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Highlights

e Photodegradation of tamoxifen is investigated by chemometric analysis.

e Analyzed multiset data was obtained by LC-DAD/MS and UV spectrophotometry.
e A data fusion strategy and processing is proposed using the MCR-ALS method.

e Five photoproducts were identified and their kinetic evolution was described.

e A photodegradation reaction pathway is suggested.
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Abstract/Summary

Photodegradation of tamoxifen (TAM) is investigated by chemometric analysis of the
multiset data obtained by LC-DAD/MS and UV spectrophotometry. A hydroalcoholic
solution of TAM was submitted to photodegradation by means of a dedicate irradiation
cabinet able to simulate natural irradiation sources. The irradiance conditions were stressed
by increasing the irradiation power to produce a rapid photodegradation of TAM. Drug
photodegradation was monitored through UV spectrophotometry and the obtained
photoproducts were investigated in detail by DAD/MS liquid chromatography. Data
collected from combination of both instrumental techniques were fused and processed
jointly using the Multivariate Curve Resolution—Alternating Least Squares (MCR-ALS)
method. A total number of five compounds were identified during the drug
photodegradation and their kinetic evolution was described. The process included the
isomerization of TAM to its (E)-form and the subsequent cyclization of these both
compounds to give two phenanthrene derivatives. A photooxygenation process can also
occur, giving a benzophenone derivative photoproduct as a result thereof. The multivariate
resolution method proposed in this work allowed the resolution of this complex

multicomponent system by the direct analysis of the experimental data.

Keywords: Tamoxifen; Drug photostability; UV Spectroscopy; LC-DAD-MS; Fused data;
MCR-ALS.
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1. Introduction

In the last years, the increasing production and release of synthetic organic chemical
compounds into the environment, especially pharmaceutical drugs, has made that these
substances have accumulated significantly on biological ecosystems as extensive and
persistent pollutants, especially on surface water systems [1-6]. The current purification
systems for environmental cleaning remove a considerable amount of these chemicals, but
these technologies are not able to eliminate completely these compounds yet [7]. In
addition, the possible negative effects for the nature are not only caused by the original
compounds released into the environment, but also by their degradation products or
metabolites [8]. Therefore, it is important to know how these organic pollutants can be
transformed in the environment. Photodegradation due to UV-light (solar) irradiation
represents one of the most important natural transformation processes of the organic
products [9].

Tamoxifen (TMX or TAM), (2-{4-[(12)-1,2-diphenylbut-1-en-1-
yl]phenoxy}ethyl)dimethylamine, is a non-steroidal antiestrogen drug used to prevent and
treat breast cancer in men and women [10-12]. The parent compound is synthesized as a
mixture of (E)- and (Z)-isomers, although the (£)-isomer has no clinical use and only the
(Z2) one acts as an estrogen antagonist [13, 14]. TAM has been considered one of the most
studied cytostatic drugs [3] and many reviews about its presence in aquatic environment
have been recently published [15, 16]. Despite its low water solubility (<1 mg/L) [17], the
occurrence of this drug in environmental matrices has increased considerably in the last
years [1, 6, 18]. The high octanol/water partition coefficient of the drug (log K, 7.88)
indicates a great absorption affinity in fatty tissues, soil, and sediments. This behavior can
cause bioaccumulation and increase the toxicity of this drug [6, 16].

Photosensitivity of TAM is well known [7, 19, 20], but only few papers describe its
photodegradation profile in detail [21-23]. An elimination study of TAM using advanced
oxidation processes (AOPs) as degradation method was recently published [24].
Photoisomerization, photocyclization and photooxygenation appear to be involved in the
photodegradation process of this drug [21, 23, 24].

In the last few years, multicomponent systems involving equilibria and kinetic
chemical processes have been investigated by combining several analytic and chemometric
methods with satisfactory results [25-32]. In this work, a new analytical approach, based
on the Multivariate Curve Resolution—Alternating Least Squares (MCR-ALS) technique, to

monitor and investigate the photodegradation of TAM in water solution is proposed. This
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approach combines UV spectrophotometric and LC-DAD-MS data with chemometric
procedures. The degradation process was investigated in water after prolonged simulated
sunlight irradiation. The main photoproducts, isolated by chromatographic techniques,

have been identified by UV and mass spectrometry spectroscopic tools.

2. Materials and procedures

2.1 Chemicals

(Z£)-Tamoxifen ((£2)-TAM) (=99%) was purchased from Sigma-Aldrich (St Louis,
USA). Methanol (MeOH) and water, both HPLC-grade (>99.9%), were supplied by
Merck-Millipore (Darmstad, Germany). To avoid light contact, all used materials were

covered with aluminum foil.

2.2 Instruments

Photodegradation experiments were performed in a light cabinet SUNTEST® CPS
(Atlas Material Testing Solutions, IL, USA) equipped with a xenon arc lamp of 1500 W.
This system closely simulated sunlight exposure and was equipped with filters to select
several spectral regions.

UV-VIS spectra were recorded using a UV-Visible molecular absorption
spectrophotometer HP-Agilent 8453 (Agilent Technologies, CA, USA) with a diode array
detector (DAD).

Chromatographic equipment consisted of an ultra-performance liquid chromatograph
connected to a UV-Visible diode array Waters® ACQUITY® PDA Detector (Waters
Corporation, MA, USA) and coupled to a benchtop triple quadrupole Waters® ACQUITY®
TQ Detector (Waters Corporation, MA, USA) (UPLC-DAD-MS/MS). The analytes were
separated on a 2.1 x 150 mm ID, particle size 5 um, ZORBAX Eclipse XDB-C18 column
(Agilent Technologies, CA, USA).

2.3 Sample preparation

A 100 mg/L stock solution of (Z)-TAM was prepared using a 50:50 methanol/water

mixture as solvent, due to the poor solubility of the drug in water. This solution was diluted
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to 12 mg/L (12 ppm) before every degradation experiment, using always the same solvent

mixture.

2.4 Photodegradation experiments

In agreement with the rules of the International Conference on Harmonization, ICH
guidelines Q1B [33], a coated quartz filter segment was interposed between the xenon arc
lamp and the sample which filters the spectral range 300-800 nm. The light stressing tests
were conducted at two different irradiation power conditions: approximately at 400 and
765 W/m?, corresponding to 24 and 46 kJ/min-m?, respectively. The inner temperature in
the light cabinet was always maintained constant at 35 °C. The samples were exposed to
light in quartz cells perfectly stoppered, to avoid any evaporation of the solvent.

