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Dissolution studies are critical tests for measuring the performance of a drug product. We have developed
a novel technique using in situ ATR-IR spectroscopy to monitor dissolutions of pharmaceutical drug
products. The accuracy of this technique is £3% relative to HPLC using salicylic acid calibrator tablets
and acetaminophen OTC tablets. This novel approach also gives the research laboratory the capability
of analyzing individual ingredients in multiple tablets; for example, individual components of salicylic
acid and acetaminophen tablets are easily distinguished. In addition, the individual ingredients of a
multi-component tablet containing acetylsalicylic acid and acetaminophen are readily distinguished. The
ATR-IR system was found to have good sensitivity and can analyze samples as low as 0.03 mg/ml. With
improved sensitivity, this is a promising method for monitoring dissolution of pharmaceutical tablets
with an excellent in situ capability for distinguishing individual components.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dissolution testing is a standardized methodology for measur-
ing the rate of drug release from the two main oral dosage forms,
tablets and capsules. These are immersed in an aqueous solution,
and the concentration of the active ingredient is monitored as a
function of time [1]. Unfortunately, dissolution testing provides
limited or no information on chemical processes that take place
within a dissolution vessel. One of the challenges the industry
is faced with is to increase an understanding of the mechanisms
governing dissolution. The current approach relies heavily on a
data-driven approach. The health authorities have challenged the
pharmaceutical industry to understand dissolution and make the
dissolution test more biologically relevant [2,3]. In order to have a
better understanding of dissolution, the industry needs to explore
other applications that could give insight into what is happening
inside of the vessel. Attempts have been made to improve the char-
acterization of the controlled release formulations by FT-IR imaging
in ATR-IR mode [4]. Van der Weerd and Kazarian explored FT-IR
imaging as a useful application for studying the distribution of dif-
ferent components in the tablet, e.g., drug, polymer and water as a
function of time. It was shown that the release profile obtained by
FT-IR imaging is comparable to that obtained by the flow-through
dissolution test with UV spectroscopic detection. In addition, FT-IR
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imaging was used to investigate the release of a poorly soluble drug
from pharmaceutical tablets [5].

The majority of the methods for monitoring dissolutions uti-
lize UV-vis spectroscopy or HPLC with UV-vis detection based on
manually withdrawn aliquots. However, the sampling process is
disruptive to the dissolution profile since removal of aliquots from
the vessel disturbs the solution. In addition, there are instruments
that allow real-time analysis using in situ UV-vis probes. For exam-
ple, fiber optic dissolution testing is being used in the industry to
monitor pharmaceutical drug product release. Fiber optic dissolu-
tion is also being used for formulation development [6].

There is interest in the development of new methods that do not
require manual sampling. Also, for multi-component formulations
it is important to be able to observe the dissolution profile of each
active pharmaceutical ingredient (API). Thus, there is also inter-
est in the development of new spectroscopic methods that enable
observation of multiple components. The use of attenuated total
reflection FT-IR (hereafter ATR-IR) for analyzing aqueous samples
is limited by the relatively high concentration of analyte required
for detection [7]. Hence, this research aims to investigate the use of
ATR-IR as a potential application for monitoring and understanding
the dissolution.

ATR (attenuated total reflection) spectroscopy is a sampling
technique that is based on molecular vibration and the curva-
ture of light beams when passing through different media. An ATR
spectrum is generated by transmitting radiation, which can be
IR (from 0.1 x 10~>cm to 7.5 x 10~> cm), VIS (from 7.0 x 10~> cm
to 4.0 x 103> cm), or UV (from 4.0 x 10~>cm to 2.2 x 10~ cm),
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through an optical crystal in contact with a sample and then deter-
mining what portion of the incident radiation is attenuated by the
sample at a particular wavelength. ATR spectrometry is used exten-
sively in clinical assays, medical diagnostics, and laboratory testing
[8]. Since the depth of penetration for the evanescent wave in ATR
spectrometry is shallow, there is a low incidence of Fresnel reflec-
tion. Thus, reliable spectral analysis of murky, semisolid, turbid,
and optically dense solutions is possible with ATR spectrometry.
Moreover, the ATR crystal is a relatively chemically resistant Zn-Se
crystal that can be coated with an additional chemically resistant
material which enables IR spectroscopy to be performed in aqueous
solution.

