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High-throughput lyophilization process was designed and developed for protein formulations using a
single-step drying approach at a shelf temperature (Ts) of �40�C. Model proteins were evaluated at
different protein concentrations in amorphous-only and amorphous-crystalline formulations. Single-step
drying resulted in product temperature (Tp) above the collapse temperature (Tc) and a significant
reduction (of at least 40%) in process time compared to the control cycle (wherein Tp < Tc). For the
amorphous-only formulation at a protein concentration of �25 mg/mL, single-step drying resulted in
product shrinkage and partial collapse, whereas a 50 mg/mL concentration showed minor product
shrinkage. The presence of a crystallizing bulking agent improved product appearance at �25 mg/mL
protein concentration for single-step drying. No impact to other product quality attributes was observed
for single-step drying. Vial type, fill height, and scale-up considerations (i.e., choked flow, condenser
capacity, lyophilizer design and geometry) were the important factors identified for successful imple-
mentation of single-step drying. Although single-step drying showed significant reduction in the edge
vial effect, the scale-up considerations need to be addressed critically. Finally, the single-step drying
approach can indeed make the lyophilization process high throughput compared to traditional freeze-
drying process (i.e., 2-step drying).

© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction primary drying: to remove ice via sublimation; and (3) secondary
Since the introduction of recombinant DNA technology, the
number of therapeutic biologics has increased significantly in the
last 2 decades. In addition, recent biologics are developed in more
complex formats, such as fusion proteins, bispecific monoclonal
antibodies, and antibody drug conjugates. For these non-
monoclonal antibody (non-mAb) therapeutics and mAbs with sig-
nificant stability issues, achieving liquid stability is challenging and,
hence, a lyophilized drug product presentation remains a practical
option for parenteral drug products. Typically, the lyophilization
process involves 3 steps: (1) freezing: to convert water into ice; (2)
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drying: where unfrozen water is removed via desorption.1 Lyoph-
ilization unit operation can be time and energy intensive depend-
ing on the process design. To achieve the goal of bringing quality
drug products to patients more quickly, improving process effi-
ciency is now a major emphasis.2 Unit operations such as lyophi-
lization may provide an opportunity to significantly reduce the
manufacturing time and cost by optimization of the process pa-
rameters. In addition, based on therapeutic area and target patient
population, some products may require manufacturing a larger
drug product lot size, which would require a large production-scale
freeze dryer and multiple drug product lots per year to meet the
commercial demand. Reducing the freeze-drying process time
would be prudent to support such needs.

In general, liquid drug product is preferred due to dose
administration convenience, cost effectiveness, and throughput.
However, as mentioned earlier, achieving liquid stability for a
commercial shelf life may be challenging for certain biologics and,
hence, lyophilized drug product is preferred because lyophilization
is an established aseptic manufacturing process within the in-
dustry. Alternatives to freeze-drying have been explored (e.g., spray
drying, spray freeze drying, foam drying, vacuum drying, micro-
glassification, and microwave drying),3-7 which may lower the cost
and increase the throughput for drug product manufacturing.
hts reserved.

Delta:1_given name
Delta:1_surname
mailto:PatelSaj@medimmune.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xphs.2018.11.021&domain=pdf
www.sciencedirect.com/science/journal/00223549
http://www.jpharmsci.org
https://doi.org/10.1016/j.xphs.2018.11.021
https://doi.org/10.1016/j.xphs.2018.11.021


S.K. Pansare, S.M. Patel / Journal of Pharmaceutical Sciences 108 (2019) 1423-14331424
Unfortunately, these processes are not yet fully established for
routine production of clinical and commercial lots of parenteral
drug products. If the length of the lyophilization cycle can be
reduced significantly (e.g., to a 1-day cycle), then the lyophilization
process may also become high throughput and cost effective
compared to these alternate drying techniques.

Optimization of the freeze-drying process is important to
reduce drug product manufacturing time and cost.8,9 Primary
drying is often the longest step of the freeze-drying process, and,
hence, optimization of this step is the focus in industry.10,11 The key
constraint in primary drying optimization is the product temper-
ature (Tp), which typically needs to be maintained below the glass
transition temperature of the maximally freeze-concentrated so-
lution (Tg’) and the collapse temperature (Tc).9,10,12 As reported in
the literature,13,14 performing primary drying with the Tp above the
Tg’ or Tc may result in product collapse or melt back, which may
negatively affect product quality attributes such as reconstitution
time, residual water, and stability. In general, for low concentration
amorphous formulations (<50 mg/mL), the Tc is within 1�C-2�C of
the Tg’, whereas for high concentration amorphous formulations
(�50 mg/mL), a significant difference between Tc and Tg’ is
observed.8,9,12 The difference in Tc and Tg’ for high-concentration
protein formulations (�50 mg/mL) allows primary drying to be
performed significantly above Tg’, but below Tc, without impacting
product quality (including product appearance). The approach of
drying above Tg’ and below Tc has been used to improve process
efficiency for high-concentration protein formulations.9 In addi-
tion, recent studies have reported no significant difference in drug
product stability even for a completely collapsed product compared
to an elegant product.15-17 Independent of the criticality of product
appearance, can the product be dried above Tc and still maintain
acceptable product appearance? To address this important ques-
tion from a process development perspective, the Tc measured by
freeze-dry microscopy (FDM) needs to be lower than the temper-
ature at which collapse is observed in the primary container (vial,
dual chamber syringe, and so forth) during the lyophilization pro-
cess. This difference in the Tc may be due to difference in sample
volume (i.e., a thin film with a few mL of sample under FDM
compared to several mL in a vial) resulting in differences in
nucleation temperature, crystallization of ice and solutes, and
drying rate.18,19 Recent advances in technology have enabled
determination of the Tc in a vial during the lyophilization process
using a single-vial freeze dryer along with optical coherence to-
mography (called optical coherence tomography freeze-dry mi-
croscopy). This technique has indicated that the Tc in a vial can be
significantly higher (at least 3�C higher for a 5% sucrose solution)
compared to FDM.18-20 This difference is significant with regard to
lyophilization process optimization because every 1�C increase in
Tp during primary drying results in about a 13% reduction in the
primary drying time.10

Developing efficient freeze-drying cycle has been a goal within
industry for many years. Empirical and numerical modeling ap-
proaches for optimizing lyophilization process have been reported
extensively in the literature.21-25 Optimization of the freeze-drying
process by varying the shelf temperature (Ts) and chamber pressure
during the primary drying step has also been discussed in the
literature.9,10,25-28 In addition, previous single-step drying
approach (i.e., primary and secondary drying performed in 1 step)
evaluated a sucrose/glycine formulation matrix at a 100 mg/mL
protein concentration.29 The difference between chamber pressure
and vapor pressure of ice at the sublimation front was used to
design an efficient process by keeping the Ts as high as possible,
while maintaining the Tp below Tg’.29

