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A
n important aspect of
developing protein thera-
peutics is identifying for-
mulation components that
stabilize the molecule in

order to provide the desired product
storage stability. Generally, an aqueous
formulation is preferred; however, the
instability of proteins, both physical
(e.g. aggregation) and chemical (e.g.
deamidation and oxidation), often
necessitates the development of
lyophilized formulations.1 In these for-
mulations, selection of the appropriate
stabilizing cryoprotectants, lyoprotec-
tants, and bulking agents is critical.2

Accelerated stability studies are typical-
ly used to evaluate the effect of a single
factor at a time in order to identify the
optimum pH, buffer, and stabilizing
excipients. This approach is limited in
that many independent time-consum-
ing experiments must be run, the results
are obtained only at the evaluated set
points, and additional experiments are
required to assess potential interactions
between the evaluated factors.

Experimental design methods
address these limitations by providing
more efficient techniques in initial
excipient screening. In this study,

experimental design methods were uti-
lized to screen selected excipients for a
lyophilized, high-concentration anti-
body formulation. An I-optimal exper-
imental design was employed to evalu-
ate the main and interaction effects of
three excipients (sucrose, mannitol, and
serine) on protein stability following
lyophilization and during product stor-
age. Sucrose was evaluated as a poten-
tial stabilizer against the stresses of
freezing and drying.2–4 Mannitol and
serine were primarily evaluated as
potential bulking agents, although in
several cases bulking agents such as
mannitol have also been reported to
protect the protein from the stresses
of freeze-drying if they remain
amorphous during lyophilization.2,3

Furthermore, because the formulation
has a high protein concentration (≥100
mg/ml), the effect of the selected excip-
ients on the time required to rehydrate
the cake (reconstitution time) was also
evaluated. Reconstitution time general-
ly correlates with protein concentration,
and from a practical standpoint, a short
reconstitution time is very desirable.

Following excipient screening with
the I-optimal design model, real-time
stability of promising formulations was
monitored for more than a year to com-
pare real-time stability trends with the
stimulated predictions of the model.
This study thus illustrates the advan-
tages offered by a statistical design
approach in efficiently monitoring the
main and interaction effects of the

selected excipients on protein stability.
The approach reported here might be
useful when developing lyophilized for-
mulations for other biological products.

Materials

The humanized monoclonal anti-
body was produced at Protein Design
Labs, Inc (Freemont, CA). The chemi-
cals sucrose, D-mannitol, and L-serine
were obtained from Sigma (St. Louis,
MO), histidine was from Ajinomoto
(Raleigh, NC), and Tween 80 was from
Sigma.

Methods

Size-exclusion Chromatography (SEC)
The monomer content, soluble

aggregates, and clips due to hydrolysis
were monitored by SEC. The analytical
system employed consisted of an HPLC
(high-performance liquid chromatog-
raphy) pump (PerkinElmer, Series 410,
Shelton, CT) and an autosampler
(PerkinElmer, ISS 2000) connected to a
diode array detector (PerkinElmer,
235C). Two SEC columns (Tosohaas
TSK-Gel, G3000SWXL) were connected
and used for sample separation. The
composition of the mobile phase was
200 mM KPO4, 150 mM NaCl, pH 6.9.
Samples were diluted to 1 mg/ml, and a
sample volume of 40 µL was injected for
analysis. The flow rate was 1.0 ml/min,
and detection was at 220 and 280 nm.
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Differential Scanning Calorimetry
The glass transition temperature

(Tg) of the lyophilized samples was
measured using the PerkinElmer Pyris 1
DSC instrument. At least 20 mg of the
lyophilized sample was transferred into
a tared stainless steel pan, weighed, cov-
ered, and crimped. An empty crimped
pan was used as reference. A tempera-
ture step-scan method was used for Tg
determination: The sample was held at
0° C for 5 minutes; the temperature was
then increased from 0 to 100° C in steps
of 2° C at a rate of 2° C/min and held
constant for 0.8 minutes at each step.
Subsequently, the sample was cooled
down to 0° C at a rate of 10° C/min.
The heating and cooling cycle described
above was repeated, and Tg was noted
following the second temperature cycle.

Moisture Determination
Residual moisture was measured

using the AF8 Karl Fisher titrator from
Orion (Beverley, MA). At least 150 mg
of pulverized sample was dispensed in a
methanol bath and titrated with the
Karl Fisher reagent containing iodine.
The instrument processor determined
the titration end point, and this was
used to obtain the percent moisture
(%wt/wt) in the sample.