Therefore, in situ ATR-IR spectroscopy has the unique poten-
tial to simultaneously address problems associated with manual
sampling and multi-component analysis discussed above. Thus,
this is a potentially useful and novel method for dissolution test-
ing. Modern infrared instruments can be equipped with fiber optic
probes containing ATR crystals that are chemically robust, provide
excellent sensitivity and, with respect to in situ UV-vis, are not
affected by turbidity. In addition, since IR is very sensitive to specific
functional groups, it has greater versatility in differentiating com-
ponents in a multi-component mixture than UV-vis spectroscopy
[9]. In this paper, we describe the successful development of disso-
lution tests using in situ ATR-IR spectroscopy to analyze single and
multi-component mixtures.

Moreover, dissolution testing has evolved into a highly regu-
lated activity in the pharmaceutical industry. Health agencies have
placed a greater emphasis on regulating dissolution methods. The
dissolution test is the only one that can give an in vitro snapshot of
how the drug product may behave in vivo. Because of this function,
the number of dissolution methods in the United States Pharma-
copeia (USP) has grown substantially. In fact, in 1970 there were 12
dissolution methods in the USP while in 2008 there were 686 [10].
In addition, the US Food and Drug Administration (FDA) has placed
greater importance on the dissolution test. The FDA official web-
site is full of material related to dissolution testing from guidance
documents to warning letters [11,12]. Thus, the potential impact of
a new analytical technique that permits in situ analysis of multiple
active ingredients is large.

2. Experimental

2.1. Chemical and materials

Acetaminophen reference material (batch no. 104K0154) was
purchased from Sigma-Aldrich. Salicylic acid reference mate-
rial (batch no. 04708HE) was purchased from Sigma-Aldrich.
Acetaminophen tablets (Tylenol batch no. SLA175) were pur-
chased from a local pharmacy. Excedrin caplets (Back and Body
Brand, Lot #10067371: acetaminophen 250 mg, aspirin 250 mg)
were purchased from a local pharmacy. Salicylic acid calibra-
tor tablets (USP batch no. QOD200) were purchased from the
USP. Methanol, acetone and acetonitrile (HPLC grades) were
purchased from Pharmaco-Aaper. Sodium hydroxide (batch no.
064214BH), used to prepare the pH buffered solutions, was
purchased from Sigma-Aldrich. Potassium phosphate monobasic
(batch no. 103K0060), used to prepare the pH buffered solutions,
was purchased from Sigma-Aldrich. Glacial acetic acid was pur-
chased from Sigma-Aldrich. All solutions were prepared using
water treated by a Milli-Q Millipore purification system. All purified
water aliquots have resistivity of not less than 18 MOhmcm~1.

2.2. Instrumentation

Samples were tested using Mettler Toledo’s iC10 FT-IR system
using a fiber optic probe equipped with a 1 mm diamond coated

ATR probe. The IR system was operated by Mettler Toledo’s iC
IR version 3.0 and 4.0 software. pH determinations were carried
out using a pH meter from VWR (model no. Symphony SB70P).
HPLC analysis was carried out using Hewlett Packard 1050 (oper-
ated by ChemStation) and Waters 2695 (operated by Empower).
All UV measurements were carried out using a Hewlett Packard UV
instrument (model no. 8452A diode array). The UV instrument was
operated using HP’s Softer-Olis Spectralworks. All manual dissolu-
tions were tested using Vankel’s Dissolution Batch (model no. 700).
All analytical weight measurements were carried out using Mettler
Toledo’s DeltaRange and AG204 DeltaRange.

2.3. Buffered solutions

The pH 5.8 (200mM) and 7.4 (50 mM) phosphate buffered
solutions were prepared with monobasic potassium phosphate in
accordance with the USP [13,14], respectively.

2.4. Dissolution experiments

Single-component analysis: 300 mg salicylic acid tablets were
tested in pH 7.4 phosphate buffered solutions. Dissolution was
conducted using a vessel volume of 500 ml and at ambient temper-
ature. All dissolutions were conducted using USP Apparatus Type Il
(paddles) with an agitation speed of 100 rpm. The dissolution run
time was 7 h and 30 min.

