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Developing and Using

Analytical Methods

to Achieve Quality by Design and
Efficiency in Drug Development
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nalytical method development
A is a critical part of the drug de-

velopment process. Analytical
methods are used to check the qual-
ity of materials that will be used in
clinical trials. As drug development
progresses toward registration, these
and other methods are used to gen-
erate information that will enable
quality to be designed into the manu-
facturing processes of drug sub-
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The author describes stances and formulated drug prod-
strategies for analytical ucts. This practice can lead to a
method development that detailed understanding of produc-

tion processes and the development
of control mechanisms that will en-
sure product quality.

Effective method development
does not occur in a vacuum. Analyti-
cal scientists must interact with
process chemists, pharmaceutical sci-
entists, and process engineers (see
Figure 1). The information needs of
these development partners must be
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are helpful in achieving
quality by design and
efficiency.
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Figure 1: Key analytical development partners and

functional area interactions.

Method development activities
must be appropriate for the stage of
the overall drug development
process. The development and use of
analytical methods evolve from gen-
erating information about a manu-
facturing process and product to
using the methods for monitoring
and controlling parameters that are
critical to a drug’s quality. Ever in-
creasing demands for efficiency and
productivity require a careful focus
on the value of information that is
generated at various stages. For ex-
ample, extensive method validation
studies are not needed while the
drug substance synthesis or the drug
product formulation are still being
defined.

This article describes considera-
tions for analytical method develop-
ment that may help achieve quality-
by-design and efficiency. General
strategies are discussed, rather than
the details of specific techniques.
Areas in which the methods are ap-
plied such as impurity investigations,
process monitoring, and physical
property investigation are addressed.
The development of specifications, of
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Third parties

Quality assurance

which methods are a key
component, also are
discussed. Though the
discussion focuses on
synthetic compound de-
velopment, many aspects
can be applied to biosyn-
thetic products.

Approaches to method
development:
impurities

The control of impuri-
ties in drug substances and products
is a major part of drug development.
Analytical methods are needed to de-
termine which of the many possible
impurities throughout the manufac-
turing process are important and to
establish appropriate control mecha-
nisms for them. A general example of
a process to produce a drug substance
and drug product is shown in Figure
2. Starting materials, intermediates,
reagents, solvents, and catalysts are
obvious potential process-related im-
purities that could appear in the drug
substance. Other impurities can orig-
inate from starting materials or be
formed as reaction by-products in
the synthesis. Once formed, the drug
substance may degrade to form
degradation-related impurities. The
drug product also may degrade to the
same, or perhaps different, impuri-
ties. Impurities derived from inter-
actions with excipients in the drug
product also must be taken into
account.

All components other than the
drug substance and drug product
ingredients are potential impurities
that must be investigated. The goal of
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Figure 2: A hypothetical manufacturing process with potential impurities.

impurity investigations is to deter-
mine the origin and fate of impuri-
ties so as to have well-understood
process controls, storage conditions,
and specifications to ensure that
impurities do not exceed acceptable
levels. The investigations also help
rule out hypothetical impurities that
are absent or insignificant.

Screening methods. A variety of an-
alytical methods are needed to inves-
tigate impurities. High-performance
liquid chromatography (HPLC) is
the workhorse technique for this
purpose. Scientists frequently use a
broad-scope screening method to de-
tect as many impurities as possible.
Gradient HPLC over a wide polarity
range is a typical starting point that
will provide retention for polar
impurities, separation of structurally
similar compounds, and elution of
nonpolar impurities. For process-
related impurities, initial optimiza-
tion with intermediates and starting
materials can provide a basis for a se-
lective method that has a good proba-
bility of separating unknown impuri-
ties. Access to samples of other
predicted impurities such as isomers
and by-products also helps in the de-
velopment of selective methods. As
will be described later in this article,

stress testing is needed to develop
stability-indicating methods.

Although ultraviolet (UV) detec-
tion is used whenever possible, HPLC
conditions that are compatible with
detection by mass spectroscopy (MS)
are very useful in discovering and
identifying unknown impurities.
Evaporative light-scattering, electro-
chemical, chemiluminescent nitro-
gen, and refractive index detection
modes are sometimes needed de-
pending on a given compound’s
properties.