UV-VIS spectra were recorded at the following conditions: wavelength range 200-
400 nm, scan rate 1 nm/s, time response 1 s, and spectral band 1 nm. The UV-VIS spectra
were recorded just after sample preparation (t = 0), every 2 min until to 60 min, then every
5 min up to 150 min, and finally at 160 min when 400 W/m? irradiation power was
selected. When the higher value was chosen, the experiment was stopped after 120 min,
collecting spectra every 2 min.

During both experiments, 11 sample aliquots were collected from the photoreactor
vessel and analyzed by LC-DAD-MS at the following exposure times: 0, 2, 6, 8, 15, 20,
40, 60, 80, 140 and 190 minutes when 400 W/m? irradiation power was selected and at 0,
2,4,8,15,25, 40,50, 80, 100, 200 minutes for the 765 W/m? irradiation power value.

2.5 LC-DAD-MS analysis

Chromatographic analysis was performed with a 70:30 methanol/water mixture as
mobile phase in isocratic elution conditions using the following instrumental parameters:
injection volume 10 pL, flow rate 400 pL/min, cone voltage 55 V, spray voltage 3.5 kV,
extractor voltage 3 V, desolvation gas flow 600 pL/min, source temperature 150 °C,
solvent temperature 400 °C, acquisition rate 0.05 s (UV-DAD) and 0.21 s (MS), and time
of analysis 30 min. A positive electrospray ionization source (ESI+) was used as radiation
source. Acquisitions were analyzed in full scan mode. UV-DAD detection was performed

in the scan range 200-400 nm. MS detector worked with the mass range 50-500 Da.
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2.6 Software

UV Spectrophotometer ChemStation software (Agilent Technologies, CA, USA) and
MassLynx® 4.1, from the Mass Spectrometer (Waters Corporation, MA, USA), were used
for control, data acquisition and initial data preprocessing. DataBridge was the file
converter provided with MassLynx® to convert LC-DAD-MS raw files (.raw) into
Common Data Format files (.cdf). A Bioinformatics Toolbox MATLAB® routine (The
Mathworks, Inc., MA, USA) was employed to read .cdf files format into MATLAB®. UV
Spectrophotometric data were directly exported to .csv files and imported to MATLAB®.
All chemometric analyses were performed under MATLAB® computer environment.
MCR-ALS (2.0 GUI version [34]) method (from “http://www.mcrals.info/””) was
implemented as MATLAB® function.

3. Data structure

Table 1 near here

Figure 1 near here

The data sets obtained from the photodegradation experiments were arranged in
different data matrices listed in Table 1. Figure 1 details the matrix structure of the
different data sets obtained from the different TAM exposure experiments at the UV
radiation power of 400 W/m?.

3.1 Single instrumental detection (UV or MS) data matrix arrangement

A) Data matrices Dgyqsp 0f size (50,131) and Dyzsy, of size (61,131) refer to the UV
spectrophotometric analysis of TAM photodegradation at the two different irradiation
power conditions: 400 and 765 W/m?, respectively. All collected spectra were
acquired at 131 wavelengths, between 210 and 340 nm. When the lower irradiation
power was selected, 50 UV-VIS spectra were acquired between 0 min and 160 min of
irradiation time (see Figure 1) while for the higher irradiation power, 61 UV-VIS
spectra were acquired between 0 min and 120 min. These two data matrices have the
information concerning the UV-VIS spectral evolution and concentration changes of

the chemical species involved in the respective photodegradation process [28].
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B)

)

D)

A comparison study of the photodegradation of TAM at the two irradiation power
conditions was performed through the simultaneous analysis of D g, and D475, data
matrices, which was achieved by building a column-wise augmented matrix
D asoosprazsssp of size (61+50=111,131) (see Figure 1). The analysis of this augmented
data matrix allows the comparison of the two experiments. In this new data
arrangement the columns in each one of the two merged data matrices were the same:

131 wavelengths (210-340 nm) [28].

A deeper investigation of the species produced during photodegradation was achieved
by chromatographic analysis on the TAM samples collected at the different irradiation
times above reported. Therefore, a total number of 22 sample aliquots of the TAM
solution along the photodegradation experiments (11x2) were analyzed by LC-DAD

and LC-MS, giving the corresponding data matrices sets (see Figure 1):

e The 11 aliquots collected under the lower irradiation power and analyzed by LC-
DAD gave 11 data matrices Dyggpapn, Where n=1,...,11 sample aliquots, and, the
same 11 aliquots analyzed by LC-MS, also gave 11 data matrices Dygopsn (se€
Figure 1). The rows of these data matrices contained the spectra (UV-DAD or MS)
at the different elution times (394 time values between 15.7 and 22.5 min of elution
time, for the aliquot at 0 min of irradiation (n=1), and 985 time values, between 13
and 30 min of elution time, for the other aliquots (n=2,...,11)). The columns of these
matrices had, respectively, the chromatographic data profiles recorded at the 131
wavelengths (Dyggp4ps in the range 210-340 nm) and at the 351 m/z values (D ggpssn
in the range 50-400 m/z) [30, 32].

e Similarly, for the other experiment carried out at the higher irradiation power, 11
data matrices Ds5p4pn Of size (1042,131) and 11 data matrices Dssps, Of size
(1042,351) were obtained. Once again, in these data matrices, the rows contained
the spectrometric responses (UV-DAD or MS) at the different elution times (1042
time values in all cases, in the range 12-30 min) and the columns had the
chromatographic data profiles recorded at different wavelengths (D7g5p4p, at the
131 wavelengths in the range 210-340 nm) or at the different m/z values (D g5, at

the 351 m/z values in the range 50-400 m/z), respectively.

