
Subscriber access provided by American Chemical Society

Journal of Combinatorial Chemistry is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Article

High-Throughput Study of Poly(ethylene glycol)/Ibuprofen
Formulations under Controlled Environment Using FTIR Imaging

K. L. Andrew Chan, and Sergei G. Kazarian
J. Comb. Chem., 2006, 8 (1), 26-31• DOI: 10.1021/cc050041x • Publication Date (Web): 08 December 2005

Downloaded from http://pubs.acs.org on March 22, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 5 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/cc050041x


High-Throughput Study of Poly(ethylene glycol)/Ibuprofen
Formulations under Controlled Environment Using FTIR Imaging

K. L. Andrew Chan and Sergei G. Kazarian*

Department of Chemical Engineering, Imperial College London, SW7 2AZ UK
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Simultaneous analysis of many samples under identical conditions improves the effectiveness of research
and accelerates product design. A novel spectroscopic imaging approach using a multichannel detector has
been developed for parallel analysis of pharmaceutical formulations under controlled environments. Samples
of formulations of ibuprofen in poly(ethylene glycol) have been prepared with ibuprofen concentrations
ranging from 0 to 100% using a microdroplet deposition approach. The concentration of ibuprofen in PEG
at which dimerization of ibuprofen molecules can be avoided has been determined via simultaneous
measurement of all samples using in situ FTIR spectroscopic imaging. FTIR spectra from all samples have
been analyzed to assess the molecular state of the drug and the degree of polymer swelling as a function of
drug concentration. The effect of elevated temperature on the stability of all formulations was also studied.
This high-throughput approach identified the concentration range for stable formulations and provided
evidence that hydrogen bonding between ibuprofen and the polymer is responsible for enhanced stability at
higher temperatures. This high-throughput imaging approach, based on a miniature sampling system,
significantly reduces the experimental time by allowing many (potentially a few thousand) experiments to
be run in parallel and increases the accuracy by minimizing variations between experiments.

Introduction

The research and development of pharmaceutical formula-
tions often involves the measurement and analysis of a large
number of samples. This can be very laborious and time-
consuming because of the large number of variables that can
influence the performance and stability of the final product.
Therefore, there is currently a significant interest in the
development of high-throughput screening and experimenta-
tion platforms for studying small amounts of pharmaceutical
substances in parallel.1 The current status of applications of
high-throughput technology (HTT) for the discovery and
analysis of physical forms of drugs is provided in a
comprehensive review by Morissette at al.2 with a focus on
drug crystallization, polymorphism, co-crystals, and solvates
of pharmaceutical solids. Integration of HTT in pharmaceuti-
cal processing is becoming an important feature in industrial
applications.3,4

Recently, we introduced a new high-throughput approach
for parallel analysis of pharmaceutical formulations under
controlled humidity utilizing a combination of FTIR-ATR
(attenuated total reflection) imaging with a focal plane array
(FPA) detector.5 In this approach, spectroscopic imaging
HTT was combined with the microdroplet device for
preparation of∼100 samples directly on the surface of the
ATR crystal. The whole imaging area for all samples was
relatively small (a few square millimeters), with the size of
each sample∼200 µm, thus minimizing the amount of
sample material used for each experiment. The feasibility

of screening many different pharmaceutical formulations
under controlled humidity was demonstrated in that work.5

In this paper, we apply this novel approach to analyze the
effect of drug concentration and the effect of temperature
on the stability of the drug (ibuprofen) in the formulation.
The chemical specificity of FTIR spectroscopy has been
employed to study the molecular state of ibuprofen under
controlled environment as a function of concentration.

