
u n i ve r s i t y  o f  co pe n h ag e n  

In-line Fluorescence Spectroscopy for Quantification of Low Amount of Active
Pharmaceutical Ingredient

Sørensen, Dan Henrik; Christensen, Niels Peter Aae; Skibsted, Erik; Rantanen, Jukka;
Rinnan, Åsmund

Published in:
Journal of Pharmaceutical Sciences

DOI:
10.1016/j.xphs.2022.06.008

Publication date:
2022

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Sørensen, D. H., Christensen, N. P. A., Skibsted, E., Rantanen, J., & Rinnan, Å. (2022). In-line Fluorescence
Spectroscopy for Quantification of Low Amount of Active Pharmaceutical Ingredient. Journal of Pharmaceutical
Sciences, 111(9), 2406-2410. https://doi.org/10.1016/j.xphs.2022.06.008

Download date: 23. maj. 2023

https://doi.org/10.1016/j.xphs.2022.06.008
https://curis.ku.dk/portal/da/persons/jukka-rantanen(67934613-0cde-4a03-866b-4ac2064f7250).html
https://curis.ku.dk/portal/da/persons/aasmund-rinnan(dabc01b5-a8ad-49b8-8971-5a27722e4f7d).html
https://curis.ku.dk/portal/da/publications/inline-fluorescence-spectroscopy-for-quantification-of-low-amount-of-active-pharmaceutical-ingredient(4d44f306-c7e4-48c1-a4db-b0c34a0211f3).html
https://curis.ku.dk/portal/da/publications/inline-fluorescence-spectroscopy-for-quantification-of-low-amount-of-active-pharmaceutical-ingredient(4d44f306-c7e4-48c1-a4db-b0c34a0211f3).html
https://doi.org/10.1016/j.xphs.2022.06.008


Journal of Pharmaceutical Sciences 111 (2022) 2406−2410

Contents lists available at ScienceDirect

Journal of Pharmaceutical Sciences

journal homepage: www.jpharmsci.org
Rapid Communication
In-line Fluorescence Spectroscopy for Quantification of Low
Amount of Active Pharmaceutical Ingredient

Dan Henrik Sørensena, Niels Peter Aae Christensena, Erik Skibsteda, Jukka Rantanenb,
A
�
smund Rinnanc,*

aNovo Nordisk A/S, Department Oral Protein Formulation, 2760 Ma
�
løv, Denmark

b Department of Pharmacy, Faculty of Health and Medical Sciences, University of Copenhagen, 2100 Copenhagen, Denmark
c Department of Food Science, Faculty of Science, University of Copenhagen, 1958 Frederiksberg C, Denmark
A R T I C L E I N F O

Article history:
Received 31 March 2022
Revised 25 May 2022
Accepted 8 June 2022
Available online 18 June 2022
* Corresponding author.
E-mail address: aar@food.ku.dk (A

�
. Rinnan).

https://doi.org/10.1016/j.xphs.2022.06.008
0022-3549/© 2022 The Authors. Published by Elsevier In
(http://creativecommons.org/licenses/by/4.0/)
A B S T R A C T

The pharmaceutical industry is currently implementing new manufacturing principles and modernizing the
related processing solutions. A key element in this development is implementation of process analytical tech-
nologies (PAT) for measuring product quality in a real-time mode, ideally for a continuously operating proc-
essing line. Near-infrared (NIR) spectroscopy is widely used for this purpose, but has limited use for low
concentration formulations, due to its inherent detection limit. Light-induced fluorescence (LIF) spectroscopy
is a PAT tool that can be used to quantify low concentrations of active pharmaceutical ingredient, and recent
development of instrumentation has made it available for in-line applications. In this study, the content of
tryptophan in a dynamic powder flow could be measured as low as 0.10 w/w % with LIF spectroscopy with
good accuracy of RMSEP = 0.008 w/w %. Both partial least squares regression and support vector machines
(SVM) were investigated, but we found SVM to be the better option due to non-linearities between the cali-
bration test and the in-line measurements. With the use of SVM, LIF spectroscopy is a promising candidate
for low concentration applications where NIR is not suitable.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Conventional manufacturing of pharmaceuticals is accomplished
by batch production followed by off-line laboratory analysis on sam-
ples to ensure acceptable quality. With process analytical technology
(PAT) some of these off-line laboratory tests can be replaced with
measurements during the manufacturing process.1−3 A commonly
used example of a PAT tool is near-infrared (NIR) spectroscopy, which
is widely utilized to measure API concentrations, powder blend
homogeneity, content uniformity, moisture, and tablet hardness.2

However, some active pharmaceutical ingredients (APIs) show a
weak NIR signal with broad peaks of low intensity, making them
hard to distinguish in a NIR spectrum of a formulation with multiple
ingredients.4,5 If a low dose product contains such an API, NIR spec-
troscopy may be unsuitable as a PAT tool.

