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The International Conference on Harmonization Q8 (R2) includes a requirement that “Critical formula-
tion attributes and process parameters are generally identified through an assessment of the extent to
which their variation can impact the quality of the drug product,” that is, the need to assess the
robustness of a formulation. In this article, a quality-by-design—based definition of a “robust formula-
tion” for a biopharmaceutical product is proposed and illustrated with a case study. A multivariate
formulation robustness study was performed for a selected formulation of a monoclonal antibody to
demonstrate acceptable quality at the target composition as well as at the edges of the allowable
composition ranges and fulfillment of the end-of-shelf-life stability requirements of 36 months at the
intended storage temperature (2°C-8°C). Extrapolation of 24 months' formulation robustness data to end
of shelf life showed that the MADb formulation was robust within the claimed formulation composition
ranges. Based on this case study, we propose that a formulation can be claimed as “robust” if all drug
substance and drug product critical quality attributes remain within their respective end-of-shelf-life
critical quality attribute—acceptance criteria throughout the entire claimed formulation composition
range.

© 2016 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

stability

Introduction

The goal of pharmaceutical development, including formula-
tion and manufacturing process development, is to consistently
deliver the intended quality of the product within allowable
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MLR, multiple linear regression; Q? coefficient of prediction; QbD, quality-by-
design; R?, coefficient of determination; TR, target range.
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ranges. Regulatory agencies and industry experts have suggested
rigorous approaches to strengthen pharmaceutical development,
manufacturing, and quality assurance.!” In August 2002, the Food
and Drug Administration launched a new initiative entitled
“Pharmaceutical ¢cGMPs for the 21st century: A risk based
approach”.* The aim of this initiative was to introduce innovation
into pharmaceutical development. In 2004, the Food and Drug
Administration released the Process Analytical Technology Guid-
ance for Industry, which outlined in detail the future expectations
of health authorities with regard to developing and implementing
effective and efficient innovative approaches in pharmaceutical
development.” The guidance advocates “building quality into
products” by science and risk-based approaches and recognizes
statistical experimental design as one of the tools that enable a
scientific risk-based approach.

In 2008 and 2009, the International Conference on Harmoni-
zation (ICH) guidelines Q8 and Q8(R2) defined quality-by-design
(QbD) as “a systematic approach to development that begins with
predefined objectives and emphasizes product and process un-
derstanding and process control, based on sound science and
quality risk management”.® These guidelines state that “Critical
formulation attributes and process parameters are generally

0022-3549/© 2016 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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identified through an assessment of the extent to which their
variation can have impact on the quality of the drug product” and
define a design space as “the multidimensional combination and
interaction of input variables (e.g., material attributes) and process
parameters that have been demonstrated to provide assurance of
quality”. Although design space has primarily been used in the
context of pharmaceutical manufacturing processes, it can also be
applied to formulation, as confirmed by a question and answers
document that was published by the ICH Quality Implementation
Working Group in 2011 (Q8/Q9/Q10 Q&A [R4]).” The document
specifies that “it may be possible to develop a formulation (not
component but rather composition) design space consisting of the
ranges of excipient amounts and its physicochemical properties
(...)” and states that, “the applicant should justify the rationale for
establishing the (formulation) design space with respect to quality
attributes such as bioequivalence, stability, manufacturing robust-
ness etc.” Although intentional movement within a formulation
composition design space is not typically desired for a drug product
(DP), the goal of pharmaceutical development is to deliver a robust
formulation encompassing that product quality is warranted not
only at target/label claims for composition but also within
permitted ranges of the label composition (accounting, e.g., for
manufacturing process-related variations).

This allowed formulation composition range is characterized
during development by performing “formulation robustness”
studies. The aim of these studies is to select a commercial formu-
lation that is sufficiently robust within the acceptable ranges
around the nominal label claim and to meet the shelf life stability
requirements, which are typically 24-36 months for pharmaceu-
tical products and at least 18 months at refrigerated conditions
(2°C-8°C) for biopharmaceutical DPs.

QbD tools, especially design of experiments (DoEs), have been
applied by the pharmaceutical industry to assess and ensure
formulation robustness.® Examples of formulation robustness
studies describing, for example, the effect of excipient composition
on process performance can be found in the literature. !> The
outcome of such robustness DoE studies can be judged on 2 criteria:
(1) Is the resulting regression model statistically significant? (2) Are
the output parameters (quality attributes) inside or outside pre-
defined limits? The first criterion, “statistical significance,” is
routinely assessed when analyzing formulation robustness DoEs by
statistical analyses such as multiple linear regression (MLR)
methods. To fulfill the second criterion, “acceptable limits” are
needed when assessing “robustness.”?!3

Although this recent literature describes several case studies of
formulation robustness, 2 challenges remain: first, the definition
and setting of “acceptable limits” are needed to assess formulation
robustness with regard to stability until end of shelf life (EoS)
within a QbD approach; and second, at the time of market appli-
cation submission, there are often no EoS stability data available
from the robustness study at the intended storage condition. Thus,
conclusions with regard to “formulation robustness” are typically
based on accelerated temperature and short-term stability testing
and are, therefore, more qualitative than quantitative in nature.