The objective of the present work is to demonstrate applica-
tion of single-step drying via 2 industry case studies: a mAb and a
fusion protein. Assessment of impact on process performance and
product quality is presented across a range of formulation matrix.
In addition, single-step drying was performed by combining pri-
mary and secondary drying in 1 step, and the Tp during drying
was maintained above Tc, as measured by FDM, to assess the
impact on product quality. A control cycle with Tp < Tc using 2-
step drying (i.e., primary and secondary drying) was performed
for comparison (details in Table 1). The chamber pressure (Pc) for
both single-step drying and the control cycle was kept constant
throughout the drying step. Amorphous-only and amorphous-
crystalline formulation matrices were evaluated at different
protein concentrations for both single-step drying and the control
cycle. Lyophilized formulation optimization has been discussed in
the literature1,10,30 and is outside the scope of this article. The
focus of this article is primarily on freeze-drying process
optimization.
Materials and Methods

Materials

Proteins used in this study were manufactured and purified at
MedImmune (Gaithersburg, MD) using proprietary methods. Three
model proteins used for this study were mAb A and mAb C, which
are IgG1mAbs; and Pro B, which is a fusion protein. Model proteins,
mAb A and Pro X are susceptible to undergo significant degradation
(both aggregation and fragmentation) in the solution at an elevated
temperature (40�C). The mAb C was used as a model protein only
for the scale-up evaluation study performed for amorphous-only
formulation matrix (Table 1) and no stability study was per-
formed. mAb A and Pro B were used to evaluate the effect of single-
step drying for both the amorphous-only and amorphous-
crystalline formulation matrices (Table 1).

For the amorphous-only formulationmatrix, mAb A, mAb C, and
Pro B were formulated in a buffered solution with disaccharide
sugar (7% to 8% w/v) and surfactant as excipients. mAb A was
prepared at protein concentrations of 10, 25, and 50 mg/mL,
whereas mAb C and Pro B were prepared at a protein concentration
of 50 mg/mL.

For the amorphous-crystalline formulation matrix, mAb A and
Pro B were formulated at 2.5 and 25 mg/mL protein concentrations
in a buffered solution with crystallizing excipient (2% w/v) and
disaccharide sugar (1% w/v) in a ratio of 2:1. As outlined in prior
studies,31,32 bulking or crystallizing excipients are used to optimize
the freeze-drying process, and a similar approach was used in this
study to show application of single-step drying process for low
protein concentration formulation (�25 mg/mL).

Vials with 3, 10, and 20 mL capacity (type 1 glass tubing vials)
and the corresponding size single-vent lyophilization stoppers
were used (Table 1). Vials and stoppers were obtained from West
Pharmaceutical Services, Inc. (Exton, PA).
Lyophilization Process

Drug product presentations listed in Table 1 were used for
lyophilization of the model proteins. Before the freeze-drying run,
the vials were partially stoppered with 13 mm (for 3-mL and 2R
vials) or 20 mm (for 10-mL and 20-mL vials) lyophilization stop-
pers. Lyophilization cycles were performed using a Lyostar III or
Virtis Genesis 35 EL (SP Scientific, Stone Ridge, NY) or Millrock
PDQ24XS-S (Millrock Technology, Kingston, NY) freeze dryers.
Freeze-drying process parameters used for single-step drying and
control cycles are listed in Table 1.



Table 1
Experimental Design, Process Data, and Thermal Characterization Results

Proteina Tc (�C) Tg’ (�C) Vial Size Fill Volume
(mL)

Cycle IDb Drying Ts (�C)c Drying Ramp
Rate (�C/min)d

Tp,avg (�C) Tp,ss (�C) Total Drying
Timef (h)

Stability
Performed?

Parameter Evaluated

Amorphous-only formulation
mAb A 50 mg/mL e21 e26 3-mL 1.1 50-A-SS 60 0.5 e3.5 e13.9 6.8 Yes Protein concentration

50-A-C 0 0.5 e20.1 e20.0 17.0
mAb A 25 mg/mL e28 e28 3-mL 1.1 25-A-SS 60 0.5 e1.8 e20.2 7.2 Yes Protein concentration

25-A-C e20 0.5 e27.5 e27.0 27.8
mAb A 10 mg/mL e33 e34 3-mL 1.1 10-A-SS 60 0.5 5.5 NA 6.4 Yes Protein concentration

10-A-C e30 0.5 e33.4 e27.7 59.6
mAb A 50 mg/mL e21 e26 3-mL 1.1 50-A-R 60 0.1 �15.9 �15.8 24.2 No Ramp rate

50-A-SS 60 0.5 e3.5 e13.9 6.8
Pro B 50 mg/mL e20 e25 10-mL 3.3 50-B-10 60 0.5 e1.2 e13.5 8.2 No Vial type

20-mL 5.5 50-B-20 60 0.5 e3.5 e12.3 7.1
Pro B 50 mg/mL e20 e25 10-mL 7.7 50-B-7.7 60 0.5 1.0 �10.1h 17.2 No Fill height

10-mL 3.3 50-B-3.3 60 0.5 e1.2 e13.5 7.9
Pro B 50 mg/mL e20 e25 20-mL 5.5 50-B-SS 40 0.5 e4.5 e14.9 21.0 Yes Pilot scale

20-mL 5.5 50-B-C 0 0.5 e19.0 e19.8 37.0
mAb C 50 mg/mL e19 e26 2R 1.2 50-MC-L 40 0.3 e9.4 e16.5 10.0 No Scale-upe

3-mL 1.2 50-MC-P 40 0.3 e7.2 e16.0 9.0
Amorphous-Crystalline

Formulation
mAb A 2.5 mg/mLg e18 NP 3-mL 1.1 2.5-AC-SS 60 0.5 e6.5 e18.0 5.0 Yes Protein concentration

2.5-AC-C 0 0.5 e21.9 e20.4 9.5
mAb A 25 mg/mL e16 NP 3-mL 1.1 25-AC-SS 60 0.5 e5.9 e11.8 5.4 Yes Protein concentration.

