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Abstract High production output of solid pharmaceutical
formulations requires fast methods to ensure their quality.
Likewise, fast analytical procedures are required in forensic
sciences, for example at customs, to substantiate an initial
suspicion. We here present the design and the optimization
of an instrumental setup for rapid and non-invasive character-
ization of tablets by laser-induced fluorescence spectroscopy
(with a UV-laser (Ax=266 nm) as excitation source) in reflec-
tion geometry. The setup was first validated with regard to
repeatability, bleaching phenomena, and sensitivity. The effect
on the spectra by the physical and chemical properties of the
samples, e.g. their hardness, homogeneity, chemical compo-
sition, and granule grain size of the uncompressed material,
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using a series of tablets, manufactured in accordance with
design of experiments, was investigated. Investigation of tab-
lets with regard to homogeneity, especially, is extremely im-
portant in pharmaceutical production processes. We demon-
strate that multiplicative scatter correction is an appropriate
tool for data preprocessing of fluorescence spectra. Tablets
with different physical and chemical characteristics can be
discriminated well from their fluorescence spectra by subject-
ing the results to principal component analysis.

Keywords Tablet analysis - Solid-state fluorescence
spectroscopy - Grain size - Photobleaching - Scattering
effects - Homogeneity

Introduction

Tablets and other solid dosage forms are the most common
pharmaceuticals [1-3], because they are convenient for the
patient to handle [1] but also because of greater drug stability
compared with liquid dosage forms [4]. Moreover, individual
design of a tablet helps to increase the bioavailability of the
active agent according to therapeutic requirements, and thus
helps to increase the effectiveness of the drug [5].

High demands on quality control in industry and high
production output increase the need for reliable and rapid
methods for analysis of solids. Non-destructive techniques
based on optical spectroscopy usually require neither sample
preparation nor long analysis time and are, consequently,
preferred to time-consuming analysis based on chromatogra-
phy or capillary electrophoresis for high throughput analysis.
Although classical approaches provide detailed information
on the chemical composition of a sample, they fail to provide
information on its physical characteristics. Because NIR, Ra-
man, and fluorescence spectra are affected by the microenvi-
ronment of the analyte, they also provide information on the
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sample’s physical properties. A variety of methods for inves-
tigation of pharmaceutical solids by use of NIR spectroscopy
have been described in the literature [1]. In the forensic
sciences, NIR and Raman spectroscopy are used for identifi-
cation of counterfeit drugs [6—8]. Here, physical, chemical,
and physicochemical properties, for example the concentra-
tion and type of the active agent (side products) [9], the
tableting material, the form of the active pharmaceutical in-
gredient (API), and overall quality with regard to homogene-
ity, shape, colorants, and compaction, are important properties
for discrimination of counterfeit products from the original.

Compared with NIR or Raman spectroscopy, solid-state
fluorescence spectroscopy has rarely been used for quality
control in industry or in the forensic sciences, although it
can be assumed to be highly applicable, because many active
agents are native fluorophores, as a result of their large con-
jugated 7t-electron systems. Fluorescence spectroscopy has
the additional advantage of high sensitivity. It is known that
fluorescence spectra are affected by conformational changes
of the fluorophore, intermolecular interactions between
fluorophores, and interactions between the fluorophore and
other components of the sample but these effects are not well
understood and further basic research is required for this
method to become accepted [10].

In contrast with analysis of pharmaceutical solids, fluores-
cence analysis is often applied in solution, especially in com-
bination with HPLC and CE. Fluorescence methods enable
detection down to concentrations of 107" mol L™" or even
lower [11]. Detection of active agents in solution has been
reported by Navalon et al. [12], who measured acetylsalicylic
acid (ASA) calibration standards down to a concentration of
2.00 pg mL™",

The few studies described in literature on the use of fluo-
rescence spectroscopy for analysis of tablets and/or solid
pharmaceutical dosage forms have shown that this method
has advantages similar to those of Raman or NIR spectrosco-
py in terms of simplicity and rapidity: Moreira et al. [13]
worked with a xenon discharge lamp as an excitation source
to detect ASA in excipients. They described a non-destructive
technique which does not require sample preparation. Use of a
xenon discharge lamp rather than a laser, such as that used for
our experiments described below, has the advantage of indi-
vidual wavelength optimization for each sample and/or ana-
lyte. However, intensities are usually poor at low UV wave-
lengths. In this study, we use a frequency quadrupled Nd: YAG
UV-laser emitting light at \.,=266 nm; this has the advantage
of being a well focusable light source of high intensity, suit-
able for efficient excitation of even small amounts of active
agent, impurities, or weak native fluorophores.

Optical spectra contain chemical information, e.g. about
the sample’s composition and such physical properties as
compaction, grain size, and shape. Both positive and, more
often, negative aspects related to interferences caused by the
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physical characteristics of the sample are reported in the
literature [14, 15]. These interferences can be used for dis-
crimination of tablets manufactured with different physical
properties, e.g. hardness. If information on the chemical com-
position of the sample is required, results must be
preprocessed by use of such mathematical tools as multipli-
cative scatter correction (MSC), extended multiplicative scat-
ter correction (EMSC), or standard normal variate (SNV), to
remove interferences in spectra related to the physical proper-
ties of the sample which often obscure information about the
sample’s composition. These preprocessing tools are widely
used in NIR and Raman spectroscopy [6, 16, 17].

In this paper we report the development of a new and
straightforward method for characterization of pharmaceutical
solids and for identification of counterfeit medicine on the
basis of laser-induced fluorescence spectroscopy (LIF). The
setup is characterized with regard to its sensitivity, robustness,
and geometry by using fluorescent TLC plates and commer-
cial ASA tablets as model samples. The broadness of its
applicability is demonstrated for several commercial tablets
containing different types of active agent. Because a very
powerful excitation source is used to induce fluorescence,
we also studied bleaching effects of the model substances. In
the second part of the study, we investigated the suitability of
the system for characterization of the chemical and physical
properties for a series of tablets that was designed especially
for this study in accordance with design of experiments
(DoE).