For critical quality attributes (CQAs) related to formation of
degradant(s) over shelf life, assessment of “acceptable limits” is
challenging. Setting acceptable limits for CQAs in a QbD approach
for biopharmaceuticals is described in more detail in a series of QbD
articles that have been recently submitted for publication.'*"'® In
brief, once the CQAs have been identified, an acceptable level or
range for each CQA needs to be defined which is called the
CQA—acceptance criterion (CQA-AC). The CQA-AC defines the
product quality requirement for end of DP shelf life and is set for
each CQA based on its potential impact on efficacy, immunoge-
nicity, pharmacokinetics, and patient safety, considering, for

example, relevant clinical experience, results from process char-
acterization and validation studies, and clinical data from similar
products, including data from literature. The CQA-AC is the sum of
all allowed changes for 1 CQA with regard to drug substance (DS)
and DP process and stability and can be further divided into
allowable ranges for these 4 processing and storage steps, namely
for the (1) DS manufacturing process, (2) DS storage (“DS allowable
stability range”), (3) DP manufacturing process, and (4) DP storage
(“DP allowable stability range”). The limits of each of these 4
process and storage steps are termed CQA target ranges (CQA-TRs).
Generally, acceptable limits for process steps are assessed primarily
based on characterization and validation data from at-scale data
and scale-down models and are further narrowed by a 5% reduction
of the derived limit to account for modeling uncertainties. The
CQA-TRs for the DS and DP process usually correspond to the DS
and DP CQA release specifications, respectively. The DP allowable
stability range is calculated as the difference between the DP
release specification and the CQA-AC at EoS.

In this case study, the following DP allowable stability ranges
were defined based on assessments including product-specific
relevant clinical experience, results from process characterization
and validation studies, and clinical data from similar products
(including data from literature) that are beyond the scope of this
article: 13.1 area % for acidic variants, 0.8 area % for high—molecular
weight species (HMWS), 1.6 area % for low—molecular weight
species (LMWS), and 7.8 area % for oxidized variants. The described
DP allowable stability ranges for MAb-A CQAs are very product-
specific and need to be determined case by case for each product
based on the previously mentioned process.

In principle, formulation robustness can be determined by
analyzing the respective quality attributes in real time until EoS is
reached. In practice, scientists involved in formulation and DP
development wish to obtain an indication of formulation robust-
ness without waiting an unrealistic amount of time. This is com-
parable to claiming a shelf life for a formulation based on statistical
analysis of short-term stability data.'”'® We propose that this
concept may be applied to an entire formulation composition
range. Our case study addresses the challenge of how to quantita-
tively assess formulation robustness for a biotechnology product
before real-time EoS data are available by combining concepts of
ICH Q8 Pharmaceutical Development (“formulation composition
design space”) and Q1A(R2) Stability Testing of New Drug Sub-
stances and Products (“predicting a shelf life”).>”'® Our primary
interest with regard to formulation robustness is to guarantee
stability of the formulation during storage and until EoS.

Where predefined acceptance limits are available, in general,
the following 4 formulation robustness study outcomes can be
distinguished: (1) nonsignificant statistical model and all output
parameter values (CQA values in our case) are clearly inside pre-
defined limits; (2) significant statistical model and all output
parameter values are clearly inside predefined limits; (3) significant
statistical model and output parameter values are outside pre-
defined limits; and (4) nonsignificant statistical model and output
parameter values are outside predefined limits. The first case pro-
vides little knowledge about how formulation factors affect product
performance. However, this case represents the ideal outcome of a
formulation robustness study because it reflects that the CQA
response is not significantly affected by the input (formulation)
parameter variations, thus confirming a robust formulation within
the predefined limits. The second case also confirms formulation
robustness within predefined acceptance criteria. In addition, the
statistically significant model would show how formulation factors
affect product performance and allows extrapolation according to
Q1A if end-of-shelf-life data are not available at time of analysis.
The third case provides information on how formulation factors
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affect product performance but shows that the formulation is not
robust within the tested formulation composition range. As the
regression model is statistically significant, it allows the identifi-
cation of formulation parameters or formulation parameter ranges
that are accountable for the values outside the specified limits.
Furthermore, the model can be used to predict an acceptable
formulation parameter range where all the values for the assessed
quality attributes will be inside the specified limits, thus supporting
formulation robustness by adjustment of, for example, formulation
parameter ranges. As for the second case, if EoS data are not
available at time of analysis, extrapolation, for example, according
to ICH Q1A, is necessary. Finally, the fourth case provides little
formulation knowledge, and formulation robustness cannot be
claimed. No statistically significant regression model exists, there-
fore the acceptable formulation parameter ranges cannot be set
based on the existing data, and additional experiments are required
to identify the influencing formulation parameters.

