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Abstr act

For the first time, the fluorescent signals produced by 17B-estradiol (E2), estradiol valerde
(E2V) and 170-ethinylestradiol (EE2) were investigated after being retained in sleded solid
sufaces. Among diferent studed suppats, bothC18and nylon nembranes demonstated to
be able to indwce intense sigrels ower their suface after aqueous solutions othe anaytes
wereretained via a solid-phase extradion procedure. Physcochemica variables which affed
the quality of the fluorescence sigrels were optimized, and the results obéined in the studied
solid suppas were compared and digussed. While nylon siccessully faced the trouble of
spedrofluorimetricdly quantifying estrogens in  plamacaiticds with unkalanced
estrogen/progestagen ratios, C18 nembranes shoved very good gualities for second-order
spedrofluorimeric meassuements, dlowing the detemmination of E2 (the most adive
estrogen) in poentially contaminated fish and chicken ssmples. The fluorescence excitation-
emission natrices, dredly measued ona C18 suface were processed usingappropriate
chemonetric algorithms in ader to efficiently quantify E2 in the presence of natural matrix
constitents. The present strategy avoids the elution sep, consicerably decreaing the use of
organic solvents, tre analysis time and the experimental errors. In addition, the instrumental
involved is nonsophististed and, therefore, the experiments could ke cariied out inroutine

|aboratories.
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1. Intr oduction

Estrogens aresteroidal sex hormores produced by the ovaries, the placenta during pregnancy
and in snaller amounts by tk adrenal glands. These hormones are uswaly prescribed in
replacanent thergpies, for the treament of menopausa symptoms,and for contraception to
prevent pregnancy. Both the natural 17p-estradiol (E2) and the synttetic estradiol valerae
(E2V) are the main estrogens applied in hamord replacenent thergoy [1]. On the other
hand, the syntletic estrogen ethinylestradiol (EE2) and pogestagens d different generdions
arepresent in most oal contraceptives.

While estrogens exhibit we&k fluorescence in aqueous solution, mie intense sigrels are
obtained in arganic solventsand, thus, mosturrent spedrofluorimetric methodsfor estrogen
quantificaion are developed in the latter media. Although ®verd decales ago the
fluorimetric detemination of estrogens were uswaly based on the sigrels produced in hot
concentrated sufuric add [2], due to these drastic experimental conditions, tle latter
pradices kecane unpopuér. As part of a plan committed to the development of green
andyticad methods, tle present paper evauates the fluorescent properties d seleded
estrogens adsabed in solid sufaces, in ader to assess the usefulness d the sigral for
analyticd purposs. To thke best & our knowledge, this is thke first report about the
fluorescence sigrels produced from estrogensadsabed on solid suppas.

Solid-sufacefluorescence (SSH analysis is \ery sensitive for the detemination of a grea
variety of organic compounds,and is espedally vauable for the development of green
analyticd tedhniques [3]. In fact, with the purpose of demonstating the usefulness d SSFfor
the development of green methods, two nodl strategies for estrogen determination in

different types d samples areimplemented.



Onre of them involves the use of a nylon membrane as a suppet for a solid-phase
extradion (SFE) procedure, combined to uniarate fluorescence cdibration for estrogens
determination in varous commerdal phamacaiticds, with espedal interest in thog
containing a significantly large amount d progestagens inrelation to the estrogen content.
Progestagens do noemit natural fluorescence, but produce a serious inerference through tre
inner filter effed, if they aresimultaneouslyretained with the estrogen in the solid suppd.

In a semnd example, the mostadive estrogen E2 isretained from bothfish and chicken
tisste extrads ona C18 nembrane, and then determined by excitation-emissionfluorescence
matrices (EERVIs), diredly recorded on the sufaceof the solid subgite. Subgquently, three
chemonetric agorithms which achieve the seoond ader advantage, namely, pardlel factor
analysis (PARAFAC) [4], urfolded partid least-squares coupled to residual bilineaizaion
(U-PLS/RBL [5], and multivariate curve resolutionatemating leastsquares (MCR-ALS)
[6] are applied to pocess the EEFMSs, and their prediction cgpabiliti es are discussed. The
term “secnd-order advantage” refers to the capacity of certain second-order algorithms to
predict concentrations d sample comporents in the presence of any numler of unsuspded
constituents[7]. All results obéined with the proposd stategies are discussed and compared

with those provided by a chromatographic reference method.