Materials and methods
Setup

The setup used for LIF measurements of tablets is shown in
Fig. 1A. A frequency quadrupled Nd:YAG laser (FQSS 266-
Q2, 266 nm, quasi-cw power approx. 10 mW; CryLaS, Berlin,
Germany) was used as excitation source. The laser beam is
guided through the inner part of a y-optical fiber (J&M
Analytik AG, Essingen, Germany) to the sample, where fluo-
rescence is induced. Scattered and emitted light enters a set of
12 optical fibers surrounding the core excitation fiber. A filter
system (two edge filters: HR 266 nm, HT>310 nm, >6 OD;
J&M Analytik AG) was placed between sample and detector
to prevent scattered light from the laser beam reaching the
CCD camera used as detector (Tidas CCD UV/NIR; J&M
Analytik AG). The distance between the sample holder and
the end of the fiber is variable via the lengths/ and & (Fig. 1A,
B). Via A, the distance between the end of the fiber and the
sample holder can be changed in a wide range; the minimum
distance is 1.4 cm. The actual distance between the end of the
optical fiber and the sample can easily be calculated from the
set distance between the fiber and the sample holder, A, and
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the thickness of the tablet, di: h=hs—d,. Fine tuning of the
absolute distance between the end of the fiber and the sample
is possible by adjustment of the length %.

An LED (LEDMOD 365.100, A\x=360-370 nm, Py<
500 mW; Omicron Laserage, Rodgau, Germany) was used
to demonstrate the versatility of the setup with regard to
exchange of the light source.

The settings were:

* measurements described in the sections “Applicability”,
“Bleaching phenomena”, “Effect on detected fluorescence
intensity of the distance between the end of the optical
fiber and the sample”, “Repeatability”, and “Flexibility of
the setup”: 1 s (10 replicate measurements were
averaged);

* measurements described in the section “Sensitivity and
linearity”: integration time 100 ms (three replicate mea-
surements were averaged); and

* measurements described in the section “Discrimination of
tablets with different chemical and physical properties™:
integration time 1 s (10 replicate measurements were
averaged); 8—10 tablets of each type were analyzed
(Table 3)

A dark spectrum was subtracted from every individual
spectrum. Measurements were performed by use of Panorama
software (LabCognition Analytical Software, Cologne, Ger-
many). IGOR Pro (Wavemetrics, Lake Oswego, Oregon,
USA) and Unscrambler (Camo Software, Oslo, Norway) were
used for data evaluation. Mean centered data were subjected
to principal component analysis (PCA) by use of the NIPALS
algorithm (leverage correction).

Samples

All measurements were performed without further sample
preparation. Commercially available products were: fluores-
cent TLC plates (silica gel, 60, F254; Merck, Darmstadt,
Germany), ASS+C effervescent tablets (600 mg
acetylsalicylic acid; Ratiopharm, Ulm, Germany), tamoxifen
tablets (40 mg; Hexal, Holzkirchen, Germany), Tramadol AL
50 effervescent tablets (AL Pharma, Laichingen, Germany),
brewer’s yeast tablets (Haiterbach, Haiterbach, Germany),
ASS tablets (500 mg; AL Pharma), and ASS tablets
(500 mg; Stada, Bad Vilbel, Germany).

For in-house fabrication of the tablets, the following
chemicals (provided by Glatt Systemtechnik, Dresden, Ger-
many) were used: o-acetylsalicylic acid (ASA; 99 %;
Alfa Aesar, Karlsruhe, Germany); Aerosil 200 (Overlack,
Monchengladbach, Germany); caffeine (Fagron, Barsbiittel,
Germany); chloroquine, diphosphate salt (Alfa Aesar); eryth-
rosine (Colorcon, Harleysville, PA, USA); Kollidon VA 64
(BASF, Ludwigshafen, Germany); lactose monohydrate

(DMV-Fonterra Excipients, Goch, Germany); Ludipress
(BASF); magnesium stearate (AppliChem, Darmstadt, Ger-
many); quinine sulfate dihydrate (Azelis Deutschland Pharma,
Krefeld, Germany); starch (1500 partially pregelatinized
maize starch; Coloron, Dartford, Kent, UK); talcum (techni-
cal; VWR, Darmstadt, Germany).

For calibration with o-acetylsalicylic acid, chloroquine di-
phosphate, and quinine sulfate dihydrate a series of tablets
with different content of each compound was prepared by use
of an eccentric press (EKO; Korsch, Berlin, Germany). A
stock mixture containing Kollidon VA 64 (24.4 %), magne-
sium stearate (2.4 %), Aerosil (2.4 %), maize starch (48.8 %),
and talcum (22.0 %) was sieved and mixed. Final ratios of
active agent to lactose monohydrate to stock mixture are
summarized in Table 1. After further manual mixing, tablets
were compressed.

Tablets for the DoE (composition given in Table 2) were
manufactured in accordance with the design given in Table 3
(by Glatt Systemtechnik using a Fette Compacting 102i press
from Glatt Ingenieurtechnik, Weimar, Germany) including
samples with different composition, hardness (compression
force between 5.7 and 19.6 kN), granule grain size (varied by
changing the granulation time and the amount of liquid added
during the granulation process), tableting technique (directly
or including previous granulation), and homogeneity (for
Series m (Table 2) the API was folded manually into the
matrix). Tablets were stored in blister packages. The thickness
(dy) varied for tablets of different hardness by less than 1 mm
(d=0.43-0.52 cm) which can be neglected for our analysis.

For demonstration of the flexibility of the setup regarding
optimization of the wavelength, two series of tablets (provided
by Glatt Systemtechnik) containing the same amount of API
(formulation M1), one containing a red colorant (erythrosine)
and one without any colorant were used.

Results and discussion
Method optimization and validation
Applicability

Measurements were performed in reflectance geometry (at 90
degrees to the surface of the (flat) sample), because this is
casiest to handle, especially for samples with a large curva-
ture. To demonstrate the suitability of the setup, measurements
(integration time 1 s, 10 replicate measurements were aver-
aged) were performed with an ASA tablet (AL Pharma), a
brewer’s yeast tablet, a tamoxifen tablet, and a tramadol tablet
(Fig. 2, distance/ optimized for each sample in accordance
with intensity: £=2.71 cm for the ASA tablet (d;=0.44 cm)
(A), h=0.87 cm for the Brewer’s yeast tablet (d;=0.53 cm)
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Fig. 1 (A) Schematic diagram of

the setup: (@) laser (Nd:YAG,

Aex=266 nm, 10 mW), (b) y- a
optical fiber, (c) holder for the
fiber, (d) sample holder with
adjustable z-axis, (e) sample, (f)
filter system, (g) detector (CCD
camera); (B) enlarged view of the
fiber holder with fine tuning via
length £

detector (g)