Multi-tablet analysis: 300mg salicylic acid and 500mg
acetaminophen tablets were tested in pH 5.8 phosphate buffered
solutions. Dissolution was conducted using a vessel volume of
500 ml and at ambient temperature. All dissolutions were con-
ducted using USP Apparatus Type II (paddles) with an agitation
speed of 50 rpm. The dissolution run time was 6 h.

Multi-component analysis: three Excedrin tablets, each com-
posed of 250mg aspirin (acetylsalicylic acid) and 250mg
acetaminophen were tested in pH 7.4 phosphate buffered solutions.
Dissolution was conducted using a vessel volume of 500 ml and at
ambient temperature. All dissolutions were conducted using USP
Apparatus Type Il (paddles) with an agitation speed of 100 rpm. The
dissolution run time was 1h and 30 min.

2.5. HPLC analysis

The single-component analysis experiment was performed
using the following HPLC parameters; HP 1050 HPLC, Sym-
metry 300 C18 5pm column (4.6 mm x 50 mm), mobile phase
was 60/40/1 (water/methanol/glacial acetic acid), flow rate was
2.0 ml/min, isocratic mode, injection volume was 5l and UV
detector was set at 296 nm.

The multi-tablet analysis experiment was analyzed using
the following HPLC parameters; Waters 2695, Symmetry Shied
RP C18 3um column (3.5mm x 50 mm), mobile phase was
70/30/1 (water/acetonitrile/trifluoroacetic acid (TFA)), flow rate
was 1.5 ml/min, isocratic mode, injection volume was 5 pl and UV
detector was set at 296 nm.

The multi-component analysis experiment was performed
using the following HPLC parameters; HP 1050 HPLC, Phenomenex
Intersil ODS C18 5 um column (4.6 mm x 150 mm), mobile phase
was 60/40/1 (methanol/water/trifluoroacetic acid (TFA)), flow rate
was 1.0 ml/min, isocratic mode, injection volume was 25 pl and UV
detector was set at 280 nm.

2.6. ATR-IR analysis

The ReactIR™ iC10 FT-IR instrument is composed of an MCT
detector (liquid nitrogen cooled) and the FiberConduit™. The
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FiberConduit™ is comprised of flexible IR transparent silver chlo-
ride/silver bromide optical fibers. The fiber optic probe interface
(AgX 9.5mm x 1.5 m fiber (Silver Halide)) contains a diamond tip-
DiComp ATR crystal. The resolution was set to 8 wavenumbers.
The optical range used by the system is: 1900-650 cm~!. The gain
adjustment was set to normal (1x) and the apodization method
was set to Happ-Genzel. The system uses compressed air (house
air, filtered and de-humified) to purge the optics.

For the single-component testing, data treatment was carried
out using the following methodology. The data were first sub-
jected to baseline correction. An absorption band at 1388 cm™!
was selected for salicylic acid. The height was calculated using a
baseline band correction set at 1370 cm~!. The ATR-IR system was
configured to collect spectra every 5 min.

For multi-tablet testing, the data were first subjected to base-
line correction. An absorption band at 1388cm~! and baseline
band at 1370 cm~! were selected to calculate the peak height for
salicylic acid. An absorption band at 1246cm~! and a baseline
band of 1276 cm~! were selected to calculate the peak height for
acetaminophen. The ATR-IR system was configured to collect spec-
tra every 5 min.

For multi-component testing, the data were first subjected to
baseline correction. An absorption band at 1388cm~! and a two-
point baseline set at 1370cm~! and 1414cm~! were selected
to calculate the peak area for aspirin (acetylsalicylic acid). An
absorption band at 1246cm~! and a two-point baseline set at
1217 cm~! and 1265 cm~! were selected to calculate the peak area
for acetaminophen. The ATR-IR system was configured to collect
spectra every 3 min.