25-AC-C 0 0.5 e22.0 e22.0 11.4
Pro B 2.5 mg/mLg e17 NP 3-mL 1.1 2.5-BC-SS 60 0.5 e6.3 e18.0 5.0 Yes Protein concentration

2.5-BC-C 0 0.5 e21.3 e20.4 9.5
Pro B 25 mg/mL e15 NP 3-mL 1.1 25-BC-SS 60 0.5 e7.4 e11.0 5.5 Yes Protein concentration

25-BC-C 0 0.5 e21.5 e22.5 11.6

Tc, collapse temperature; Tg’, glass transition temperature; Ts, shelf temperature; Tp,avg, average product temperature which is determined from start of drying step (including ramp phase) to when Tp reached within 3�C of T s;
Tp,ss, average steady-state product temperature; NP, not performed; NA, not applicable (steady state was not observed).

a mAb A and mAb C are IgG1 monoclonal antibodies. Pro B is a fusion protein with a molecular weight of ~90 kDa.
b Cycle ID key: C, control; L, laboratory scale; P, pilot scale; R, ramp rate; SS, single-step drying.; A, mAb A; B, Pro B; MC, mAb C; AC, and BC, mAb A and Pro B in amorphous-crystalline formulation, respectively.
c Ts was constant for both the primary and secondary drying phases of the single-step drying. For the control cycle, the Ts for the primary drying step was as listed in the table; for the secondary drying, the Ts was 40�C for 6 h.
d For the control cycle, the drying ramp rate is for the primary drying step.
e From laboratory scale to pilot scale.
f Total drying time includes drying ramp and hold and end of drying was determined when Tp reached within 3�C of T s.
g Single-step drying and control cycle were performed by combining the vials for mAb A and Pro B in a single freeze-drying run.
h Tp,ss was determined for a brief steady state before the dip in the product temperature.
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Differential Scanning Calorimetry

A differential scanning calorimeter (Q2000 series) from TA in-
struments (New Castle, DE) was used for Tg’ and Tg measurements.
A sample volume of 20 mL was used in an aluminum pan sealed
hermetically. An empty pan without any sample along with the lid
was used as the reference. Liquid samples were frozen to�60�C at a
ramp rate of 5�C/min with an equilibrium time of 5 min at �60�C,
then heated to 25�C at a ramp rate of 5�C/min. The Tg determination
for the lyophilized product was performed using ~5 mg of sample
sealed into an aluminum pan and analyzed in a conventional dif-
ferential scanning calorimetry (DSC) mode. Pans were heated at a
25�C/min ramp rate to 150�C. Ramp rate of 25�C and 5�C/min were
used for Tg and Tg’ determination, respectively, based on DSC
method optimization to get the sharp glass transition endo-
therm.33,34 Universal Analysis software was used to determine the
Tg’ and Tg. Midpoint Tg’ and Tg values are reported as the glass
transition temperature.

Freeze-Dry Microscopy

All samples were tested using an Olympus BX50 microscope
with a Linkam FDCS 196 stage. A freeze-dry microscope with a
QImaging camera attachment was used for recording images. A
sample volume of 5-10 mL was used for analysis. Sample was placed
between 2 cover slips on the FDM stage. During the first step,
sample was cooled and frozen to �40�C, followed by annealing at
e16�C, followed by refreezing to e40�C. A ramp rate of 10�C/min
was used throughout the freezing steps. After freezing, a vacuum of
150 mTorr was applied using a vacuum pump, and then the FDM
stage temperature was increased at a ramp rate of 1�C/min. When
the temperature reached the Tg’, the ramp rate was decreased to
0.5�C/min. The onset of collapse was observed as bright visible
holes or lack of structure in the dried matrix and was recorded as
the Tc.

High-Performance Size-Exclusion Chromatography

High-performance size-exclusion chromatography (HPSEC)
analysis was performed using an Agilent high-performance liquid
chromatography system by measuring UV absorbance at 280 nm.
For HPSEC analysis, a TSKgel G3000SWXL column (7.8 mm � 300
mm) was used along with TSKgel SWXL guard column (6.0 mm �
40 mm) from Tosoh Bioscience (King of Prussia, PA). A mobile
phase composed of 0.1 M sodium phosphate, 0.1 M sodium sulfate,
0.05% (w/v) sodium azide, pH 6.8 was used (for Pro B, the mobile
phase was 90% of this solution along with 10% isopropanol). For-
mulations at 25 and 50 mg/mL were diluted to 10 mg/mL with
phosphate buffered saline (Gibco Life Technologies Corp., Grand
Island, NY) before the analysis, and 25 mL of sample was injected.
Formulations at 10 mg/mL were injected neat with an injection
volume of 25 mL. Formulations at 2.5 mg/mL were injected with an
injection volume of 100 mL to maintain constant protein load. The
flow rate was 1 mL/min, and samples were held at 5�C in the auto
sampler tray before injection. The relative percentage of each
species for all samples (aggregates, monomer, and fragments) was
calculated relative to the total area of all peaks.

Microflow Imaging

Subvisible particle (SVP) analysis was performed by microflow
imaging (MFI) technique using an MFI 5200 instrument from Pro-
tein Simple (Santa Clara, CA). Samples were analyzed without
dilution. Before each measurement, the background illumination
was optimized using the sample itself. Approximately 0.25 mL
sample was allowed to flow through before counting SVPs. Counts
for particle sizes �2 mm, � 10 mm, and �25 mm were recorded for
particles with an aspect ratio less than 0.85. SVP analysis was
performed for stability samples (as per Table 1) for Time T ¼ 0 and
end of stability study (T ¼ 3.5 and 2 years for amorphous and
amorphous-crystalline formulation matrix samples, respectively).
Increase in SVP counts/mL is shown by subtracting T0 counts from
end of stability samples. Time T ¼ 0 lyophilized samples were
frozen at �20�C and thawed at the end of stability study for MFI
analysis.
Moisture Determination

A Karl Fischer (KF) coulometer (models: Mettler Toledo DL39
and C30, Columbus, OH) was used to determine the residual
moisture. For model C30, KF titrator equipped with a Stromboli
oven sample changer was used for residual moisture measure-
ment.35 For model DL39, lyophilized product was reconstituted
with anhydrous methanol, then mixed and injected into the KF
coulometer. Determination of the residual moisture content was
based on the amount of water titrated relative to the mass of the
lyophilized sample.
Potency Determination

In vitro potency of mAb A and Pro B was measured using an in-
house cell-based assay specific for each protein. For both proteins,
the potency was measured by the ability of the protein to inhibit
binding of the respective molecule target to cells expressing a
luciferase reporter gene. Luciferase expressionwas quantified using
a chemiluminescent substrate and a Perkin Elmer Envision plate
reader. The amount of luminescence signal measured after reaction
with the substrate was proportional to the quantity of live cells
following incubation with the sample. Potency results for mAb A
and Pro B were expressed as percent potency relative to a reference
standard (nonlyophilized).
Capillary Isoelectric Focusing