Here, we illustrate cases 1-3 with examples from a formulation
robustness study performed for a model MAb-A before biologic
license application/marketing authorization application submis-
sion. Additionally, a quality attribute showing nonlinear degrada-
tion kinetics (“HMWS”) will be described.

Materials and Methods
Materials

An IgG1 MAD provided by F. Hoffmann-La Roche Ltd. (Basel,
Switzerland) was used for these studies. Histidine free base and
histidine monohydrochloride were purchased from Ajinomoto
(Raleigh, NC). Trehalose was purchase from Ferro Pfanstiehl
(Waukegan, IL) and Poloxamer 188 from BASF (Florham Park, NJ).
Dulbecco's phosphate-buffered saline 10x was obtained from
GIBCO (Invitrogen, San Diego, CA). All other chemicals used were of
analytical grade and obtained from commercial sources.

DoE Robustness Study Design

A multivariate stability study was performed with 3 formulation
factors at 2 levels, namely MAb-A concentration (MAD), solution pH
(pH), and buffer concentration (Buff). Two additional factors,
namely tonicifier and surfactant concentration, were tested in a
previous short-term robustness DoE study (generation of up to 6
months stability data) that included varying pH levels, surfactant,
tonicifier, and MAb-A concentrations (data not shown). As the 2
formulation factors surfactant and tonicifier were found to have no
significant impact on MAb-A CQAs and no interaction with other
factors in the ranges that were tested, these 2 parameters were
excluded from the present study design and kept at constant con-
centration levels in all tested formulations.

The 3 factors MAb-A concentration, pH, and buffer concentra-
tion were investigated in a full factorial design resulting in 8 ex-
periments and 3 center points, the latter corresponding to the
target formulation, as shown in Table 1. The applied design allows
estimation of all linear terms and all interaction terms. The tested
formulation parameter ranges were defined to cover either speci-
fication acceptance criteria or weighing tolerances of
manufacturing when adding formulation excipients (e.g., com-
pounding). The experimental design plan is provided in Table 1, and
the actual design is shown in Figure 1. The quality of MAb-A in the
formulation compositions described in Table 1 was evaluated after
0, 13, 26, 40, 52, and 104 weeks of storage at 2°C-8°C by size
exclusion high-performance liquid chromatography, ion exchange
high-performance liquid chromatography, and protein A chroma-
tography as described in later section. In addition, formulations

Table 1
Compositions of MAb-A Formulations® Evaluated in a Full Factorial Design of
Experiments

Sample Code MAb-A pH Buffer
Concentration (mg/mL) Concentration (mM)
FO1 225 5.5 15
F02 275 55 15
FO3 225 6.5 15
F04 275 6.5 15
FO5 225 55 25
F06 275 55 25
F07 225 6.5 25
FO8 27.5 6.5 25
F09 (Target) 25.0 6.0 20
F10 (Target) 25.0 6.0 20
F11 (Target) 25.0 6.0 20

2 All formulations additionally containing 0.02% (wt/vol) surfactant and 240-mM
tonicifier.

were analyzed after storage at 25°C for up to 40 weeks and after
storage at 40°C for up to 13 weeks (data not shown).

Manufacturing of Formulations

MADb-A formulations according to Table 1 were prepared by
addition of trehalose and poloxamer 188 stock solution to
histidine-buffered MAb-A solutions (pH: 5.5, 6.0, and 6.5) as
required. Final formulations were filtered using 0.2-mm Sterivex
GV (polyvinylidene fluoride) filters (Millipore, Bedford, MA), filled
into appropriately washed and sterilized 6 mL @ 20 mm glass type 1
vials, sealed with rubber stoppers, and crimped with aluminum
caps. The 3—center point target formulations F9-F11 were manu-
factured as 3 individual formulation batches. Formulations were
then stored for up to 104 weeks at a temperature of 2°C-8°C. In
addition, formulations were stored at 25°C for up to 40 weeks and
at 40°C for up to 13 weeks (data not shown).

Multivariate Data Analysis

Data analysis was performed using ORIGIN 7.5 (OriginLab) and
MODDE, version 10.0 (Umetrics), software. MLR was used to esti-
mate the effect of protein concentration (MAb), solution pH (pH),
and buffer concentration (Buff) on the MAb-A quality attributes
HMWS as detected by size exclusion high-performance liquid
chromatography, acidic variants as detected by ion exchange high-
performance liquid chromatography, and oxidized variants as
detected by protein A chromatography. Visible and subvisible par-
ticles were also monitored in all samples, but as no significant
changes over time were observed, no statistical data analysis was
performed for these CQAs (data not shown).

Experimentally determined protein and histidine concentra-
tions and pH levels were used for multivariate data analysis.

To focus solely on the impact of formulation parameters on DP
stability before MLR analysis, that is, to focus on change over time,
initial CQA values were subtracted from respective CQA values at
later time points. MLR data sets for HMWS, acidic variants, and
oxidized variants were analyzed separately with “time” included as
a 4th input parameter in all regression models to allow for
extrapolation until EoS. Nonsignificant terms were removed from
the model for model optimization.

