent drying. The principle of dry-
ing by ice sublimation for this phase is identical to pri-
mary drying in a conventional freeze-drying process.
One advantage of SFD is that sublimation and secondary
drying of the frozen particles are more rapid than those
encountered in conventional freeze-drying due to the
increased surface area of the frozen starting material. To
date, SFD has been utilized to produce several vaccines
[14, 15], solid dispersions [16], and nanoparticles [17].
One particular area in which SFD has demonstrated
superiority over spray drying and freeze-drying is in the
preparation of dry Alum-containing vaccines [18].

In addition to the usual stresses experienced during
freezing and drying, SFD presents additional stresses
including those resulting from: 1) the shear forces expe-
rienced during atomization and 2) the exposure to the
air-water interface, at which potential adsorption, unfold-
ing, and aggregation of proteins may occur [19]. The

inclusion of surfactants and lyoprotectants has been
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reported to reduce the impact of processing-induced
stresses on the stability of several therapeutic SFD pro-
teins similar to conventional freeze-drying. Webb et al.
[20] evaluated the level of excess recombinant human
interferon-gamma (rhIFN- y) on the surface of SFD par-
ticles using X-ray photoelectron spectroscopy and found
the level to decrease 10-fold from 34% to 3.4% upon the
inclusion of surfactant (0.12 % Polysorbate 20).

As the use of SFD results in the formation of powders
possessing high specific surface area, the technology has
also been utilized to promote rapid wetting and faster dis-
solution of poorly water soluble drugs [21]. Spray
freeze-dried skim milk powders were reported to be
highly porous and wetted three times faster in compari-
son to their spray dried counterparts [22]. Several mAb
formulations were processed using the spray freeze-
dryer at Meridion Technologies (Miillheim, Germany).
mAb formulation containing sucrose at 5:2 weight ratio
(mAb-to-sucrose) resulted in a free-flowing pellet that
was easy to aliquot and re-suspend; very short reconsti-
tution time was achieved (<7 min) even at the target con-
centration of >200 mg/mL. The impact of annealing on
the reconstitution behavior was also investigated by
Webb et al. [23]; while the annealed lyophilized cakes
exhibited slower dissolution compared to the un-
annealed cakes (1.3 to 17.7-fold slower, depending on
formulation composition), the annealed SFD samples
exhibited an increase in dissolution rate compared to the
corresponding un-annealed material (1.7 to 4.9-fold
higher, depending on formulation composition). For the
latter, the authors proposed the annealing-induced
decrease in the internal surface area of the porous parti-
cles to lead to an increase in their density, thus accelerat-
ing powder submersion and dissolution.

Overall, SFD offers several advantages over lyophiliza-
tion including faster drying times, lower energy con-
sumption during drying, and flexibility during scaling.
Difficulties inherent to spray-based processes, as
described above for spray drying, will need to be over-

come.

2.3 Foam Drying

Foam drying is a desiccation process, whereby the
solution is converted to a dried foam structure in a single
step [24]. The overall method involves boiling, or foam-
ing, of the solution under reduced vapor pressure fol-
lowed by rapid evaporation, leaving a solidified foam
structure. The product appearance is analogous to that

for a formulation that has undergone extensive gross/

macro—collapse during freeze-drying [3]. The tempera-
ture is carefully controlled to avoid freezing due to evap-
orative cooling. Excellent vacuum control is crucial for
foam drying. In addition to the processing variables, the
formulation composition has been reported to affect the
foaming efficiency and the subsequent storage stability
of the biotherapeutics.

Benefits of foam drying include: 1) the ability to oper-
ate at near-ambient temperature, 2) the removal of water
at a moderate rate, as the process is completed within
hours to days, and 3) the avoidance of ice formation,
which has been reported to lead to protein aggregation.
Additionally, foam dried materials typically possess lower
specific surface areas in comparison to lyophilized mate-
rials, which may lead to stability enhancement.