A more involved analysis of the photodegradation process was achieved using the

complete information from the two chromatographic approaches, LC-DAD and LC-
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MS, by means of the joint analysis of the 11 Dp,4p, and 11 Dy, data matrices, using
first each one of the two LC detection methods separately. This analysis could be
achieved as shown in Figure 1 by building the two ‘tall’ column-wise augmented
matrices for each one of the two detection systems at both irradiation power
conditions: Dyggpapsaug (0f size (394+10x985,131) or (10244,131)) at 400 W/m? and
UV-DAD detection, D7gs5p4psaug (0f size (11x1042,131) or (11462,131)) at 765 W/m?
and UV-DAD detection, and D ggsyaug (0f size (394+10x985,351) or (10244,351)) at
400 W/m? and MS detection, and D 76s5psaug (0f size (11x1042,351) or (11462,351)) at
765 W/m? and MS detection. These four column-wise augmented data matrices
contained the complete set of chromatographic data arrays from the 11 sample aliquots
(at the different photodegradation reaction times). This matrix augmentation procedure
was possible because all the aliquots were analyzed by the same instrumental
technique, either LC-DAD or LC-MS. In such a way, to assemble these data matrices
in a column-wise way, the number and meaning of the columns in each of the data sets
must be necessarily the same, either the 131 wavelengths (210-340 nm) or the 351 m/z
values (50-400 m/z) [28, 30]. These four column-wise augmented matrices,

D 400p4Dsaug> D 765040 augs Ds0osssraug> and D 7gsars,aug, Were first analyzed separately.

3.2 Multiple instrumental detection (UV and MS) data matrix arrangements: data fusion

(UV, LC-DAD, and LC-MS data)

E) In the particular case of UV-DAD detection system, an additional data matrix

arrangement was possible by considering that the photodegradation experiments
monitored by UV spectrophotometry and LC-DAD runs produced individual data
matrices having in common the same vector column space (wavelengths) spanned by
the UV-VIS spectra of the common components [35]. In this case, the UV
spectrophotometric data matrices obtained during the initial monitoring of the
photodegradation reaction at both studied irradiation power conditions, Dz
(50,131) and Dygzss (61,131), could be set on top of their respective column-wise
augmented LC-DAD data matrices: Dyppapyaug (10244,131) and Dzsspapsaug
(11462,131) (see Figure 1). These two new column-wise augmented matrices will be
named  Duygospr400p4psang  (0f size (50+394+10x985,131) or (10294,131)) and
D 7655p 765D4Ds aug (0f size (61+11x1042,131) or (11523,131)).
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F) Additionally, it was still possible to consider the possibility of the joint chemometric
analysis of the 11 aliquots using simultaneously the two detection systems, UV-DAD
and MS, in each chromatographic run. This would imply performing a different type
of matrix augmentation. Since the same samples were analyzed by both detection
systems, the data matrix augmentation could be performed also row-wisely (see
Figure 1) [36]. In this case, a new superaugmented data matrix was obtained for each
irradiation power condition:  Dygopan,s00msssupang  Of  size (10244,482) and
D 765D4D» 765Msssupaug Of size (11462,482) for 400 and 765 W/m?, respectively, with 482
columns each one (131 wavelengths + 351 m/z values). In these superaugmented data

matrices, the rows represented the UV-VIS and MS spectra at different elution times.

4. Data pretreatment and analysis

4.1 Data synchronization and preprocessing

In all chromatographic experiments, the elution time window between 13 and 30 min
was selected and further processed by MCR. In the chromatographic elution before 13 min
no chemical species of interest were detected; only very low intensity signals, mostly due
to the solvent and instrumental noise (background contributions) were present. After 30
min, no further elution of sample components was observed. Noise contributions were
removed from the selected elution time window by applying a Savitzky-Golay smoothing
data filter [37]. The final chromatographic data had then a better signal to noise quality.

Due to the different frequency of the two chromatographic detectors (UV-DAD and
MS) in spectra acquisition, as above described, a data pretreatment was additionally
needed to check for the correspondence in time of the elution profiles in both detectors and
for the further simultaneous chemometric analysis (data fusion). Since the spectra
acquisition speed of the DAD system was faster than the spectra acquisition of the MS
detection system, a higher number of UV than MS spectra were acquired. To match the
two detection systems, a linear interpolation (and smoothing) was used to synchronize UV-
DAD and MS detector signals at the same time frequencies. Moreover, since the two
detection systems were in tandem, a brief time delay on peak signal recording occurred,
due to the transfer tubing between UV-DAD (first) and MS (second) detectors. This time
delay was estimated to be approximately 0.2020 min (12 s) and required the time axis

shifting of MS data to previously acquired UV-DAD time scale.
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4.2 MCR-ALS: data analysis method

MCR-ALS is a mixture analysis chemometric method which decomposes in a
bilinear way an experimental data matrix, D, having the analytical mixed responses of

multiple components, into their pure contributions (profiles) in its two data modes [38]:

D=CST+E. Equation 1

In this data decomposition, C is a matrix with the concentration profiles of the
mixture constituents, ST matrix has their pure spectra profiles, and E has the residual
variance not explained by the MCR model, CST. This equation is an extension of the Beer-
Lambert’s law to multi-wavelength and multi-sample analysis and summarizes the set of
linear equations defining the concentration and spectral contributions of each component in
the chemical mixture system [25]. Next section describes the application of the MCR-ALS
bilinear method to the analysis of the different data matrices generated during the

photodegradation study (see Figure 2):

Figure 2 near here

1) The spectrophotometric monitoring of the photodegradation experiments provided a
data matrix D (either Dgppg or Dgzssy, in Section 3.1 A)) where rows are the spectra
collected at different reaction times and columns are kinetic traces at different
wavelengths [26, 28]. The MCR bilinear model applied to them is defined, as explained
before, by Equation 1 and shown graphically in Figure 2a. C and ST matrices give the
concentration and UV-VIS spectra profiles of the components (chemical species)
formed during the UV-light irradiation experiments, respectively. When the
simultaneous analysis of Dggs and Dyzsy, data matrices is done to compare the
photodegradation of TAM drug solutions at the two studied irradiation power
conditions, the resulting C matrix is a column-wise augmented matrix (Cayg) Which
contains the concentration profiles of the chemical species formed during each one of
the UV-light irradiation experiments, and ST is a matrix that has their related UV-VIS

spectra, common in both photodegradation experiments.