Capillary isoelectric focusing (cIEF) analysis was performed for
Pro B to detect changes in charged variants. Pro B samples were
diluted to 2 mg/mL and 8 mg/mL with ultrapure water. An 8 mL
volume of Pro B samples was mixed with 200 mL of a buffer master
mix containing urea, ultrapure water, 1% methyl cellulose, phar-
malyte, and pI markers. All samples were analyzed using an iCE280
or iCE3 (ProteinSimple) by focusing for 1 min and 10 min at 1500V
and 3000V, respectively.
Stability Studies

Stability of lyophilized drug product was evaluated at intended
storage temperature of 2�C-8�C and at stressed condition of 40�C
for mAb A and Pro B for both control and single-step drying cycles
(Table 1). No studies were performed at 25�C, as 40�C temperature
was deemed sufficient to understand impact of single-step drying
process on product quality. A visual inspection of the lyophilized
product was performed at each time point. Lyophilized vials were
reconstituted using sterile water for injection, and reconstitution
time was measured at various time points. Post reconstitution
samples were analyzed for purity by HPSEC for mAb A and Pro B.
In addition, selected time point samples were analyzed for po-
tency by luciferase reporter gene assay and chemical stability by
cIEF.
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Physical and Thermal Characterization of the Product During Single-
Step Drying

Using a sample thief, vials were stoppered on the shelf at various
time points during the single-step drying (mAb A, cycle ID: 50-A-
SS, Table 1). Stoppered vials were in a tight hexagonal array sur-
rounded by vials undergoing drying. For the vials with melt back
(referred as G1 and G2 vials in the Results and Discussion section),
thewater content was determined by gravimetric method, whereas
for the vials with lyophilized product (referred as G3, G4, G5 and G6
vials in Results and Discussion section), the residual water was
determined by KF. In addition, Tc was determined for vials con-
taining the solution, whereas Tg was determined for vials with
product. A maximum allowable temperature (Tp,max) curve was
created using Tc and Tg for single-step drying. Osmolality, protein
concentration, Tg’, and viscosity measurements were performed for
prelyo sample (referred as G0) and vials withmelt back (i.e., G1 and
G2 vials that contained solution).

Scale-Up Considerations

Pro B at 50 mg/mL in amorphous-only formulation was used to
evaluate the scale-up considerations for single-step drying as a case
study. The minimum achievable chamber pressure (Pc,min) without
losing chamber pressure control in the absence of air leak36,37 and
the sublimation rate (dm/dt) were determined to evaluate choked
flow challenge for the single-step drying process. Determination of
Pc,min and dm/dt was performed for different Ts on a laboratory-
scale lyophilizer (Virtis) as per the method reported in the litera-
ture (using bottomless trays with distilled water).38

Results and Discussion

Thermal Analysis (Tc and Tg’ Measurement)

As shown in Table 1, for mAb A in the amorphous-only formu-
lation, an increase in protein concentration resulted in an increase
in both Tg’ and Tc. As expected,9,12 for mAb A and Pro B, at least a 5�C
difference in Tg’ and Tc was observed at the 50 mg/mL protein
concentration. For the amorphous-crystalline formulation, mAb A
and Pro B showed an increase in the Tc with an increase in protein
concentration from 2.5 to 25 mg/mL (Table 1).
Figure 1. For Pro B at 25 mg/mL in amorphous-crystalline matrix, panel a is showing compa
for single-step drying and control cycle. Center thermocouple vials are represented by so
comparison of the Pirani pressure profile for single-step drying (dashed line) and control c
Lyophilization Process Data

mAb A, Pro B, and mAb C were lyophilized using single-step
drying and control cycles. Representative lyophilization process
data are shown in Figures 1a and 1b for Pro B at 25 mg/mL in the
amorphous-crystalline formulation.

Comparison of Product Temperature Profile

The Tp profile for edge and center vial measured using ther-
mocouples for single-step drying and the control cycle is shown in
Figure 1a. The control cycle (cycle ID: 25-BC-C) had an average
steady-state product temperature (Tp,ss) of e22.5�C, which is below
the collapse temperature (Tc ¼ e15�C, Table 1), whereas, for single-
step drying (cycle ID: 25-BC-SS), the Tp,ss wase11�C, which is above
the Tc. The Tp for the single-step drying dipped after reaching a brief
steady-state period (Fig. 1a), which may be indicative of micro-
collapse.9,18 The control cycle showed significant difference in the
Tp of the center and edge vials, indicating heterogeneity in the
drying rate (Fig. 1a). Conversely, for the single-step drying, the
center and edge vials completed drying at about the same time,
indicating homogeneity in the drying rate.

Comparison of Pressure Profile

The capacitance manometer-Pirani differential was used to
determine the end of drying11 for single-step drying and the control
cycle (Fig. 1b). The Pirani profile toward end of the single-step
drying showed a steep drop in pressure (slope: ~124 mTorr/h)
compared to the control cycle (slope: ~36mTorr/h). The slope of the
Pirani pressure drop is an indicator of batch homogeneity, where a
steeper slope (i.e., a higher slope value) indicates homogenous
drying of the batch.35 Based on the Pirani pressure profile, single-
step drying showed comparatively higher batch homogeneity in
drying compared to the control cycle. In addition, single-step dry-
ing showed a significant decrease in the total drying time (>50%)
compared to the control cycle.

For all the conditions evaluated (Table 1), comparison of the
single-step drying and control cycles showed a similar trend for Tp
and the Pirani profile (Figs. 1a and 1b). The moisture content was
similar among all lyo cycles at less than 1% (range: 0.4%-0.8%).
Overall, single-step drying resulted in a significant decrease (at
rison of (Tp) data from thermocouples inserted into different locations of the vial array
lid line, whereas dotted line represents edge thermocouple vials. Panel b is showing
ycle (solid line) with capacitance manometer (CM) (dotted line).



Table 2
Aggregation Rates for Lyophilized Drug Product

Proteina Protein Concentration
(mg/mL)

Cycle IDb Aggregation Rate
(% Aggregates/
mo)

5�Cc 40�Cd

Amorphous-Only Formulation
mAb A 50 50-A-SS 0.003 0.26

50-A-C 0.001 0.27
mAb A 25 25-A-SS 0.000 0.08

25-A-C 0.000 0.15
mAb A 10 10-A-SS 0.000 0.00
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least 40%) in drying time compared to the control cycle for all the
parameters evaluated for mAb A and Pro B (Table 1).