The FPA detector contains thousands of small detectors,
arranged in a square array, allowing the simultaneous
measurement of many spectra from different locations within
the sample area.6-11 The key idea of HTT with FTIR imaging
is to utilize the advantage of FPA detectors to measure FTIR
spectra of many different samples simultaneously. Combining
FTIR imaging with the controlled humidity cell provides an
opportunity to study in situ water sorption into different
domains of the sample and the behavior of the sample under
controlled humidity12 or to study the sorption of water in
many different samples simultaneously.5

High-throughput analysis with FTIR imaging can be
carried out in either transmission,13-16 reflection,17 or ATR
modes.5 ATR spectroscopy has the advantage of having an
inherently small path length of a few micrometers, which is
found to be suitable for the measurement of many materials,
including medical tissues19and pharmaceutical tablets.18

HTT spectroscopic imaging offers an opportunity to reveal
conditions at which the drug may exhibit crystallization. This
is possible because IR spectra provide direct evidence of a
presence or absence of H-bonding between ibuprofen and
the polymer matrix. In one of our previous studies20 using
conventional ATR-IR spectroscopy, it was shown that the
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IR spectra in theν(CdO) spectral region provided evidence
for the presence of H-bonding between ibuprofen and poly-
(vinyl pyrrolidone), which explained the absence of crystal-
line ibuprofen in this polymer matrix.20 The absence of
crystalline drug may be beneficial for its bioavailability
because the presence of crystalline drug impedes the dis-
solution for the poorly soluble drug.

Experimental Section

FTIR Imaging. The FTIR imaging system consists of a
step-scan spectrometer coupled with a macrochamber exten-
sion and a 64× 64 FPA detector. Spectra were measured
with 8 cm-1 spectral resolution and a spectral range of 1850-
900 cm-1. Twenty frames co-addition were used, and the
total acquisition time was∼180 s. Images were acquired
using an ATR accessory with an inverted ZnSe pyramid
crystal (Specac, Ltd.), which was originally designed for
single element detector measurements. The ZnSe ATR
accessory can be heated from room temperature to 110°C
to control the temperature of the samples which are attached
to the crystal. The size of the FPA 64× 64 detector is 3.8
× 3.8 mm2. The size of the imaging area when using the
ZnSe inverted pyramid is 3.8× 5.3 mm2 due to the geometry
of the crystal.10

Microdroplet Device. The microdroplet-on-demand de-
vice (AutoDrop, MicroDrop) consists of a dispensing control
unit, two heated dispensing heads, an in-built computer, an
x-y-z positioning system and anx-y-z control unit. The
sample container can be heated to a maximum temperature
of 160 °C to enable the deposition of molten samples that
are solid at room temperature. The dispensing control unit
controls the droplet size and the number of droplets to be
dispensed at each specific location. The possible single
droplets’ diameter ranges between∼30 and 70µm (corre-
sponding to a volume of 14-180 pL). A number of these
single droplets have been combined to form one larger
droplet; each of these larger droplets formed an array of
samples used in imaging measurements.5

Sample Preparation and Methodology.Poly(ethylene
glycol) (PEG,Mw ) 1500) was purchased from Sigma and
was used as received. Ibuprofen was supplied by Whitehall
International. The pattern of the sample deposition was
programmed by using the macro software, and the deposition
was carried out automatically with thex-y-z motorized
robot arm. Ibuprofen and PEG 1500 were melted at 80 and
120°C, respectively, during the dispensing of samples. The
dispenser head was heated and maintained at 100°C to
control the viscosity of the liquid being dispensed. The
microdroplet device was set to dispense a total number of
seven drops from the two dispenser heads to form samples
of various ibuprofen concentrations on the ATR crystal. The
samples were arranged in an array format following the
approach presented earlier.5 The sample drops remained as
liquid throughout the whole deposition process. The samples
were deposited directly on the surface of the ZnSe crystal
for the FTIR imaging experiment. The vapor-generating
instrument (VGI, Surface Measurements Systems) was
modified such that it could be integrated with the ZnSe ATR
accessory. The uniformity and accuracy of the controlled

humidity inside the modified ATR cell were evaluated by
comparing the amount of water absorbed in PEG 1500 in
the modified cell with the same polymer exposed in the
controlled humidity cell in its normal operation mode (the
reliability of which has been verified by the manufacturer).
All samples were exposed to a controlled humidity and
temperature. The system was allowed to reach equilibrium
before the image acquisition; equilibrium was verified by
the absence of changes in measured spectra.