Three recent examples demonstrate the utility of the
foam drying method on vaccines that currently require
lyophilization to obtain adequate shelf-life. Foam dried
Ty21a vaccine was reported to demonstrate stability for
longer than 4 and 42 weeks at 37 and 25°C, respectively
[25], while Vivotif™ (freeze-dried, commercial vaccine)
demonstrated stability for 12h and 2 weeks at 37°C and
25C, respectively [26]. Foam dried Francisella tularensis
was reported to demonstrate less than 1 log, decrease in
titer following 12 weeks of storage at 25°C [27] and no
loss in activity for at least 12 weeks at 2-8°C. In compari-
son, lyophilized E tularensis LVS demonstrated >3 logi
decrease in titer following 12 week of storage under
ambient condition [24]. For live attenuated influenza vac-
cine (LAIV), several stabilization approaches have been
attempted, including freeze-drying, spray drying, and
foam drying [28]. Storage stability of live attenuated
Type-A HIN1 and B-strain influenza vaccines was
assessed at 4, 25, and 37°C using a TCIDs5, potency assay.
Foam dried preparations demonstrated significant
improvement in stability compared to those processed by
spray drying or freeze-drying (Table 1), while exhibiting
low process loss and full retention of immunogenicity.

Abdul-Fattah et al. [29] evaluated the stability of a
genetically engineered bivalent live attenuated virus vac-
cine (Medi 534). The loss of viral potency of Medi 534
following various drying processes and subsequent stor-
age stability at 25°C for up to 20 weeks and 37°C for 1 to 2
weeks was reported (Table 2). Freeze-drying Medi 534
resulted in an initial loss in activity of 1.4 log;y TCIDso/
mL, whereas spray drying and foam drying resulted in
an initial loss of 0.8 logjo. The increased process loss
from freeze-drying was associated with greater suscepti-

bility of the vaccine to the ice-water interface (during
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Table 1 Comparison of storage stability of HIN1 LAIV processed using freeze-drying, spray

drying, and foam drying. Table adapted from Lovalenti et al. [28].

Rate of titer loss”
Process Process loss® . -
4C 37C

Freeze-drying 0.5+0.2 0.028+0.006 0.66+0.12

Spray drying 0.3+0.2 0.014+0.003 0.72+0.09

Foam drying 0.4+0.4 0.006+0.002 0.055+0.011
*log TCIDso/mL
* log TCIDso/mL/wk

Table 2 Recovery of vaccine after drying and rate of loss of viral potency for storage stability at
25 and 37°C for dried formulations of Medi 534. Table adapted from Abdul-Fattah et al. [29].

Rate of loss of potency (k)"

Process Process loss® 5 -
25C 37C
Freeze-drying 1.4 1.09+0.08 2.65+0.30°
Spray drying 0.8 1.04+0.06 2.76+0.19
Foam drying 0.8 0.73£0.05 2.31£0.19
: log TCIDs0/mL

> log TCID.GU/mL/WkO'5

¢ k value was determined from only two time points: initial and 1 week. Beyond 1 week, viral potency
in freeze dried preparations dropped below detection limits of the assay.

freezing) compared to the air-water interface encoun-
tered during foam drying and spray drying. Foam dried
Medi 534 was reported to have a rate of loss of potency
of 0.73 log1o TCIDs,/mL/week®® at 25°C, whereas spray
dried and freeze-dried exhibited rates >1 log;y, TCID5/
mL/week®®. The improved storage stability of foam dried
preparations was associated with decreased specific sur-
face area and vaccine surface exposure.

Additional mechanistic understanding of the stabiliza-
tion effects employed by foam drying has been reported
by Abdul-Fattah et al. [30]. Foam dried IgG1 mAb prepa-
ration with varying levels of sucrose resulted in
increased storage stability in comparison to freeze-dried
and spray dried preparations. The increased storage sta-
bility of the foam dried 1:4 mAb:sucrose formulation was
attributed to the significant reduction in specific surface
area and total protein surface accumulation. In addition,
the foam dried material resulted in the lowest molecular
mobility (from global motions and fast dynamics). A
reduction in high frequency, local mobility, i.e. S-relax-
ations, had previously been reported to play a key role in
protein stability [31]. The increased stability in the 1:4
mAb:sucrose formulation was observed even though it
possessed the greatest perturbation in secondary struc-
ture. This work highlights the correlation between the
stabilization effects of foam drying to surface area and

molecular mobility. It is noteworthy that in protein-rich
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formulations (4:1 and 2:1 mAb:sucrose), freeze-drying
resulted in the poorest storage stability.

