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a b s t r a c t

A method was developed to monitor the hydration of a tablet surface using chemical functional groups
able to bind atmospheric water through H-bonding. In this study, generic oral dissolving loratadine tablets
were used. These tablets have relatively high mannitol and lactose concentrations. Both mannitol and
lactose have C–OH alcohol functional groups, several of which are potentially available for H-bonding
with atmospheric water. The Raman intensity of the alcohol functional groups decreases upon hydration.
This observation can be used to indirectly monitor water adsorbed to tablet surfaces at the alcohol sites.
The hydration assay is based on the change in the Raman peak intensity of the alcohol C–OH stretching
at 875.5 cm−1. Consequently the decrease in the Raman intensity of this vibration can be used to monitor
water adsorption. The Raman measurement of tablet surface water was compared to the direct moisture
measurement method using a microbalance. The Raman spectroscopy is used to monitor the water that is
oratadine
urface bound moisture
ndirect moisture measurement

specifically bound to the C–OH alcohol functional groups available for hydration. The microbalance was
used to monitor the tablets’ weight change during water adsorption and desorption. The distribution
of the ratio of the Raman intensity of C–OH peak at 875.5 cm−1 divided by the intensity of loratadine’s
C–Cl peak at 712.6 cm−1 was experimentally determined to be a Gaussian distribution with a mean of

ysis i
ul tec
3.22 ± 0.277. Raman anal
surface. This can be a usef

. Introduction

It is self-evident that tablet manufacturing produces chemi-
al functional groups (CFGs) on the dosage form surfaces that are
roportional to the compounds used. However, if the active phar-
aceutical ingredient (API) is present in a small concentration in

he tablet, the API CFGs will not dominate the tablet surface. When
xcipients constitute the major tablet ingredients, then the excip-
ents’ CFGs can significantly influence the tablet surface chemistry
nd hydration properties, particularly for uncoated tablets. In our
tudy Walvert loratadine 10 mg, generic orally dissolving tablets

ODTs) were used.

Raman spectroscopy can analyze (i) micron to millimeter depths
ithin tablets (ii) or can completely penetrate the tablet dur-

ng transmission spectroscopy measurements. Thus, depending on

Abbreviations: CFG, chemical functional groups; PAT, process analytical tech-
iques; TSMs, tablet surface markers; ODTs, oral dissolving tablets.
∗ Corresponding authors.

E-mail address: Chuck.pidgeon@mcphs.edu (C. Pidgeon).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.06.009
ndicates that there is both tightly and loosely bound water at the tablet
hnique with regard to inspecting and controlling the tablet drying process.

© 2010 Elsevier B.V. All rights reserved.

both how the Raman laser excitation beam is focused and the power
of the laser beam, the excitation laser beam can penetrate only a
small distance into the surface or through the entire tablet [1,2]. We
used Raman spectroscopy as a technique to measure water specifi-
cally bound to the ODT excipients alcohol functional groups. Raman
spectroscopy has been used for (i) chemical fingerprinting of solids,
(ii) determination of hydration [3,4] and (iii) analysis of crystallinity
and crystal polymorphism [5]. Quantitative analysis using Raman
Spectroscopy has increased over the past few years [6–9]. Moreover
the use of Raman spectroscopy in tablets and powders mapping
has increased as demonstrated by several industrial applications
[10–13].

ODTs are designed and manufactured to release the API in the
oral cavity. ODTs contain soluble excipients to facilitate dissolution
and drug release from the dosage form in the oral cavity. They are
also prepared using techniques that facilitate quick water uptake

and disintegration.

Different polymorphic forms are used in ODTs; however, the
amorphous forms are more susceptible to hydration than crys-
talline polymorphs [14], and consequently are the polymorph of
choice when preparing ODTs [15]. Most ODT excipients are hygro-

dx.doi.org/10.1016/j.jpba.2010.06.009
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:Chuck.pidgeon@mcphs.edu
dx.doi.org/10.1016/j.jpba.2010.06.009
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copic and may deliquesce under high humidity conditions [16].
he two predominant excipients in the Walvert tablets are manni-
ol and lactose. Both exist mainly in a crystalline polymorphic form.

annitol is a common excipient in ODTs due to its negative heat of
olution and sweetness.