Light-induced fluorescence (LIF) spectroscopy is a less common
PAT tool in pharmaceutical manufacturing environment. However,
the features of fluorescence have been used for analytical purposes in
several other areas for many years.6,7 LIF spectroscopy is a very
sensitive spectroscopic technique since it measures only the fluores-
cence emitted. Fluorescent compounds are normally aromatic and/
or highly conjugated systems. These are called fluorophores and emit
light at a higher wavelength than the excitation source (called Stoke’s
shift), meaning that the excitation wavelength can be filtered off
completely.8 One reason why fluorescence has not yet been used for
pharmaceutical manufacturing is that not all compounds are fluoro-
phores.8 This weakness can also be an advantage in a case where the
analyte of interest is a fluorophore, as there may be less interference
from excipients than with other spectroscopic methods, like NIR
spectroscopy. Another reason is that fluorescence is not suitable for
high fluorophore concentration measurements. This is, at least partly,
due to inner filter effects, where the signal of the fluorophores is
reduced by the presence of the same (also referred to as self-quench-
ing) or another compound.8

Most therapeutic peptides include one or several fluorophores,
such as the amino acids tyrosine and tryptophan. These amino acids
have a high quantum yield,8 meaning that their fluorescence inten-
sity is high, making fluorescence a good alternative for these com-
pounds. This makes LIF spectroscopy an interesting spectroscopic
method when working with low dose formulations of drug substan-
ces like peptide and protein, even in solid formulations.
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There is some reported work on LIF spectroscopy for measuring
API concentration directly in tablets and homogeneity of pharmaceu-
tical powders and granules. The data analysis in these studies has
been based on a univariate approach,9−14 where the value at a single
emission wavelength was measured and fitted against gravimetric
concentrations or concentrations of reference methods. There are
also some examples of using the entire spectrum, where Partial Least
Squares (PLS) has been used.13−16 A support vector machine regres-
sion (SVM-R) is an alternative approach for data analysis. SVM-R has
been used for analysis of non-linear data related to NIR spectroscopy,
where it proved to be more robust in comparison to the more tradi-
tional approach of PLS modelling when dealing with non-linear
data.17 In SVM-R, the non-linear data is mapped into a higher-dimen-
sional space with a kernel function, where it can be modelled
linearly.18

The goal of this study is to investigate if LIF spectroscopy can pre-
dict the amount of tryptophan, a highly fluorescent compound, used
as a model API, in low concentration powder mixtures in an in-line
setup. The low concentration range evaluated in this study is relevant
for potent APIs, requiring low dose formulations. Through this
approach it will be shown if LIF spectroscopy could replace NIR spec-
troscopy for such low concentration powder mixtures.

Materials and Methods

Materials Measured with NIR Spectroscopy

All samples were prepared with microcrystalline cellulose (Avicel
PH 101), Mannitol (Pearlitol 100 SD) and tryptophan (reagent grade,
≥98%). Powder mixtures consisted of a constant 3:1 w/w ratio of
microcrystalline cellulose and mannitol, with tryptophan concentra-
tions in the range of 0−20 w/w %.

Powder mixtures were prepared using a Turbula Mixer (WAB
group, Muttenz, Switzerland) for two minutes at 25 rpm.

Materials Measured with LIF Spectroscopy

All samples for the LIF measurements were prepared with micro-
crystalline cellulose (Avicel PH 101) and tryptophan (reagent grade,
99%).

Individual blend components were weighed, mixed with mortar
and pestle, mixed using a Turbula mixer for 10 min at 25 rpm, fol-
lowed by mixing in a rotating bin blender (SentroBlender, Sentronic,
Dresden, Germany) for 30 min at 25 rpm. This procedure was used to
prepare a total of four powder mixtures with concentrations 0.5 w/w
% and 2 w/w % (two of each). The 0.5 w/w % were used as is, while the
2 w/w % were merged and further diluted into 0.13% and 0.26 w/w %
with microcrystalline cellulose followed by thorough manual mixing,
a method that in a pre-study showed to be sufficient (results not
shown). We therefore had the following tryptophan concentrations
in the calibration samples: 0, 0.13, 0.26, 0.50 and 0.51 w/w %, with six
replicates for the three lower concentrations (0−0.26 w/w %), and
three replicates for the two higher concentrations (0.50 and
0.51 w/w %).