Foam drying does introduce its own unique set of
stresses not encountered in lyophilization, namely the
surface tension stress associated with cavitation. In addi-
tion, the rate of water desorption is expected to be slower
for foam dried material compared to a similar formula-
tion processed by freeze-drying. Thus, a longer second-
ary drying process may be required to reduce the resid-
ual water content to similar levels as that achieved by
freeze-drying, which may potentially negate the energy
and time savings associated with foam drying. While
decreased secondary drying times can be achieved by
increasing the drying temperature, the compound being
processed should be kept in mind; for example, cell and
virus viability has been reported to be reduced by
greater than 90% with the utilization of high temperature
secondary drying conditions [32]. Previous examples
[29, 32] highlight that increased drying kinetics and
reduced residual water content are not always preferred
from a product stability standpoint. Foam drying cycle
optimization requires an understanding of the effect of
drying kinetics and residual water content, as well as dis-
tribution, on product stability.

Although much research has been conducted recently
on understanding the nature of foaming materials, addi-

tional challenges will need to be overcome before foam
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drying becomes a robust and scalable drug product pro-
cess. Even when operating at near-ambient temperatures
(15-25C), evaporative cooling can lead to freezing of the
solution and thus product damage. The potential for boil
over could also negatively impact container closure, lead-
ing to sterility concerns. Additionally, the appearance of
foam dried materials is inherently more heterogeneous
than that of lyophilized cakes, which may make product
characterization and quality control difficult, let alone
acceptance by patients and health care professionals.
Despite these challenges, its utilization for processing
and storage of drug substance intermediate may be a
possibility if scalability can be demonstrated.

2.4 Microwave-Assisted Drying

Microwaves are commonplace in everyday use for
heating food, however their application at the industrial
scale may be unfamiliar to most. Microwave drying is
based on the absorption of microwave radiation by water
molecules leading to vaporization [33]. One of the main
advantages of microwave-assisted drying is the reduc-
tion of drying time. This is in part attributed to its unique
supply of energy. In microwave drying, heat is supplied
volumetrically by high frequency polarization of dipole
molecules, in comparison to infrared and convective dry-
ing for which energy is supplied to the surface of mate-
rial. Other notable advantages include efficient energy
conversion, improved and more rapid process control,
and uniform heating (assuming a uniform distribution of
the microwave field) [34]. In recent years, microwave
drying has been combined with vacuum- and freeze-dry-
ing to obtain food and pharmaceutical products of accept-
able quality [35, 36].

Microwave-assisted vacuum drying (MVD) combines
the rapid heating, high efficiency, and control of micro-
wave drying with improved efficiency from the lowering
of the boiling point of water under vacuum [37]. Figure 2
illustrates the residual water content (%, wet basis)-ver-
sus-time curves of edamame dried by freeze-drying
(FD), hot air drying (AD), MVD, and combined air and
MVD [38]. The drying time of FD was much longer
(greater than 17 hr) than the drying time of MVD. There
was not a significant change in the color of MVD samples
compared to fresh edamame samples. Compared to fresh
samples, a volume change of 82, 71, 68, and 49% was
observed after FD, MVD, AD+MVD, and AD, respec-
tively. The rehydration ratio, which is often related to
product quality, was the best for FD samples (2.29) fol-
lowed by MVD (2.14), AD+MVD (2.09), and AD (1.94). A
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Fig. 2 Drying curves of edamame that has been processed by
freeze-drying (FD), air drying (AD), microwave vacuum
drying (MVD), and combined air and microwave vacuum
drying (AD + MVD). Figure adapted from Qing-guo et al.
[38].

reduction in the vitamin C and chlorophyll content of the
MVD edamame preparations was observed compared to
FD preparations. These data demonstrate that drying
method can have a significant impact on structure and
product quality. Other work has reported that drying
under a pulsed microwave vacuum is suitable for the dry-
ing of temperature-sensitive products, such as enzymes
and proteins [39-41].