Lactose and mannitol have 8 and 6 alcohol CFGs, respectively.
he Raman bands for the C–OH stretching frequency at 875.5 cm−1

ecreases in intensity when the alcohol groups are hydrated. The
vailable hydration sensitive C–OH CFGs can be used to monitor
he adsorbed water at these sites on the tablet surface. Never-
heless, in general, monitoring Raman active bands that change
ntensity when hydrated demonstrates that CFGs may be utilized as

arkers (tablet surface markers or TSMs) for characterizing tablet
roperties. For uncoated tablets exposed to different humidity and
emperature conditions, TSMs can monitor an existing or chang-
ng surface property, e.g. surface hydration as shown in this work.
ablet surface CFGs that are Raman active are referred to as TSMs
hroughout this study. For example, mannitol or lactose molecules
hemselves are not the TSMs, but rather the TSMs are the alcohol
FGs associated with these excipients.

Oral cavity saliva liquids are not in the gas phase. Therefore,
ablet hydration in the oral cavity occurs by a different mechanism,
olution state hydration, compared to the vapor phase hydration
erformed in our study. The common polymorphic forms of lac-
ose are: (i) � lactose, (ii) � lactose, and (iii) amorphous lactose.
he � lactose polymorph exists as either anhydrous or mono-
ydrate form, both are available as monophasic. Commercially
vailable � lactose is a polymorphic mixture comprising approxi-
ately 20–30% � lactose [17]. Mannitol is a polymorphic excipient

ommonly used as a � form. Other forms like alpha, delta and
ydrates may exist as contaminants [18].

Atmospheric moisture interacting with pharmaceutical solids
n either bulk form or in tablet form can cause (i) water surface
dsorption, (ii) water absorption into bulk solids, which can cause
eliquescence [19], (iii) crystal hydration formation and (iv) for
olids with microvoid spaces, capillary condensation occurs within
he microvoids even at low relative humidity. The process of water
ondensation in microvoids can result in occlusion of the microvoid
hannels [20]. Regarding process (ii), when bulk lactose is exposed
o the atmosphere, a hydrate–anhydrate phase transformation can
ccur [21]. The surface of pharmaceutical tablets are also suscepti-
le to these interactions when tablets are exposed to atmospheric
oisture, but frequently the surface chemistry of a particular tablet

ormulated and manufactured under a specific condition can mod-
fy the physical chemistry of the dosage form surface. Virtually
ll Raman active bands obtained from mannitol and lactose bulk
owders are also observed in the Raman spectra of intact tablets
repared from these excipients. This enables the use of Raman
pectroscopy to analyze tablets comprised of these two excipients.
s previously indicated our focus is the CFGs that can be used as
eporter-chemical groups elucidating a surface property, in this
ase hydration, rather than the actual excipient.

. Material and methods

Bulk powder loratadine (L9664), lactose monohydrate (L3643)
nd � lactose (L3750) were purchased from Sigma–Aldrich (St.
ouis, MO). Mannitol USP donated from Specialties (Wilming-
on, DE). Walvert tablets were purchased from a local Walgreens
harmacy. Blister Pack Walvert tablets are the loratadine brand
quivalent to Alavert®. Lyophilized amorphous lactose was pre-

ared using a 5% lactose aqueous solution [22]. The sample was
rozen at −80 ◦C then lyophilized using a Labconco Freezone 4.5
onsole model for 24 h. The Raman spectra of 48 tablets, prior to
ydration, were used to analyze the frequency distribution function
f surface accessible C–OH CFGs. Frequency distribution functions
iomedical Analysis 53 (2010) 852–859 853

are sometimes referred to as a Probability distribution functions
and abbreviated as PDF.

2.1. Tablet composition

In this study commercially available Walvert tablets were
used. The low concentration tablet components are the follow-
ing: artificial cherry flavor, aspartame, colloidal silicon dioxide,
sodium lauryl sulfate and sodium stearate. We evaluated other
Walvert excipients’ Raman active peaks. These excipients included;
povidone, microcrystalline cellulose, lactose monohydrate and
mannitol. Our goal was to find out if some of the label excipi-
ents exist in high concentration in the Walvert tablets and whether
they have interfering peaks with the TSMs C–OH peak. Their Raman
spectra were evaluated as follows.

The absorbance at 1656 cm−1 (�̄ C O), the most distinct povi-
done peak in the Raman spectrum was studied [23,24]. This
was determined by subtracting the loratadine spectrum from the
Walvert tablet surface spectrum. The 712.6 cm−1 C–Cl loratadine
peak was used as a reference for subtraction.

The label also indicates that the tablets have microcrystalline
cellulose. We studied the 1095 cm−1 and 1292 cm−1 the two major
peaks in the Raman spectrum of microcrystalline cellulose [25].