(B), #=0.9 cm for the tamoxifen tablet (4;=0.5 cm) (C), and
h=1.04 cm for the tramadol tablet (4,=0.36 cm) (D); fine
tuning via k& was not accomplished in this pre-study (k=0)).
Each spectrum has a different characteristic pattern, en-
abling rapid discrimination of the tablets. Fluorescence spectra
of the ASA tablet and the brewer’s yeast tablet have an
intensity maximum at approximately 450 nm. Fluorescence
spectra of tamoxifen and tramadol have more complex pro-
files at low wavelengths (Fig. 2). Although measurement with
the ASA tablet was conducted with the largest distance’
between the end of the optical fiber and the sample, this signal
was twice as intense as the maximum fluorescence intensity
measured for the tramadol tablet. This is presumably caused
by a higher fluorescence quantum yield and the high concen-
tration of ASA (casa=78 %, Cyamadoi=4 %0; quantitative as-
pects are discussed in the section “Sensitivity and linearity”).
There is a second sharp band with a maximum at A\.,,=805 nm
in every spectrum; this can be assigned to the emission wave-
length of the laser’s pump laser diode. This signal is solely
affected by scattering effects on the surface of the sample.

Table 1 Relative proportions of the API (=ASA, quinine sulfate
dihydrate or chloroquine diphosphate), stock mixture (containing
Kollidon VA 64 (24.4 %), magnesium stearate (2.4 %), Aerosil (2.4 %),
maize starch (48.8 %), talcum (22.0 %)), and lactose monohydrate in the
tablets (diameter of the tablets dipi=11.15 mm)

T~ fiber

[Cser) | b
y-optical
fiber (b)

Bleaching phenomena

Photobleaching is well known in fluorescence spectroscopy
especially when using bright excitation sources. The mecha-
nism was discussed in detail by Song et al. [18] for fluores-
cein. Accordingly, photobleaching on an ASS+C effervescent
tablet and a TLC plate was investigated by irradiating a small
spot for 10 s (integration time 1 s, 10 replicate measurements
were averaged) 10 times (total 100 s)) while recording the
fluorescence spectra. Figure 3 shows the maximum intensity
of each spectrum (Amax ass=421.8+1.5 nm, Ay 11.c=527.5
+0 nm; £=3.15 cm for the TLC plate and 2=2.67 cm for the
ASS+C tablet).

For the TLC plate and the ASS tablet, the maximum
intensity decreased exponentially (fit data listed in Fig. 3) with
irradiation time, in accordance with the kinetics described by
Song et al. [18]. Decay of the detected fluorescence intensity
was faster for the measurements with the ASS tablet (K3=
0.0243) compared with measurements with the TLC plates
(K5=0.0035). The uncertainty of the measurements caused by

Table 2 Composition of the tablets manufactured by Glatt
Systemtechnik

Mixture 1 [M1] (substance: % (w/w))  Mixture 2 [M2] (substance: %

(wiw))

Quinine sulfate (dihydrate): 1

API/% stock mixture/% lactose monohydrate/%
25 20.5 54.5

10 20.5 69.5

5 20.5 74.5

1 20.5 78.5

0.1 20.5 79.4

0.01 20.5 79.49
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Caffeine: 10

Lactose monohydrate: 68.5
Kollidon VA 64: 5
Magnesium stearate: 0.5
Aerosil: 0.5

Maize starch: 10

Talcum: 4.5

Quinine sulfate (dihydrate): 4
Cafteine: 7

Lactose monohydrate: 68.5
Kollidon VA 64: 5
Magnesium stearate: 0.5
Aerosil: 0.5

Maize starch: 10

Talcum: 4.5
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Table 3 Production details for the samples

Sample name® Composition Compression Tableting ~ Grain size®
force (kN) technique®

L1 Ml 19.6 0 P
L2 Ml 13.8-14.0 % P
L3 Ml 8.5-8.6 ¢ P
L4 M1 5.7-5.8 % P
K1 Ml 19.6 % Q
K2 Ml 13.8-14.0 ¢ Q
K3 Ml 8.5-8.6 O Q
K4 Ml 5.7-5.8 O Q
ml Ml 19.6 o

m2 Ml 13.8-14.0 @

m3 Ml 8.5-8.6 @

m4 Ml 5.7-5.8 a

N1 M2 19.6 a

N2 M2 13.8-14.0 @

N3 M2 8.5-8.6 o

N4 M2 5.7-5.8 o

#Upper case letters, homogeneous samples; lower case letters, inhomo-
geneous samples

®a direct compression; ¢, compression after granulation

P, average grain size=286.8 um; Q, average grain size=674.0 um

counting statistics can be neglected. The results clearly show
that the chemical composition of the irradiated sample spot
changes, thus the method is not fully non-destructive, in
contrast with other methods reported in literature based on
induced fluorescence, e.g. analysis of stone substrates [19].
The destructiveness of the method can partially be
counteracted by choosing suitable integration times for the
measurements: increasing the integration and/or irradiation
time for measurements with samples containing a photolabile
active agent at low concentration does not necessarily lead to a
substantial increase of the fluorescence intensity, because the
analyte might decompose. Care must be taken if experiments
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Fig. 2 Fluorescence spectra of: ASA tablet (4), 7=2.71 cm; brewer’s
yeast (B), h/=0.87 cm; tamoxifen tablet (C), #=0.9 cm; tramadol tablet
(D), h=1.04 cm; A\.,=266 nm; integration time 1 s (10 replicate measure-
ments were averaged)

have to be repeated, or if the sample has to be reanalyzed by
another method, e.g. to reinforce an initial counterfeit suspi-
cion at customs.

Effect on detected fluorescence intensity of the distance
between the end of the optical fiber and the sample

The irradiated area of the sample, the intensity of the excita-
tion beam area reaching the sample, and the fluorescence light
collection efficiency depends on the distance between the end
of the optical fiber and the sample. This was investigated by
using large (>>laser spot) fluorescent TLC plates (h=
3.15 cm, 3.95 cm, 4.45 cm) and ASS+C effervescent tablets
(h=2.67 cm, 3.47 cm, 3.97 cm; d,=0.48 cm, diameter of the
ASA tablet dasa=2.52 cm) as model samples and varying the
distance/. Measurements with the effervescent tablet were
performed with the laser spot centered on the tablet to ensure
high repeatability. As shown in Fig. 4, the intensity of the
fluorescence signal decreases with increasing distance/ for
both samples. Three processes must be taken into account to
explain this result.