All experiments for a specific CQA were used to calculate a
regression model, that is, in total, 88 data points per CQA regression
model (11 formulations analyzed at 8 time points; initial analysis
and after storage for 4, 8,13, 26, 40, 52, 78, and 104 weeks, resulting
in 88 data points per CQA). As we use MLR and least square analysis
for data analysis, minimizing the sum of squared deviations
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Figure 1. Design region of experimental plan. The multivariate stability study included
3 formulation factors at 2 levels, MAb-A concentration (“MAb”), solution pH (“pH”"),
and buffer concentration (“Buff”). These factors were investigated in a full factorial
design resulting in 8 experiments and 3 center points.

between the observed and fitted values of each response, this has
the advantage of the production of a number of useful model
diagnostic tools such as the coefficient of determination (R?) indi-
cating the goodness of fit, that is, the proportion of variability
explained by the model, and the coefficient of prediction (Q?), a
measure of how well the model will predict the responses for new
experimental conditions. A model that explains the data well will
have an R?> and Q? close to 1.0. Furthermore, errors (“SDs”)
including the propagation of error are presented in the error bars
(CIs) of coefficients and predictions. The model diagnostics for the
tested product quality parameters are given in Supplementary
Table 1 (Supporting Information).

Regression coefficient plots, displaying the respective regression
coefficients of the fitted models with CIs, were used for model
interpretation to evaluate the influence of the different formulation
parameters on quality attributes. A regression coefficient is regar-
ded as statistically significant if its CI is smaller than the coefficient.
Ninety-five percent Cls were chosen for model predictions after
Q1A(R2) Stability Testing of New Drug Substances and Products
stating that: “An approach for analyzing data of a quantitative
attribute that is expected to change with time is to determine the
time at which the 95 one-sided confidence limit for the mean curve
intersects the acceptance criterion.”'®

Analytical Methods

Analytical samples were analyzed once per analytical technique
using validated and qualified methods and equipment (i.e., un-
derstanding the full method performance including precision, ac-
curacy, and reproducibility) as described in the following text,
following internal as well as ICH Q1A requirements for DP. True
replicates were performed in the center points (target formulations
F9, F10, and F11) which are added to the design as an estimation of
experimental noise and to check for inherent variability of the
system.

Size Exclusion High-Performance Liquid Chromatography

Size exclusion chromatography was performed on an Alliance
2695 HPLC system equipped with a 2487 UV detector (Waters
Corporation, Milford, MA) and a Tosoh Bioscience TSK-Gel

G3000SWXL column with an oven temperature set to 25°C. The
mobile phase consisted of a 0.2-M dipotassium hydrogen phos-
phate/potassium dihydrogen phosphate buffer and 0.25-M potas-
sium chloride (pH 7.0) at a flow rate of 0.5 mL/min for 30 min.
Samples were diluted to 10 mg/mL protein concentration, and
150 pL was injected, corresponding to a loading amount of 150 pg.
Detection was performed at a wavelength of 280 nm. Data analysis
was performed using the software Empower 2 Chromatography
Data System (Waters Corporation), and results were reported as
area % HMWS and area % LMWS. The term HMWS describes all
MADb-A size variants which elute earlier than the main peak,
comprising dimers and larger soluble aggregates. The term LMWS
describes all MAb-A size variants which elute later than the main
peak.

Ion Exchange High-Performance Liquid Chromatography

Ion exchange chromatography was performed on an Alliance
2695 HPLC system equipped with a 2487 UV detector (Waters
Corporation) and a Dionex ProPac WCX-10, 4 x 250 mm column
with an oven temperature set to 40°C. The mobile phases consisted
of 10-mM sodium phosphate (pH, 6.1; mobile phase A) and 10-mM
sodium phosphate, 750-mM sodium chloride (pH, 6.1; mobile
phase B). Samples were diluted to 0.5-mg/mL protein concentra-
tion, and 100 pL was injected, corresponding to a loading amount of
50 pg. The mobile phases were pumped at a flow rate of 1.0 mL/min
in a gradient mode [(time in min vs. percentage of mobile phase
B) = 0:5, 5:5, 35:20, 45:95, 47:95, 50:5, 60:5]. Detection was per-
formed at a wavelength of 280 nm. Data analysis was performed
using Empower 2 Chromatography Data System software (Waters
Corporation), and results were reported as area % acidic variants.
The term “acidic variants” describes all MAb-A charge variants
which elute earlier than the main peak.

Analytical Protein A Chromatography

The presence of oxidized methionine residues in the antibody
was quantified using analytical protein A chromatography as
described previously. '° In brief, the content of oxidized MAb-A
variants was determined using an Alliance 2695 HPLC system
equipped with an 2487 UV detector (Waters Corporation) and a
Poros A/20 46 mm D x 50 mm L column. The mobile phases
consisted of Dulbecco's phosphate-buffered saline 1x in water (pH,
7.4; mobile phase A) and 100-mM acetic acid with 150-mM sodium
chloride in water (pH, 2.8; mobile phase B). Samples were diluted to
10-mg/mL protein concentration, and the injection volume was set
to 100 pL. The mobile phases were pumped at a flow rate of 2.0 mL/
min in a gradient mode [(time in min vs. percentage of mobile
phase B) = 0:0, 40:60, 41:100, 51:100, 52:0, 62:0]. Detection was
performed at a wavelength of 280 nm. Data analysis was performed
using Empower 2 Chromatography Data System software (Waters
Corporation), and results were reported as area % oxidized variants.