As indicated by the manufacturer, the tablets contain lactose
monohydrate. However there appears to be a small amount of
amorphous lactose contaminating the lactose monohydrate. USP-
NF states that various proportions of amorphous lactose may exist
in lactose monohydrate [26]. Lactose monohydrate and mannitol
were identified as major excipients in the tablet using their char-
acteristic Raman peaks (Fig. 1).

The ratio of lactose to mannitol in the tablet was experimen-
tally evaluated. Raman spectroscopy was used to measure the
lactose monohydrate to mannitol weight ratio in experimentally
prepared solid state mixtures. Lactose monohydrate and manni-
tol were mixed together in a mortar using a pestle for 1 min at
four different ratios 1:9, 1:3, 1:1 and 3:1. The Raman spectrum
of each mixture was obtained and used to generate a calibra-
tion curve. The peak intensity ratio of the I�̄ 934 cm−1 (specific
to mannitol)/I�̄ 851 cm−1 (specific to lactose), versus the man-
nitol percentage weight was plotted. Regression analysis of the
log-plot elicited a straight line; the resulting calibration equation
was y = 42.424E−4.885x where y = I�̄ 934 cm−1/I�̄ 851 cm−1 and x is
the mannitol percentage weight. The calibration curve was done in
triplicate.

2.2. Measurement of tablet surface hydration and polymorphic
changes

The humidity chamber of a 500 mL desiccator jar was equi-
librated with 300 mL of distilled water at 50 ◦C in a THELCO
Oven (Model-17) for 3 h. Hydration of blister pack Walvert tablets
involved (i) opening the blister pack, (ii) obtaining a Raman spec-
tra prior to hydration, and then incubating the test tablets in the
humidity chamber for 180 min (3 h).

When tablets were removed from the incubator a continuous
Raman spectrum was measured for the hydrated tablets for 90 min
using irradiated target areas of (∼80–100 �m) diameter on the
tablet surface. This method enabled monitoring the intensity of the
moisture sensitive alcohol peak at 875.5 cm−1 for changes in peak
intensity due to water adsorption of the tablet surface. To monitor
the polymorphic conversions of lactose and mannitol during the
adsorption desorption process, 10 tablets were stored under the

same conditions. Polymorphic changes were monitored using the
� lactose peaks at �̄ 851.0 cm−1 and �̄ 1086 cm−1 and the � lac-
tose peak at �̄ 895 cm−1 and, whereas the � and � mannitol were
monitored using the 1037 cm−1 and 1052 cm−1 peaks, respectively
(Fig. 1).
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Fig. 1. CFGs of loratadine, lactose and mannitol used to determine surface water adsorption and polymorphic changes upon tablet surface hydration. The intensity of the C–Cl
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ibration of loratadine at 712.6 cm is insensitive to water adsorption and was us
inkage vibration at 851 cm−1 and O–C–O vibration at 1086 cm−1 were used to study
eak; the relative intensity of the C–OH stretching at 875.5 cm−1 decreases when
ere used to study mannitol � and � polymorphic forms, respectively.

The Raman spectrometer microscope was equipped with a CCD
amera (128 × 256 pixels) which was used to visually image the
ablet surface during the experiments. This camera was used to
erify the focus position at the tablet surface and to record visual
mages of the surface for morphological changes before and after
ydration.

Two methods were used to monitor adsorbed water on tablet
urfaces: (i) an indirect measurement using Raman Spectroscopy
nd (ii) a direct measurement using a high sensitivity microbal-
nce. The Raman method used the intensity of the C–OH stretching

ibration at 875.5 cm−1, which is expected to decrease in intensity
hen the functional group is hydrated. To verify this phenomenon,
icrodrops of water were placed on a freshly opened tablet. Raman

pectra were collected before and after placing the drop on the
ablet.
an internal standard during these studies; the intensity of the lactose, � glycosidic
ose polymorphic changes; the C–H stretching at 895 cm−1 is a lactose � polymorph
forms hydrogen bonds with this functional group; the 1037 cm−1 and 1052 cm−1

2.2.1. Indirect moisture measurement using Raman spectroscopy
Tablet surfaces were subjected to hydration under two test con-

ditions: (i) 20 ◦C, 50% RH and (ii) 50 ◦C, 100% RH. This indirect
method of monitoring surface water only evaluates the fraction of
the tablet surface containing the Raman intensity sensitive C–OH
groups on the tablet surface and does not evaluate the total water
content on the tablet surface. Thus, if multiple layers of water exist
on the tablet surface Raman spectroscopy cannot monitor the phe-
nomena.
2.2.2. Direct moisture measurement using microbalance
Total water on tablet surfaces was measured using a high

sensitivity Mettler MT5 microbalance—Toledo Inc. The tablet
weight loss after incubating tablets for 180 min in a 50 ◦C, 100%
relative humidity chamber is a direct measure of tablet sur-
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ace water adsorption prior to the room temperature desorption
hase.