Orthogonal separation techniques
such as capillary electrophoresis, gas
chromatography, or thin-layer chro-
matography often are used to supple-
ment the primary screening method
or to confirm that the primary
method has not missed anything. Al-
ternative HPLC conditions with vari-
ous stationary and/or mobile phases
can be used for this purpose. Peak pu-
rity algorithms to evaluate the coelu-
tion of impurities with the main
component or with each other also
can be used to increase confidence in
a screening method’s selectivity. The
effort investment in developing or-
thogonal methods must be balanced
with the information that can be
gained. The timing for such effort can
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depend on the particular compound
and practices of a given firm.

Targeted methods. Despite the use-
fulness of general screening meth-
ods, they usually are not capable of
detecting all impurities of interest in
a drug substance or drug product. In
these cases, a method targeted for a
specific impurity usually is needed.
The determination of the minor
enantiomer of a chiral drug with a
chiral method is a clear example of
this situation. Additional examples
in which targeted methods are
needed include the determination of
metallic catalysts, residual solvents,
genotoxic impurities at trace levels,
and other known impurities not
separated or detected by general
screening methods.

Stability-indicating methods. Stress
testing is a key part of stability-
indicating methods development. In
these studies, the drug substance
typically is subjected to a range of
heat, humidity, acid, base, light, and
oxidative conditions to gain infor-
mation about the molecule’s intrinsic
stability, to identify degradation
products, to elucidate degradation
mechanisms, and to establish the an-
alytical methods’ ability to detect
degradation impurities. Stress studies
also are performed on drug products
to check for the presence of various
degradation products or impurities
formed by excipient reactions.

In addition to facilitating method
development, information from
stress testing studies can guide for-
mulation design and decisions about
handling, packaging, and storage
conditions. Broad-scope screening

methods similar to those used to
investigate process-related impurities
are appropriate for initial degrada-
tion studies. These methods can be
used to identify which degradation
products can form under conditions
that are usually much more extreme
than typical storage conditions.

Stress degradation studies also can
be staged according to the develop-
ment phase. As a new drug candidate
progresses, more-detailed informa-
tion about its stability characteristics
is needed. For example, the complete
structure elucidation of degradation
products may be delayed until a for-
mulation is finalized. The timing and
extent of stress studies conducted by
various researchers have been sum-
marized by Alsante ef al. (1).

Process monitoring. On-line analyt-
ical measurements can provide de-
tailed process information that can
lead to the development of more-
robust processing conditions. Syn-
thetic reactions can be monitored
with on-line Fourier transform in-
frared (FT-IR) spectroscopy, UV,
HPLC, MS, and other techniques to
provide information about reaction
kinetics, reactive intermediates, and
reaction completeness. Blending or
drying operations can be monitored
by near-infrared (NIR) spec-
troscopy, FT-IR, and Raman spec-
troscopy as well as thermal effusiv-
ity, acoustic spectroscopy, and other
methods. Developing process
knowledge using on-line techniques
at the laboratory and pilot scales can
help evaluate the consistency of
scaled-up processes and reveal
which operations will require rou-
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Figure 3: Progression of methods from
use in development investigations to use
for long-term control.
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Figure 4: Physical property investigations.

tine monitoring to achieve good
process control.

As development progresses, infor-
mation from screening methods,
targeted methods, and on-line
analysis is used to determine which
of many possible impurities, degra-
dation products, and reaction con-
trol points are significant (see Figure
3). Analysis of laboratory, scale-up,
and stability samples can be used to
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rule out hypothetical impurities by
showing that they are not formed or
that process impurities are effec-
tively removed at a given step.

Degradation products observed
under stress conditions may not be
observed under actual storage condi-
tions and can be ruled out as signifi-
cant. Methods then can be focused
on impurities that are likely to be
present and optimized for robust
and efficient use in a quality control
laboratory.

Physical property investigations
Measurement technology also is
needed to conduct physical property
investigations. The types of investi-
gations needed during drug
development are depicted in
Figure 4. A salt screen is
performed initially to
choose the desired candi-
date to bring into develop-
ment. Studies then are per-
formed to identify crystal
forms of the drug and, if
different polymorphs are
found, to choose the desired
one (usually the most ther-
modynamically stable
form). X-ray diffraction,
Raman, thermal analysis, and solid-
state nuclear magnetic resonance are
commonly used for these studies
(2).