Results and Discussions

FTIR imaging of samples with known concentrations of
ibuprofen deposited on the ATR crystal has been performed
under a controlled environment. The diameter of the droplets
deposited on the surface of the ATR crystal was estimated
to be between 200 and 400µm (using an optical microscope),
depending on the surface tension of the molten sample. The
spacing between the centers of each sample was∼700µm,
giving a total number of samples analyzed in a single image
of ∼40. Figure 1 shows the FTIR images of the samples at
ambient conditions (22°C and 20% RH). The top row has
been labeled as row 1, and the row numbers increase
downward. The FTIR image of PEG was generated by
plotting the value of the integrated area of the PEG char-
acteristic band between 1170 and 1020 cm-1 for all of the
spectra measured by each pixel over the imaged area. The
absorbance between 1760 and 1663 cm-1 was used to present
the distribution of ibuprofen in the imaging area. The
integrated absorbance values for the band of ibuprofen have
been calibrated with samples of known concentration. A
number of formulations of PEG and ibuprofen with different
ibuprofen concentrations were created, and the concentrations
of ibuprofen in each sample have been represented by a
different color. The top row shows the samples of pure
ibuprofen and the bottom row shows the samples of pure
PEG. Between these two extremes are different mixtures of
the two components. The concentration of ibuprofen in each
sample was verified spectroscopically using a calibration

Figure 1. FTIR images of the sample array at 22°C and 20% RH
showing the distribution of PEG on the left and the distribution of
ibuprofen on the right. The percentages on the right indicate the
calibrated concentration of ibuprofen in PEG for each row of
samples.
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relationship presented in our previous study.5 The samples
within each row were identical which could serve as repeated
experiments for specific concentrations to validate the
reproducibility. It is important to stress that the samples
within the same row could be modified with the addition of
a third variable, for example, a variable amount of a third
component along each row. This example has demonstrated
the opportunity to obtain chemical information of many
samples quickly, quantitatively, and simultaneously.

Representative FTIR spectra of the samples from each row
have been extracted and are shown in Figure 2. When the
concentration of ibuprofen was low (<50 wt %), the
maximum of the carbonyl band was at 1732 cm-1, demon-
strating that the ibuprofen was molecularly dispersed in the
PEG.21 It also demonstrates that good mixing had been
achieved between the PEG and ibuprofen after the deposition.
However, as the ibuprofen concentration increased to 50 wt
%, a second carbonyl band appeared as a shoulder at 1705
cm-1; this is similar to the absorption of the carbonyl group
of pure ibuprofen at the top row of the image. This has been
interpreted as the dimerization of the ibuprofen molecules,
which is the precursor for crystallization of the drug. The
shift of theν(CdO) band to the lower wavenumber region
is caused by the H-bond formed between the carbonyl group
and the OH group of two ibuprofen molecules (see Figure
3a). A heating experiment has been performed to confirm
that ibuprofen undergoes dimerization. A small amount of
ibuprofen was melted at 78°C, and the IR spectrum showed
a strong absorbance at 1705 cm-1 and a small shoulder at
∼1750 cm-1 (see Figure 3b). The small shoulder has been
interpreted as the absorption of free (not dimerized) ibuprofen
molecules. When the pure ibuprofen sample was heated
further to 160°C, the absorbance at 1750 cm-1 increased,
indicating that a higher proportion of the ibuprofen molecules
were released from dimers at a higher temperature. The actual
position of theν(CdO) band corresponding to the “free
ibuprofen” was estimated from spectral subtraction of the
spectrum measured at 78°C from the spectrum measured at
160 °C; the resultant band was found at 1750 cm-1. The
wavenumber of this band is higher than the carbonyl band
of the ibuprofen dispersed in PEG, suggesting that there
could be interaction, such as hydrogen bonding, between the
carbonyl group of ibuprofen and the PEG. In this case, the

interaction presumably occurs with the terminal groups of
PEG (see Figure 3c), since each PEG chain contains two
OH groups that are available for H-bonding. The molecular
weight of ibuprofen is 206 g/mol and that of PEG is∼1500
g/mol; therefore the ibuprofen/PEG ratio above which all
hydrogen bonding sites will be occupied is estimated to be
412/1500. This corresponds to∼27.5 wt % of drug loading.
The results presented in Figures 1 and 2 clearly indicate that
the weight fraction of ibuprofen in PEG should not exceed
30 wt % in the formulation to avoid dimerization of
ibuprofen. This also confirms the importance of H-bonding
between ibuprofen and PEG to prevent drug dimerization
or crystallization.