Protein Concentration

Protein concentration in solution was determined by photo-
metric analysis of diluted samples at 280 nm according to Lambert-
Beer law.

Histidine Concentration

The content of histidine was determined by reversed-phase
HPLC using an Alliance 2695 HPLC system equipped with an 2487
UV detector (Waters Corporation) and an ODS-A 250 x 4.6 mm
column with an oven temperature set to 25°C.

The mobile phase consisted of a 10-mM sodium phosphate
buffer solution (pH 7.0) at a flow rate of 0.5 mL/min for 15 min.
Samples were diluted 1:10 with mobile phase, and 10 pL was
injected. Detection was performed at a wavelength of 210 nm. Data
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analysis was performed using Empower 2 Chromatography Data
System software (Waters Corporation).

Solution pH

Formulation solution pH values were determined using a Met-
rohm 781 pH meter and a Biotrode micro pH glass electrode
(Metrohm AG, Herisau, Switzerland).

Results
Case 1: LMWS

It can be assumed from the initial assessment of LMWS data that
this response is robust because all measured values are clearly in-
side the specifications, that is, below 1.6 area %, and no major
variation in LMWS over time is seen (Fig. 2).

Case 2: Acidic Variants

The response “acidic variants” is an example where a statisti-
cally significant regression model exists, and all responses are well
inside predefined specification limits when extrapolating time to
EoS.

The raw data scatter plot for the data set “acidic variants”
including specification limits is shown in Figure 3. The obtained
regression model was significant with an R? of 0.86 and a Q% of 0.84.
The coefficient plot shows 2 significant linear coefficients, pH and
time (Fig. 3). The positive orientation of the coefficient bar for pH
indicates that a high pH will lead to a higher increase in acidic
variants during storage at intended storage conditions (2°C-8°C)
compared to formulations with a solution pH at the lower edge of
the formulation composition range. The interaction term pH x time
originates from the study setup where all output parameters are
normalized to O at start of the study to focus on stability impact
assessment. Any effect of pH will then increase over time giving the
interaction term.

Extrapolation up to 3 years for the worst case formulation
including the 95% CI resulted in a predicted value of 5.7 area %,
which is clearly below the predefined limit of 13.1 area %. It can be
assumed from this assessment that this response is robust (Table 2).
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Figure 2. Raw data scatter plot for low—molecular weight species. Data points colored
by formulation pH: red circles pH 6.5, green circles pH 6.0, blue circles pH 5.5. It shows
all formulations at each time point; however, the data points for different formulations
overlap because all values for LMWS are either 0 or 0.1 area %.
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Figure 3. Acidic variants. (a) Raw data scatter plot for acidic variants. Data points
colored by formulation pH: red circles pH 6.5, green circles pH 6.0, blue circles pH 5.5.
(b) Coefficient plot for acidic variants showing 2 significant linear coefficients, pH and
time. The positive orientation of the coefficient bar for pH indicates that a high pH will
lead to a higher increase in acidic variants during storage at 2°C-8°C.

Case 2: HMWS

As for acidic variants, the response “HMWS” is an example
where a statistically significant regression model exists, and all
response are well inside predefined specification limits. However,
as shown in Figure 4, MAb-A aggregation at 2°C-8°C follows a
nonlinear kinetic; linearization of the data is thus needed before
performing data analysis by MLR and extrapolating to EoS.

It is known that aggregation kinetics are highly complex, and it
has been shown that logistic functions empirically fit a wide variety
of protein aggregation curves. %?! In our case, we assumed a
simplified model, a pseudo first order kinetic reaction for HMWS
increase over time (Eq. 1), with y = HMWS [area %], k = first order
reaction constant, and t = time [weeks], and we obtained a good fit
to the experimental data as well as a good regression model.

y=a (1 —e’kt) (1)

Linearization of the HMWS data set can then be achieved by
plotting “Etime” = 1-EXP(—k;, x time) (instead of “time”) versus



6 C. Wurth et al. / Journal of Pharmaceutical Sciences xxx (2016) 1-9

Table 2

Predicted Values for Acidic Variants at the 156-Week (36-Month) Time Point With 95% Upper and Lower ClIs

Design of Experiments Study Setup Input Parameters

Output Parameter (Area %)

Mab-A (mg/mL) pH Buffer (mM) Time (wk) Acidic Variants 95% Lower 95% Upper
FO9 (Target formulation) 25.0 6.0 20 156 24 21 2.7
FO1 225 55 15 156 -03 -0.8 0.2
F02 27.5 55 15 156 -0.2 -0.6 03
FO3 225 6.5 15 156 5.1 4.6 5.6
F04 27.5 6.5 15 156 52 4.7 5.7
FO5 225 55 25 156 -04 -0.9 0.1
FO6 27.5 55 25 156 -0.3 -0.8 0.2
FO7 225 6.5 25 156 5.0 4.5 55
FO8 27.5 6.5 25 156 5.1 4.6 5.6

All predicted upper values at the 156-week time point are well within the allowable drug product stability target range of 13.1 area % for acidic variants. Negative values are
within the validated method variation of the applied analytical method (ion exchange high-performance liquid chromatography [IE-HPLC]).