Microwave-assisted freeze-drying (MFD) utilizes
microwaves as the heat source to enable sublimation in
the freeze-drying process [42]. Compared to conven-
tional freeze-drying, MFD has a much greater drying
efficiency and reduced energy consumption. The freeze—
drying process time of cabbage has been reduced by half
utilizing MFD while maintaining similar product quality
[43]. Durance et al. [44] reported the feasibility to dry a
10% lysozyme solution to 2-5% residual water content
with a dehydration time of 27 minutes using MFD. There
was no change in the lysozyme enzymatic activity before
and after dehydration.

For heat-sensitive products, such as labile biopharma-
ceuticals, the exposure to microwave radiation may need
to be limited. While microwave-assisted drying technolo-
gies can provide substantial benefit to reducing drying
times, their ability to stabilize biopharmaceuticals with-
out microwave-induced product damage will need to be
demonstrated. In addition, significant changes in drying
kinetics, as well as potential alterations in the distribu-

tion of water, may impact product quality and stability.
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3. Conclusion

Traditional methods of commercial drying are limited
either by their high production costs or significant qual-
ity loss due to their exposure to various process-related
stresses. Although freeze-drying remains the gold stan-
dard for the drying technology used in the pharmaceuti-
cal industry, novel technologies are continuously being
evaluated. Some of the notable techniques that have been
examined include spray drying, spray freeze-drying,
foam drying, and microwave-assisted drying. In addi-
tion, there are a great number of drying technologies
that are available, if not already in use, in the food, agri-
culture, and textile industries. In addition to microwaves,
other alternative energy sources have been utilized, such
as infrared radiation [45] and acoustic waves [46]. As the
sensitivity of pharmaceuticals is unique to the given com-
pound, the selected drying technique may not be univer-
sally applicable. By understanding the drying mecha-
nisms and the unique stresses involved, the drying tech-
niques can be and should be tailored for use (e.g., hybrid
drying). Furthermore, for comparing various technolo-
gies, it is important to keep in consideration the final
water content and the material used; if the % H,O values
and material properties differ significantly, comparison
becomes difficult. For implementation, technical evalua-
tion should include the scalability of the process, energy
efficiency, as well as the capability to implement the tech-
nique in a GMP environment. Furthermore, financial
evaluation, including net present value (NPV), needs to
be conducted to fully vet the benefit of implementing the
novel technology. There are several unexplored areas for
further research, which if addressed appropriately, may
dictate the focus and investment strategy for the next-
generation drying technology suitable for the pharma-

ceutical industry.
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NOMENCLATURE
DP : Drug product
DS : Drug substance
Ty : Glass transition temperature, C
HMWS : High molecular weight species
TCID5, :50% tissue culture infectious dose
IgG : Immunoglobulin G
mAb : Monoclonal antibody
ADC : Antibody drug conjugate
Rem : Sucrose-to-mAb ratio
Rim : Trehalose-to—mAb ratio
SEC : Size-exclusion chromatography
SFD : Spray freeze-drying

rhIFN-y : Recombinant human interferon-gamma

Ty2la : Salmonella typhi Ty2la

LAIV : Live attenuated influenza vaccine
MVD : Microwave-assisted vacuum drying
FD : Freeze-drying

AD : Hot air drying

MFD : Microwave-assisted freeze-drying
GMP : Good manufacturing practice

NPV : Net present value

References

1) G. Walsh; Biopharmaceutical benchmarks 2014. Nat.
Biotechnol., 32, 992-1000 (2014).

2) H. R. Costantino; Lyophilization of biopharmaceuticals; H. R.
Costantino, M. J. Pikal ed., AAPS Press, 2004, pp. 139-228.

3) R. H. Walters, B. Bhatnagar, S. Tchessalov, K. -1. Izutsu, K.
Tsumoto, S. Ohtake; Next generation drying technologies
for pharmaceutical applications. J. Pharm. Sci., 103, 2673~
2695 (2014).

4) S. White, D. B. Bennett, S. Cheu, P. W. Conley, D. B. Guzek,
S. Gray, J. Howard, R. Malcolmson, J. M. Parker, P. Roberts,
N. Sadrzadeh, J. D. Schumacher, S. Seshadri, G. W.
Sluggett, C. L. Stevenson, N. J. Harper. EXUBERA: phmar-
maceutical development of a novel product for pulmonary
delivery of insulin. Diabetes. Technol. The., 7, 896-906
(2005).