2) The chromatographic analysis of the set of aliquots extracted from the degradation

experiments gives, for every sample, a data matrix (Dyggp4pn O D765p4ps in LC-DAD
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and Dyggpsn o Dygsys, in LC-MS, where n=1,...,11 sample aliquots) that can also be
analyzed by MCR-ALS using a bilinear model similar to that shown in Equation 1 and
Figure 2a. One of these data matrices (see Section 3.1 C)) has one single
chromatographic run and it contains in its rows the UV-VIS or MS spectra recorded at
the different elution times and in its columns the chromatograms related to different
wavelengths or different m/z values [30, 39]. C and ST matrices give the concentration
(elution) and UV-VIS or MS spectra profiles of the components (species) present in the

aliquot at the considered reaction (degradation) time.

3) The set of data matrices at the different chromatographic runs (n=1,...,11) obtained by

the LC-DAD and LC-MS analysis of the 11 reaction sample aliquots can be merged, for
both irradiation power conditions, in column-wise augmented data matrices D,,g, as it
was previously described in Section 3.1 D) (Dypansaugs D765p4Dsaug, Dsoomsraug, and
D 765ms0aug) and shown in Figure 1 for 400 W/m?. The application of MCR-ALS to these
column-wise augmented data matrices is described by Equation 2 below and it is
shown graphically in Figure 2b for the case of the LC-DAD detection:

D, =D, D,.0,] = [c

; C

T T .
v C,IS +[E; EyiE | = C, S +E,,, Equation

25
2

where C,yg = [C15Cys...5Cy], with n=1,...,11 chromatographic runs, is a column-wise
augmented concentration matrix formed by the C, submatrices containing the pure
elution profiles of the individual species involved in each chromatographic run, and ST
1s a matrix that has their related UV-VIS or MS spectra, common to all chromatographic
runs of all sample aliquots simultaneously analyzed [28, 30, 31]. From the resolved
elution profiles, their peak areas can be calculated as a function of the reaction time, and
the corresponding kinetic profiles of the components involved in the photodegradation
process can be derived. In the case of MS detection, these components can be identified

from their resolved mass spectra.

4) The set of chromatographic runs using the LC-DAD system can be also simultaneously

analyzed with the matrix obtained in the UV-Visible spectroscopic monitoring of the
degradation experiments, as it was explained previously in Section 3.2 E) and shown in
Figure 1 for 400 W/m? (Dusposprs00p4Dsaug a0d Dargseps765p4psaug augmented data

matrices) [32]. The MCR-ALS analysis of these two augmented data matrices can be

10
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also analyzed by the bilinear model in Equation 2. In this case, moreover, the
concentration submatrix corresponding to the UV-Visible spectroscopic monitoring
experiment provides the kinetic reaction profiles of the resolved components (see
Figure 2c¢). This analysis will provide the correspondence between the reaction species,
their chromatographic elution responses, and their corresponding kinetic profiles and

UV-VIS spectra.

5) Finally, it is indeed also possible (as already shown in Section 3.2 F) and Figure 1 for
the superaugmented data matrices Dypopapss00Msssupaug aNd D 765p4D, 765Mssupaug) the
simultaneous chemometric analysis of the different aliquots using both detection
systems (UV-DAD and MS). This implies performing the MCR-ALS analysis on the
superaugmented data matrix (Dgupaug). This analysis of the ‘fused” UV-DAD and MS
data by the bilinear model is described in Equation 3 below and in Figure 2d, where
Ciug 1s the column-wise augmented concentration matrix formed by the C, submatrices
containing the pure elution profiles of the individual species involved in each

chromatographic run, common for both detection systems, and ST, is the row-wise

augmented matrix with their related UV-VIS (SD};D) and MS spectra (Sl\}s), common to

all chromatograms analyzed [32]:

DZ,DAD;"';Dn,DAD] ’[DI,MS; DZ,MS;"';Dn,MS] ] = [C1; Cz;---;Cn]

E E,msl | =C sT +E

aug“ aug supaug

Dsupaug = [[DI,DAD;

[SD,'T&D'SI\"II‘S] + [[El,DAD; E; papi-+ n,DAD] ,[ELMS; E; msi

Equation 3

This analysis requires the time synchronization between UV-DAD and MS detectors
(see Section 4.1). In this simultaneous analysis, besides, from the resolved elution
profiles in C,,g matrix, their peak areas can be calculated as a function of the reaction
time, and the corresponding kinetic profiles of the components involved in the

photodegradation process can be derived.

MCR-ALS algorithm uses an iterative Alternating Least Squares (ALS) optimization
procedure for the decomposition of the data matrix, under a suitable set of constraints. This
optimization runs until the model CST minimizes as much as possible the error in the
reproduction of the original data set, D [32]. MCR-ALS requires the initial postulation of
the number of components which can be derived from the results of the Singular Value

Decomposition (SVD) [40] of the original data matrix, D. In the case of photodegradation
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studies, however, where the reaction pathway is often unknown and different
photoproducts can be generated, the determination of the number of species involved in the
process by SVD is sometimes difficult due to linear dependence in the concentration
profiles of the reaction products [25, 27]. Initial estimates, either of ST or C matrices,
needed to start the iterative ALS optimization can be obtained from purest experimental
spectra or purest elution profiles respectively, using a similar procedure than for the
SIMPLISMA method [41, 42].

MCR-ALS constraints are used to provide meaningful shapes to the profiles in C and
ST matrices and to suppress or minimize as much as possible the ambiguity in the final
solutions [32]. Constraints are chemical or mathematical properties that the pure
component profiles should accomplish. They can be applied in a different way to the
concentration and spectral directions (C and ST matrices), to the profiles of the different
components and to the different submatrices in a multiset structure [31]. The constraints
used in this photodegradation study were: non-negativity (NN), which avoids the presence
of negative values in the concentration and spectral profiles; unimodality (U), which allows
only the presence of a single maximum per concentration/elution profile; closure (C),
which forces concentration profiles within the closed system to add up to a certain constant
value to fulfill the mass balance condition; and selectivity or local rank information, with
which some of the components may be forced to be absent at some time/elution or spectral
ranges [38]. In multiset data structures, the constraint named correspondence of species
acts as a selectivity/local rank constraint setting the absence of some compounds in full
concentration submatrices of the augmented C,,, matrix [36]. More details about the
different steps of the MCR-ALS procedure can be found in the literature [26, 38].

