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Coherent anti-Stokes Raman scattering (CARS) microscopy is used to visualize the release of a
model drug (theophylline) from a lipid (tripalmitin) based tablet during dissolution. The effects
of transformation and dissolution of the drug are imaged in real time. This study reveals that
the manufacturing process causes significant differences in the release process: tablets prepared
from powder show formation of theophylline monohydrate on the surface which prevents a
controlled drug release, whereas solid lipid extrudates did not show formation of monohydrate.
This visualization technique can aid future tablet design.
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1. Introduction

Dissolution of drugs from solid pharmaceutical
tablets is a complex process that depends on several
properties of the drug and tablet, such as the distri-
bution of the drug in the tablet and the nature and
flow of the dissolution medium. One important fac-
tor that influences drug dissolution is the solid state

form of the drug. During dissolution, the drug can
transform to a less dissolvable hydrate.1 For this
reason, it is crucial that the solid-state properties
are monitored during dissolution.

Coherent anti-Stokes Raman scattering
(CARS) microscopy has been shown to be a chem-
ically selective method for investigating highly
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scattering media2 using the Raman active vibra-
tional modes with real-time3 imaging. Hence, we
expect that it is a suitable method for probing
physicochemical phenomena in tablets, in which
the drug is usually dispersed in particulate form,
with such dosage forms constituting the majority
of medicines currently marketed. The CARS is a
four-photon non-linear process, where a pump pho-
ton of frequency ωp, a Stokes photon of frequency
ωs and probe photon of frequency ω′

p (taken the
same as the pump frequency) interact with the
sample and generate an anti-Stokes photon of fre-
quency ωas = ωp − ωs + ω′

p. The CARS signal is
resonantly enhanced when the difference frequency
ωp −ωs coincides with a molecular vibrational level
transition. With CARS, it is possible to achieve
temporally and spatially resolved visualization4,5

of the distribution and the solid-state properties
of the powders and tablets. This study focuses on
the visualization of drug dissolution and solid-state
transformations.

2. Experimental System

The CARS set-up is based on a Coherent Paladin
Nd:YAG laser and an APE Levante Emerald opti-
cal parametric oscillator (OPO). The fundamental
(1064 nm) of the laser is used as Stokes, whereas
the signal from the OPO (tunable between 700 nm
and 1000 nm) is used as the pump and probe. The
beams are scanned over the sample by galvano
mirrors (Olympus FluoView 300, IX71) and focused
by a 20 × 0.5NA objective lens into the sample.
Both beams have a power of several tens of mW at
the sample. Due to the highly scattering samples, the
forward-generated CARS signal is collected in the
backward direction.2 The collected signal is filtered
and detected by a photo multiplier tube. All images
are 512 × 512 pixels and obtained in 2 seconds.

To determine suitable vibrational bands for
component-specific imaging and analysis, Raman
spectra were recorded of pure tripalmitin, theo-
phylline anhydrate, and monohydrate and water
with a 1600 pixels CCD camera (Newton DU-
970N, Andor Technology) (Fig. 1). The samples
were irradiated by a Kr ion Laser (Coherent,
Innova 90K) at 647.1 nm of 30 mW and focused by
40 × 0.65 NA microscope objective lens. Care was
taken to ensure that the focal spot was filled with
pure material. The spectra are shown in Fig. 2.
Figure 2(a) shows the spectra of the three powdered
substances. The region exhibiting the large spectral
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Fig. 1. Molecular structure formula of the lipid tripalmitin
and drug theophylline.

differences between the components is highlighted
in gray and also featured in Fig. 2(b). Between
2700 cm−1 and 3200 cm−1, the CH stretch in the
aldehyde function of tripalmitin gives rise to a peak
at 2715 cm−1 whereas the CH2 and CH3 symmetric
stretching in the fatty acid chains correspond to
peaks at 2850 cm−1 and 2880 cm−1, respectively.6

Theophylline exhibits CH stretching at 3109 cm−1

for the theophylline monohydrate and 3123 cm−1

anhydrate.7,8 Specific component analysis in the
1600–1800 cm−1 region is not favorable due to the
water vibrational modes around 1650 cm−1 and
cannot be used for real-time dissolution experi-
ments. In the 2700–3200 cm−1 region, tripalmitin
and theophylline can be imaged selectively using
peaks at 2880 cm−1 (tripalmitin) and 3109 cm−1

(theophylline). Unfortunately, a distinction between
theophylline anhydrate and monohydrate is not
possible in this region. Nevertheless, the peak at
3109 cm−1 can be used to image selectively both
forms of theophylline. The interference from water
in this region would seem large as well, but these
bands are so broad and de-phase so quickly that
their influence is limited.