.3. Raman spectra data acquisition and data processing

Raman spectra were obtained using a microscope and Kaiser’s
oloMapTM software. Data processing (peak position, intensity,
aseline correction, etc.) were performed using Grams AI version
.0 software (Thermo, Inc.). The Raman microscope was equipped
ith both 5× and 20× objective. The target tablet surface area

rradiated by the laser using a 5× objective was ∼80–100 �m
n diameter (manufacturer’s specifications). Similar results were
btained with both 5× and 20× microscope objectives. The optical
ench was an RXN1-785 Analyzer (Kaiser Optical Systems, Inc., Ann
rbor, MI) equipped with an excitation laser operating at 785 nm.
he excitation cable was a 64.5 �m diameter cable and the photon
ollection cable receiving singles from the specimen was 100 �m
n diameter. A holographic filter removed the background Rayleigh
cattering during data acquisition. Data acquisition used an accu-
ulation time of 20 s, 3 accumulations and a laser power setting

f 400 mW. The optical throughput was ∼30% from the spectrome-
er main bench to the microscope and specimen; the instrument’s
ptical throughput was linear from 0 to 400 mW (measured with an
rion Laser power meter purchased from Kaiser Optical Inc.). This

ndicates that ∼120 mW of laser power was impinging the tablet
arget area when the main bench was set to 400 mW of laser power.

Raman data obtained with Kaiser’s HoloMapTM software were
xported into Grams AI 8.0 data processing software. The peak posi-
ion and intensity of the lactose �̄ 851.0 cm−1 and �̄ 875.5 cm−1 were
btained after baseline correction from �̄ 910 cm−1 to �̄ 840 cm−1.
eak positions varied by less than 0.3 cm−1.

Grams AI peak pick routine was used to identify the maximum
eak height at the maximum peak position. The intensity of lactose
nd loratadine peaks in the Raman spectrum varies depending on
he accumulation times, number of accumulations, laser power and
nstrument configuration and day to day variability. This unavoid-
ble variability in data acquisition was normalized by using the
ntensity of loratadine’s C–Cl peak intensity at �̄ 712.6 cm−1 as
n internal standard. Spectral intensities among the data slightly
aried because (i) the tablet is slightly curved, (ii) the laser focal
oint on the tablet surface slightly varied, (iii) there is a distri-
ution of surface exposed functional groups being measured on
he tablet surface and (iv) the day to day variability in obtaining
pectral data. These are many of the reasons for using an inter-
al standard. When monitoring surface water hydration the ratio
�̄ 875.5 cm−1/I�̄ 712.6 cm−1 was calculated; thus, the loratadine
–Cl peak intensity is being used to normalize the data for experi-
entally variable data. The laser was focused on the tablet surface

y optimizing the signal received at the detector during continuous
canning. The loratadine C–Cl stretching vibration at �̄ 712.6 cm−1

as used as an internal standard to eliminate variability in peak
ntensity among spectra. This C–Cl peak does not overlap with
ny lactose peaks. A drop of water placed on the Walvert tablet
id not change the observed C–Cl stretching intensity. This indi-
ates that water on the tablet surface does not change the intensity
f the C–Cl stretching vibration. The loratadine C–Cl peak inten-
ity was quantified after baseline correction from �̄ 722 cm−1 to �̄
00 cm−1.

The different lactose polymorphs used in this work include (i)
he pure � polymorph, (ii) the � polymorph contaminated with
0% � polymorph, and (iii) the amorphous polymorph. Pure pow-

er samples of each of these compounds were spread on a glass
lide, and then slightly compressed by another slide to smooth the
urface which minimized specular and diffuse reflectance and other
ources of light scattering that decreases the Raman signals from
eing detected in the same optics that the laser light travels through
Fig. 2. (A) Walvert tablet spectrum, (B) powder loratadine spectrum, (C) spectral
subtraction of spectrum (A) minus (B) using loratadine *712.6 cm−1 peak as refer-
ence peak. The figure indicates the absence of povidone carbonyl peak signifying no
detectable povidone on the tablet surface.

to irradiate the sample. Pure loratadine and mannitol spectra were
collected under the same conditions.