Visual Lyophilized Product Appearance: Amorphous-Only
Formulation Matrix

Lyophilized product from the control cycle for mAb A at 10, 25,
and 50 mg/mL (cycle IDs: 10-A-C, 25-A-C, and 50-A-C, respectively)
resulted in an elegant appearance, whereas the single-step drying
cycles showed the product shrinkage with the 50 mg/mL (cycle ID:
50-A-SS) and25mg/mLprotein concentration (cycle ID: 25-A-SS). In
addition, single-step drying of mAb A at 10 mg/mL (cycle ID: 10-A-
SS) showed partial collapse and shrinkage (Fig. 2). For mAb C at 50
mg/mL (cycle ID: 50-MC-L, 50-MC-P), single-step drying resulted in
shrinkage similar to mAb A at 50 mg/mL. For Pro B at 50 mg/mL,
single-step drying cycles (cycle IDs: 50-B-3.3, 50-B-10 and 50-B-20)
showed presence of cracks in the dried product. Although single-
step drying cycle for 10 and 25 mg/mL mAb A formulation showed
partial collapse and shrinkage (likely resulting in differences in
specific surface area), no impact on physical and chemical stabilities
was observed (discussed in the following sections) and hence
additional characterization was deemed unnecessary.

Product shrinkage and cracking, as observed for amorphous-
only formulation, is a potential way by which the stress built up
during drying is relieved.2,39 Lyophilized product with shrinkage
and partial collapse may be acceptable as long as there is no impact
on any critical product quality attributes.2 However, to define what
product appearance is acceptable, is outside the scope of this work,
and is summarized in the literature.2

Visual Lyophilized Product Appearance: Amorphous-Crystalline
Formulation Matrix

Lyophilized product for mAb A and Pro B at 2.5 and 25 mg/mL
from the single-step drying and control cycles showed elegant
appearance with no product defects (similar to Figs. 2, 50 mg/mL
control cycle).

Post Reconstitution Appearance

For all the conditions tested (Table 1), single-step drying and
control cycle, lyophilized product on reconstitution showed no
visible particles and no change in color and clarity on stability.
Figure 2. Lyophilized product appearance for effect of protein concentration of mAb A
formulations at 50, 25, and 10 mg/mL in amorphous-only formulation matrix. First vial
from left is the representative product appearance for control cycle at 50 mg/mL and
rest of the vials are from single-step drying at 50, 25, and 10 mg/mL. Areas of product
shrinkage and partial collapse are noted by the arrows.
Stability of Lyophilized Samples

Lyophilized samples from single-step drying and control cycles
were placed on stability at 2 temperatures, 5�C and 40�C, and were
evaluated for physical and chemical stabilities at various time
points. Stability was evaluated for the model proteins mAb A and
Pro B in amorphous-only and amorphous-crystalline formulations
at different protein concentrations (10, 25, and 50 mg/mL for the
amorphous-only formulation for mAb A and 2.5 and 25 mg/mL for
the amorphous-crystalline formulation for mAb A and Pro B).

For stability studies at 5�C and 40�C, no physical changes were
observed in lyophilized product appearance at the various time
points, and the appearance was comparable to post lyophilization.
In addition, no significant difference in aggregation rates was
observed based on 12months of data at 5�C and 1-2 months of data
at 40�C (Table 2). mAb A and Pro B lyophilized product at 50 mg/mL
showed reconstitution time in the range of 3 to 9 min for all storage
time and temperature conditions. Reconstitution time for mAb A
formulations at 25 mg/mL and 10 mg/mL in amorphous formula-
tion was in the range of 1 to 3 min. Finally, for amorphous-
crystalline formulation, for both mAb A and Pro B at 2.5 and 25
mg/mL protein concentration, the reconstitution time range was
0.5 to 2min. Increase in reconstitution timewith increase in protein
concentration from 2.5 to 50 mg/mL is in line with the literature
reports.9 However, the range for reconstitution time was the same
for both the control and single-step drying cycle across all 3 protein
concentrations (i.e., 10, 25, and 50 mg/mL) in amorphous formu-
lation and in amorphous-crystalline formulation (i.e., at 2.5 and 25
mg/mL protein concentration) suggesting no impact of processing
condition on reconstitution time.
10-A-C 0.000 0.02
Pro B 50 50-B-SS 0.000 0.15

50-B-C 0.002 0.15
Amorphous-Crystalline Formulation
mAb A 2.5 2.5-AC-SS 0.00 0.05

2.5-AC-C 0.00 0.1
mAb A 25 25-AC-SS 0.00 0.73

25-AC-C 0.00 0.74
Pro B 2.5 2.5-BC-SS 0.00 0.4

2.5-BC-C 0.00 0.4
Pro B 25 25-BC-SS 0.10 11.0

25-BC-C 0.10 11.5

a mAb A is an IgG1 monoclonal antibody. Pro B is a fusion protein with a mo-
lecular weight of ~90 kDa.

b Cycle ID key: C, control; L, laboratory scale; P, pilot scale; R, ramp rate; S, single-
step drying; A, mAb A; B, Pro B; AC, BC, mAb A and Pro B in amorphous-crystalline
formulation, respectively.

c Aggregation rate at 5�C was determined based on time points T¼ 0, 1, 2, 4, 9, 12,
and 42 mo for amorphous-only formulations, whereas for amorphous-crystalline
formulations, aggregation rate at 5�C was determined based on time points T ¼ 0,
1, 2, 3, 6, 9, 12, and 26 mo.

d Lyophilized drug product stored for 1 mo for amorphous-only formulation and
stored for 2 mo for amorphous-crystalline formulation. Relatively, higher aggrega-
tion rates were observed at 40�C for 25 mg/mL mAb A and Pro B in amorphous-
crystalline formulation due to lower lyoprotectant concentration (i.e., 1% [w/v]
disaccharide for 25 mg/mL of protein).
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Results for Physical and Chemical Stabilities and Potency

Drug product from the single-step drying and control cycles
showed no significant difference in the physical stability measured
by HPSEC for mAb A and Pro B at different protein concentrations
(Table 2). In addition, SVP analysis performed by MFI showed no
significant difference in SVP for up to 3.5 and 2 years for amorphous
and amorphous-crystalline formulation matrix, respectively, for
control and single-step drying samples (Table 3). In addition,
bioassay results showed no impact of drying conditions on potency
for mAb A and Pro B (Table 4). In addition, chemical stability testing
using cIEF for Pro B showed comparable results for single-step
drying and control cycles (Table 5).