For a qualitative and quantitative monitoring
of the drug distribution in the tablet during dis-
solution, a translation has to be made from the
Raman spectra to the CARS images. Using the
images at 2880 cm−1 and 3109 cm−1, the concentra-
tion of theophylline can be related to the concentra-
tion of the tripalmitin. Since the tripalmitin stays
intact during dissolution, it can serve as the marker
for the local theophylline concentration, which is
known from the fabrication. The Raman spectra
are related to the CARS spectra, but they are not
the same. In short, Raman spectra depend linearly
on the constituent concentration whereas the CARS
spectra depend quadratically on concentration. The
Raman spectral intensity can be expressed as the
imaginary part of the (resonant) CARS amplitude.9
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Fig. 2. Raman spectra of the powdered substances and water: (a) full spectra of tripalmitin (black), theophylline anhydrate
(red), theophylline monohydrate (blue), and water (green) and (b) highlighted detail of image (a).
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Fig. 3. Simulation on Raman data (Fig. 2) of tripalmitin (black), theophylline anhydrate (red), theophylline monohydrate
(blue), to obtain the (a) resonant CARS spectra and (b) CARS phase.

To simulate the CARS spectra, the Raman data
were fitted to the imaginary part of multiple com-
plex Lorentzians. The resonant part of the CARS
intensity spectra and their phases are depicted in
Fig. 3. The full CARS spectra also contain a non-
resonant part that cannot be deduced from the
Raman measurement. This real part can be effec-
tively described as a constant where the magni-
tude depends on the excitation pulse lengths and
wavelengths. For our experiments, the non-resonant

component can be estimated as somewhere between
1% and 10% of the peak resonant amplitude. This
non-resonant contribution has little effect on the
signal intensity close to a resonance.

The CARS spectra shown in Fig. 3 reveal
that the different powders have partially overlap-
ping spectra. To overlay and compare the CARS
images obtained at different vibrational resonances,
weight factors have to be found based on the CARS
spectra. Around 2880 cm−1, the CARS intensity
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Fig. 4. Photograph of the flow cell with tablet (without the
cover glass).

for tripalmitin exceeds the intensity for the theo-
phylline (both monohydrate and anhydrate) by a
factor of 20. The images obtained at 2880 cm−1

can thus be taken to represent the tripalmitin den-
sity distribution (absolute squared). At 3109 cm−1,
the CARS intensity for the monohydrate exceeds
the tripalmitin by a factor of 18. The intensity
for the monohydrate is closer to the tripalmitin
so that the precise ratio is strongly influenced by
the amount of non-resonant background. From the
images, it is clear that the monohydrate exceeds the
tripalmitin by a factor larger than 3, based on areas
that could be identified to contain only one of the
constituents.

The images at different wavelengths can be
related to each other by picking a spot contain-
ing pure tripalmitin and scaling the intensity in
the 3109 cm−1 image to reflect the correct ratio.
Furthermore, the phase of the tripalmitin signal
is between 70 and 90 degrees separated from the
signal of the theophylline (monohydrate or anhy-
drate). Therefore, the total signal from a combina-
tion of the powders, which is given by the absolute
square of the combined amplitude, is almost equal
to the addition of the absolute square of the compo-
nents as is displayed in both images. The tripalmitin
image, once correctly scaled, can thus be subtracted
from the other image to obtain an almost pure
image and this procedure is allowed even for regions
that contain signals from both substances. Since the
(initial) distribution of substances (Figs. 5(a), (d)
and (g)) is coarse on the scale of the images, most
pixels can be assigned to contain either tripalmitin
or theophylline and the percentage of drug and lipid
at the surface can be extracted simply by counting

pixels which yields the coverage percentages men-
tioned in Fig. 5.

For a more precise analysis, the CARS ampli-
tude and phase can be detected locally using
heterodyne detection10 to extract the relative com-
ponents. This paper focuses on the qualitative
description, further work will include detailed
quantitative measurements.

In this study of dissolution from two different
types of pharmaceutical tablets, three model
systems of a drug (theophylline) in a matrix
(tripalmitin) were investigated: (1) tablets of
tripalmitin with theophylline monohydrate, created
by tabletting a powder mixture, (2) tablets of
tripalmitin with theophylline anhydrate, also from
a powder mixture, and (3) tablets from an extru-
date of tripalmitin with theophylline anhydrate.
The details of the sample preparation are given
elsewhere.11 Two different types of experiments
are performed: dissolution by immersion in puri-
fied water and dissolution by flowing purified water
in a flow cell. The flow cell used for the in situ
dissolution imaging consisted of a Teflon cham-
ber with two metal bars that fix the tablets in
the middle of a flowing water bed (Fig. 4). Puri-
fied water was constantly pumped through the cell.
The lower side of the cell consists of a thin micro-
scope cover glass that is placed on the micro-
scope stage. This specific set-up allows in situ
visualization of the solid-state properties of the
tablets under pharmaceutically relevant dissolution
conditions.