I-Optimal Design
An I-optimal experimental design

was used to evaluate and model the main
and combined effects of the excipients
on protein stability and cake reconstitu-
tion time. The software Strategy
(Experiment Strategies Foundation &
Process Builder, Inc., Bremerton, WA)
was used to build the experiment design
table and model simulations. In the I-
optimal model, the main effect and the
interaction effects of various factors are
determined by fitting the data to a sec-
ond-order quadratic equation:

where Y is the dependent variable or the
measured response and xi represents the
independent variable that corresponds
to the concentration of excipient i. The
model coefficients determined by
regression analysis define the response

(1)

Table 1: I-Optimal Experimental Design Table

Formulation 
Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Serine
(mM)

51.4
61.8

100.0
100.0
47.8
0.0

100.0
0.0

40.2
100.0

0.0
0.0

51.4
100.0

0.0

Sucrose
(%)

1.9
4.0
2.4
0.0
2.1
4.0
4.0
0.0
0.0
0.0
1.5
4.0
1.9
0.0
4.0

Mannitol
(%)

1.4
3.0
2.0
3.0
0.0
1.7
0.2
0.2
2.0
0.0
3.0
0.0
1.4
3.0
0.0  

Table 2: Composition of Control Formulations Used for Testing Model Predictions

Formulation 
Number

1
2
3
4
5

Serine
(mM)

0
60
30
60
0

Sucrose
(%)

3
3
2
1
0

Mannitol
(%)

1
0
1
1
0  

Table 3: Lead Formulation Descriptions and Post-Lyophilization Parameters

Formulation 
ID

Formulation I

Formulation II

Formulation III

Formulation description

Protein: 50 mg/ml

Sucrose: 4%

Fill volume: 2 ml

Reconstituted volume: 1 ml

Protein: 80 mg/ml

Sucrose: 6.5%

Fill volume: 1.25 ml

Reconstituted volume: 1 ml

Protein: 80 mg/ml

Sucrose: 4%

Fill volume: 2 ml

Reconstituted volume: 1 ml

Reconstituted 

protein

concentration

(mg/mL)

100

100

160

Stability Results

Tg
(°C)

52

59

55

Residual
moisture
(wt/wt)

<1%

<1%

<1%
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surface; bo is a constant term, bi indi-
cates the main effect of excipient xi, and
bij represents the interaction effect
between excipients i and j. These model
coefficients were used to generate response
surfaces that simulate the effect of the
excipients on the desired response.

Formulation Approach
A volume of 2 ml of 50 mg/ml pro-

tein formulated in a histidine buffer at
pH 6.0 with Tween 80 was lyophilized
using a conservative freeze-drying cycle,
and subsequently reconstituted with 1
ml of water to attain the target protein
concentration of 100 mg/ml. The
excipients sucrose, mannitol, and serine
were examined in the concentration
ranges of 0% to 4%, 0% to 3%, and 0 to
100 mM, respectively. The formulations
were prepared by adding the excipients
at the desired concentrations as per the
I-optimal design table (Table 1). In
addition, control formulations were
included to test the model (Table 2);
experimental results obtained for the
control formulations were compared
with the model simulations at the corre-
sponding test parameters. All samples
were incubated at 37° C for four weeks.
Protein stability following cake recon-
stitution was monitored by ultraviolet
(UV) spectroscopy, dynamic light scat-
tering (DLS), differential scanning
calorimetry (DSC), and SEC. The cake
reconstitution time was also noted.

Real-time/Accelerated Stability Study
Accelerated stability of lead formula-

tions (Table 3) was monitored for more
than a year at 5, 25, and 40° C (data
shown for 25 and 40° C samples only).
The physical and chemical stability of
theses samples was monitored by SEC,
capillary isoelectric focusing (cIEF),
Fourier transform infrared (FTIR)
spectroscopy, SDS-PAGE (sodium-doe-
cyl sulfate polyacrylamide gel elec-
trophoresis), and potency. Other
parameters measured included the cake
reconstitution time, percent residual
moisture (Karl Fisher titration), and Tg,
the glass transition temperature (differ-
ential scanning calorimetry).

I-Optimal Analyses
When the measured responses from

Figure 1. Model validation: Comparison of model predictions and experimental observations.
Responses were measured following four weeks incubation at 37° C. Error bars represent
three standard deviations. (A) Percent decrease in monomer. (B) Reconstitution time.

Figure 2. Control formulations: Comparison of model predictions and experimental observa-
tions. Responses were measured following four weeks incubation at 37° C. Error bars repre-
sent three standard deviations. (A) Percent decrease in monomer. (B) Reconstitution time.
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UV spectroscopy, DLS, and DSC analy-
ses of samples incubated at 37° C for
four weeks were modeled using the I-
optimal design, the regression results
for these responses were not statistically
significant. However, monomer con-
tent (SEC) and reconstitution time
yielded statistically significant respons-
es, reflecting the impact of the selected
excipients on protein aggregation and
cake porosity.