For all ATR-IR experiments, 256 scans were collected and co-
added for each spectral point. On average, every spectral point,
took about 2 min to complete. For all testing, the calculated peak
response was subjected to mathematical smoothing using the iC;q
software. The data were compared to reference standards mea-
surements collected prior to start of the linearity and dissolution
experiments. Dissolution data were plotted vs. time and all disso-
lution experiments were allowed to equilibrate in the buffer for at
least half an hour prior to the start of a dissolution experiment.

3. Results and discussion
3.1. Single-component analysis

3.1.1. Linearity results for salicylic acid using pH 7.4 phosphate

buffer
Salicylic acid was thoroughly studied in pH 7.4 phosphate
buffered solution. During the method development phase, linear

dilutions of salicylic acid reference standards were prepared and
analyzed using ATR-IR spectroscopy. The linearity experiments
served two purposes; (1) they determined whether IR spectroscopy
provided a linear response to the different concentrations of sali-
cylic acid and (2) whether IR spectroscopy can be used for very
low concentration levels of salicylic acid. Initially, eight levels of
salicylic acid standards were prepared. Based on the IR spectra
obtained, salicylic acid has an IR frequency of interest at 1388 cm™!
(Fig. 1). The linearity experiments were further analyzed using
linear regression. Based on the analysis, it was determined that sal-
icylic acid had excellent linear correlation using IR spectroscopy
with a 0.998 correlation coefficient (r2). Linear regression for sali-
cylic acid was calculated using the IR absorption band at 1388 cm™!
and subtracting the baseline absorption band at 1370 cm~1.

3.1.2. Dissolution results for salicylic acid using pH 7.4 phosphate
buffer

The next phase of method development was to determine the
accuracy of ATR-IR spectroscopy as a technique for measuring dis-
solution rates of a drug. This was determined by comparing the
IR spectroscopy results with HPLC results. Although USP methods
recommend a volume of 900 ml, our dissolution vessel was filled
with 500 ml of pH 7.4 phosphate buffer in order to increase the
signal-to-noise ratio. The paddle was lowered to the USP recom-
mended position (25 +2 mm from the bottom of the vessel) and
rotated at 100 rpm at ambient temperature. To minimize hydro-
dynamic effects, the ATR probe was inserted approximately 5 mm
below the surface of the medium [15]. The first 30 min was used to
establish the spectral baseline, the shaft was momentarily stopped
and one salicylic acid (300 mg) tablet was dropped into the vessel.
Rotation was resumed and IR data were acquired every 5 min for a
period of 7 h. During this time, aliquot samples were removed and
stored in HPLC vials for subsequent analysis. As shown in Fig. 2, the
results from the IR and HPLC systems match extremely well. In fact,
the relative accuracy is within +3%.

3.2. Multi-tablet analysis

3.2.1. Linearity results for salicylic acid and acetaminophen in pH
5.8 phosphate buffer

The USP monograph specifies pH 5.8 phosphate buffer as the
medium of choice for acetaminophen. Thus, acetaminophen and
salicylic acid were studied in pH 5.8 phosphate buffer. As expected,
regression analysis for salicylic acid indicated an excellent linear
correlation (r2=0.994) of IR peak intensity vs. concentration. For
acetaminophen, at low concentrations (<0.11 mg/ml, 0.7 mM), the
relationship between absorbance and concentration is effectively

Fig. 1. Salicylic acid spectra at different concentrations in pH 7.4 phosphate buffered solution.
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Fig. 2. Comparison of in situ ATR-IR and HPLC methods for dissolution of a salicylic
acid tablet.

linear (12 = 0.998). However, to our surprise, non-linear behavior for
both IR and UV-vis methods was observed at higher concentrations.
As shown in Fig. 3, both methods can be modeled using second-
order polynomial equations [16].

3.2.2. Dissolution results for salicylic acid and acetaminophen in
pH 5.8 phosphate buffer

To demonstrate the ability of in situ ATR-IR to successfully mon-
itor dissolution of two different tablets, the dissolution profile of
salicylic acid and acetaminophen tablets was determined by simul-
taneously adding one tablet of each and monitoring the dissolution
rate of both components over 7 h. Although salicylic acid is not
used clinically, it serves as an USP recommended standard [13] for
a slowly eroding tablet and acetaminophen serves as an example
of a tablet that disintegrates. As shown in Fig. 4, the in situ ATR-
IR method is clearly able to distinguish the dissolution of each
component. For example, the acetaminophen tablet disintegrates
and releases acetaminophen more rapidly than the salicylic acid
tablet which slowly erodes over time. Thus, in situ ATR-IR method
is successful in determining the dissolution profile of a two tablet
system.