Effect of Vial Size

Different size of vials has a significant impact on the lyophiliza-
tion unit operation. Comparison of various vial sizes for the freeze-
drying process has been discussed in the literature.40,41 It was re-
ported that large diameter vials (e.g., 10R, 20R, 30R, and 50R vials)
with a constant fill volume resulted in lower product resistance and
drying time compared to smaller diameter vials (e.g., 2R) due to fill
depth differences.40 However, the penalty for using larger diameter
vials is a decrease in the number of vials a lyophilizer can accom-
modate compared to smaller diameter vials.40 In the present study,
different vial sizes (3mL,10mL, and 20mL; cycle IDs: 50-A-SS, 50-B-
10, and 50-B-20, respectively)were studied for single-step drying at
a 50 mg/mL amorphous-only formulation by keeping the fill depth
or product height constant. Smaller diameter vials (3-mL) showed
the presence of product shrinkage, whereas larger diameter vials
(10-mL and 20-mL) showed cracking for the lyophilized product
with ~1 cmproduct height. Product shrinkage and crackinghas been
reported for formulations containing disaccharides (e.g., trehalose
and sucrose). This shrinkage and cracking was dependent on a
number of factors, including the level of unfrozen water (Wg’)
associated with the disaccharides, the vial type, and the freezing
Table 3
Subvisible Particle Analysis Using MFI for Lyophilized Drug Product

Proteina Protein
Concentration
(mg/mL)

Cycle IDb

Amorphous-only
formulation
mAb A 50 50-A-SS

50-A-C
mAb A 25 25-A-SS

25-A-C
mAb A 10 10-A-SS

10-A-C
Pro B 50 50-B-SS

50-B-C
Amorphous-crystalline

formulation
mAb A 2.5 2.5-AC-SS

2.5-AC-C
mAb A 25 25-AC-SS

25-AC-C
Pro B 2.5 2.5-BC-SS

2.5-BC-C
Pro B 25 25-BC-SS

25-BC-C

a mAb A is an IgG1 monoclonal antibody. Pro B is a fusion protein with a molecular w
b Cycle ID key: C, control; L, laboratory scale; P, pilot scale; R, ramp rate; S, single-st

formulation, respectively.
c Increase in SVP count was determined by subtracting T0 SVP count from end of sta

mulations, respectively). SVP count of 0 indicates that there was no increase in SVP cou
protocol.39,42-44 Product shrinkage was reported39 greater for
smaller diameter 2R vials compared to larger diameter 10R vials,
whereas crackingwas higher for largerdiameter 10R vials compared
to smaller diameter 2R vials, which is consistent with the results of
the present study.

Effect of Fill Height

For the single-step drying process, lyophilized product for Pro B
at a 50 mg/mL concentration with a 3.3 mL fill volume in a 10-mL
vial (fill height ~1.0 cm, cycle ID: 50-B-3.3) showed no product
collapse. However, a 7.7 mL fill in a 10-mL vial (fill height of ~2.5 cm,
cycle ID: 50-B-7.7) resulted in partial collapse. In addition, as ex-
pected, fill height of 2.5 cm resulted in a longer drying time
compared to a 1.0 cm fill height (Table 1). Thus, fill height is an
important factor impacting not only process efficiency (drying
time) but also product quality (product appearance).

Effect of Scale

The single-step drying process (Table 1, cycle ID: 50-B-SS) for
Pro B on a pilot-scale lyophilizer resulted in elegant appearance. In
addition, single-step drying with a Ts of 40�C showed a significant
reduction (~43%) in drying time compared to the control cycle
(Table 1). In addition, the single-step drying process for mAb C on
laboratory- and pilot-scale lyophilizers resulted in comparable
drying times although the batch size and percent load of lyophilizer
capacity were significantly different (the % load for laboratory- and
pilot-scale lyo runs were 25% and 8%, respectively). The similar
drying times for laboratory- and pilot-scale freeze-drying runs
indicate a decrease in radiation effects for the single-step drying
process, which is a significant advantage, for process scale-up and
technology transfer, over the traditional 2-step drying approach.
The reduction in the edge vial effect is due to the higher Ts (�40�C)
used for the single-step drying (i.e., relatively less contribution
from radiation heat transfer at higher shelf temperature).38
Time Point (y) Increase in SVP Count (counts/mL) Compared to
T0c

�2 mm �10 mm �25 mm

3.5 3598 0 0
72 0 0

3.5 727 166 7
452 144 1

3.5 0 76 11
1822 115` 20

3.5 665 23 4
241 0 8

2 34 0 4
0 0 5

2 0 0 0
375 98 3

2 501 38 15
0 0 0

2 0 0 0
0 0 0

eight of ~ 90 kDa.
ep drying; A, mAb A; B, Pro B; AC, BC, mAb A and Pro B in amorphous-crystalline

bility samples (i.e., T ¼ 3.5 and 2 y for amorphous and amorphous-crystalline for-
nt compared to T0.



Table 4
Bioassay (% Relative Potency) Results for Lyophilized Drug Product

Proteina Protein
Concentration
(mg/mL)

Cycle IDb Time (mo)
at 2�C-8�C

Bioassay Results
(% Relative Potency)
2�C-8�C

Amorphous-Only
Formulation
mAb A 50 Pre-lyo 0 125

50-A-SS 12 101
50-A-C 12 105

mAb A 10 Pre-lyo 0 99
10-A-SS 12 99
10-A-C 12 96

Pro B 50 Pre-lyo 0 101
50-B-SS 12 96
50-B-C 12 99

Amorphous-Crystalline
Formulation
mAb A 2.5 2.5-AC-SS 0 102

2.5-AC-SS 6 102
2.5-AC-C 0 104
2.5-AC-C 6 106

mAb A 25 25-AC-SS 0 98
25-AC-SS 6 96
25-AC-C 0 95
25-AC-C 6 99

Pro B 2.5 2.5-AC-SS 0 99
2.5-AC-SS 6 98
2.5-AC-C 0 95
2.5-AC-C 6 96

Pro B 25 25-AC-SS 0 94
25-AC-SS 6 93
25-AC-C 0 93
25-AC-C 6 93

a mAb A is an IgG1 monoclonal antibody. Pro B is a fusion protein with a molecular weight of ~ 90 kDa.
b Cycle ID key: C, control; L, laboratory scale; P, pilot scale; R, ramp rate; S, single-step drying; A, mAb A; AC, mAb A in amorphous-crystalline formulation, respectively.
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Effect of Ramp Rate