The Effect of Controlled Humidity. In these experiments,
the ATR crystal was covered with the controlled environment
cell shortly after the deposition of the samples. The tem-
perature was maintained at 25°C while the relative humidity
was increased to 80% for a duration of 20 h. FTIR images
were measured in situ with 30-min intervals. Spectroscopic
images, presented in Figure 4, show the distribution of the
relative concentration of water and PEG during the experi-
ment. The images show that water is preferably absorbed in
the samples with the lower ibuprofen concentration. Ibupro-
fen is a hydrophobic substance, and it absorbs a small amount
of water, whereas PEG is more hydrophilic. Therefore, the
amount of water absorbed should be proportional to the PEG
concentration. These results are similar to the initial feasibil-
ity study;5 however, in this paper, the interesting effect of
different humidity levels on ibuprofen/PEG formulations is
reported.

The bottom row of samples (pure PEG) has the highest
PEG concentration at room temperature and humidity (∼22
°C and 20% RH). However, when the whole system was
equilibrated at 80% RH, the middle row appeared to contain
the greatest PEG concentration. Figure 5 clarifies this finding

Figure 2. Extracted spectra from each row of the sample array
starting from the top with pure ibuprofen to the bottom with pure
PEG.

Figure 3. (a) Schematic diagram showing the dimerization of two
ibuprofen molecules. (b) FTIR spectra of ibuprofen in theν(Cd
O) band region at different temperatures. (c) Schematic diagram
showing the hydrogen bonding between the carbonyl group of
ibuprofen and the terminal hydroxyl group of PEG.
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by presenting images in the format that the relative amount
of PEG can be assessed from the height of the corresponding
images. The explanation for this is that because of the
hydrophilic nature of PEG, a significant amount of water at
high RH was absorbed, thus diluting the PEG concentration
(measured from ATR spectra), whereas the ibuprofen in the
middle row prevents water’s being absorbed into the PEG
and, hence, reduces the degree of dilution of the PEG. After
20 h of exposure time, the samples in row 5, corresponding
to an original ibuprofen concentration of 30 wt %, contained
the highest PEG concentration. This is an interesting
observation which is important for further application of this
HTT approach to study formulations under controlled
humidity.

The Effect of Elevated Temperature.A new array of
samples was produced with the same range of PEG and
ibuprofen concentrations as the experiment described above.
The temperature of the ATR crystal was increased to 55°C,
and the samples were exposed to a relative humidity of 80%.
The purpose of this experiment was to evaluate the effect of
heat on the stability of different formulations with different

drug loadings. The samples remained at these conditions for
18 h, and FTIR images were measured at 1-h intervals. A
series of images showing the distribution of the concentration
of ibuprofen at different times are shown in Figure 6. Under
these conditions, ibuprofen undergoes sublimation, and the
ibuprofen concentration in PEG decreases with time. How-
ever, the relative reduction in ibuprofen concentration in
those samples that originally had a lower concentration was
much smaller. Table 1 summarizes the percentage changes
of the amount of ibuprofen after 18 h of heating in the
controlled environment unit. Pure ibuprofen (row 1) was
totally sublimed after 5-9 h of heating, according to Figure
7. The sample with a significant amount of the dimerized
ibuprofen (rows 2-3 in Figure 4) has shown a larger
percentage reduction of ibuprofen concentration, whereas the
reduction for the samples with molecularly dispersed ibu-
profen is relatively smaller. Furthermore, the samples
containing only dispersed ibuprofen have shown a similar
percentage reduction in ibuprofen concentration. This sug-
gests that the H-bonding between PEG and ibuprofen in the
formulation with molecularly dispersed drug increases the

Figure 4. FTIR images of PEG (top row) and water (bottom row) measured at different times after the introduction of 80% relative
humidity to the samples. The color represents the value of the integrated absorbance of the corresponding component, which is indicated
on the scale bar on the right.