To compare the in situ ATR-IR method with HPLC and UV-vis
methods, aliquots were taken throughout the experiment and ana-
lyzed. The results from the in situ ATR-IR and HPLC systems are
overlaid in Fig. 4 and an excellent correlation is observed between
the two methods. Since both salicylic acid and acetaminophen
absorb at approximately 296 nm (pH 5.8), it was not feasible to
monitor the dissolution of these two components using UV/vis
alone.

Fig. 4. Simultaneous dissolution of acetaminophen and salicylic acid tablets: in situ
ATR-IR vs. HPLC.

3.3. Multi-component analysis

3.3.1. Dissolution results for Excedrin caplets (aspirin and
acetaminophen) in pH 7.4 phosphate buffer

To demonstrate the ability of in situ ATR-IR to successfully
monitor multiple components within the same tablet, dissolution
testing was carried out on Excedrin caplets containing acetylsal-
icylic acid (250 mg) and acetaminophen (250 mg) actives (note:
caffeine is not present is this formulation). The release profile was
determined by simultaneously adding three Excedrin caplets to a
500 ml vessel volume containing pH 7.4 phosphate buffer. Three
caplets were necessary to ensure satisfactory signal-to-noise ratio.
Refer to Fig. 5 for ATR-IR spectra for Excedrin caplets. The dis-
solution rates of both components were monitored over 1.5h.
Based on the data, it was determined that acetylsalicylic acid
and acetaminophen were fully released within 1.5h as shown in
Fig. 6. In situ ATR-IR method is clearly able to distinguish the
dissolution of the acetylsalicylic acid and acetaminophen compo-
nents.

To compare the in situ ATR-IR method with HPLC, aliquots were
taken throughout the experiment and analyzed. The results from
the in situ ATR-IR and HPLC systems are overlaid in Fig. 6 and
an excellent correlation is observed between the two methods.
Overall, this set of experiments indicates the versatility of in situ
ATR-IR for dissolution testing as it allows automated observation
of a multi-component system without manual sampling and by
successfully tracking the dissolution behavior of two of the major
components.

Fig. 3. Calibration curves of acetaminophen standards at pH 5.8: UV/vis absorbance at 296 nm and IR peak intensity at 1246 cm~'.
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Fig. 5. ATR-IR spectra of Excedrin caplets at different time-points during dissolution in pH 7.4 phosphate buffered solution.

Fig. 6. Dissolution of acetylsalicylic acid and acetaminophen in Excedrin caplets: in
situ ATR-IR vs. HPLC.

4. Conclusions

We demonstrate that in situ infrared spectroscopy is a viable
alternative for measuring dissolution profiles of pharmaceutical
tablets. The IR system was found to be impressive in its capability of
measuring very low concentrations (0.03 mg/ml) and to distinguish
separate components of a multiple component system without
requiring manual sampling. This versatility is demonstrated by
observing the simultaneous dissolution of acetaminophen and sal-
icylic acid tablets. In contrast, UV-vis spectroscopy alone is unable
to distinguish between these two components and HPLC must be
used which requires laborious manual sampling. The in situ ATR-
IR method has been validated by comparing dissolution profiles
using UV-vis and HPLC methods. In addition, we have established
an accuracy of £3% between IR and HPLC. With the current con-
figuration of our IR instrument, this analysis is limited by the
sensitivity and wavelength range of the in situ fiber optic probe.
However, since this paper successfully demonstrates the versatil-
ity of this novel application of ATR-IR spectroscopy, we suggest
that the method has excellent potential to be improved by mod-
ification of the IR instrument and selection of a more sensitive
probe. To our knowledge, in situ monitoring of tablet dissolution
by IR spectroscopy is a novel method and this study indicates that
it has excellent potential for further application in dissolution test-
ing.
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