5) O. A. Caparino, J. Tang, C. I. Nindo, S. S. Sablani, J. R.
Powers, J. K. Fellman; Effect of drying methods on the
physical properties and microstructures of mango powder.
J. Food Eng., 111, 135-148 (2012).

6) M. J. Hageman; The role of moisture in protein stability.
Drug Dev. Ind. Pharm., 14, 2047-2070 (1988).

7) M. Bowen, R. Turok, Y. -F. Maa; Spray drying of monoclonal

antibodies: Investigating powder-based biologic drug sub-



Drying of Biopharmaceuticals 23

stance bulk storage. Dry. Technol., 31, 1441-1450 (2013).

8) D. Greiff; Protein structure and freeze-drying: the effects
of residual moisture and gases. Cryobiology, 8, 145-152
(1971).

9) B. Gikanga, R. Turok, A. Hui, M. Bowen, O. B. Stauch, Y.
-F. Maa; Manufacturing of high-concentration monoclonal
antibody formulations via spray drying - the road to manu-
facturing scale. PDA J. Pharm. Sci. Tech., 69, 59-73 (2015).

10) B. Dani, R. Platz, S. T. Tzannis; High concentration formula-
tion feasibility of human immunoglobulin G for subcutane-
ous administration. J. Pharm. Sci., 96, 1504-1517 (2007).

11) S. Ohtake, R. A. Martin, L. Yee, D. Chen, D. D. Kristensen,
D. Lechuga-Ballesteros, V. Truong-Le; Heat-stable mea-
sles vaccine produced by spray drying. Vaccine, 28, 1275~
1284 (2010).

12) T. H. Jin, E. Tsao, J. Goudsmit, V. Dheenadhayalan, J. Sadoff;
Stabilizing formulations for inhalable powders of an adeno-
virus 35-vectored tuberculosis (TB) vaccine (AERAS-402).
Vaccine, 28, 4369-4375 (2010).

13) S. Padma Ishwaryaa, C. Anandharamakrishnana, A. G. F.
Stapley; Spray-freeze-drying: A novel process for the dry-
ing of foods and bioproducts. Trends Food Sci. Technol.,
41, 161-181 (2015).

14) S. H. Wang, S. M. Kirwan, S. N. Abraham, H. F. Staats, A. J.
Hickey; Stable dry powder formulation for nasal delivery of
anthrax vaccine. J. Pharm. Sci., 101, 31-47 (2012).

15) S. A. Audouy, G. van der Schaaf, W. L. Hinrichs, H. W.
Frijlink, J. Wilschut, A. Huckriede; Development of a dried
influenza whole inactivated virus vaccine for pulmonary
immunization. Vaccine, 29, 4345-4352 (2011).

16) H. H. Tong, Z. Du, G. N. Wang, H. M. Chan, Q. Chang, L. C.
Lai, A. H. Chow, Y. Zheng; Spray freeze drying with polyvi-
nylpyrrolidone and sodium caprate for improved dissolution
and oral bioavailability of oleanolic acid, a BCS Class IV
compound. Int. J. Pharm., 404, 148-158 (2011).

17) W. S. Cheow, M. L. Ng, K. Kho, K. Hadinoto; Spray-
freeze-drying production of thermally sensitive polymeric
nanoparticle aggregates for inhaled drug delivery: Effect
of freeze-drying adjuvants. Int. J. Pharm., 404, 289-300
(2011).

18) Y. -F. Maa, L. Zhao, L. G. Payne, D. Chen; Stabilization
of alum-adjuvanted vaccine dry powder formulations:
Mechanism and application. J. Pharm. Sci., 92, 319-332
(2003).

19) Y. -F. Maa, P. A. Nguyen, T. Sweeney, S. J. Shire, C. C. Hsu;
Protein inhalation powders: Spray drying vs spray freeze
drying. Pharm. Res., 16, 249-254 (1999).

20) S. D. Webb, S. L. Golledge, J. L. Cleland, J. F. Carpenter, T.

W. Randolph; Surface adsorption of recombinant human

interferon-gamma in lyophilized and spray-lyophilized for-
mulations. J. Pharm. Sci., 91, 1474-1487 (2002).