1. The decrease of the intensity per area of the excitation
beam reaching the sample with increasing/. This is neg-
ligible because of the high intensity of the excitation
beam.

2. The area irradiated by the laser beam and the size of the
tablets. It is important to note that even the largest diam-
eter of the irradiated sample area of 1.8 cm (for A=
3.97 cm) is smaller than the diameter of the sample itself
(dasa=2.52 cm). Using the numerical aperture (NA=
0.22) and the diameter of the optical fiber (d=600 pm),
the spot size diameter on the sample was calculated for
different distances/ (refractive index of ambient air 7;=1;
Fig. 4, right axis). As expected, spot size diameter in-
creases linearly with increasing distance.

oo —l\.\"\‘\k_.ﬂ\._.—.
45
2 40 fit= K, +K,-exp(-K;x)
5 TLC ASA m TLC
Q 35 —— exponential fit TLC
9 K 45283 12902
> : ® ASS+C tablet
2 -4 | K 7635.4 11215 - - - - exponential fit ASS+C
k) Ky 0.0035  0.0243 tablet
< 25+
*- .
20 o T e-
e~
e
15 o -———o.___._____._____‘
T T T T 1
20 40 60 80 100
Time/s

Fig.3 Investigation of the effect of photobleaching of the sample caused
by laser radiation (Ax=266 nm; ~A=3.15 cm for the TLC plate; h=
2.67 cm for the ASS+C tablet, d,=0.48 cm; A\pax ass=421.8+1.5 nm,
Amax TLCc=528.6+0 nm); integration time 1 s (10 replicate measurements
were averaged)
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3. For small distances/, detection of the fluorescence light is
possible over a larger dihedral angle. Because the detected
fluorescence intensity decreases with increasing distance
between the optical fiber and the sample (Fig. 4), detec-
tion over a smaller dihedral angle seems to have a stronger
effect on the intensity than the size of the area irradiated.

This is important information for improvement of the de-
tection system: on the one hand, very strong fluorophores at
high concentration must be analyzed at a larger distance/ to
avoid overloading. On the other hand, for a fluorophore
present at low concentration only or with a low fluorescent
quantum yield, reducing the distance/ improves detection.
Another option is to reduce or increase the integration time
to adapt to the intensity of the recorded signal. The setup is
therefore flexible for samples with a fluorophore as the main
compound but also for fluorescent trace contamination.

The size of the sampled area is especially important for
investigation of inhomogeneous samples. For small distances
h, only a small area is probed and thus sub-sampling might
occur, in contrast with probing a larger area at a larger distance
h; this has also been discussed for Raman spectroscopy (wide
area illumination) [1, 20].

Repeatability

Fluorescent TLC plates were chosen as model samples with a
flat surface and a homogeneously distributed fluorophore to
investigate the repeatability of measurements performed with
the setup presented (Fig. 1). The laser output was proved to be
stable (RSD=0.62 % for intensity over 3 min, detected with a
with a photomultiplier tube). To avoid the effects of bleaching
phenomena, measurements (integration time 1 s, 10 replicate
measurements were averaged) were conducted at different
non-overlapping spots on the plate (4=3.95 cm, spot size area
2.66 cm’ (d=1.84 cm)). The RSD value of the maximum
intensity was calculated to be 1.0 % (n=10) demonstrating
repeatability was high.

Sensitivity and linearity

Calibration was performed for the three model substances
(ASA, quinine sulfate dihydrate, and chloroquine diphos-
phate) with a series of manually prepared tablets for each
fluorophore (dpiee=11.15 mm) containing 0 (blanks), 0.01,
0.1, 1, 5, 10, or 25 % (w/w) of the analyte. All measurements
were performed at the center of the tablet, to ensure high
repeatability, at three different distances between the optical
fiber and the sample (A=2.5 cm, 5.0 cm, 6.3 cm, d;=0.22 cm,
integration time 100 ms, three replicate measurements were
averaged; number of replicates for each concentration: n=2).

The maximum intensity of the fluorescence bands of ASA
tablets and chloroquine tablets was determined, and the
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Fig. 4 Dependence of fluorescence intensity and spot size diameter on
the distance/ between the end of the fiber and the sample (TLC plate: h=
3.2 cm, 4.0 cm, 4.5 cm; ASS+C effervescent tablet (¢,=0.48 cm): h=
2.7 cm, 3.5 cm, 4.0 cm; \,=266 nm, integration time 1 s (10 replicate
measurements were averaged), two measurements for each distance)

calibration curves were established (Fig. 5a, chloroquine di-
phosphate; Fig. 5b, o-acetylsalicylic acid; averaged values of
two measurements). In addition, the fluorescence intensity of
a commercial ASA tablet was added for comparison (Stada,
Fig. 5b, marked with *). The intensity at \.;,=450 nm (max-
imum intensity was not reliable) in the spectra obtained from
tablets with different quinine sulfate content was used to
establish a calibration curve for quinine sulfate dihydrate
(Fig. 5c). The fluorescence spectra of tablets containing 1 %
(w/w) fluorophore (A=2.5 c¢cm) are shown. Of course the
quality, especially the homogeneity, of the manually mixed
tablets is inferior to that of commercially manufactured
tablets.

The overall trend of the calibration curves for o-
acetylsalicylic acid, chloroquine diphosphate, and quinine
sulfate does not change for different distances/ between the
sample and the end of the optical fiber; measured intensities
are, however, higher for small distances/.

Quantitative analysis was possible down to a concentration
of 1 % (w/w) for quinine sulfate dihydrate for all distances,
because these tablets can clearly be distinguished from the
tablets composed of tableting material only (A=2.5 cm: I-
450 nm,blank= 107.3, I450 nm,1=432.2; h=5.0 cm: I450 nm,blank™
252, 1450 nm,1= 111 .0, h=6.3 cm: 1450 “m’blank:9.2, ]450 nm,1=
38.3) and 1 % (w/w) for chloroquine diphosphate (#=2.5 cm:
Imax,blank=120.3, Imax,] :2133, h=5.0 cm: Imax,blank=28.0, I-
max,1 = 32.7, h=6.3 cm: Lax plank=10.5, Imax,1 =18.2). The de-
tection capability for ASA is as low as 0.01 % (w/w) for all
distances (71=2.5 cm: Inax plank=120.3, Lnax001=301.0; A=
5.0 cm: Imax blank=28.0, Imax.0.01=75.5, h=6.3 cm: I-
maxblank= 1.2, Imax 001=28.3). These results are comparable
with those from other studies. For example, Moreira et al. [13]
reported limits of detection and quantification of 0.22 and
0.73 % (w/w) for ASA in powdered matrix material (not
compressed) with a xenon discharge lamp (20 kW, 8 us pulse
duration, wavelength not given). The detection capability for
ASA with our setup is estimated to be approximately 20 times
better. The low detection limits for the substances are
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Fig. 5 Calibration curve (/ef?) for tablets containing chloroquine diphos-
phate (a), o-acetylsalicylic acid (b), and quinine sulfate dihydrate (c), 7=
2.5 em, 5.0 cm, 6.3 cm; and the fluorescence spectra (h=2.5 cm, 1 % (w/