Figure 5. 3D representation of FTIR images of PEG at 20% RH (left) and 80% RH (right).
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stability of ibuprofen and retards the sublimation process.
The dimerized or crystallized ibuprofen molecules are less
affiliated with the PEG chains, as compared to dispersed
ibuprofen molecules, thus supporting the proposal that the
dispersed ibuprofen molecules were bound to the PEG chain
through H-bonding. Spectra of the samples in row 2 during
the heating have been extracted and are shown in Figure
7A. Theν(CdO) band at 1705 cm-1, which represents the
dimerized ibuprofen molecule, decreased dramatically in the
first 9 h, while the peak at 1735 cm-1, which represents the

dispersed ibuprofen, did not change. These spectra show that
most of the dimerized ibuprofen, which accounted for more
than half of the initial ibuprofen concentration, sublimed in
the first 9 h of heating. Comparing this to the spectra
extracted from the sample at row 4, most of the ibuprofen
molecules were dispersed as confirmed by the position of
the carbonyl band. Figure 7B shows that for the samples in
row 4, there are minor changes in ibuprofen concentration
for the first 9 h, which is much less than the sample in row
2. These results infer that dispersed ibuprofen molecules were

Figure 6. FTIR images of ibuprofen with samples heated to 55°C. The percentages on the right of the color scale indicate the calibrated
concentration of ibuprofen in PEG for each row of samples.

Figure 7. A and B show the FTIR spectra extracted from the sample in rows 2 and 4, respectively, at 55°C and 80% RH as a function
of time in theν(CdO) band region of ibuprofen. Arrows show changes in the spectra with time.
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more stable than those of the dimerized ibuprofen. Rows 7
and 8 have shown a slight increase in ibuprofen concentra-
tion, which could be due to the absorption of the sublimed
ibuprofen vapor during the experiment. However, the
absolute amount of absorption was very small. More
sophisticated data analysis, such as principle component
analysis (PCA) and classical least-squares (CLS), could be
applied to improve the accuracy of data interpretations; this
is left for further studies. Nevertheless, it is clear that the
HTT approach is a fast and effective way to identify a
specific drug loading at which the drug will be the most
stable in a formulation under a specific environment and at
a specific temperature. This is especially important when the
active pharmaceutical ingredient has a high vapor pressure.
The results of the presented HTT approach have demon-
strated the opportunity to optimize a formulation with the
correct drug loading, thus reducing the waste of expensive
ingredients in pharmaceutical formulations.

Conclusions

FTIR imaging was successfully applied in a novel way to
study in situ 40 samples of ibuprofen/PEG formulations
simultaneously at a controlled humidity and temperature. This
high-throughput approach provided information about a
specific weight fraction of ibuprofen in PEG (∼30 wt %)
which should not be exceeded in the formulation to avoid
dimerization of ibuprofen. It was also found that 50 wt %
of ibuprofen loading is the maximum drug/polymer ratio
under which the drug is most stable. This effect was
particularly pronounced at elevated temperatures when
formulations with the higher ibuprofen loading lost a
significant amount of drug due to sublimation while the
amount of ibuprofen in molecularly dispersed formulations
changed significantly less.

The number of samples being measured in this setup is
far less than the number of detector elements (4096 for a 64
× 64 array) present in the FPA. There is a possibility to
increase the number of samples further to the total number
of detector elements. Work left for future studies includes
exploring opportunities to increase the number of samples
via the introduction of a grid on the surface of the ATR
crystal to gain direct control of the sample size and to reduce
the separation between samples, modifying the surface
properties of the crystal, and expanding the field of view
with optical lenses.

The demonstrated FTIR spectroscopic imaging HTT
approach can contribute to significantly shorter production
cycles for pharmaceutical formulations because it allows one
to rapidly identify specific formulations that exhibit drug
crystallization or polymorphism. This method also enables
one to assess the molecular state of the drug in many
formulations simultaneously and to study the stability of
formulations at different environments. It is also possible to
analyze relative concentrations of the different polymorphs
in many formulations in a broad range of environmental
conditions; this will be investigated in our future studies.
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Table 1. Summary of the Effect of Temperature and
Humidity on theν(CdO) Band of Ibuprofen

integrated absorbance of theν(CdO) band of ibuprofen

row before after % change

1 10.83 -0.64 -106
2 9.13 0.86 -91
3 6.67 1.92 -71
4 5.09 3.00 -41
5 3.10 1.71 -45
6 1.77 1.02 -42
7 0.31 0.40 28
8 -0.77 0.03 103
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