“HMWS,” with k,, = first order reaction constants for formulations
n=1-11.

The kj,, values for the 11 robustness formulations were obtained
by nonlinear curve fitting using the Origin software and fitting the
individual formulation HMWS data sets to the equation y =
an(1-EXP(—k;, x t), describing first order kinetics for increase of a
product. ‘Etime’ = 1-EXP(—k, x time) was then used instead of
time as a fourth input parameter for the regression model.

All statistically significant linear and interaction coefficients, also
including small ones, were included into the regression model used
for predictions. The resulting MLR model was statistically significant
with an R? of 0.97 and a Q? of 0.96 and revealed time as the main
driver for changes in the CQA value (Fig. 4) with a respective coef-
ficient being >7 times larger than the other coefficients. The 3 other
linear coefficients, namely MADb, pH, and Buff were also statistically
significant (i.e., a higher pH or protein concentration leads to a higher
increase in HMWS, whereas a higher buffer concentration leads to a
lower increase in HMWS during storage), but all were small and
close to statistically insignificant so their contribution to variations in
the output parameters during storage at 2°C-8°C is of no practical
relevance. However, although out of scope for this article, their ef-
fects should not be ignored because they might become significant in
the case of temperature excursions. Several of the interactions also
appear to be statistically significant and were included into the
regression model. One might speculate about the nature of these
coefficients; however, interaction coefficients are by nature not
easily explainable in complex systems, and furthermore, the model
for increase in HMWS over time is not linear, complicating even
more the interpretation of these interactions.

All responses up to the 24-month time point were well below
the defined acceptance criteria limit of 0.8 area % and thus within
specifications. As the regression model for HMWS was statistically
significant, model prediction tools can be used to extrapolate the
input variable “Etime” to EoS (156 weeks). Table 3 depicts predicted
values for HMWS at the 156-week (36-month) time point with 95%
(I for the tested formulation composition range. Result shows that
predicted values for HMWS at EoS range from 0.26 to 0.43 area %
considering the upper 95% CI (Table 3), which is still well below the
specified limit of 0.8 area % at EoS for this CQA.

The formulation can be thus considered to be robust with regard
to the CQA HMWS within the tested formulation composition
range.

Case 3: Oxidized Variants

The response “oxidized variants” is an example where a statisti-
cally significant regression model exists, but this response will be
outside predefined specification limits when extrapolating time to
EoS.

The raw data scatter plot for the data set “oxidized variants”
including predefined acceptance criteria limits (7.8 area % DP
allowable stability range) is shown in Figure 5. The calculated
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Figure 4. High—molecular weight species. (a) Raw data scatter plot for high—molecular
weight species. Data points colored by formulation pH: red circles pH 6.5, green circles
pH 6.0, blue circles pH 5.5. The red square represents formulation no. 4 which does not
seem to follow the overall model. (b) Coefficient plot for high—molecular weight species
showing time as the main driver for changes in the CQA value.
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Table 3

Predicted Values for HMWS at the 156-Week (36-Month) Time Point With 95% Upper and Lower Cls

Design of Experiments Study Setup Input Parameters

Output Parameter (Area %)

Mab-A (mg/mL) pH Buffer (mM) Time (wKk) HMWS 95% Lower 95% Upper
F09 (Target formulation) 25.0 6.0 20 156 0.31 0.30 0.32
FO1 225 5.5 15 156 0.27 0.25 0.28
F02 27.5 55 15 156 0.32 030 0.33
FO3 225 6.5 15 156 0.32 030 0.34
F04 27.5 6.5 15 156 0.41 0.39 0.43
FO5 225 55 25 156 0.24 0.23 0.26
F06 27.5 5.5 25 156 0.29 0.28 0.31
FO7 225 6.5 25 156 0.27 0.25 0.28
FO8 27.5 6.5 25 156 0.35 034 037

All predicted upper values at the 156 week time point are well within the allowable drug product stability target range of 0.8 area % for HMWS.

regression model was significant with an R? of 0.92 and a Q% of 0.91.
The coefficient plot (Fig. 5) depicts time and pH as statistically
significant linear coefficients. The positive orientation of the coef-
ficient bar for pH indicates that a high pH will lead to a higher in-
crease in oxidized variants during storage at 2°C-8°C compared to
formulations with a solution pH at the lower edge of the formu-
lation composition range.