2.4. Inter-tablet TSM variability

The distribution of the 875.5 cm−1 alcohol groups
was evaluated. The statistical variable was the ratio of
I�̄ 875.5 cm−1/I�̄ 712.6 cm−1 and 48 tablets were used. The
mean of three surface spectra on each tablet were used in the
study. The Shapiro-Wilk test supports that the variable is normally
distributed. The critical value of the Shapiro-Wilk test statistic is
W0.05(48) = 0.947 and the test statistics are

W =

[∑24
i=1ai(x(49−i) − x(i))

]2

∑48
i=1(x(i) − x̄)2

= 5.1266122

27.375931
= 0.960

where x(i) are ordered data and ai are the Shapiro–Wilk coefficients.
Since W = 0.960, which is >0.947, the probability that the ratio of
alcohol groups is normally distributed based on the Raman inten-
sity ratio of I�̄ 875.5 cm−1/I�̄ 712.6 cm−1 is derived from a normal
distribution is statistically valid. Inter-tablet variability of lactose
alcohol TSMs is normally distributed.

3. Results

The amount of the inactive ingredients in commercial prod-
ucts is proprietary information. Low concentration excipients not
observable in the Raman spectra of Walvert tablets include (i) arti-
ficial cherry flavor, (ii) aspartame, (iii) colloidal silicon dioxide, (iv)
sodium lauryl sulfate and (v) sodium stearate. More detailed stud-
ies were performed to identify the approximate amount of lactose
monohydrate, mannitol, povidone and microcrystalline cellulose.

Fig. 2 demonstrates that povidone is not observable in the
Raman spectra of Walvert tablets. The spectral subtraction shows a
baseline Raman peak intensity at 1656 cm−1, where povidone nor-
mally elicits a strong peak intensity (Fig. 2(C)). This indicates that
povidone is a low concentration excipient in Walvert tablets.

In the Raman tablets spectra, the 1095 cm−1 and 1292 cm−1

peaks appear as a considerably weak peak and shoulder, respec-
tively. Based on this data, the concentration of microcrystalline
cellulose is minimal in the analyzed tablets. In addition, these

microcrystalline cellulose peaks, do not interfere with the peaks
of interest used in our analysis (875.5 cm−1, 851.0 cm−1, and
712.6 cm−1).

Upon studying the spectra of the Walvert tablets, mannitol
and lactose, it appears that the major excipients in the tablets
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Fig. 5. (A) Raman Spectrum of pure loratadine showing strong *712.6 cm−1 vibra-
tion assigned to the C–Cl. (B) The Raman spectrum of mannitol showing peak at
*875.5 cm−1 common with � lactose and detected on the Walvert tablets. (C) Raman
spectra of � lactose demonstrating � specific peak at *851.0 cm−1. (D) The Raman
Fig. 3. Scheme showing possible heterogeneous orientations of loratadine (A) a

re mannitol and lactose (Fig. 1). Based on the mannitol lactose
onohydrate calibration curve, the ratio of lactose monohydrate

o mannitol in the Walvert tablets was approximately between 1:3
nd 1:4.

The chemical functional groups of the API and excipients in
alvert tablets used in this study are shown in Fig. 1. The chemical

tructures of mannitol, lactose and loratadine and the Raman vibra-
ions used to monitor (i) tablet surface hydration and (ii) the Raman
ibrations used to monitor the infrequent inter conversion of lac-
ose and mannitol polymorphs when tablet surfaces are hydrated
re illustrated in Fig. 1. The existence of the API and excipient
olecules in different conformations at the tablet surface, affects

he availability of the CFGS for hydration (Fig. 3).
The changes in Raman peak intensities of C–OH CFGs and lorata-

ine C–Cl stretching vibrations when water is applied to the tablet
urface are illustrated in Fig. 4. The key findings are (i) the tablet
xcipient lactose alcohol C–OH peak at 875.5 cm−1 decreased to
irtually 80% or more of the non hydrated stated, and (ii) the tablet
oratadine C–Cl peat at 712.6 cm−1 peak did not change intensity

hen the tablet is hydrated with a drop of water on the surface.
hus, the loratadine C–Cl stretching frequency was useful as an

nternal standard during surface measurements of tablets.

