
Introduction
Pharmaceutical dosage forms consist

of a mixture of ingredients combined to
provide desirable characteristics. Called
the pharmaceutical formulation, the
dosage form is most often a tablet or
capsule. The scale-up process that
yields the most desirable dosage form
is called formulation development. It is
critical that the formulation be robust
and consistent, any tablet or capsule
produced anywhere in the world must
have the same therapeutic characteris-
tics. A basic problem in pharmaceutical
manufacturing is that seemingly simple
formulations with identical ingredients
can exhibit radically different perfor-
mance depending upon how the ingre-
dients are blended together. The prob-
lem is compounded with newly-
developed advanced drugs that contain
small amounts of highly-potent active
ingredients, administered via complex
delivery systems.

Steve Hammond, manager of the
Process Analytical Support Group for
Pfizer Global Manufacturing, is respon-
sible for maintaining the integrity of
pharmaceutical production worldwide.
He has published several articles1,2

describing the necessity of understand-
ing the spatial relationship and interac-
tion of drug formulations, and the cur-
rent lack of analytical instrumentation to
provide these data.

...the most significant factor in
determining the quality of a formu-
lated product, is the structure of the
matrix that evolves during this man-
ufacturing process... when it is time
to assess the quality of our prod-
ucts, we invariably destroy the
matrix by dissolving the sample in a
solvent. All the information on the
physical state of the ingredients
and how they relate to each other is
then effectively lost... Our plan is to
establish the characteristics of a
good matrix and a bad matrix, then
to assess every new lot manufac-
tured for its matrix conformity
against the reference. [Steve
Hammond, Pfizer Global Manu-
facturing, European Pharma. Rev.
3, 47 (1998)].

As active ingredients become more
powerful, drugs can deliver therapeutic
performance with far lower concentra-
tions than was possible even two years
ago. An Aspirin® tablet contains 325 mg
of the active principle, acetylsalicylic
acid, whereas Viagra contains sidenafil
citrate at therapeutic levels as low as
10 mg. Some heart medications are
produced in 0.5 mg strengths. Even
though the amount of active is
decreased in these formulations, the
tablet size cannot be reduced beyond
the ability of the patient to handle it.
Often, the proportion of inert excipients
to the “active” is simply made higher so
that the tablet remains about the same
size as an Aspirin dosage unit. It is typi-
cal upon micro-examination of tablets to
find active ingredients not evenly dis-
persed, but rather distributed in discrete
particles or clumps. As dosage concen-
tration drops, it is increasingly difficult to
ensure content uniformity.

Pharmaceutical makers are also
increasing drug dosage management—
mixing drugs in a single dose, extending
drug release from a single dosage form
or providing longer, flatter bloodstream
concentration profiles. HIV “cocktail”
drugs are a good example. Lower active
concentrations and more complex
excipients often mean that conventional
testing—dissolution, content uniformity
and label-strength assay—become diffi-
cult to accomplish. More sophisticated
analytical techniques are now needed
in the formulation development phase

and throughout the production process
to monitor these characteristics.

These new drug release systems are
quite complex, requiring complicated
tablet architecture as well as patient-
friendly administration. This has given
rise to a whole new engineering genre.
Examples of some of the new solid
dosage delivery forms—OROS tablets,
mixed micro-spheres, barrier-layer cap-
sules and cored tablets—are shown in
Figure 1. Other advanced delivery sys-
tems used by the pharmaceutical indus-
try includes inhalable aerosols, barrier-
layer transdermal patches and
“piggyback” lipid delivery systems. The
regulatory testing stakes for each new
delivery mechanism are high because
they depend upon physical chemistry to
deliver the drug. There are stringent
regulatory requirements that must be
met in order to market the drug.