indicative of potential applicability of the method in phar-
maceutical industry, e.g. for detection of fluorescent trace
contamination. The limit of detection can even be improved
by reducing the distance, 2, between the sample and the end
of the optical fiber (as discussed in the section “Effect on
detected fluorescence intensity of the distance between the
end of the optical fiber and the sample”). To analyze solid
pharmaceuticals containing two fluorescent components
(active agent and reactant as an impurity or two active
agents), Villari et al. [21] worked with a 200-W xenon—
mercury excitation source for investigation of salicylic acid
impurities in acetylsalicylic acid. The method enables in-
vestigation of salicylic acid impurities in acetylsalicylic
acid in the range 0.01-2 % (w/w).
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w)) of these substances (right), d;=0.22 cm; \=266 nm, integration
time 100 ms (three replicate measurements were averaged), number of
replicates for each concentration: n=2; asterisk, commercial ASA tablet

The fluorescence intensity increases linearly with increas-
ing amount of chloroquine diphosphate within the concentra-
tion range investigated (0 and 25 % (w/w)). For tablets con-
taining quinine sulfate dihydrate (Fig. 5a) within the concen-
tration range 0—5 % (w/w), the intensity also increases linearly
with increasing amount of the analyte. In these concentration
ranges quantification of the fluorophore is possible. For higher
concentrations of quinine sulfate dihydrate, the slope of the
plot of fluorescence intensity against concentration decreases,
as already described for other substances by Head [22]. He
explained this effect as self-quenching, similar to effects at
high concentration in solution.

The pattern of the calibration curve for ASA is different.
Up to a concentration of 1 % (w/w), the intensity of the
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detected fluorescence increases almost linearly with increas-
ing amount of active agent, reaches a plateau in the range
between 1 and 10 % (w/w), but then decreases almost linearly
for concentrations >10 % (w/w) (Fig. 5b). The ASA content of
a tablet can be determined with our method for low or high
fluorophore content, because the intensity of the signal in-
creases or decreases linearly in the concentration ranges be-
tween 0.01 and 1 % (w/w) and between 10 and 78 % (w/w),
respectively, though prior knowledge of the expected concen-
tration range is required. The relationship between fluores-
cence intensity and API content can be explained by two
effects.

1. Because of self-quenching effects, a decrease of the slope
of a plot of intensity vs. concentration can be expected at
high concentration. Head [22] investigated the fluores-
cence properties of sodium salicylate at different concen-
trations using 310 nm as the excitation wavelength and
detecting fluorescence at 415 nm. Samples containing 0,
25, 50, 75, and 100 % of the fluorophore were investigat-
ed. The decreasing slope of the calibration curve was
explained by Head [22] on the basis of self-quenching
effects.

2. For the second explanation, the absorption properties of
the fluorophore must be taken into account. The Stokes
shift for ASA is small [13, 23] and thus re-absorption of
emitted light by the sample might occur, causing a de-
crease of fluorescence intensity, especially at high con-
centrations. This is a well-known problem limiting the
analysis of many organic compounds [24]. Re-absorption
phenomena do not affect measurements carried out with
substances with a large Stokes shift, for example quinine
sulfate, with an absorbance maximum at approximately
250 nm (at higher wavelengths (350-400 nm) the absor-
bance is of low intensity only) and a fluorescence maxi-
mum >370 nm [25].

Physical properties of the samples, for example rough-
ness and macroscopic structure, affect the signal intensity
of spectra, as discussed by Head [22] for fluorescence
spectroscopy. Merckle et al. [26] observed an effect on
NIR spectra caused by a different hardness of the tablet
and thus different structures of the surface of the tablet.
Figure 5b shows the calibration curve of ASA measured
with manually prepared tablets in the concentration range
between 0 and 25 % (w/w). Measurement of a commer-
cial ASA-tablet was also conducted; the maximum fluo-
rescence intensity of this measurement is also plotted in
Fig. 5b. Different physical properties of commercial and
manually prepared tablets can be assumed. The value of
the fluorescence intensity measured for the commercial
ASA tablet fits the pattern of the calibration curve mea-
sured with the manually prepared tablets (linear decrease
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in concentration range between 10 and 25 % (w/w)). The
effect of the matrix material can obviously be neglected
at higher ASA concentrations.

Flexibility of the setup

The use of fiber optics enables rapid and simple exchange of
the light sources. This flexibility enables wavelength optimi-
zation for different analytes. Fluorescence measurements were
performed with different excitation wavelengths for two tab-
lets with the same composition except that one was colored
with erythrosine (the composition is discussed in the section
“Samples”). Figure 6 (blue (3) and black (4) lines) shows
results of the fluorescence measurements with the white tablet
(integration time 1 s, 10 replicate measurements were aver-
aged) performed with the Nd:YAG laser (Ax=266 nm) and
with an LED emitting at higher wavelengths (\.,=360—
370 nm) as excitation sources. The fluorescence signal of
the analyte using the LED for excitation is shifted to higher
wavelengths compared with use of the laser, as expected.
Comparing the fluorescence spectra obtained from the white
and red tablets (Fig. 6, green (2) and black (4) lines) using the
laser as excitation source, the area of the fluorescence signal
related to the analyte varies only slightly for the tablets. Only
in the wavelength range between 420 and 550 nm is the
fluorescence intensity of the spectrum of the red tablet lower
than that of the white tablet. This is presumably caused by
absorption of the fluorescence by the colorant. A signal of low
intensity only (maximum at 570 nm), that can be assigned to
the colorant, is detected by using the laser as excitation source
(Fig. 6, green line (2)). In contrast, in the fluorescence spec-
trum using the LED as excitation source, an intense signal of
the colorant with a maximum at 600 nm can be observed
(Fig. 6, red line (1)).