All responses up to the 24-month time point were still below the
allowable DP stability range of 7.8 area % oxidized variants. How-
ever, when using model prediction tools to extrapolate the input
variable “time” to EoS (36 months) for worst case high-pH for-
mulations, the predicted CQA values at EoS exceeded the allowed
stability TR (Table 4). This indicates that the formulation is not
sufficiently robust at the edges of the proposed formulation
composition range.

As the regression model is statistically significant, it can be used
to adjust the composition range by predicting an acceptable input
(formulation) parameter range, where all the values for the output
parameter will be inside the specification limit. In this case, nar-
rowing the formulation composition range, that is, narrowing the
upper pH specifications from 6.5 to 6.3 will reduce the predicted
95% upper value for oxidized variants at EoS to 7.3 area % (Table 4)
and thus will then result in a robust formulation.

Discussion and Conclusions

Despite the strong recommendation from regulatory agencies
that risk analysis as well as DoEs should be used to better under-
stand formulations and processes, there are no published examples
of a complete case study outlining the entire QbD procedure for
defining a robust formulation from concept to conclusion.

Gabrielsson et al.? (2008) evaluated the robustness of 2 tablet
formulations and concluded that a system is robust if the CQAs vary
within acceptable limits as critical process parameters are changed
over normal variation intervals. Later, Awotwe-Otoo et al.'? (2012)
used QbD approaches to evaluate the effect of several formulation
variables and their interactions on quality attributes of a lyophi-
lized monoclonal antibody. They also identified optimal concen-
trations of excipients and pH to define a design space.

Although many of the published case studies on formulation
robustness are linked to process performance, there are few publi-
cations about formulation robustness in the context of product sta-
bility throughout the intended DP shelf life, especially for biotech
products. An attempt to discuss formulation design and effects of
variations in the formulation composition on stability was carried
out in 2009 in the A-Mab case study. > A set of DoE studies was used
to verify a formulation composition range. It was observed that ag-
gregation increased above pH 5.3 for storage at 40°C and was
dependent on protein concentration. The author's conclusion was

qualitative rather than quantitative with regard to formulation
robustness over shelf life: “Due to the dependence of aggregation on
pH, the formulation range for pH should not exceed 5.6".
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Figure 5. Oxidized variants. (a) Raw data scatter plot for oxidized variants. Data points
colored by formulation pH: red circles pH 6.5, green circles pH 6.0, blue circles pH 5.5.
(b) Coefficient plot for oxidized variants depicting pH and time as statistically
significant linear coefficients. The positive orientation of the coefficient bar for pH
indicates that a high pH will lead to a higher increase in oxidized variants during
storage at 2°C-8°C.
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Table 4

Predicted Values for Oxidized Variants at the 156-Week (36-Month) Time Point With 95% Upper and Lower CIs

Design of Experiments Study Setup Input Parameters

Output Parameter (Area %)

MADb-A (mg/mL) pH Buffer (mM) Time (wk) Oxidized Variants 95% Lower 95% Upper
Original formulation composition range
FO9 (Target) 25 6.0 20 156 54 5.1 5.7
FO1 225 55 15 156 3.0 25 35
F02 275 5.5 15 156 3.0 2.5 35
FO3: Exceeds limit 225 6.5 15 156 7.8 7.3 8.2
F04: Exceeds limit 27.5 6.5 15 156 7.8 7.3 83
FO5 225 5.5 25 156 3.0 2.5 35
FO6 275 5.5 25 156 3.1 2.6 3.6
FO7: Exceeds limit 225 6.5 25 156 7.8 7.3 83
FO8: Exceeds limit 27.5 6.5 25 156 7.9 74 84
Adjusted range
Narrowed pH range 275 6.3 25 156 6.9 6.5 73
Shortened shelf life 27.5 6.5 25 145 7.3 6.9 7.8

The predicted upper values for worst case formulations FO3/F04 and FO7/F08 (high pH) exceed the allowable drug product stability target range of 7.8 area %. Adjusting the
claimed formulation composition range, that is, narrowing the pH range from 6.5 to 6.3 or shortening shelf life to 145 weeks (values in bold) will result in predicted upper

values for oxidized variants within the specified limits.

In 2011, an article by Martin-Moe et al."" described a formulation
robustness case study where a DoE was set up to investigate
formulation robustness by testing the effects of pH, concentration
of surfactant, buffer, tonicifying agent, as well as time and tem-
perature. Stability data from a 6-month isothermal study showed
that pH, time, and temperature had a notable impact on CQAs at
25°C. The article concluded that based on these results, combined
with additional univariate and multivariate studies, “CPPs are
identified (pH, time, and temperature), multivariate acceptable
ranges are defined, and a manufacturing target is recommended for
the formulation”.