The I-optimal model was validated
by comparing the measured and pre-
dicted responses for percent decrease in
monomer content and reconstitution
time; excellent agreement was observed,
confirming a good fit between the
model and the experimental data (Figs. 1a
and 1b). The model also predicted the
response of the control formulations
satisfactorily, as minimal differences
were seen between the measured and
predicted responses for both the
percent decrease in monomer and
the reconstitution time evaluations
(Figs. 2a and 2b).

Regression coefficients generated by
the I-optimal model indicate the impact
of the excipients on the measured
response as defined in Equation 1.
Figures 3a and 3b show the regression
coefficients for percent decrease in
monomer and reconstitution time,
respectively. The regression coefficients
can be compared to each other for size
of contribution because the design was
scaled to -1 and +1 in all factors. In this
case, regression coefficients with nega-
tive values are beneficial to the formula-
tion because they indicate a smaller
decrease in percent monomer and a
shorter reconstitution time. All three
excipients reduced the percent decrease
in monomer content, especially sucrose
and mannitol and to a lesser degree ser-
ine; the percent decrease in monomer
was attributed to a reduction in protein
aggregation (data not shown).

The role of disaccharides such as
sucrose and trehalose in protecting pro-
tein during freezing and drying is well
known.5 Protein stabilization during
freezing is often based on the exclusion
of solute from the protein surface,
which increases the chemical potential

Figure 3. Statistically significant model coefficients determined by regression analysis.
Error bars represent three standard deviations. (A) Main effect. (B) Interaction effects

Figure 4. Response surface plots indicating the effects of sucrose and mannitol on measured
responses. (A) Percent monomer decrease (%MONDRP). (B) Reconstitution time (RECON).

Results and Discussion
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of the protein, favoring the native con-
formation of the protein.6 During dry-
ing, the stabilization of the protein
against dehydration-induced stresses is
supported by the “water replacement
mechanism.” Sucrose and trehalose pre-
vent dehydration-induced protein
unfolding by hydrogen bonding to the
dried protein, replacing the lost water.6

The observed stabilizing effect of serine
and mannitol may also be due to the
formation of hydrogen bonds as water
is removed during drying.

Sucrose and mannitol also signifi-
cantly reduced the cake rehydration
time (sucrose > mannitol), while the
effect of serine was not statistically sig-
nificant. This data suggests that the
selected excipients may play an impor-
tant role in cake rehydration, although
the mechanism is not well understood.

When two-factor interaction effects
of the three excipients were evaluated in
the model, some significant interactions
for percent decrease in monomer and
reconstitution time were found (Fig. 3b).
For the percent decrease in monomer
response, all two-factor responses indi-
cated a destabilizing effect on protein
stability. For reconstitution time, only
the two-factor interaction between
mannitol and sucrose was significant,
however, this effect was also negative.
Characterizing the mechanisms of these
interaction effects is beyond the scope
of this study.

Response Surfaces
Response surfaces generated by the

three two-factor model simulations are
shown in Figures 4, 5, and 6. With these
surfaces, the response in the region of
interest can be examined to obtain the
optimal concentration of the formulation
components. Since the I-Optimal design
fits the data to a quadratic model, both
the main and interaction effects of the
excipient are included in the response
surface.

Sucrose and mannitol both had pos-
itive effects on the protein: As the con-
centration of sucrose or mannitol was
increased, the percent decrease in
monomer and the cake reconstitution
time were both reduced (Figs. 4a and
4b, respectively). Furthermore, in the
examined concentration ranges, sucrose

had a stronger stabilizing effect than
mannitol. Based on the model simula-
tions, high concentrations of sucrose
and mannitol are desirable for formula-
tion stability.

Figure 5 illustrates the effects of
sucrose and serine on the measured
responses. Both excipients stabilized
the protein, however, in the evaluated
concentration ranges, sucrose was more
effective in reducing monomer loss
(Fig. 5a). Reconstitution time was rela-
tively independent of the concentration
of serine, whereas increasing the
sucrose concentration improved the
cake rehydration properties (Fig. 5b).

Formulation characteristics as a func-
tion of mannitol and serine concentra-
tions are shown in Figure 6. The protein
was most stable at the highest evaluated
concentration of the two excipients (3%
mannitol and 100 mM serine). Protein
reconstitution time was only slightly
decreased by serine but was greatly
reduced by mannitol. The combination
of the two excipients did not greatly

reduce reconstitution time.