The parameters used to indicate the fit quality of the MCR-ALS results are the
percentage of lack of fit (% lof) and the explained variance (R?), which are defined as

follows:

/Z..(dij_ d:j)z

i
% lof = 100 -
B

Zijdizj B Zij(dij B di*j)z
W

R* =100
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where dl.]. is the matrix element in the row i and column j from the original data matrix (D)

and d;j is the same element obtained with the MCR-ALS model [30, 43].

5. Results and discussion

5.1 Analysis of TAM photodegradation UV spectrophotometric data

Figure 3 near here

TAM photodegradation process was firstly monitored by UV-Visible spectroscopy.
Figure 3 (on the left) shows the evolution of the acquired spectra along time for the two
experiments performed with the SUNTEST® at 400 and 765 W/m?2. The plot of these two
data matrices (Dgaypp and Dysesgp) provided an initial view of the evolution of the
photodegradation process. It can be observed that during the first part of the experiments
the spectra variation was larger than afterwards, during the remaining process. This fact
suggests that major chemical transformations occur at the beginning of the
photodegradation process which evolves more slowly thereafter.

MCR-ALS analysis of the UV-Visible spectrophotometric data from these two
experiments (Dgy05p and Dyzgsy, in Table 1) provided a first estimation of the kinetic
profiles (concentration profiles, C matrix in Equation 1 and Figure 2a) for the species
formed during the photodegradation process, and also of the pure UV-VIS spectra
associated with them (ST matrix in Equation 1 and Figure 2a). Initial SVD analysis
showed the possible presence of at least four species during the photodegradation process.
Initial estimates of their spectra were obtained from the purest experimental spectra.
Constraints used during the ALS optimization were non-negativity of pure spectra and of
kinetic profiles, and selectivity at the starting point of the photodegradation experiment
(initial (2)-TAM 1is the only component at the starting time conditions of the
photodegradation experiment). Closure constraint was also applied to kinetic profiles to
ensure a mass balance equation. Explained variances and lack of fit values (in %) of the
MCR-ALS analyses at the two irradiation power conditions are given below in Table 2. In

both cases, excellent data fits were obtained.

Table 2 near here
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Figure 3 also shows the concentration profiles (kinetic profiles, C matrix) and the
pure UV-VIS spectra (ST matrix) resolved by MCR-ALS in these two photodegradation
experiments. During the experiment under 400 W/m?, tamoxifen ((Z2)-TAM), is represented
by a blue line. After 2 min of UV-light irradiation, its concentration decreased to half its
initial concentration (12 ppm) and continued being reduced until disappearing afterwards.
Simultaneously, a first transformation product (TP1, green line in Figure 3) was rapidly
formed and its kinetic profile decreased and finally disappeared. A new photoproduct
(TP2, red line in Figure 3) appeared at the beginning of the experiment reaching its
maximum concentration level at 90 min at 400 W/m? and decreased thereafter.
Concurrently with the decrease of TP1, a new photoproduct (TP3, cyan line in Figure 3)
appears, with a very similar spectrum to TP2, with increasing concentration until the end of
the experiment. When the irradiation power was increased to 765 W/m?, the
photodegradation process occurred more quickly, but essentially, it followed the same
pathway, as it can also be seen in Figure 3.

Despite this useful information about the degradation kinetics of TAM obtained by
UV-Visible spectroscopy, only a rough description of the process was achieved, because of
the likely problems associated with the resolution of kinetic processes [32, 44]. Chemical
species with similar kinetics and photoproducts with very similar UV-VIS spectra would
not be easily distinguished using this approach. Moreover, photoproducts not giving UV-
Visible absorption would not be detected. The complementary use of the LC-DAD-MS
powerful analytical methodology can provide a deeper insight on the distinct species

formed during the photodegradation process and of their reaction pathway.

5.2 Analysis of TAM photodegradation LC-DAD and LC-MS data

11 sample aliquots of the TAM solution were collected and analyzed by LC-DAD-
MS at various times along the photodegradation reaction, for each experiment at the two
studied irradiation power conditions. To improve the resolution of the coeluted
chromatographic peaks, MCR-ALS was applied to the data sets obtained using UV-DAD
and MS full scan detection methods (D4gop4pn> D765p400> Daoomss and D g5y, data matrices
in Table 1) as above explained. Results from LC-MS were used for the identification and

confirmation of the formed photoproducts.

Table 2 summarizes MCR-ALS results obtained in the individual and simultaneous
analysis of all the analyzed aliquots (D4ggp4p» and D gous, with n=1,...,11 sample aliquots),

using the irradiation power of 400 W/m?, both for LC-DAD and LC-MS. Constraints used
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in these MCR-ALS analyses were non-negativity of C and ST profiles, and unimodality
and selectivity of C profile. These two last constraints were especially useful to resolve the
species profiles of some of the photoproducts and to disregard background contributions.
The number of components considered in each case varied from 2 (at reaction time 0 min)
to 7 (at the latest reaction time values). The presence of strong baseline and background
contributions were modelled with the presence of two extra MCR-ALS components which
allowed a better data fit and improved the resolution of the four reaction photoproducts and
of initial (2)-TAM. Therefore, five of the seven components resolved by MCR-ALS,
including initial TAM, were finally assigned to the investigated photodegradation products
(see below). Lack of fit values were always good, between 1-3% in the case of LC-DAD
data, and between 2-5% in the case of LC-MS data.

Figure 4 near here

Results of the simultancous MCR-ALS analysis of the complete set of
chromatographic runs, at the irradiation power of 400 W/m? and using only one of the two
detection systems (Dypopapsaug and Dygorrsyaug augmented data matrices, see Equation 2),
are given in Table 2. In this case, MCR-ALS analysis gives the C,,, matrix, which has the
elution profiles of all resolved species formed during the photodegradation process
separately for each chromatographic run, and the ST matrix which has their corresponding
pure UV-VIS or MS spectra, which are the same for the same species in the different
chromatographic runs (see Figure 2b). Constraints used in this MCR-ALS analysis were:
non-negativity of C and ST and unimodality of C. Correspondence between species in the
different runs [36] was also constrained to set their presence/absence in the different
chromatographic runs of the augmented C,,q concentration matrix.