Overall, the LED provides more information about the
colorant, but the laser enables better quantification of the
API quinine. Use of different light sources thus enables broad
applicability of the setup. In the forensic sciences, determina-
tion of intensity ratios of several compounds present in one
sample might provide additional information enabling dis-
crimination between an original sample and its counterfeits.

Setup of the design of experiments

We investigated the effect of different physical and chem-
ical conditions on the fluorescence spectra, using the UV
laser for excitation. On the basis of the design of experi-
ments, a set of tablets was produced with large-scale com-
mercial equipment including samples of different compo-
sition (concentration of active agent and matrix sub-
stances), physical properties (hardness), and homogeneity
(realized by use of different blending procedures: manual
mixing and mixing with commercial equipment).
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Fig. 6 Fluorescence spectra obtained from colored (red) and uncolored
(white) tablets by use of a laser (A\x=266 nm) and an LED (A=360—
370 nm) as excitation source, integration time 1 s (10 replicate measure-
ments were averaged)

Compaction

In the first step, we investigated the effect of the tablet’s
hardness on fluorescence spectra, which may obscure the
chemical information in a fluorescence spectrum (e.g. the
amount of the active agent) and therefore complicates data
evaluation [14]. We here investigate the applicability of a
preprocessing tool (MSC) that has already widely been used
in NIR and Raman-spectroscopic applications to remove in-
terferences in spectra related to variations in the physical
properties of the sample.

Granulation

Measurements were performed with tablets compressed from
raw material of different granulation grain size (average grain
sizes 286.8 and 674.0 um). The effect of grain size on fluo-
rescence spectra was investigated.

Homogeneity

For coarse mixing procedures, for example the manual proce-
dure, distribution of an API in the uncompressed material
varies substantially. The aliquots taken for tableting might be
homogeneous themselves, but different tablets vary in their
API content (inter-tablet homogeneity). In contrast, relatively
good mixing will give rise to tablets with a very similar API
content, but small variation in the spatial distribution of the
API among tablets might remain (intra-tablet homogeneity).
For investigation of intra-tablet inhomogeneity, 2D methods
based on matrix assisted laser desorption ionization (MALDI)
imaging [27] and 2D NIR [28, 29] or Raman [30] spectrosco-
py are described in the literature. These 2D methods are time-
consuming but provide in-depth information about the homo-
geneity of the sample and information about the spatial distri-
bution of trace contaminants. Inhomogeneity of pharmaceuti-
cal dosage forms is also extremely important in the forensic
sciences, because they might indicate drugs are counterfeit

[31], because of the limited production and/or processing
capabilities of illegal laboratories.

We found one study only describing analysis of tablets to
determine intra-tablet homogeneity by use of 1D measure-
ments: Vredenbregt et al. [32] reported an NIR method en-
abling identification of inhomogeneous samples by compari-
son of spectra obtained from measurements conducted at the
tablet’s top and bottom. We did not find any study describing
investigation of the homogeneity of tablets by use of fluores-
cence spectroscopy. One study reported in the literature [33]
described the use of LIF spectroscopy to investigate the ho-
mogeneity of pharmaceutical powders during the blending
process. An argon-ion laser at 488 nm was used for excitation,
and spectra were recorded during the blending process. The
fluorescence signal remained constant as soon as the blending
process was completed and the content was homogeneously
mixed.

Chemical information

In addition to the ability to discriminate among tablets on the
basis of their physical properties, discrimination among tablets
containing different amounts of API is essential, because
many counterfeit drugs differ in absolute amount of the API
compared with the original [9]. The potential to discriminate
these by use of fluorescence spectroscopy was described in the
sections above. Tablets containing different amounts of API
and of different hardness were then investigated.

Having discussed, in detail, the effect of separate properties
in the sections below, we then proceed investigating possible
discrimination among tablets differing in all these properties
(in the section “Combined effects of all properties” below).

All spectra were recorded in the wavelength range between
175 and 994 nm. Data were subjected to PCA with and
without preprocessing (MSC, only in the range between 270
and 740 nm because this range covers the full emission range
of the analytes quinine sulfate dihydrate and caffeine). The
distance between the surface of the sample and the end of the
fiber was set to 1.3 cm for all measurements.

Discrimination of tablets with different chemical and physical
properties

The effect of the tablet’s hardness on fluorescence spectra

Measurements performed with Samples L1-L4
(manufactured with different compression force but the same
composition) yielded spectra with an overall trend of increas-
ing fluorescence intensity for tablets manufactured with lower
compression force (Fig. 7a), thus allowing their discrimina-
tion. However, the intensity of the fluorescence emission for
the Samples L1 and L2 (manufactured with optimum and high
compression force) is approximately identical.
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The higher fluorescence intensity of spectra of tablets
manufactured under low compression force (L1, 2 vs. L3, 4)
might be caused by:

1. greater roughness of the sample’s surface and thus more
molecules on the surface available for interaction with the
excitation beam; and

2. greater reflectance and/or scattering of the excitation
beam on the surface of the sample as a result of its greater
compactness.

MSC, widely used to remove effects in spectra related to
the sample’s physical properties, was applied to the dataset
(Fig. 7c). Preprocessed spectra are indistinguishable (Fig. 7¢)
even when such mathematical techniques as PCA are used
(Fig. 7d), demonstrating that variations between the spectra
are solely related to scattering effects.

Subjecting the raw-data to PCA enables discrimination of
tablets on the basis of hardness by use of PC-1, which explains
nearly 100 % of the variance (with 14 000 units for the
maximum difference between the lowest and highest scores
for spectra of tablets of different hardness). Small-scale vari-
ations (only 500 units) for scores on PC-1 for the preprocessed
data can be attributed to statistical effects.

Similar results have been reported for other methods.
Morisseau et al. [34] observed an increase of NIR absorbance
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Fig. 7 Fluorescence spectra of tablets compressed with four different
compression forces (Series L, numbers: 1=19.6 kN, 2=13.8-14.0kN, 3=
8.5-8.6 kN, 4=5.7-5.8 kN) without (a) and with (c¢) data-preprocessing;
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with increasing sample hardness, explainable by less diffuse
reflectance because of the smoother surface. Similar results
were obtained by Blanco et al. [35], also by use of NIR
spectroscopy.