21) T. L. Rogers, A. C. Nelsen, M. Sarkari, T. J. Young, K. P.
Johnston, R. O. Williams; 3rd. Enhanced aqueous dissolu-
tion of a poorly water soluble drug by novel particle engi-
neering technology: Spray-freezing into liquid with atmo-
spheric freeze-drying. Pharm. Res., 20(3), 485-493 (2003).

22) T. L. Rogers, W. D. Wu, J. Saunders, X. D. Chen;
Characteristics of milk powders produced by spray freeze
drying. Dry. Technol., 26, 404-412 (2008).

23) S. D. Webb, J. L. Cleland, J. F. Carpenter, T. W. Randolph;
Effects of annealing lyophilized and spray-lyophilized
formulations of recombinant human interferon-gamma. J.
Pharm. Sci., 92, 715-729 (2003).

24) S. Ohtake, R. A. Martin, A. Saxena, B. Pham, G. Chiueh,
M. Osorio, D. Kopecko, D. Xu, D. Lechuga-Ballesteros,
V. Truong-Le. Room temperature stabilization of oral, live
attenuated Salmonella enterica serovar Typhi-vectored vac-
cines. Vaccine, 29, 2761-2771 (2011a).

25) S. J. Cryz, Jr., O. Pasteris, S. J. Varallyay, E. Furer; Factors
influencing the stability of live oral attenuated bacterial vac-
cines. Dev. Biol. Stand., 87, 277-281 (1996).

26) S. Ohtake, R. A. Martin, A. Saxena, D. Lechuga-Ballesteros,
A. E. Santiago, E. M. Barry, V. Truong-Le; Formulation and
stabilization of Francisella tularensis live vaccine strain. J.
Pharm. Sci., 100, 3076-3087 (2011b).

27) J. B. Day, H. Nguyen, S. K. Sharma, S. F. Al-Khaldi, Y.
Y. Hao; Effect of dehydrated storage on the survival of
Francisella tularensis in infacnt formula. Food Microbiol.,
26, 932-935 (2009).

28) P. M. Lovalenti, J. Anderl, L. Yee, V. Nguyen, B. Ghavami, S.
Ohtake, A. Saxena, T. Voss, V. Truong-Le; Stabilization of
live attenuated influenza vaccines by freeze drying, spray
drying, and foam drying. Pharm. Res., 33(5), 1144-1160
(2016).

29) A. M. Abdul-Fattah, V. Truong-Le, L. Yee, E. Pan, Y. Ao, D.
S. Kalonia, M. J. Pikal, Drying-induced variations in physi-
co—-chemical properties of amorphous pharmaceuticals and
their impact on Stability II: Stability of a vaccine. Pharm.
Res., 24, 715-727 (2007).

30) A. M. Abdul-Fattah, V. Truong-Le, L. Yee, L. Nguyen, D.
S. Kalonia, M. T. Cicerone, M. J. Pikal; Drying-Induced
Variations in Physico-Chemical Properties of Amorphous
Pharmaceuticals and Their Impact on Stability (I): Stability
of a Monoclonal Antibody. J. Pharm. Sci., 96, 1983-2008
(2006).

31) M. T. Cicerone, C. L. A. Soles; Fast Dynamics and
Stabilization of Proteins: Binary Glasses of Trehalose and

Glycerol. Biophys. J., 86, 3836-3845 (2004).

© 2018 Japan Society for Food Engineering



24 Alex LANGFORD, Bakul BHATNAGAR, Robert WALTERS, Serguei TCHESSALOV, Satoshi OHTAKE

32) R. Vehring, Y. Ao; Preservation of bioactive materials by
freeze dried foam. US20100297231 (2010).

33) H. Li, H. S. Ramaswamy; Food drying science and tech-
nology, Y. H. Hui, C. Clary, M. M. Farid, O. O. Fasina, A.
Noomhorm, J. Welti-Chanes ed., DEStech Publications,
Inc., 2008, pp. 127-155.

34) M. Zhang, H. Jiang, R. X. Lim; Recent developments in
microwave-assisted drying of vegetables, fruits, and aquat-
ic products-Drying kinetics and quality considerations.
Dry. Technol., 28, 1307-1316 (2010).