The residual peak intensity at 875.5 cm−1 in the hydrated tablet
pectrum (Fig. 4(B)) is indicative of residual alcohols not accessible
o surface hydration. Raman laser penetrates the tablet to a depth

ig. 4. Experimental determination of Raman active vibrations that decrease in
ntensity when tablets are hydrated in vapor phase water at elevated tempera-
ures. Raman spectrum (A) was obtained from a Walvert tablet containing the API
oratadine. Raman spectrum (B) was obtained after microdrops of water were placed
n the tablet surface. The intensity of the loratadine C–Cl stretching frequency at
712.6 cm−1 did not change, whereas the alcohol C–OH stretching intensity signifi-
antly decreased in the hydrated tablet *875.5 cm−1 in the spectra (B) is indicative
f residual alcohols not accessible to surface hydration.
surface spectrum of a Walvert tablet containing loratadine as the API and excipients
mannitol and lactose. The relative intensity ratio of the lactose *875.5 cm−1 to the
loratadine *712.6 cm−1 vibration are apparent in the figure.

slightly more than can be hydrated in these studies. Nevertheless,
the decrease in intensity of the C–OH stretching frequency was used
to qualitatively monitor water on the tablet surface.

The Raman spectra of (i) powdered loratadine, (ii) � lactose and
(iii) � mannitol and (iv) commercially available Walvert tablet are
shown in Fig. 5. The loratadine C–Cl peak at 712.6 cm−1 and the
alcohol peak at 875.5 cm−1 reside in distinct regions of the spec-
trum. This indicates that there are no overlapping Raman peaks
and both the Raman active C–OH alcohol peak and loratadine C–Cl
peak can be monitored without the problem of overlapping peaks
from other functional groups.

The inter-tablet variability in the distribution of surface alcohol
groups was evaluated. Fig. 6 is the experimentally measured fre-

quency distribution of the inter-tablet variability of C–OH alcohol
groups on the Walvert tablet surface. The inter-tablet distribution
of the alcohol groups showed normal distribution (p < 0.05) with a
mean of 3.22 and sample standard deviation of 0.227 (Table 1).

Table 1
Comparison of the PDF (Fig. 6) to the first experimental time points of the tablets
being hydrated or incubated directly at room temperature.

I�̄−1 875.5 cm−1/I�̄ 712 cm−1

Mean Standard deviation

Frequency distribution function (Fig. 6) 3.22 0.277
Tablets (Fig. 7(B)) 3.11 0.524



E. Atef et al. / Journal of Pharmaceutical and B

F
r

l
e
C
A
v
r

3

e
d
e
r
u
c
s
c
1
d
i
U
I

ig. 6. Shows the normal distribution of the intensity ratio of the 875.5 cm−1 in
eference to 712.6 cm−1 upon testing 48 tablets.

The frequency distribution of alcohol functional groups and
oratadine C–Cl functional groups, in non hydrated Walvert tablets
nabled us to determine the Walvert inter-tablet variability of
–OH groups distribution, i.e. the TSMs and loratadine C–Cl CFG.
lthough we used a ratio of the intensity of these functional group
ibrations, the normal distribution shown in Fig. 6 and Table 1
eflects the distribution of TSM CFGs.

.1. Indirect moisture measurement using Raman spectroscopy

Four control tablets and seven test tablets were used to gen-
rate this data. The room temperature and humidity conditions
id not result in surface hydration of the control tablets. This is
vident by the straight lines in the I�̄ 875.5 cm−1/I�̄ 712.6 cm−1

atio shown in Fig. 7(A). This data indicates that during the man-
facturing of Walvert tablets at room temperature and humidly
onditions, there is little to no water adsorption on the tablet
urfaces prior to packaging in blister packs. However, a signifi-
ant hydration event of the tablet surface occurred at 50 ◦C and

−1 −1
00% relative humidity. The ratio of I�̄ 875.5 cm /I�̄ 712.6 cm
ecreased from 3.11 ± 0.524, before incubation in the humid-

fier to 0.883 ± 0.346 after 180 min of incubation (Fig. 7(B)).
pon removing the tablets from the humidity chamber, the

�̄ 875.5 cm−1/I�̄ 712.6 cm−1 ratio increased to 1.71 ± 0.494 over

Fig. 7. Raman spectroscopy analysis of control tablets incubated at room tempe
iomedical Analysis 53 (2010) 852–859 857

90 min. The I�̄ 875.5 cm−1/I�̄ 712.6 cm−1 ratio did not return to the
pre hydration ratio.

3.2. Direct moisture measurement using microbalance

Water molecules are ∼2.9 Å in diameter and the surface
area of water is ∼6.6 Å2. The ∼14 mg of water adsorbed to
the tablet surface area corresponds to ∼0.77 mMole of water
(14 mg (H2O)/18 mg mMole−1(H2O) is 0.77 mMole (H2O)). Given
the approximation that 0.77 mMole (H2O) was adsorbed to the
tablet surface, then 0.77 mMole multiplied (by Avogadro’s num-
ber) 6.023 × 1021 molecules per mMole are 4.63 × 1021 molecules
of H2O on the tablet surface. The tablet diameter is ∼6.4 mm and
a thickness of 2.53 mm, thus the tablet surface area is ∼83 mm2.
Based on the amount of water adsorbed to the tablet surface, the
∼6.6 Å2 surface area of water can form approximately ∼1.25 × 1015

water layers on the tablet surface. This is an overestimate of the
number of layers of water on the tablet surface because water can
penetrate the tablet itself.