Figure 4 shows C,,s and ST matrices for the resolution of Dygp4p,aug, Where the blue
component is assigned to the initial tamoxifen ((Z)-TAM), and the green component to the
first transformation product immediately formed after initial light exposure (TP1). Due to
the similarity between the UV-VIS spectra of these two components, it can be assumed
that the green component should have a very similar structure to tamoxifen, indicating
therefore that it could be its isomer ((E)-TAM). Its MS spectrum can confirm this
hypothesis and also previous results in the literature [23]. TP2 (yellow) and TP3 (magenta)
components in Figure 4 should correspond to the red and cyan components in Figure 3,
obtained in the analysis of the UV-Visible spectroscopic monitoring experiments. These

two species have been now correctly differentiate each other due to their slightly shifted
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chromatographic elution profiles, although their UV-VIS spectra were very similar. The
resolution of their MS spectra will confirm them and give more information about the
identity of these two photoproducts. A new last species (TP4) can be assigned to the red
component, which appears after 6 min of light irradiation and disappears by the end of the
photodegradation process. This component, however, was not detected in the UV-Visible

spectroscopic monitoring experiments.

Figure 5 near here

From the changes of the peak areas of the resolved elution profiles of the different
components with time (see Figure 2b), a rough estimation of the kinetic profiles of the
species detected by LC-DAD and resolved by MCR-ALS can be derived, as is shown in
Figure 5 for the 400 W/m? experiment. The concentration of the initial (Z)-TAM species
decreases gradually until it disappears before the end of the photodegradation experiment.
Green species (TP1), which was formed instantly at the beginning of the UV-light
irradiation, reaches its maximum at 8 min reaction time, and disappears after 140 minutes
of light irradiation. Yellow and magenta species (TP2 and TP3, respectively), evolve from
the beginning and are still present at the end of the photodegradation experiment. TP2
seems to appear first and reaches a higher concentration than TP3. The last red component
(TP4) (not shown in Figure 5) seems to be formed from a secondary reaction because it
appeared during the photodegradation process and disappeared before it ended.

Resolution of Dygpmsyaug LC-MS augmented matrix was more challenging. The
presence of isomers among the obtained photoproducts ((Z)-TAM and TP1, and TP2 and
TP3), as confirmed in the next section, implies that these species will have the same
molecular mass (same molecular ion [M+H]") and, probably, similar fragmentation.
Unimodality and selectivity constraints, as discussed above, are especially useful to resolve
the profiles of isomeric photoproducts and to disregard background contributions. In fact,
their application allowed the proper resolution of these compounds in the UV-DAD
detector, due to their slightly shifted chromatographic elution and to minor differences in
their UV-VIS spectra (see Figure 4). However, in the case of using only the MS detector,

these species could not be completely resolved.

5.3 Simultaneous analysis of TAM photodegradation UV spectrophotometric and LC-
DAD data
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Simultaneous MCR-ALS analysis of the UV spectroscopic monitoring experiments
(matrices D05 and Dy74s4p) and of the LC-DAD chromatographic data sets grouped in the
corresponding augmented matrices (Dypppapsaug and D7gspapsaug) Was performed by
creating the new column-wise augmented data matrices Dagosps400D4Dsaug and
D7655ps 765D4Dsaug> s €xplained in Section 3.2 E) and shown in Figure 1 for 400 W/m2. In
this case (see Equation 2), the new C,,, augmented matrix has the kinetic traces of the
species formed during the photodegradation process and their elution profiles in each
chromatographic run (see Figure 2¢). However, the ST matrix has the common pure UV-
VIS spectra of the species in both, in the photodegradation experiments and
chromatographic runs. A clear relationship between the reaction species, their kinetic
profiles, their corresponding chromatographic elution profiles, and their UV-VIS spectra is
obtained. Table 2 also gives a summary of the results of this MCR-ALS analysis for the
lower irradiation power condition experiment. Constraints used in this MCR-ALS analysis
were the same as those previously applied in the resolution of LC-DAD data matrices. A
MCR-ALS model with a total number of four species plus (Z)-TAM was used (two extra
MCR-ALS components were assigned to baseline and background contributions). In this

case, the C,ye and ST matrices were practically the same as those already shown in Figure

4.

According to the results obtained until now, the pure compound (Z)-TAM (blue) and
its initial transformation product (TP1, green) have a slightly different absorbance
spectrum: (Z)-TAM exhibits a strong UV absorption band at 277 nm with a tail at
wavelengths over 310 nm and another absorption band at 236 nm. TP1, instead, does not
present this band at 236 nm and only exhibits a UV band at 277 nm. This is in agreement
with the UV-VIS spectra found in the literature [23]. Therefore, the first transformation
photoproduct could be (E)-TAM, the isomer of (Z)-TAM initial compound, which is
immediately formed when UV-light was irradiated. On the other hand, TP2 and TP3
photoproducts exhibit rather similar spectra too, although it was possible to differentiate
two characteristic bands in their respective absorbance spectra. The component designed as
TP3 (magenta) has absorption bands at 236, 255, 280, and over 300 nm, whereas the
compound designed as TP2 (yellow) has only the absorption bands at 255 and 300 nm.
This last species has also an unusual valley between 220 and 240 nm. In the literature [23],
UV-VIS spectra with these slight differences correspond to Phenanthrene I and II,

respectively. TP4 (red) shows a strong UV absorption band near 280 nm. No information
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about this UV-VIS spectrum for TP4 was found in the literature. As it will be shown
below, the MS spectrum obtained for this species allows for its possible identification.
Based on the time evolution of the kinetic profiles resolved in the kinetic and
chromatographic experiments (see Figure 5), a model with two parallel reactions can be
then proposed. (2)-TAM is firstly very fast transformed to give its isomer, (E)-TAM,
which stands probably in equilibrium, and thereafter both isomers photodegraded to give
their derivatives Phenanthrene I (TP2) and II (TP3), respectively. On the other hand, TP4

seems to be formed from a secondary reaction. The full reaction pathway could be:

hv hv
(2)-TAM (blue) — (E)-TAM (TP1, green) — Phenanthrene II (TP2, yellow)

hv
(£)-TAM (blue) - Phenanthrene I (TP3, magenta)

hv, 0,
(2£)- or (E)-TAM - 7?7 (TP4, red)

According to this proposal, the photodegradation pathway for the photodegradation
of TAM in solution implies that (£)-TAM, when exposed to UV-light, gives a reaction
intermediate (excited state) which undergoes an isomerization reaction or a
photocyclization reaction, giving (E)-TAM and Phenanthrene I, respectively. Moreover,
when the isomer (E)-TAM is excited again by UV-light, another reaction intermediate is
reached and another photocyclization takes place, giving Phenanthrene II [23]. Finally,
according to the literature, it is postulated that when oxygen is present, these reaction
intermediates could interact with oxygen molecules and produce the unknown

photoproduct (TP4) [21].