For mAb A at 50 mg/mL, the single-step drying process with
(cycle ID: 50-A-R) a 0.1�C/min drying ramp rate resulted in a
reduction of product shrinkage compared to the 0.5�C/min ramp
rate (cycle ID: 50-A-SS) single-step drying and control cycles.
However, the 0.1�C/min drying ramp rate also resulted in about 4-
fold increase in drying time compared to the 0.5�C/min ramp rate
(Table 1), thus defeating the purpose of the single-step drying
approach. In addition, a slower ramp rate, for single-step drying,
may reduce the extent of product shrinkage but does not eliminate
it completely.
Table 5
Relative % of Acidic, Main, and Basic Species as Determined by cIEF for Pro B

Proteina Protein
Concentration
(mg/mL)

Cycle IDb

Amorphous-only
formulation
Pro B 50 Pre-lyo

50-B-SS
50-B-C

Amorphous-crystalline
formulation
Pro B 2.5 2.5-AC-S

2.5-AC-S
2.5-AC-C
2.5-AC-C

Pro B 25 25-AC-SS
25-AC-SS
25-AC-C
25-AC-C

a mAb A is an IgG1 monoclonal antibody. Pro B is a fusion protein with a molecular w
b Cycle ID key: C, control; L, laboratory scale; P, pilot scale; R, ramp rate; S, single-step
Why Single-Step Drying Is Feasible? (Correlation of Tp,max, Tp, and %
Water Content)

For single-step drying process, 2 distinct drying phases (primary
and secondary) are observed as shown by the dark and faint shaded
regions in Figure 3. The shaded region indicates primary drying
phase, in which Tp increased with Ts during the drying ramp before
reaching a steady state. The steady-state Tp was observed for a very
short time for edge and center vial thermocouples. After comple-
tion of the Ts ramp to 60�C and a hold of 1 h, the Tp started
increasing, which indicates that the primary drying is about to
complete. The primary drying phase showed minimal difference
Time (mo)
at 2�C-8�C

cIEF (% Basic, %Main, %Acidic)

0 0, 84.0, 16.0
12 0, 84.8, 15.2
12 0, 85.2, 14.8

S 0 0, 72.6, 27.4
S 6 0, 74.7, 25.3

0 0, 75.9, 24.1
6 0, 76.1, 23.9
0 0, 83.9, 16.1
6 0, 82, 18.0
0 0, 87.2, 12.8
6 0, 84.7, 15.3

eight of ~ 90 kDa.
drying; A, mAb A; AC, mAb A in amorphous-crystalline formulation, respectively.



Figure 3. Correlation of Tp,max (i.e., Tc for primary drying portion [shaded region] and Tg
for secondary drying portion of single-step drying), Tp and % water content using mAb
A at 50 mg/mL in a 3 mL vial. Top graph is showing Tp (dashed line) for warmest and
coldest representative thermocouple vial, Tp,max curve (long dashed line, filled di-
amonds) and % water content (dotted line, open squares), Ts (solid line) during various
time points for single-step drying. Bottom graph is showing CM (dotted line) and the
Pirani gauge (solid line) results during drying step and comparison with product
temperature (Tp) (dashed line).
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(<30 min) to completion between the center (coldest) and edge
(warmest) product temperatures. In addition, the Pirani pressure
showed a steep drop after completion of drying. The minimal dif-
ference in the Tp (center and edge) and the steep Pirani pressure
drop indicate homogeneity in the drying rate for the single-step
drying process (Fig. 3).

The percent water content was evaluated during the single-step
drying process at various time points. In general, ~20% water is
present at the end of the primary drying.34,45 Vials G1 and G2
showed >20% water (62% and 22.4%, respectively) and lack of dried
product, which indicates that the primary drying phase of the
single-step drying process was not completed yet (Fig. 3). Vials G3,
G4, G5, and G6 showed the presence of partially dried product with
�20% residual water, which confirms the secondary drying phase
(product appearance similar to Fig. 2, 50 mg/mL single-step drying
cycle). Thus, although from a process standpoint drying is carried
out in a single step, there are still 2 distinct phases of drying,
wherein ice is first removed by sublimation and then unfrozen
water is removed by desorption.

The Tc for G1 vial was similar to the Tc of the prelyo sample G0
(Tc ¼ e21�C), which is due to the presence of most of the water
(62%) in the vial (Fig. 3). The Tc for the G2 vial was higher (Tc ¼
e17�C) compared to G1, which is due to removal of water from the
vial as drying progresses (water content for G2 ¼ 22.4%). Removal
of water during primary drying does not change Tg’ of the solution
as the solutes are concentrated in the same proportion.34,45-47

Determination of Tg’ for samples G0, G1, and G2 confirmed no
change in Tg’ with water removal during drying. In addition, in-
ternal data (unpublished) support the trend that the Tg’ of the so-
lution remained constant, whereas the Tc increased by about 10�C
for increasing the protein concentration from 25 to 85 mg/mL, as
long as the ratio of protein to excipient in the formulationwas kept
constant. The thermal properties Tc and Tg’ may have different
trends due to differences in physical properties measured. The Tg’
measurement using DSC is based on a change in the heat capacity
associated with glass transition, whereas the Tc measurement using
FDM is based on viscous flow.34,48

The Tc, measured by FDM, for G1 and G2 was lower than the Tp,
which indicates that drying was performed above the Tc for the pri-
mary drying phase of single-step drying and still resulted in an intact
dried product. Drying above Tc without collapse may be feasible
because the Tcmeasured by FDM is not representative of the collapse
in a vial, and the Tc in a vial may be few degrees higher as discussed
earlier.18-20 Alternatively, the time scale of the experiment (i.e., dry-
ing phase [T ¼ 8 h] of single-step drying cycle) may be too short to
cause any visible collapse, althoughmicrocollapsemay be present.48

Inaddition, as reported in litereature,9,12 foramorphous formulations
with protein concentration �50 mg/mL, there is a significant differ-
ence (�4�C) observed betweenTc and Tg’. In authors' opinion, there is
no viscous flow for drying above Tc for 50 mg/ml formulation due to
high viscosity. Measuring viscosity changes for the frozen system
during primary drying phase (i.e., G1 and G2 vials) of single-step
drying cycle may provide the definitive answer. However, there are
practical limitations formeasuring the viscosity of the frozen system
due to presence of ice.49 In addition, as per literature,48 the collapse
temperature increases with the sublimation rate, and single-step
drying process is associated with higher sublimation rates, which
may also prevent collapse for the lyophilized product.

For the secondary drying phase of single-step drying, the Tg
measured for partially dried product from vials G3, G4, G5, and G6
was greater than the corresponding Tp during drying (Fig. 3). As ex-
pected, the Tg increased from G3 to G5 as drying progressed due to
further removal of residual water. Therefore, the effective Tp,max (i.e.,
the Tc and Tg for primary and secondary drying phases, respectively)
increased as drying progressed due to removal of water (Fig. 3),
therebyallowingdryingatahighTp (Tp>Tc)withoutproduct collapse.