Pharmaceutical companies are realis-
ing that existing analytical techniques
are inadequate to characterise the
properties that determine the potency of
new, spatially-complex finished prod-
ucts. Existing workhorse analytical tech-
niques such as HPLC and mass spec-
trometry are widely used to measure
the gross composition of the finished
product, yet shed no light on the distrib-
ution of the components. Dissolution
studies can determine the manner and
duration of component release but they
are destructive, lengthy procedures and
cannot provide insight into the cause of
manufacturing defects. Increasing com-
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OROS, an Alza-developed tablet used by Pfizer and others. It
retains its shape in gastric fluids and releases therapeutic
doses through an osmotic aperture.

SELECTIVE-RELEASE MICROSPHERES, drugs with selected
target therapies are adsorbed onto inorganic or polymeric
microspheres. Concentrations and release rates are
staggered to provide a complex therapeutic pattern in the
bloodstream.

BARRIER-LAYER RESERVOIR CAPSULE, As the drug
releases, additional drug refreshes the concentration in the
upper chamber to maintain constant concentration. This
dosage form provides long plateaus of drug in the
bloodstream.

CORED TABLET, used for sequential delivery of one drug at
two distinct concentrations or back-to-back dual drug delivery.

Figure 1. Examples of complex solid dosage forms.



plexity in dosage delivery design and
more potent active ingredients demand
a method for rapid and direct visualisa-
tion of the spatial distribution of the
chemical components that make up
these products.

The problem is critical. Drug efficacy
is dependent upon “blind” manufactur-
ing processes that produce dosage
forms that can only be tested after the
fact. When defects occur, there is no
fast, reliable analytical technique capa-
ble of pinpointing the source of the
problem. Even when the process is in
control, existing procedures are lengthy
and may cause expensive production
delays. Characterisation techniques
that provide chemical and physical data
that meet the criteria described by
Hammond above are a necessity: com-
plex drugs require more exacting test-
ing techniques and faster information
return rates than possible with existing
analytical instrumentation. A related
issue is the expense of product tied up
in WIP (work in process) while testing is
conducted. For a large company this
can represent $1 billion worth of inven-
tory at any given time. A technique that
improves testing turnaround can save
millions of dollars, by decreasing time-
to-market.

Non-imaging NIR spectroscopy is
quickly becoming a workhorse analyti-
cal technique3 within the pharmaceuti-
cal industry for both qualitative and
quantitative applications.4,5 It is widely
used for the characterisation of raw
materials6,7 and is becoming accepted
for the analysis of intact tablets,8,9 blend
homogeneity,10,11 particle size determi-
nation12,13 and moisture measure-
ment.14 The usefulness of the technique
is greatly enhanced by the use of
sophisticated chemometric statistical
analysis,15 including principal compo-
nent analysis,16 partial least squares17

and fuzzy C-means clustering18 among
others.

However, the current state of the art
to determine the dosage and rate of
release of the active ingredients in drug
delivery devices is through dissolution

measurements. The technique provides
a simulation of the expected perfor-
mance of the system in vivo and is an
essential QA/QC procedure. However,
the procedure is lengthy, especially
when the solid dosage form is formulat-
ed to provide drug release over many
hours. Dissolution studies, however,
provide no insight into manufacturing
defects when anomalous results are
obtained. An independent direct
assessment of tablet structure can pro-
vide this essential and non-destructive
understanding of complex manufactur-
ing failures.

Instrumentation
In recent years there has been

tremendous interest and significant
developments in infrared spectral imag-
ing using focal-plane array detection.
This technique fully integrates infrared
spectroscopy and digital imaging tech-
niques.19–21 Three technologies have
converged to allow the development of
these systems particularly for practical
applications of high-speed NIR spectral
imaging:
� High-performance, uncooled NIR

sensitive focal plane array detectors
� Digitally-tunable infrared optical fil-

ters
� Enormous increases in PC speed

and capacity of laboratory comput-
ing platforms

Spectral Dimensions offers complete
NIR imaging systems based upon the
integration of these components. With
these instruments, the spatial relation-
ship and chemical composition of com-
plex matrices, such as pharmaceutical
blends, can be rapidly determined. The
variation of spectra across the image
provides information about the chemical
composition as well as the spatial distri-
bution of the components comprising
the imaged sample. This novel tech-
nique is anticipated to meet the chang-
ing analytical needs of the pharmaceuti-
cal industry.