Granulation and grain size

Tablets manufactured with different hardness and different
grain sizes (L and K) can be distinguished by PCA on the
basis of the raw spectra (Fig. 8a): Scores on PC-1 explain
almost 100 % of the variance between spectra from tablets
varying in hardness (different symbols in Fig. 8a). However,
spectra of samples manufactured with the same compression
force but different granule grain size vary on a small scale only
within the score values on PC-2 (Fig. 8a, same symbol but
different color and filling). The score values on PC-2 for
Series K with grains of large diameter are negative; Series L,
manufactured with material of smaller grain size, have posi-
tive score values on PC-2. Only a small amount of the spectral
difference is explained by this principle component (close to
0 % of the variance). Applying MSC to the dataset removes
the differences in the spectra caused by the sample’s physical
properties. Discrimination based on granule grain size is now
possible via the score values on PC-1 explaining 82 % of the
variance. Variations in the spectra of the tablets of the Series L
and K are, presumably, caused by quenching effects or the
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data were subjected to PCA (mean centered data, score plots PC-2 vs. PC-
1) without (b) and with (d) data-preprocessing by use of the MSC
algorithm; A\.,=266 nm
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different microenvironments of the samples. Spectra of tablets
in Series L are represented by negative scores, Spectra of
tablets in Series K by positive scores. However, the absolute
difference in score values is small. Therefore granule grain
size does not need to be taken into account when investigating
qualitative and quantitative aspects of a tablet. Comparable
data from other studies are not known to us.

Homogeneity

The potential of the method to discriminate homogeneously
mixed from inhomogeneously mixed tablets via the corre-
sponding fluorescence spectra was investigated by using Se-
ries L (homogeneous samples) and m (inhomogeneous sam-
ples). We assume subsampling effects to be negligible for the
measurements presented in this section, because the intensity
maxima in the spectra differed only slightly (RSDpax.m1=
4.6 %, n=10; RSDnax 11=1.4 %, n=10) as is expected even
for differences in homogeneity, because a large area on the
sample was probed. The higher RSD value for the intensity
maxima in the spectra recorded for the inhomogeneous sam-
ples is already an indication of sample inhomogeneity. Sub-
jecting the raw dataset to a PCA (Fig. 9a) yielded clusters in
the score plot (PC-2 vs. PC-1) representing tablets of the same
hardness (Series L and m, Table 2) and homogeneity

(homogeneous samples, filled symbols; inhomogeneous sam-
ples, unfilled symbols). Spectra of tablets varying in hardness
can be distinguished via PC-1, except for L1 and L2, because
the corresponding clusters overlap. Spectra of the inhomoge-
neous tablets (Series m) can be distinguished by different
score values on PC-1 (99 % of the variance of the dataset)
and PC-2. Negative values on PC-1 are correlated with high
compression force (used to compress the material) but also
homogeneity. Scores on PC-2 only explain 1 % of the variance
of the dataset. Negative score values on PC-2 are correlated
with homogeneity and low compression force (used to man-
ufacture the tablets).

To prove that variations in the dataset are not related to the
physical properties of the sample but are caused by a different
chemical composition within the probed area, because of
variations in homogeneity, spectra were preprocessed using
the MSC algorithm. We assume MSC to be an appropriate tool
for data preprocessing, because our results presented in the
section “Sensitivity and linearity” show that the fluorescence
intensity depends linearly on concentration within the small
“concentration range” investigated (on the surface of the
samples because of variations in the mixing procedure). As
shown in the section “The effect of the tablet’s hardness on
fluorescence spectra”, MSC removes interferences in spectra
related to the physical properties of a sample; only information
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related to the chemical information of the spectra is left.
Inhomogeneous mixing causes variations with regard to the
distribution of the fluorophore in the sample. Discrimination
of tablets varying in homogeneity by use of PCA is therefore
possible for MSC-preprocessed spectra (Fig. 9b). Samples can
now be classified into two groups on the basis of their fluo-
rescence spectra: homogeneous tablets and inhomogeneous
tablets can be distinguished on the basis of on their scores on
PC-1. Ninety percent of the variance in the spectra can be
explained via PC-1 with a clear indication of positive PC-1
scores being correlated with inhomogeneity. Higher variation
within the clusters related to inhomogeneous tablets is caused
by the random distribution of the active agent on the surface of
the tablets (compare RSD values above). Within the group of
spectra of inhomogeneously mixed samples, slight grouping
related to the tablet’s hardness can still be observed after
preprocessing by use of the MSC algorithm (see also discus-
sion on loadings, in the section “Combined effects of all
properties”).

Chemical composition

Samples of different composition (Series L, N), but also
varying in hardness (Numbers 1-4) were investigated. The
MSC-preprocessed dataset was subjected to PCA. Two clus-
ters were obtained in the PCA score plot (Fig. 10), as expected
for spectra of tablets of two different compositions (L, 1 % (w/
w); N, 4 % (w/w) quinine sulfate). The score values on PC-1
vary from 7000 to 12 000 units for the two clusters. For
spectra of tablets of Series L the scores on PC-2 vary slightly
(800 units), explaining 4 % of the variance of the dataset. In
contrast, for spectra of tablets of Series N some clustering
related to the hardness of the tablet over 5000 units is observed
on PC-1 and some variation in the score values is observed on
PC-2. This can be ascribed to the manufacturing process:
tablets of Series N were manufactured by direct compression,
those of Series L with a granulation step before compression.
Use of different manufacturing processes can be assumed to
affect the structure of the tablets, causing scattering by the
tablet’s surface, and (but to a lesser extent) the chemical
microenvironment of the active agent, causing clustering in
the score plot.

Discrimination of tablets containing different amounts
of the API by use of their spectra has been demonstrated
for other methods, for example Raman or NIR. For
example, Vredenbregt et al. [32] reported a method in
which clustering in the score plot of spectra was ob-
served for tablets containing different amounts of APIL
Tablets containing 50 and 100 mg sildenafil citrate could
hardly be discriminated via the score values on PC-1, but
these tablets could be distinguished well from tablets
containing less of the active agent (25 mg).

@ Springer

Combined effects of all properties

The suitability of the setup for discrimination among tablets
differing in one or two properties by means of the correspond-
ing fluorescence spectra has already been discussed in previ-
ous sections. To investigate the potential of the method for the
set of tablets of the full DoE, spectra of tablets of Series L, m,
N, and K, including variations with regard to homogeneity (m
vs. L), grain size (L vs. K), chemical composition (N vs. L),
and hardness (Numbers 1-4) were subjected to PCA, initially
without MSC preprocessing (Fig. 11a). Of course, most as-
pects of the previous section are again visible, but the PCA of
the whole DoE clearly shows the discriminating power of
solid-state fluorescence of tablets varying in multiple condi-
tions (physical and chemical).