35) G. Farrel, W. A. M. McMinn, T. R. A. Magee; Microwave-
vacuum drying Kinetics of pharmaceutical powders. Dry.
Technol, 23, 2131-2146 (2005).

36) A. E. Drouzas, H. Schubert; Microwave application in vacu-
um drying of fruits. J. Food Eng., 28, 203-209 (1996).

37) Q. Cui, S. Y. Xu, D. W. Sun; Dehydration of garlic slices
by combined microwave-vacuum and air drying. Dry.
Technol., 21, 1173-1184 (2003).

38) H. Qing-guo, M. Zhang, A. S. Mujumdar, D. Wei-hua, S. Jin-
cai; Effects of Different Drying Methods on the Quality
Changes of Granular Edamame. Dry. Technol., 24, 1025~
1032 (2006).

39) S. Gunasekaran; Pulsed microwave-vacuum of food materi-

© 2018 Japan Society for Food Engineering

als. Dry. Technol., 17, 395-412 (1999).

40) S. S. Sablani; Drying of fruits and vegetables: Retention of
nutritional/functional quality. Dry. Technol., 24, 123-135
(2006).

41) de Jesus, S.S.; Filho, R.M.; Optimizing drying conditions for
microwave vacuum drying of enzymes. Dry. Technol., 29,
1828-1835 (2011).

42) D. A. Copson, Microwave sublimation of foods. Food
Technol. -Chicago, 12, 270-272 (1958).

43) X. Duan, M. Zhang, A. S. Mujumdar; Studies on the micro-
wave freeze drying technique and sterilization characteris-
tics of cabbage. Dry. Technol., 25, 1725-1731 (2007).

44) T. D. Durance, J. Fu, P. Yaghmaee, R. L. Pike, Apparatus and
method for dehydrating biological materials with freezing
and microwaving. W02010028488 (2010).

45) T. Baysal, F. Icier, S. Ersus, H. Yildiz; Effects of microwave
and infrared drying on the quality of carrot and garlic. Eur.
Food Res. Technol., 218, 68-73 (2003).

46) J. A. Gallego-Juarez, G. Rodriguez-Corral, J. C. Galvez-
Moraleda, T. S. Yang; A new high-intensity ultrasonic tech-
nology for food dehydration. Dry. Technol., 17, 597-608
(1999).



[ AAAM RG], Vol. 19, No. 1, p. 25, March. 2018

OO X EH OOO

JNA B © TS b X OHEIE & 5 DR

Alex LANGFORD!, Bakul BHATNAGAR?, Robert WALTERS?,
Serguei TCHESSALOV?, Satoshi OHTAKE" "

Pharmaceutical Research & Development, BioTherapeutics Pharmaceutical Sciences, Pfizer Inc.,
700 Chesterfield Phwy West, AA3A, Chesterfield, MO 63017, USA
 Pharmaceutical Research & Development, BioTherapeutics Pharmaceutical Sciences, Pfizer Inc.,
1 Burtt Road, Andover, MA 01810, USA

FLAEDNA X ERERIIKGELLEAR, TOR
2 80%w/w EHADEDE DL B, T DDz
Tux2EMWKOBREEZE, BHEOHYFEEY
THEFTHL, M¥ET 2 O, RAEREMLEOR
bknl, BeAeoRgfsd 3. NI, N4 FR
I OAEPE TR TOWRIZ, 1FE A ENFIETZEET

THNTOBH, ZOHFBEITTAEFET 2 b &, 215R
ARG, TILE—FEMENEREDREALDH 5.

INA F IR OB & LT, BUE & SRR A

(ZfF2018 -2 J1 7 1, 82018 42 J1 28 H)
T Fax: +1-860-686-7768, E-mail: Satoshi.Ohtake@Pfizer.com

BIMEOE WYL TH 5 2%, BRI & D %
VT 57200, REE & 2H LWl o g &
FEMi A TS, Zh 6 ORI B BN
(AR 252 DD, TFILF —RPLWHS LY
1252 BWENRL D720, TORMIZAbYE @R
CRELAREE R B, ZOBBITIE, FAOB LW
HEWE O Bl & R & WASHZ A L iR L TE S L
IS OE & /3 A A RIE S O HZIE IG5 AT HEME
ZEmC 7.

© 2018 Japan Society for Food Engineering