Real-time/Accelerated Stability Study
Based on the results of the I-optimal

experimental design study, lead formu-
lations were selected and monitored for
stability. Sucrose was the most promis-
ing stabilizing excipient, so it was cho-
sen as the lyoprotectant. The concen-
tration of sucrose selected was the high-
est concentration that would provide an
isotonic formulation when the formula-
tion was reconstituted with half the vol-
ume.

Osmolality of the formulation is
important to consider when selecting
the excipient concentration. In this par-
ticular case, because the formulation is
reconstituted with half the fill volume,
osmolality of the formulation is dou-
bled after reconstitution. Thus, excipi-
ent concentrations that maximize pro-
tein stability may not be practically
viable. For example, based on Figure 4,
the excipients that provide the maxi-
mum protein stability and the shortest

Figure 5. Response surface plots indicating the effects of sucrose and serine on measured
responses. (A) Percent monomer decrease (%MONDRP). (B) Reconstitution time (RECON).
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reconstitution time were sucrose at 4%
and mannitol at 3%; however, the
resultant formulation would be hyper-
tonic following reconstitution.

Mannitol could have been added as a
bulking agent, but because an elegant
cake structure was obtained for all for-
mulations due to the high protein con-
centration, it was determined to not be
needed.

Based on this criteria, three formula-
tions were monitored for long-term sta-
bility (Table 3). Formulations I and II
had protein concentrations of 50 and 80
mg/ml, respectively, with fill volumes
adjusted to contain 100 mg of protein in
each vial. Sucrose concentrations were
maximized so that both formulations
were isotonic when reconstituted to
100 mg/ml. The molar ratio of pro-
tein:sucrose was kept constant for both
formulations (1:350). This ratio plays a
critical role in stabilizing lyophilized
formulations.3 Formulation III was
prepared to attain a protein concentra-
tion of 160 mg/ml after reconstitution
(80 mg/ml protein was vialed with a fill
volume of 2 ml and reconstituted with
half the volume). In this case, however,
in order to  attain  an isotonic formula-
tion, the protein:sucrose ratio had to be
reduced to 1:215.

Following lyophilization, the percent
moisture in samples of these three
formulations was <1% (Karl Fisher
measurement), and the glass transition
temperature ranged between 52 and 59°
C (Table 3). SEC stability results after
over one year incubation at 25 and
40° C showed that aggregation was
the primary degradation route. For
Formulations I and II in which the pro-
tein:sucrose molar ratio was maximized
to 1:350, comparable stability profiles
were obtained: Percent aggregate con-
tent was increased after ~14 months by
<1% at 25° C and by ~3% at 40° C from
initial values (Fig. 7). However, for
Formulation III with a lower
protein:sucrose ratio (1:215), protein
aggregation was considerably increased
by 14 months at 25 and 40° C (by ~2%
and 8%, respectively, from initial val-
ues). Analysis of the samples by SDS-
PAGE showed the same trends as SEC,
and other assays including FTIR, cIEF,
and potency indicated minimal differ-

Figure 6. Response surface plots indicating the effects of mannitol and serine on measured
responses. (A) Percent monomer decrease (%MONDRP). (B) Reconstitution time (RECON).

Figure 7. Percent aggregate content in lead formulations after storage for over one year, deter-
mined by SEC in real-time accelerated stability studies. A) 25° C. (B) 40° C.
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ences in the samples as a function of
time and temperature (data not shown).

Conclusions

An I-optimal experimental design
was used to evaluate the effects of
sucrose, mannitol, and serine on the sta-
bility of a humanized monoclonal anti-
body for developing a high-concentra-
tion (100 mg/ml) lyophilized formula-
tion. Model simulations supported the
use of sucrose as a lyoprotectant to
effectively inhibit protein aggregation in
the lyophilized state. Mannitol was only
slightly less effective in preventing
aggregation; it stabilizes the protein
most likely because it remains amor-
phous during lyophilization. Serine
also had a stabilizing effect, however, it
was the least effective among the select-
ed excipients. Cake reconstitution time
decreased with increasing concentra-
tions of sucrose and mannitol, whereas

with serine, it was relatively independ-
ent of the concentration.

Based on the model simulations,
lead formulations were selected by choos-
ing the highest concentration of sucrose
that would provide an isotonic formula-
tion after cake reconstitution. Long-term
stability results at 25 and  40° C con-
firmed the stabilizing effect   of sucrose.
Formulations with a protein:sucrose
ratio of 1:350 had less percent aggrega-
tion than did the formulation with a
protein:sucrose concentration of 1:215.

The I-optimal experimental design
approach employed in this study was
effective in identifying the optimal
excipients for a high-concentration
lyophilized formulation of humanized
monoclonal antibody.
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