3. Results and Discussion

Figure 5 depicts false-color images of the surface
of the three model systems. The drug is always
depicted in green, irrespective of its solid-state
form. The lipid matrix is depicted in red. The first
column depicts the three dry systems. The sur-
face of the theophylline monohydrate 5(a) is char-
acterized by thin needles whereas the anhydrate
5(d) shows anisometric particles. The tablet of com-
pressed extrudates 5(g) shows a smaller proportion
of drug signal on the surface, so that the drug can
be considered more embedded in the matrix (not
observed on an uncompressed extrudate). On the
dry tablet, the surface coverage was determined as:
5(a) tablet tripalmitin/theophylline monohydrate
(40%/60%), 5(d) tablet tripalmitin/theophylline
anhydrate (60%/40%) and 5(g) tablet of extrudates
tripalmitin/theophylline anhydrate (20%/80%).
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Fig. 5. Images of the lipid tripalmitin (2880 cm−1, red) and drug theophylline (3109 cm−1, green) after different durations
of immersion. (a)–(c) tablet tripalmitin/theophylline monohydrate (d)–(f) tablet tripamitin/theophylline anhydrate (g)–(i)
tablet of extrudates tripalmitin/theophylline anhydrate.

The release of drug and changes to the sur-
face were first monitored by imaging after differ-
ent immersion times. The tablets were immersed
in 500 mL of purified water, and after defined
time intervals, removed and imaged (Fig. 5).
The tablet consisting of tripalmitin and theo-
phylline monohydrate (Fig. 5(a) to (c)) shows
the release of the drug from the matrix with-
out significant surface alteration. The lipid matrix
stays intact, while the drug dissolves within the
matrix and then diffuses through the pores in
the matrix. After 30 minutes, a few monohydrate
needles are left, while after 180 minutes, no drug
is evident on the surface of the tablet. Pores
(dark) can be observed where drug needles were

located. The tablet consisting of tripalmitin and
theophylline anhydrate (Fig. 5(d) to (f)) shows
significant surface effects. After 30 minutes, the
surface of the tablet is covered with fine need-
les (Fig. 5(e)), which are most likely theophylline
monohydrate that has a much lower solubility
and crystallizes on the surface after transformation
from the anhydrate form.12–14 After 180 minutes of
immersion in water, the needles have completely
dissolved.

For the tablet of compressed extrudate
(Fig. 5(g) to (i)), release of the anhydrate par-
ticles was observed without monohydrate needle
formation. Additional tests were conducted using
the uncompressed extrudates, where the absence
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Fig. 6. In situ CARS imaging of drug release during dissolution in the flow cell. The lipid tripalmitin (2880 cm−1, red) and
drug theophylline monohydrate (3109 cm−1, green).

of needle formation was confirmed. The smoother
surface structure of the extrudate appears to pre-
vent monohydrate crystallization. The solid-state
transformations and crystal growth on a tablet con-
taining pure theophylline anhydrate was also mon-
itored in situ,15 by placing the tablets in a vessel
filled with water directly on the microscope stage.
A thin stagnant water layer between the sample and
the microscope cover slide promoted the growth of
long needles which can be attributed to theophylline
monohydrate formation.

For dissolution testing, tablets containing
monohydrate were placed in the flow cell and con-
tinuously imaged over 90 minutes (Fig. 6). Focal
drift and stability issues prevented a direct quanti-
tative analysis of the images, but controlled release
of the drug was clearly observed and quantitative
analysis should be possible once the stability is
improved.

4. Conclusion

CARS microscopy was combined with a pharmaceu-
tically appropriate dissolution set-up and used to
visualize the structure and distribution of a model
drug in different tablets, as well as the changes

during dissolution in real time. Such results pro-
vide valuable information about the physicochemi-
cal phenomena that may occur during drug disso-
lution. Theophylline anhydrate tends to form the
monohydrate with a lower solubility during dissolu-
tion. The ability of the CARS set-up to distinguish
between the different solid-state forms was investi-
gated. Tablets made of lipid-based extrudates did
not exhibit theophylline hydrate formation during
drug dissolution. The difference between the two
dosage forms is probably due to surface differences
of the lipid matrix. Based on these results, CARS
appears to be well-suited to the imaging of physico-
chemical changes in oral solid dosage forms during
dissolution.
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