Near-Infrared Spectroscopy

NIR spectroscopy in a reflectance setup was performed using an
MB3600 FT-NIR spectrometer (ABB Bomem Inc., Quebec, Canada)
in the range 14,000 cm�1-3800 cm�1 and a resolution of 16 cm�1.
The detection gain was set to high D, and every measurement was an
average of 64 scans. The background was measured using an SRS-99-
010, AS-01160-060 (Labsphere, Inc., North Sutton, NH, USA)
reflectance standard.
Light-Induced Fluorescence

LIF spectroscopy was performed using an iPAS 801 R4 spectrofluo-
rometer (Prozess Technologie, Chesterfield, MO, USA) using a tem-
perature stabilized probe with a 280 nm LED of about 600 mW as
excitation source. The integration time was set to 500 ms, with every
measurement resulting in one spectrum. The spectra were measured
in a normalised value named “Energy”, which is the A/D count of the
measurement in percentage relative to the peak of a reference spec-
trum measured on a 0.05% FFC-SPU (Avian Technologies LLC, New
London, NH, USA) fluorescence standard. The emission spectrum was
measured in the range 303−800 nm with a total of 150 channels,
evenly distributed in the wavelength range.
Light-Induced Fluorescence Spectroscopy on in-line Simulation Setup

A custom-made process interface (Soltech, Ma� løv, Denmark)
was used to simulate the dynamic powder flow in typical powder
handling processes. This process interface consisted of a ramp
with adjustable angle, a linear feeder to increase powder flow, a
socket with space for a probe, and a detachable cover over the
probe where the powder is measured. Calibration data was mea-
sured by adjusting the ramp angle to 0° and adding the sample
as a heap of powder on the lens. The in-line simulation test data
was measured with a ramp angle of 30° with vibrations from the
linear feeder to ensure regular powder flow. Test data was mea-
sured on two cellulose powder mixtures with low tryptophan
concentration (0.10 and 0.25 w/w %), with pure cellulose before
and after addition of both powder mixtures. This was done by
preparing six containers, each with approximately 80 g of pow-
der, and slowly emptying them one at the time onto the vibrat-
ing ramp, see Fig. 1. Please note that the 0.10 and 0.25 w/w %
containers were prepared separately. In order to estimate the
uncertainty in the predictions, 50 measurements taken in the
centre of the flow of the containers with tryptophan were used
for estimation of the RMSE with the gravimetric concentration
as the reference.
Data Analysis

Data analysis was performed in MATLAB R2021a (MathWorks,
Natick, MA, USA) with PLS Toolbox 8.9.2 (Eigenvector Research, Man-
son, WA, USA). NIR spectra were pre-processed with Standard Nor-
mal Variate (SNV) to reduce the light scattering effects, while LIF
spectra were either not pre-processed for raw data inspection, or
mean-centred for all multivariate data models, as this technique is
not prone to problems with light scattering. All multivariate models
(PCA, PLS and SVM-R) were performed using the built-in graphical
user interface in PLS Toolbox. Both regression models were cross vali-
dated with venetian blinds segmented into three groups, including
two measurements at each of the four concentration levels (0, 0.13,
0.26 and »0.50 w/w %) in each segment. As only few different con-
centrations were measured, segmenting the cross-validation accord-
ing to concentration would lead to too many extrapolations and
would give a too pessimistic prediction error. PLS models were opti-
mized based on a combined evaluation of the model-system and the
prediction of the process data. SVM-R models were optimized using
the default settings in PLS Toolbox for parameter value selection (11
values for cost evenly log-spaced between 10�3 to 102, epsilon of
0.01, 0.1 and 1, and 15 values for gamma evenly log-spaced between
10�6 to 10) and finding the minimum RMSECV.

The size of the two datasets were 24 £ 150 for the calibration set,
and 842 £ 150 for the test-set.



Figure 1. In-line simulation equipment consisting of a ramp with adjustable angle, a linear feeder, a socket for a probe, and a detachable cover over the fluorescence probe. (A) LIF
probe (B) Linear feeder (C) Controller for linear feeder (D) Powder inlet (E) Powder outlet.
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Results and Discussion

Comparison of Near-Infrared and Light-Induced Fluorescence
Spectroscopy

Powder mixtures with tryptophan concentrations ranging from
0−20 % were measured with NIR and LIF spectroscopy. Data from LIF
measurements increased non-linearly with concentration, with a
relatively smaller increase in high concentration powder mixtures
compared to low concentration powder mixtures (data not shown).
Non-linear LIF data was expected for high concentration powder mix-
tures,9, 11 as they are prone to self-quenching, making LIF unsuitable
for high concentration powder mixtures. Cellulose powder mixtures
with tryptophan concentrations ranging from 0−0.5 % measured with
LIF spectroscopy showed a significant difference between all the four
concentration levels (Fig. 2, left) and indicated the potential of LIF as a
sensitive PAT tool. Despite measuring low concentration powder
Figure 2. Raw LIF spectra on powder mixtures containing cellulose and tryptophan (left) a
and tryptophan (right).
mixtures, the data still showed some non-linearities, perhaps because
of minor self-quenching by tryptophan (Fig. 2, left). MCC in itself gives
a minor fluorescence signal, however, as both PLS and SVM-R focus
on the relative difference between the measurements, this should not
affect the prediction models. SNV pre-processed NIR spectra on pow-
der mixtures with cellulose powder mixtures containing 0−20 % tryp-
tophan indicates tryptophan at around 8750, 6650, and 5950 cm�1 in
the higher concentration powder mixtures (Fig. 2, right). However, at
the lower concentrations, the spectra are very similar and the PAT
potential of NIR at concentrations below 1−2 % is limited, which is
also the typical limit for NIR applications.