The block diagram shown in Figure 2
indicates the layout of the main compo-
nents of the system. NIR light from the
illumination system is focused upon the
sample and the diffuse reflectance
image of the sample is collected by a
microscope objective. Other optical
configurations can be used for different
sample types and sizes. In practice,
data collection proceeds by recording a
series of images on the infrared FPA at
each wavelength position selected by
the tunable filter element. The wave-
length range of the experiment and the
spectral interval can be pre-determined
before data collection begins. All
aspects of data acquisition are under
computer control with parameters set
via a Windows™-based operator inter-
face.

The result is a three-dimensional data
set, known as a spectral hypercube,
shown in Figure 3. The X and Y axes
represent spatial information and the Z
axis represents reflectance at the
selected NIR wavelengths. Data is
analysed using ISys™ (Spectral
Dimensions Inc.), a graphical user inter-
face (GUI), and an integrated software
package designed specifically for the
acquisition, visualisation and analysis of
hyperspectral image cubes and maps.
NIR spectra associated with any pixel
and images associated with any NIR
wavelength are readily displayed. The
package contains standard spectral
analysis and image analysis tools, as
well as advanced chemometric qualita-
tive and quantitative analysis capabili-
ties. Based on the Matlab™ (MathWorks,
Inc.) programming language, variables
used by ISys™ are accessible in real-
time by Matlab™, allowing for a large
degree of customisation by the expert
user. Data is written and/or read in a
proprietary file format, and may also be
seamlessly read from and/or converted
for use by other software packages.

Results
The MatrixNIR™ system was used to

examine the internal structure of a
“Contac®” time-release granule. The
granule was bisected and the diffuse
reflectance from the cut surface imaged
onto the focal plane array through a 10×
microscope objective. Each pixel in the
detector array (320 × 240) corresponds
to an approximately 6 µm2 area of the
sample surface. For this particular data
set images were obtained at 10 nm
intervals from 1000 to 1700 nm, with a
total acquisition time of approximately
2 min.

The chemical image shown in Figure
4(b) represents an area of approximate-
ly 0.9 mm2. This image was generated
from the data using principal compo-
nent analysis and is obtained in a com-
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Figure 2. Simplified block diagram of Matrix NIR™ NIR spectral imaging system.



Page 18 NIR news Vol. 12 No. 3 (2001)

pletely unsupervised manner. Using
principal component analysis on a data
set such as this is an excellent way to
“mine” both spatial and chemical vari-
ance within the sample. The analysis
produces a series of loading vectors
and corresponding scores for each pixel
on the array. Examination of the con-
trast in the score images provides
insight into regions of chemical similari-
ty and chemical heterogeneity within
the sample. In the example shown
[Figure 4(b)], several distinct layers and
boundaries are clearly evident in the
NIR chemical image and these bound-
aries are consistent with the known
physical structure and composition of
this particular formulation. By contrast,
the corresponding visible image [Figure
4(a)] reveals no contrast between the
respective chemical species and layers.
In addition, the NIR spectra associated
with each pixel can be displayed by
clicking the mouse pointer on any
selected region. A single pixel NIR
spectrum associated with the central
region of the image from 4(b) is shown
in Figure 5 and displays excellent sig-
nal-to-noise characteristics. This partic-
ular data set contains 76,800 equivalent
spectra at each spatial location.

Conclusions
NIR imaging is an exciting new tech-

nology capable of providing insight into
the structure and function of modern
solid dosage forms. It is likely that it will
be widely adopted and deployed in
pharmaceutical analysis in the future
and is particularly applicable to new
product formulations and for under-
standing manufacturing defects.
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Figure 4. Visible (a) and NIR principal component (b) images of a pharmaceuti-
cal time-release granule.
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Figure 5. NIR spectrum obtained
from a single pixel (6 × 6 µm) in the
centre of the image in Figure 4(b).

Image Y

Image X

Figure 3. Diagrammatic view of spectral hypercube.