A comprehensive article regarding formulation design space
and robustness was published by Grillo et al. in 2010." The article
presents helpful considerations for performing robustness studies
as well as 2 case studies in which DoE was used to determine the
robustness of protein formulations to changes in protein, excipient,
and pH levels. The case studies illustrate 2 outcomes that can be
obtained from a formulation robustness study: first, when there is
no effect of any formulation factor, it is straightforward to conclude
that the formulation is robust to the tested variations in excipient
and protein levels; and second, when there are effects, acceptance
criteria need to be defined so that the quality of the DP is not
affected beyond an acceptable level. For example, the results from
the excipient robustness study in case 2 “prompted well-defined
pH acceptance criteria in buffer preparation records and on the
product specification”, acknowledging the need of “acceptable
limits” to quantitatively assess formulation robustness. However,
no further guidance was given on how to define such “acceptable
acceptance criteria” and “acceptable levels” for product quality
throughout shelf life.

Recently, Sreedhara et al. published an overview on applying
QbD principles to formulation development of biopharmaceutical
products, including 3 case studies on formulation robustness.'” The
authors emphasize that robust protein formulation development is
the keystone for all biopharmaceuticals and provide helpful ex-
amples of risk assessment tools to identify formulation compo-
nents to be tested, DoE study setups, sampling plans, and data
evaluation for a formulation robustness study.

In our study, first, we predefined acceptance limits for the CQAs
tested in formulation robustness studies, based on QbD principles
and in alignment with the project specific overall control strategy.
Second, an MLR model was calculated. In the case that the MLR
model is statistically not significant, we can deduce that the
formulation is robust within the formulation composition ranges.

In the case that the MLR model is statistically significant, we
extrapolate to EoS and assess whether CQAs remain within those
predefined limits; if we stay within the limits, we can infer that the
formulation is robust within the formulation composition ranges,
and if we exceed the limits, we can use the MLR model to adjust the
formulation composition ranges accordingly, for example, by nar-
rowing formulation composition ranges (e.g., narrowing pH spec-
ifications) or, possibly, by widening DP CQA allowable stability
ranges or acceptance criteria, if warranted and justified.

Two important considerations, when using our proposed QbD
procedure for defining a robust formulation, are that CQAs and
CQA-ACs need to be defined early on, as a quantitative result cannot
be generated without a DP stability range. Furthermore, there may
be a need to change DP stability ranges as new information be-
comes available, which is usually the case during development,
where control strategy and specifications can also evolve and if
justified by scientifically valid reasons, these changes may be
permissible.

The presented case study proposes a quantitative solution that
demonstrates how to assure formulation robustness until EoS,
based on real-time stability data at intended storage temperature
and inclusion of time as a 4th input parameter in all regression
models, if no EoS data are available at the time of biologic license
application and marketing authorization application submission.
Extrapolation to 36 months for predicting shelf life from both pe-
riods of 0-12 months and 0-24 months was evaluated, and both
extrapolations predicted similar results with regard to degradation
product content at EoS.

Although formulation parameter effects might be close to sta-
tistically insignificant to be of practical relevance at refrigerated
storage temperatures, their effects should not be ignored because
temperature excursions may exacerbate the effects of these pa-
rameters. In principle, the same concept described in this case
study for real-time 2°C-8°C data can be used for evaluating tem-
perature excursions at elevated temperatures, and all MAb-A for-
mulations in the presented study design were indeed also stored at
elevated temperature (25°C) for up to 40 weeks and at accelerated
temperature (40°C) for up to 13 weeks (data not shown). It would
also be interesting to evaluate whether the data set at accelerated
storage conditions can achieve the same information as the data set
for long-term storage at 2°C-8°C; however, relating the available
data sets to the stability behavior of MAb-A at 2°C-8°C is outside
the scope of this article but might be the topic of a further
publication.
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Formulation robustness studies have a dual purpose of sup-
porting both range settings for formulation parameters as well as
justification of specifications for CQAs. An advantage of developing
an MLR model for a formulation robustness data set, including time
as an input parameter, is that the MLR model can be used to make
predictions within the data set to adjust the allowed formulation
composition range or narrow shelf life specifications if necessary.

For a linear data set, the preferred methodology is MLR. For
nonlinear data, such as HMWS, some type of linearization is neces-
sary before an MLR model can be calculated. This should, however,
be based on and be in line with mechanistic understanding of the
underlying degradation pathways. However, if such understanding is
not fully warranted, then statistical methods can be used to inves-
tigate how well the data can be fitted to a simplified model. A
detailed scientific explanation about the nature of the interactions in
our HMWS case would need more experiments which is out of scope
for this article but is in consideration for a further study, focusing on
the underlying mechanistics of MAb-A aggregation.

A potential problem can arise if one formulation does not follow
the overall model. In this case, the predictions obtained are less
precise, and consequently, a larger safety margin (CQA-TR) between
the predicted value and the respective limit is required. In the
presented case study, this problem potentially occurs for formula-
tion no. 4 in the HMWS example (see red square in Fig. 4a). In such a
case, a sufficiently large CQA TR needs to be chosen.

Based on this case study, we propose that a formulation can be
claimed as robust if all DS and DP CQAs remain within their
respective EoS CQA-AC throughout the entire claimed formulation
composition range.
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