In addition to crystal form, other
properties of the drug substance
such as particle size, shape, surface
area, density, and flowability are
often measured. These properties
can affect a drug product’s bioavail-
ability, dissolution, and stability. A

www.pharmtech.com



discriminating dissolu-
tion method can indi-

. VAV AVAR A AR AVART AT ALY
cate process consistency AR OV

RUALLEA VAV

and can sometimes be v AL g
. . AL VAT g

c;);lr.ilated to bioavail- '::"A:"A|l!ltl‘m““““:“§{‘§‘ H
ability. SR i
. . VAT A AAREAEORSS g
Physical properties 6“;"‘}:“‘%‘" ;:::ggt :

also can affect down-
stream unit operations
in a manufacturing
process. Drug sub-
stance flowability may
affect a blending oper-
ation in the formula-
tion process, for example. Drug sub-
stance particle size generated from
crystallization might affect the parti-
cle size produced from a subsequent
milling operation. Therefore, devel-
opment methods for physical prop-
erties are important for investigating
the unit operations that impart a
given property as well as operations
that are affected by that property. As
with synthetic steps, on-line meas-
urements can be useful in studying
physical properties. Crystallizations
and some milling operations can be
monitored using a variety of tech-
niques including FT-IR, Raman, UV,
turbidity, reflectance, laser diffrac-
tion, and image analysis. NIR spec-
troscopy has gained popularity for
monitoring blending operations in
formulation processes.

Predictive models

Development methods can be used
during laboratory studies to gener-
ate predictive models of processes
that will aid in scale-up efforts. This
level of process understanding can
help build quality into a product by

P
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Figure 5: Example of stability information gained by
application of design of experiments.

designing a process that will operate
well within the ranges of parameters
that will provide predictable quality.
Statistically designed experimenta-
tion, sometimes referred to as design
of experiments (DOE), is a valuable
tool for developing process models.
Screening experiments such as Plack-
ett-Burman designs can be efficient
means of identifying which experi-
mental parameters have a significant
effect on desired responses. These pa-
rameters then can be optimized with
various factorial design and response
surface studies (3, 4). The sensitivity
of the response to changes in the op-
erating parameter can be determined
to define process robustness. In that
way, overly sensitive processes or
those beyond the capability of the
equipment to control can be avoided.
Statistically designed experiments
also can be applied to analytical
method optimization and validation.
If the method is being designed for
long-term use, its robustness with
regard to changes in operating vari-
ables is an important consideration.
Efficiency in investigating a broad
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experimental space can
be gained with DOE
studies. Figure 5 shows
data from a study in
which the degradation
of a compound over a
fairly broad range of
water content and tem-
perature were exam-
ined. The data, which
showed the region of
water and temperature
that minimize degradation, were
used to control the drying and stor-
age of the drug. A nonstatistical ap-
proach would require more re-
sources to generate the the stability
information.

Specification development

The development and evolution of
specifications have been discussed
previously, primarily because tests,
analytical procedures, and accept-
ance criteria comprise specifications
(5). During a drug product’s early
development, specifications focus on
the safety of the drug for use in clin-
ical trials. Control limits for impuri-
ties based on the quality of materials
used in toxicological studies and the
known toxicities of impurities such
as residual solvents and catalysts can
be used for early-phase clinical trial
materials.

As development progresses, speci-
fications will become increasingly
based on batch histories, process
capability, analytical capability, and
stability (5). Changes in manufac-
turing processes must be well docu-
mented and connected in a so-called
line of sight over the course of devel-

Drug substance

impurity comparison, potential of change to impact safety

optimized commercial route
commercial route
Tox lot(s) initial route

Figure 6: A line of sight for clinical trial materials used in
drug development.

Drug product

stability, product performance

Optimized phase Il formulation

property evaluation

APIphysical

Biobatch formulations
Initial formulation

opment (see Figure 6). Impurity
profile comparisons for the drug
substance are made among batches
used in toxicology studies and sub-
sequent batches, especially when a
process change has occurred. The
potential for changes in the process
and/or impurity profiles to affect
safety is evaluated. For the drug
product, the appropriate bridging of
safety and efficacy must be consid-
ered. Pivotal studies will form the
basis for drug product approval, so
the effects of formulation and
process changes must be considered
to make valid conclusions about
whether the registered product re-
flects the quality of the product used
during those studies.