Removal ofwaterduringprimaryand secondary dryingphases of
the single-step drying may also explain the lack of protein dena-
turation and stability impact observed for performing drying at
60�C.As shown in Figure3, during theprimarydryingphase (shaded
region), most of the ice is still present, and the sublimation cooling
effect keeps the product at a relatively low temperature (<�10�C)
even for a shelf temperature of 60�C. At the start of the secondary
drying phase (nonshaded region) of single-step drying, partially
dried product is formed with <20% water content (i.e., for G3 water
content is 3.7%), and protein denaturation is not an issue in such a
relatively dry solid state for drying temperatures below 100�C.10

Scale-Up Considerations

Performing single-step drying is feasible on laboratory- and
pilot-scale lyophilizers (Table 1, cycle IDs: 50-MC-L, 50-MC-P).
However, there are several challenges for scaling-up and trans-
ferring the single-step freeze-drying process from laboratory to
production scale. For the single-step drying process, most of the
drying is completed during the ramp phase (i.e., nonsteady state
process), and hence, modeling the process could be a significant
challenge. In addition, the production freeze dryers may have
following limitations:

(1) Unable to achieve and maintain a high shelf temperature (Ts
� 40�C) throughout the drying step.

(2) Limited condenser capacity50,51: Unable to support the high
sublimation rate associated with single-step drying and
resulting in an out-of-control process. In this case, condenser
temperature may increase significantly during single-step
drying.

(3) Choked flow: Depending on the geometry and design of the
freeze dryer, the process can get out of control due to choked
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flow.36,52,53 In this case, condenser temperature does not
changemuch,but condenserpressuredrops significantly.36,52,53

Therefore, before implementation of single-step drying at pro-
duction scale, it is critical to understand the limitations and capa-
bilities of the freeze dryer.37,51,54

Case Study Illustrating Scale-Up Considerations for Single-Step
Drying Process

For a hypothetical example using model protein Pro B, single-
step drying process with a sublimation rate of ~3 kg/h would
result in Pc,min (based on choked flow limitation) of ~80m Torr on
Dryer-A (Fig. 4). Clearly, chamber pressure set point of 80 mTorr
would result in out-of-control process. In this case, how to ratio-
nally select chamber pressure set point? Given that each freeze
dryer has certain control capabilities in terms of temperature and
pressure control, and the fact that temperature and pressure
excursion could likely occur on production dryer, enough safety
margin needs to be built-in when selecting chamber pressure set
point. Considering a worst-case pressure control range of ±30
mTorr for dryer A, a chamber pressure set point of �120 mTorr
would enable to perform single-step drying without out-of-control
process.

Summary

A significant reduction (at least 40%) in lyophilization process
time was achieved with laboratory- and pilot-scale freeze dryers
using a single-step drying approach compared to the 2-step drying
process with aggressive drying conditions (primary drying above
Tg’

8,9). Single-step drying for an amorphous-only formulation
showed product shrinkage and partial collapse for low protein
concentration formulations (�25 mg/mL), whereas a high protein
concentration formulation (�50 mg/mL) showed minor product
shrinkage. For low protein concentration formulations (�25 mg/
mL), the addition of a crystallizing excipient improved product
appearance. With the single-step drying process, there was no
impact on product quality for different model proteins at various
protein concentrations in amorphous-only and amorphous-
crystalline formulations. Although single-step drying showed no
product quality impact for the model proteins evaluated in these
case studies, still individual protein and formulation considerations
such as protein concentration, excipients, and formulation matrix
need to be evaluated for impact of single-step drying process. In
addition, fill height and vial type had significant impact on product
appearance for the single-step drying process. An increase in fill
height resulted in product shrinkage and partial collapse. A lower
Figure 4. Case study results for comparison of Pc,min and sublimation rate (dm/dt)
using Pro B as a model protein at 50 mg/mL.
diameter vial (3 mL) showed product shrinkage, whereas larger
diameter vials (10 and 20 mL) showed cracking. Comparison of
maximum allowable product temperature (Tp,max), product tem-
perature (Tp), and percent water content showed an increase in the
Tp,max as water was removed during the drying step. An increase in
Tp,max during drying allows single-step drying to be performed at
higher Ts and hence higher Tp. A significant benefit of single-step
drying was homogeneous drying due to decreased radiation ef-
fect. Laboratory- and pilot-scale single-step drying runs with
different lot sizes showed comparable drying times indicating a
lower radiation effect. However, for the single-step drying process,
most of the drying was completed during the ramp phase (i.e.,
during a nonsteady state heat and mass transfer). Therefore, scale-
up and transfer of the single-step drying process from laboratory-
to pilot-scale to commercial scale needs to be carefully evaluated. In
addition, the single-step drying process may have scale-up chal-
lenges such as choked flow and condenser overload. For successful
implementation of single-step drying at clinical and commercial
scales, production lyophilizer specifications and process charac-
terization information are critical and should be evaluated for the
single-step drying process.

If short freeze-drying times (�2 days) are achieved without
adversely affecting product quality, then significant reduction in
lyophilization process cost can be achieved. Potentially, single-step
drying can reduce the gap in the overall production cost and time
for the manufacturing of lyophilized products compared to liquid
products and alternate technologies (e.g., spray-drying and mi-
crowave drying). In addition, short lyophilization times using a
single-step drying approachmay give scheduling flexibility for drug
product manufacturing, low probability of equipment failure, and
increased throughput. However, the major limitation for using the
lyophilization process is the lot size. Lyophilized drug product
manufacturing is constrained by the shelf surface area and capacity
of the production lyophilizer due to the batch mode of the freeze-
drying unit operation. Recent advances in continuous freeze-drying
have the potential to remove the batch size limitation associated
with the lyophilization process.55-57 Continuous freeze-drying may
become a reality for drug product manufacturing in the future.
However, significant work is still required before continuous
freeze-drying can be implemented for clinical and commercial
manufacturing of biopharmaceuticals. Until then, single-step dry-
ing may be a cost-effective and high-throughput approach for the
manufacturing of biologics. As the single-step drying approach
with a 1-day cycle time is becoming a reality, the lyophilizer and
not the formulation is now becoming the limiting factor for the
lyophilization process design space. Therefore, manufacturers of
clinical- and commercial-scale lyophilizer need to consider and
implement the instrument design changes that may be required to
support a single-step freeze-drying process.
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