5.4 Simultaneous analysis of TAM photodegradation LC-DAD-MS data and final
photoproduct identification

In order to identify and confirm the proposed photoproduct species described above,
LC-DAD and LC-MS data matrices (Dpapyaug and Dyggyaug) were fused (merged) and
analyzed simultaneously, also at both irradiation power conditions, using the row- and
column-wise superaugmented data matrices (Dgypaug) (see Equation 3). Resolved elution
profiles of all species formed during the photodegradation process were obtained
separately for each chromatographic run (C,,s), and the pure UV-VIS and MS spectra of
all these species were arranged in the new row-wise augmented matrix of the pure DAD

and MS spectra (ST,,g) (see Figure 2d), which are common to all chromatographic runs.
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This approach is very powerful and describes the entire system with even higher reliability.
Table 2 shows the MCR-ALS results of the analysis of the Dy data matrix using the
lower irradiation power condition experiment (Dygppap,400msssupaug). Constraints used in
this MCR-ALS analysis are given in the table. As in the LC-DAD analysis for the 400
W/m? experiment, only five among the seven MCR-ALS resolved components were finally
assigned to the investigated photodegradation pathway. The two extra MCR-ALS
components were needed to model the presence of the baseline and the background
contributions. The results obtained for the 765 W/m? experiment matrix
(D765D4Ds 765Msssupaug) Were very close to those obtained from the 400 W/m? experiment.
Although, in this case, a sixth extra species was recovered by MCR, but it was not further
characterized because no information about a pure MS spectrum containing m/z 367 as

molecular ion was found in the literature.

Figure 6 near here

Figure 6 shows the pure mass spectra (STyss submatrix) resolved by MCR-ALS for
the lower irradiation power condition LC-DAD-MS monitoring experiment. In ESI+ mode,
the protonated molecular ion [M+H]" was formed for both parental compounds and
photoproducts. MS spectra of the first and second MCR-ALS components (blue and green)
confirmed that TP1 should be the (£)-isomer of TAM, with the same base peak at m/z 372
[M+H]" and with identical molecular formula (C,H,,NO), but different m/z fragmentation
ratio of the confirmation ion (m/z 72), assigned to dimethylaminopropylene ion produced
by cleavage of the side-chain [21, 23, 24]. This different m/z fragmentation ratio allowed
distinguishing between these two compounds. The UV-VIS spectra obtained in this
analysis (STp4p submatrix) were practically identical to those obtained previously in the
preceding LC-DAD data analysis (see Figure 4).

Despite of having the same molecular ion [M+H]* at m/z 370 and very similar UV-
VIS spectra [21, 23, 24], photoproducts TP2 and TP3 were identified as Phenanthrene 11
and I, respectively. They gave a different fragmentation pattern, due to a loss of a methyl
group in the case of Phenanthrene I (-CH;, 15 Da). Thus, the cleavage of the common
molecular ion of the photoproducts produced, for Phenanthrene II, a fragment ion at m/z
72. In contrast, m/z 58 fragmentation seemed to be more favorable for Phenanthrene I.
Both photoproducts have, however, the same molecular formula C,H,,NO.

According to the literature [45], cis—trans photoisomerization is a typical alkene

photochemical fast reaction, and the formation of products such as Phenanthrene I or II due
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to a photocyclization reaction can be observed in the photochemistry of stilbene-type
compounds. In fact, the photocyclization reaction proceed only by absorption of a photon
of UV-light by the cis-isomer, but not by the frans-isomer of the stilbene derivative [45].
This implies that the synthetically more accessible and stable (Z)-TAM (compound used as
cytostatic drug), which is a frans-isomer stilbene derivative, suffers initially a reversible
cis-trans photoisomerization, to give the mechanistically required cis-isomer ((£)-TAM)
for starting the photocyclization [45]. Because of this regioselectivity preference, it is
observed that (see Figure 5), in the photodegradation of TAM drug, Phenanthrene II (TP2,
yellow), which comes from the cis-isomer ((E)-TAM), appeared before and reached higher
concentration than Phenanthrene I (TP3, magenta), which is formed from the other isomer.
Photocyclization reaction, in fact, occurs via a dihydrophenanthrene intermediate which
may be undetected especially under oxidative conditions [21, 45]. Therefore, when TAM is
UV-light irradiated, due to the presence of geminal phenyl rings, both isomers are capable
of dehydrogenation leading to two possible phenanthrene products. This kind of reactions
(pericyclic reactions) are an important part of the stilbene chemistry and, specifically,
photocyclization is very useful in synthetic routes as final step to generate a fused aromatic
ring at a benzylic position.

Photodegradation of TAM in presence of oxygen, according to the literature, also
produces a photooxygenation reaction with the formation of a benzophenone derivative
with a molecular ion [M+H]" at m/z 270 and molecular formula C;;H;,NO, [21, 24]. This
benzophenone derivative can be assigned to the TP4 (red component). Fragment ions at
m/z 72, 105 and 211 from this photoproduct were also obtained and confirm this
identification. Its pure UV-VIS spectrum was already given (see Figure 4). Most probably,
photooxygenation was, in this case, a secondary reaction occurring during the sample
aliquots removing process, due to the presence of atmospheric oxygen in the solution. This
photoproduct did not appear, indeed, during the irradiation experiments continuously
monitored by UV spectroscopic because the UV measurement cuvette was always
stopped/closed with little air/oxygen interaction. Photooxygenation leading to the ketone
derivative is a minor reaction which appears not to involve singlet oxygen reactive species
('O,). More probably, the excited molecules of TAM were trapped by diradical ground-
state molecular oxygen (*0,) [21]. Extraction of B-hydrogen and shift of the double bond
would lead to a hydroperoxide intermediate which, probably via a Hock-cleavage, would
give this benzophenone derivative [21]. The formation of this by-product can reduce the

useful UV-light flux for the light-dependent reactions occurring in the photodegradation
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process, since benzophenone and, most likely, its derivative as well, acts as a filter for UV

radiation and it is able to absorb this radiation and dissipate it as heat.