Likewise, analytical methods
evolve during development and
change as the synthetic process and
the formulation change. As previ-
ously discussed, the methods also
may change as knowledge is gained
about what is important to control in
terms of impurities, physical proper-
ties, and drug product performance
characteristics. When setting specifi-
cations, it is necessary to understand
the effect that method changes may
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have on the comparability of results.
This process will help determine how
batch data collected with various
methods should be used in setting
specifications.

Specification acceptance criteria
also should accommodate a reason-
able range of expected analytical and
manufacturing variability. In addi-
tion to batch history data, results of
development studies such as the
DOE studies described previously
can be used to determine expected
variability. Studies that incorporate
variability from starting materials,
excipients, and equipment capability
can provide a very realistic under-
standing of quality that can be ex-
pected over a time frame of several
years.

The potential to use interim ac-
ceptance criteria, sunset testing, and
periodic quality-indicator tests can
accelerate development and increase
efficiency in future production
(5-7). Interim acceptance criteria
may be appropriate when limited
full-scale manufacturing experience
is available at registration and the
use of a statistical approach for set-
ting acceptance limits is not justi-
fied. Adjustments can be made
within safety and efficacy limits
when sufficient experience is gained
to represent reasonable manufactur-
ing variability. Sunset testing pro-
vides the option of discontinuing
tests after sufficient data are gener-
ated to show the test is no longer
needed. Periodic quality-indicator
tests performed on batches at desig-
nated intervals can be used if it is
desirable to show that a given attrib-

ute remains under control but data
indicate that testing every batch is
unnecessary. Process analytical tech-
nology measurements that are pre-
dictive of product quality may also
offer the opportunity for decreased
end-product testing. The options re-
lated to specifications are usually ap-
plied after approval but can influ-
ence the development of
specifications during clinical trials.

Technology development

Several technological advances have
affected analytical scientists’ ability to
be more productive in terms of the
quality and quantity of information
generated. Despite the relative matu-
rity of the field, new developments in
liquid chromatography and other
separation techniques continue to be
made (8). In many cases, analysis
time can be reduced dramatically
using fast HPLC techniques that in-
corporate monolithic and short mi-
croparticulate columns (<2 pm par-
ticles). Columns and instruments
that can accommodate higher flow
rates, temperatures, and pressures
can offer faster run times often with-
out sacrificing much resolution.

New stationary phases designed
for polar-molecule separations or
operation at high-pH levels provide
increased options for selectivity
optimization. Parallel separations by
means of narrow small-particle
columns or microfluidic devices can
provide high-sample throughput for
certain applications. Automated
routines for screening separation
variables such as column, mobile
phase pH, and organic solvent can
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increase the efficiency of method
development.

Advances in MS and nuclear mag-
netic resonance detection for HPLC
have improved capabilities for both
quantitative and qualitative analysis.
Various spectroscopic techniques
applied in off- or on-line modes are
improved tools for gaining process
knowledge. Raman, NIR, FT-IR, MS,
microscopy, image analysis, and
other techniques are being adapted
to solve pharmaceutical problems
such as component distribution
within a tablet and blend uniformity
as well as correlations with other
product characteristics. Multivariate
data analysis techniques such as par-
tial least-squares calibration and
principal components analysis can
provide information not obtainable
with a univariate approach.

Conclusion

The need for increased efficiency and
information coupled with situations
involving novel dosage forms, high-
potency (low-dose) drugs, low-
solubility drugs, or complex synthetic
molecules and processes provide in-
creasing challenges to analytical
chemists and development partners.
Continued advances in measurement
technology and a regulatory climate
that values detailed process knowl-
edge and improvement will help ad-
dress those challenges.

Performing analytical investiga-
tions at the appropriate time in the
development process is still an
important consideration, given the
attrition rate of drug candidates. But
a well-designed development pro-

gram can achieve quality by design
and overall efficiency for drug can-
didates that proceed to registration
and approval.
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