The direct measurement of water desorption (Fig. 8(A),
t > 180 min) showed an exponential decay (Fig. 8(B)). This indi-
cates that an exponential decay of water desorption from the tablet
surface is proportional to the surface concentration of adsorbed
water, which had accumulated during the incubation period. This
exponential decay of water was not observed when using Raman
measurements and hydrated lactose alcohols as a Raman signal.
This is obvious in Fig. 7(B) where irreversibly bound water shown
by the plateau at ratio of I�̄ 875.5 cm−1/I�̄ 712.6 cm−1 lower than
the initial value. The plateau is indicative of tightly bound water to
the tablet surface (based on Raman spectroscopy). Whereas Fig. 8
shows an exponential decay or desorption of water on the tablet
surface based on a non-specific gravimetric analysis of tablet sur-
face water. Thus, gravimetric method data is monitoring the loss of
the multiple layers of non-specific water binding on the tablet sur-
face that accumulated during the incubation period. The Raman
method is clearly demonstrating that not all of the water lay-
ers desorbs according to a simple exponential function. Based on
Fig. 8(B), the log mean weight change = −0.004t + 1.864, R2 = 0.991,
and the desorption half-life, t1/2, was ≈70 min. This observation
represents the bulk water adsorbed followed by desorption and
does not represent the water adsorbed to the tablet surface alcohol

functional groups that tightly bind water as measured by Raman
spectroscopy.

Lactose is known to undergo polymorph changes upon hydra-
tion [27]. Tablet surface hydration can stimulate lactose to convert
from amorphous to the � polymorph, which was observed in this

rature (A), and test tablets stored at 50 ◦C with 100% relative humidity (B).
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Fig. 8. (A) Change in tablet weight with time during the desorption phase (181 min
to 410 min) from the tablet surface at 20 ◦C and 50% RH. (B) A log plot of (A) was
used to estimate the number of possible water adsorbed layers and also the t1/2 of
water desorption.

Fig. 9. Formation of the � lactose polymorph identified by the intensity increase of
the I�̄ 850.9 cm−1/I�̄ 712.8 cm−1 ratio. The Raman peak at 850.9 cm−1 is characteris-
tic of the � lactose polymorph and an increase in this peak intensity is indicative of an
increase in the amount of the � lactose polymorph in the tablet. Spectra were gener-
ated after the following incubation conditions at 50 ◦C and 100% relative humidity:
(a) 0 min; (b) 15 min; (c) 30 min and (d) 45 min (e) 60 min. Visual comparison of spec-
tra (a) and (e) indicates that the � lactose polymorph peak at 850.9 cm−1 increases
∼10-fold compared to the increase in the Raman peak intensity at 875.6 cm−1 cor-
responding to the lactose monohydrate crystalline material which only increases in
intensity approximately 3 folds.
iomedical Analysis 53 (2010) 852–859

study (Fig. 9). Polymorphic changes were observed in two out of
the ten tablets tested, which indicates that this is a low probably
event, but nevertheless it is a real physical change at the tablet
surface when hydrated. Fig. 9 shows the spectral data demonstrat-
ing the transition from the amorphous to the � lactose polymorph.
The amorphous lactose converting to the � lactose was monitored
using both the C–O–C vibration (851.0 cm−1) and the O–C–O vibra-
tion (1086 cm−1) [not shown in the figure] specific to � lactose.
An increase in the 851.0 cm−1 peak intensity was observed over
time. The lactose peak at 895.6 cm−1 is characteristic to � lac-
tose polymorph [17,28,29]. No � lactose was observed during this
study.

The tablets contain � mannitol polymorph, the most thermody-
namic stable form. This is based on the presence of the 1037 cm−1

peak, CCO stretching vibration [35,36]. The absence of 1052 cm−1

peak, significant to � mannitol, in the tablet spectra, before and after
incubation, signifies that mannitol does not undergo polymorphic
changes.