Light-Induced Fluorescence Spectroscopy Regression Model

The LIF data was first inspected through a PCA and showed prom-
ising linearity (see Supporting Information). Subsequently a predic-
tion model was made with SVM-R on LIF measurements on cellulose
nd SNV pre-processed NIR spectra on powder mixtures containing cellulose, mannitol,



Figure 3. The cross-validated predictions from the PLS model (left) and the SVM-R model (right) on data from LIF measurements on cellulose powder mixtures with low tryptophan
concentration.
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powder mixtures with tryptophan concentrations of 0%, 0.13%, 0.26%,
0.50%, and 0.51% (Fig. 3). SVM-R parameters cost, e, and g were set to
100, 0.01 and 0.0316 respectively, with 8 support vectors included in
the model (other combinations of parameter values with similar pre-
diction performance were also considered, but these combinations
resulted in models with much higher number of support vectors).
The model shows a good correlation, with cross-validated R2 = 0.997
and RMSECV = 0.013%. The average standard deviation between the
replicates (n=6) in the four concentration levels of the calibration set
was 0.011%, indicating that the powder mixtures were homogenous
and that LIF spectroscopy can provide useful data on low concentra-
tion powder mixtures. The commonly used PLS model would not be
optimal for this data because of its non-linearity (Fig. 2, left). This PLS
model is only shown for a two-component model, and it was investi-
gated if a higher model complexity could model this non-linearity.
However, a more complex model gave rise to large deviations on the
predictions of the test set (results not shown).

In-Line Simulation Results

The test set was measured on cellulose powder mixtures with
tryptophan concentrations of 0.10% and 0.25%, with pure cellulose
Figure 4. Baseline corrected LIF PLS (left) and SVM-R (right) prediction of tryptophan conce
cate the expected tryptophan concentration.
before and after both additions. The PLS model predicted lower values
than the theoretical values for both concentration levels and the meas-
urements on cellulose were not predicted to zero after the first addi-
tion of tryptophan powder mixture. We therefore adjusted the
prediction model by a bias correction based on the offset of the predic-
tion of the pure MCC measurements (bias = -0.0044 w/w %). The bias
corrected PLS prediction is seen to the left in Fig. 4, with an RMSEP
(0.10 w/w %) = 0.016 w/w % and RMSEP (0.25 w/w %) = 0.044 w/w %.
This shows that PLS regression is not well suited for this data, which
was expected with the non-linear correlation between fluorescence
intensity and tryptophan concentration.

The SVM-R model predicted the data close to the theoretical
values, but with a small offset. The SVM-R prediction with base-
line offset correction (bias = 0.0109 w/w %) is seen to the right in
Fig. 4, with an RMSEP (0.10 w/w %) = 0.008 w/w % and RMSEP
(0.25 w/w %) = 0.009 w/w %. The most probable reason for the
offset is that the powder measured in the in-line simulation
behaves slightly different, because of the difference in the sample
presentation between the two datasets. In the test set, the pow-
der was measured during movement, which might have led to
segregation of tryptophan whereby more fluorescent compound
would be measured.
ntration in a dynamic powder flow with the in-line simulation setup. Orange lines indi-
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The spectra obtained in the transition between pure cellulose and
low concentration powder mixtures suggest that it would be possible
to accurately measure even lower concentrations than 0.10%.

Tryptophan emits more light when excited at 300−310 nm than
at the used 280 nm. This means that with another excitation wave-
length, the difference between pure cellulose and 0.10% tryptophan
cellulose powder mixture would be even larger. The sensitivity could
be even lower than what is shown in these results, with a more opti-
mal excitation wavelength.

Conclusion

An SVM-R prediction model for concentration of tryptophan in
microcrystalline cellulose powder mixtures (R2 = 0.997, RMSECV =
0.013) was achieved for tryptophan concentrations down to 0.10%
using LIF spectroscopy on flowing powder, with an average standard
deviation between replicates of only 0.011%. In this study we have
shown that LIF is a promising tool to be used for in-line PAT applica-
tions with solid low dose powder mixtures, where the API is a fluoro-
phore. The limit-of-detection to new compounds will, though,
depend on its quantum yield, and the efficiency of both the light
source and the detection system used.
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