The score plot contains one large cluster with high score
values on PC-1 and negative score values on PC-2 comprising
the full Series N containing 4 % of the fluorophore (instead of
1 % for all other tablets). This cluster is quite disperse because
of sample properties caused by the direct tableting process
(also discussed in the section “Chemical composition™). Clus-
ters of score values representing Series L and K are hardly
separated, which was expected on the basis of our results in
the section “Granulation and grain size”. There is a clear trend
for score values representing Series L, K, and m, which are
clearly arranged along two parallel lines in the score plot: PC-
1 is clearly related to variations in the spectra caused by
differences in the hardness of the tablets. Overall, without
preprocessing, PC-2 is related to the chemical composition
(homogeneity) or microenvironment and the tableting process
(direct vs. granulation).

The loadings plot shown in Fig. 12a (PC-2 vs. PC-1)
clearly shows that the wavelengths close to the maximum of
a fluorescence spectrum have a strong effect on the model
(wavelength range 380-390 nm). The maximum intensity is
strongly affected by physical properties, e.g. the hardness of
the tablet, in accordance with the results presented in the
section “The effect of the tablet’s hardness on fluorescence
spectra” and thus strongly determines PC-1. The intensity in
the wavelength range 465-475 nm has a strong effect on the
scores on PC-2 and can be assigned to the composition of the
sample. This means that without data preprocessing by use of
MSC, tablets can mostly be characterized with regard to their
physical properties. This enables assessment of the quality of
the manufacturing process.

To stress the chemical information, which is only repre-
sented by PC-2 explaining 13 % of the variance, spectra were
preprocessed by applying MSC. Now, three classes of tablets
can easily be distinguished via scores on PC-1 (explaining
96 % of the total variance). PC-1 score values now mostly
reflect chemical information about the sample but also some
aspects of the manufacturing process (L/K vs. m series): With
an increasing amount of API, higher PC-1-scores are obtained
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(Fig. 11b). Clearly, with only 4 % of variance explained by
scores on PC-2, scattering effects as a result of the different
physical properties of the sample were removed by MSC; now
the chemical information in the data is stressed. Further sub-
clustering is dominated by the tableting process (L/K vs. m
series) and the chemical microenvironment induced by the
compaction pressure, but to a much smaller extent than for the
results from the raw data. For Series N, especially, sub-
clustering is still clearly visible in Fig. 11b (PC-2 score-
range between —3000 and +3000). Clusters representing the
spectra of tablets with different grain size (K and L) strongly
overlap (lower scores on PC-1), but both series of tablets are

PC-1(90%)

well distinguishable from the inhomogeneous samples (m,
black, unfilled symbols).

Figure 12b shows the corresponding loadings plot (MSC-
preprocessed data). It confirms that the preprocessing signif-
icantly reduces the effect of the maximum intensity in the
wavelength range between 370 and 384 nm on clustering on
PC-1. This wavelength range, strongly affected by the phys-
ical properties of the tablet (hardness and manufacturing pro-
cess), is now strongly correlated with PC-2. Clustering of
score values on PC-1 can be assigned to a different composi-
tion of the corresponding sample causing spectral variations in
the wavelength range between 460 and 470 nm. In
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comparison with the result of the PCA before preprocessing,
the wavelengths relevant to clustering changed: the maximum
intensity in the wavelength range between 380 and 390 nm is
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Fig. 12 Loadings plot of the PCA (dataset: spectra of Series L, K, m, N)
PC-2 vs. PC-1 (a) without preprocessing and (b) with preprocessing
(MSC).
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strongly affected by scattering effects and causes clustering on
PC-1. After applying MSC, changes in spectra because of the
tablet’s hardness now cause hardly any clustering of PC-1
scores (loading values close to zero), showing that differences
in scattering effects have been removed by MSC. Changes in
the chemical microenvironment as a result of compression
force and manufacturing process are, however, still visible in
PC-2 and in the wavelength range of the maximum intensity.
Overall, with MSC, information related to chemical composi-
tion is stressed: a high concentration of API is correlated with
positive scores on PC-1.

Conclusion

The setup presented in this paper provides a powerful tech-
nique for analysis of pharmaceutical solids by laser-induced
fluorescence spectroscopy; repeatability is high and the tech-
nique requires no sample preparation. The distance between
the end of the optical fiber and the sample’s surface can easily
be optimized because of the use of a y-fiber mounted in
reflectance geometry that is easy to handle. Use of a UV-
laser (Ax=266 nm) as an excitation source provides broad
applicability for many natively fluorescent analytes. The num-
ber of fluorophores that can be analyzed with this setup can be
increased changing the light source, as was demonstrated for
LED vs. laser excitation for colored tablets. Integration of our
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system into a solid detector head will further increase the
system’s robustness. Regarding analysis of pharmaceutical
solids in the forensic sciences and process analysis, we show
here that fluorescence spectroscopy can provide additional
information to Raman or NIR methods, especially with regard
to determination of trace compounds or the chemical micro-
environment of the active agent. Our setup enables detection
of trace compounds down to a concentration of 0.01 % (w/w)
for ASA, 1 % (w/w) for quinine sulfate dihydrate, and 1 % (w/
w) for chloroquine diphosphate. However, it also has disad-
vantages, for example re-absorption, for analytes with small
Stokes-shifts, and the destructive nature of laser irradiation.
By using a large DoE for tablets differing in both chemical and
physical properties, we were able to demonstrate the discrim-
inative power of the setup for tablets varying in hardness,
chemical composition, and homogeneity. The setup is robust
with regard to variations in the grain size of the granules used
in the manufacturing process. Using both raw and MSC-
preprocessed data, information about both physical qual-
ity and composition can be obtained from fluorescence
spectra.

The instrumental setup used in this study was developed as
part of a project funded by the German Federal Ministry of
Education and Research (BMBF). It will be combined with
other spectroscopic techniques (Raman, NIR, UV—visible) in
a multi-detector head benefiting from the advantages of each
individual technique, for example the high sensitivity of fluo-
rescence spectroscopy and the penetration depth of Raman
spectroscopy. We did not find a comparable study in literature
investigating such a broad variety of properties.
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