6. Conclusions

The photodegradation of the antiestrogen drug TAM in aqueous solution was
investigated in detail by a combination of spectrometric and chromatographic techniques
and chemometric data analysis. Five different photoproducts with different kinetic profiles
were resolved and identified.

For all the components, their pure UV-VIS and MS spectra and kinetic profile were
estimated. Partial MS fragmentation, using high cone voltage, of the obtained products
confirmed the proposed structures. The photodegradation pathway of TAM showed a first
isomerization of the drug followed by a cyclization reaction of both isomers. An additional
photoproduct can be formed when the isomers are excited by UV-light in presence of
oxygen through a photooxygenation reaction. No evidence of a different photodegradation
pathway was observed when a higher irradiation power was selected, only an increase in
the degradation rate was detected.

MCR-ALS method was able to resolve the mixture of products formed during the
photodegradation reaction despite their incomplete chromatographic separation at isocratic
conditions. The simultaneous analysis of fused DAD-MS data from these two different
instrumental techniques provided a better resolution of the species formed during the
photodegradation process. Due to slightly shifted chromatographic elution, minor
differences in UV-VIS spectra, and different m/z fragmentation ratio, isomeric compounds
((£)-TAM and (E)-TAM, and Phenanthrene I and II, respectively) were finally correctly
identified.
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843 Table 1. Names and dimensions of the different data matrices obtained in the TAM
844  photodegradation experiments.

Nr. Rows Nr. Columns

W/m?2 Data matrix (Reaction or elution time (Wavelengths or
values) m/z)
d400sp 50 131
400DADn 985P 131
D 4000ADsaug 10244 131
400 D a400sps4000ADsaug 10294 131
400MSn 2 985P 351
D 400ms;aug 10244 351
D 40004D; 400ms5supau 10244 482

g
d7655p 61 131
765DADn 1042 131
D765p4Dsaug 11462 131
765 D a765sps765DAD,aug 11523 131
765MSn ° 1042 351
D765ms;aug 11462 351
D 765040 765Msssupau 11462 482
g

40$6a5nd d400sps d765sp 111 131

2 n=1,...,11 sample aliquots (chromatographic runs)
b 394 time values, between 15.7-22.5 min of elution time, for 0 min of UV-light
irradiation reaction time (n=1), and 985 time values, between 13-30 min of

elution time, for the remainder aliquots collected (n=2,...,11)

845
846
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847  Table 2. Summary of the MCR-ALS results obtained in the analysis of the data matrices
848  from the different TAM photodegradation experiments.

Reaction  Number of Lack Explained
Matrix time components Constraints of fit variance

(min) (NC) (%) (%)

D g400sp 0-160 4 NN, C, Sel  0.53 99.99

Da765sp 0-120 4 NN, C, Sel 0.28 99.99
- 0 2 0.71 99.91

2 3 0.99 99.99

6 5 0.69 99.99

8 5 0.82 99.99

15 6 0.92 99.99

D 400040n 20 6 NN, U, Sel  1.17 99.98

40 5 0.85 99.99

60 6 1.14 99.98

80 7 0.73 99.99

140 6 0.65 99.99

n=11 190 5 073  99.99

D 40004Dsaug 0-190 7 NN, U, Corr  6.05 99.63
D 4400sps 4000ADsaug 0'116906 0- 7 NN, U, Corr  9.94 99.01

=1 0 2 2.02 99.96

2 3 1.85 99.97

6 4 1.80 99.96

8 5 1.88 99.96

15 4 2.27 99.95

D 400msn 20 5 NN, U, Sel  1.84 99.96

40 6 1.68 99.97

60 6 2.36 99.94

80 6 3.13 99.90

140 6 2.88 99.91

n=11 190 6 316  99.89

D 400mssaug 0-190 8 NN, U, Corr 17.71  96.86
D 400pAD; 400Ms35upaug ~ 0-190 7 NN, U, Corr 540  99.71

849  NN: Non-negativity, U: Unimodality, C: Closure, Sel: Selectivity, Corr: Correspondence of
850  species

851
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Figure captions

Fig. 1. Matrix arrangements of the different data sets obtained in the TAM
photodegradation experiment at 400 W/m? and analyzed by MCR-ALS.

Fig. 2. MCR-ALS bilinear models for the analysis of the different data matrices generated
from the experimental data collected during TAM photodegradation study: a) for the UV
spectrophotometric monitoring experiment or for a single chromatographic run, b) for the
simultaneous analysis of the set of data matrices at the different chromatographic runs
(n=1,...,11) using the UV-DAD detector, ¢) for the simultaneous analysis of the UV
spectroscopic monitoring experiment and of the whole set of the LC-DAD
chromatographic runs, and d) for the simultaneous chemometric analysis of the different
sample aliquots using both chromatographic detection systems (UV-DAD and MS).

Fig. 3. Spectral evolution along time for the UV spectrophotometric monitoring of TAM
photodegradation experiments at 400 and 850 W/m? (D4 matrices) and their MCR-ALS
resolved kinetic profiles (C) and pure UV-VIS spectra (ST).

Fig. 4. Elution profiles (C,,g) and pure UV-VIS spectra (ST) resolved by simultaneous
MCR-ALS analysis of the LC-DAD data of the 11 removed sample aliquots from 400
W/m? TAM photodegradation experiment (D4ppp4psaug)-

Fig. 5. Evolution of the LC-DAD chromatographic peaks area as a function of the reaction
time (kinetic profiles) from Dygpan,aug. Data points are the markers and lines are the
kinetic evolution estimations.

Fig. 6. Identification of photoproducts from their pure MS spectra (STys submatrix)

resolved by simultaneous MCR-ALS analysis of the fused HPLC-DAD-MS data at 400
W/m? TAM photodegradation experiment (D ggp.4 Dy 400MS supaug)-
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