4. Discussion

The TSM concept demonstrated in this study can be applied to
many commercially manufactured tablets. TSM is a concept that
allows probing of tablet surfaces for pharmaceutical or chemical
phenomena that is a physical observable elicited from the CFGs
from either the excipients or API. It is likely that all tablets have
chemical functional groups on their surfaces, which may be use-
ful as chemical probes to determine pharmaceutical properties of
tablet surfaces.

Raman analysis of tablet specimens requires virtually no sam-
ple preparation. The advantages of Raman spectroscopy are that
the method is noninvasive and nondestructive[30–33]. The use of
Raman spectroscopy to study water–excipient interactions is more
useful than IR spectroscopy because water elicits strong IR inten-
sities over a broad range of wavelengths. This may mask many
chemical functional groups or saturate the detector signal. Water
has little to no Raman active vibrations.

After incubation in a humidity chamber at 50 ◦C our experi-
ments demonstrated that Walvert tablets exhibit at least two states
of surface adsorbed water (i.e., loosely and tightly bound); the
plateau region demonstrated that tablet surface water is tightly
bound (Fig. 7(B)). It is clear that the tablet surface water did
not completely evaporate as evidenced by the plateau region
not returning to pre incubation intensity ratio value. The release
or evaporation of adsorbed water occurs at an exponential rate
for the loosely bound water (Fig. 8); whereas, the tightly bound
water (Fig. 7(B)) is apparently irreversible at room temperature.
This is evident in Fig. 7(B) where there was water loss from
the tablet surfaces for about 90 min after the 180 min incubation
period.

If only a direct measurement of total tablet water was
experimentally performed, using gravimetric analysis, the obser-
vation that a sub population of alcohol hydrogen binding sites
on the tablet surface would not have been observed; Raman
spectroscopy was needed to observe the tightly bound water
state.

This suggests that alcohols on the tablet surface may exist in
different chemical environments for example the alcohol may be
(i) already H-bonded to a neighboring molecule within the tablet
and/or (ii) oriented in a sterically hindered position in the solid state

tablet. These chemical parameters of alcohol CFGs control the sig-
nal observed when monitoring hydrated and non-hydrated tablet
surface alcohols. Another consideration is that the laser used to
obtain Raman spectra likely penetrates beyond where the hydra-
tion occurs; non-hydrated alcohols inside the tablet can thus be
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ecorded when attempting to monitor the tablet surface hydra-
ion.

When a few water molecules adsorb to the tablet surface at
pecific sites (e.g., lactose alcohol sites), these water molecules
ay facilitate the binding of additional water on the tablet surface.

rom the gravimetric analysis we observed enough water adsorp-
ion during incubation to form thousand of layers. Apparently a
mall thickness of a water layer resides at the tablet surface when
ablets are placed in a 50 ◦C humidifier at 100% relative humidity for
h; this bulk water exponentially desorbs from the tablet surface

Fig. 8(B)).
Experimentally we used a 20× objective, which caused the laser

mpinging the tablet surface to have approximately an 80–100 �m
iameter target area. Based on the molecular size of the excipients
nd API, a laser beam of 80–100 �m diameter focused on the tablet
urface irradiates thousands of molecules. Thus, the Raman mea-
urements are recording an average distribution of the C–OH TSMs
elative to the C–Cl internal standard.

We measured a Gaussian distribution of the ratio of I
75.5 cm−1/I 712.6 cm−1 using Raman spectroscopy (Fig. 6). Since
he statistical variable is a ratio, both the distribution of the TSMs
ssociated with the 875.5 cm−1 (alcohols) and the internal standard
ssociated with the 712.6 cm−1 peak (loratadine) exhibit variance.
he variance in the distribution of both molecules on the tablet
urface can change the observed ratio.

Mannitol is a monosaccharide with alcohol CFGs that elicit
aman active vibrations in the same spectral region as lactose,

.e. 875.6 cm−1. Nevertheless, mannitol is non hygroscopic [34],
ut dissolves in the presence of water and this causes changes in
he Raman spectrum of the solution state mannitol. In solid state
hase, mannitol does not easily hydrate. The Raman spectrum of
he mannitol alcohols is less likely to change upon hydration. Thus
he 875.6 cm−1 peak changes are most likely attributed to lactose
ydration.

. Conclusions

TSMs may be useful in evaluating counter fit tablets and for
rocess analytical techniques (PAT) during tablet manufacturing.
owever, implementing this technique requires an understanding
f the tablet surface chemistry relative to TSMs that probe specific

hemical properties or events at the tablet surface. TSMs may likely
e specific to each tablet composition and manufacturing process.
he Raman method described in this work using alcohol TSMs can
e incorporated in the design of a PAT to monitor the tablet drying
nd point during manufacturing.
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