2. Materials andmethods

2.1.Reagents and solutions
All reagents wereof high-purity grade and u®d as receved. E2, E2V, EE2,dvonagestre
(LNG), desogstrel (DSG), nagestimate (NGM), naethisterone acdate (NTA) and

cyproterone acdaate (CTA) were puchased from Signa-Aldrich (Milwaukee WI, USA).



Methanol (MeOH) and aceonitrile (ACN) were obtained from Merdk (Damsiadt, Germany),
while trichloroacdic add (TCA) was obgined from Anedra (San Femando, Argentina).
Different lots d nylon membranes d 0.2 um pae size weretested: Varian (Sedtle, USA),
Scleicher-Schuell (Das=l, Gemrmany), GE Osmorts (Trevose, USA), and Whatman (Sigma-
Aldrich, USA). No signficant differences were observed among these membranes, either in
the badkground emission @ in the luminescence propetties d the retained estrogens. Two
C18 solidphase-extradion disks vere tested: ENVI-18 DSK and Empae Octadecyl C18,
both puchased from Sumlco (Bellefonte, PA, USA. The sufacemodified silica is
contained in a glassfiber matrix in the former disksand in Teflon in the latter ones. Although
the obtained sigrals are similar in both disks, th experiments werecariied out using ENV-
disk kecause they arethicker, mare rigid and lessexpensive than disks lased on Teflon.
MeOH stack solutions ® E2, E2Vand EE2 6 about 2500 pg mL* were prepared and
stared in dark flasksat 4 °C. Fom these solutions, mee diluted methanol solutions vere
obtained. Waking aqueous solutions wre prepared immediately before their use by taking
appropriate aliquots d methanol solutions,evaporating the organic solvent by u® of dry
nitrogen and diluting with ultapurified water from a Millipo re sysem (Massachusetts, USA

to the desired concentrations.

2.2.Instrumentation

Fluorescence measurements were dore on an Aminco Bowman (Rochester, NY, USA)
Series 2 lumirescence spedrometer equipped with a 7W pulsd xenon lmp. Spgdfic
wavelengthsfor the different analyses will be discussed below. The slit widths wereboth d 4
nm. All fluorescence measuements were performed at 20 °C using th themostted cdl

holder and a Lauda (Frankfurt, Gemmany) RM6T thermosttic bath. The pH o solutions ves



measured with a Metrohm (Herisau, Swizedand) 713 pH neter equipped with a combined
glasseledrode. Absabance data were obtained with a Bedkman 120 (Fullerton, CA, USA
DU 640 sgdrophotoneter. High-pressue liquid chromatography (HPLC) was cariied out on
an Agilent 1200(Agilent Technologes, Waldbronn, Germany) liquid chromatograph with an
Agilent 1260Infinity diode array detedor. The sysem was controlled by tre ChemSttion

sdtware

2.3. $E-sdid-surface fluorescence

The employed 47-mm C18 nembranes were diseded into 13mm disks. Tl disk wes
loaded into a stinless sed filter syringe kit (Alltedch, Deerield, IL, USA), and wes
conditiored with 0.5 mL & MeOH followed by 0.5 mL & water. With the pupos of
concentrating the analyte into a restricted areaof the solid suface a Teflon ring was fitted
over the membrane before the extradion. Thus,an extradive sufacewith final diameter of 5
mm was exposd to the flowing solution. A 5 mL sgnge was coupled to trefilter holder and
positive pressue was ugd to force the solution tliough tke membrane in approximately 30 s
per sample. Thisflow rate is in the optimumrange for maximum kre&through volune (10-
30 mL mint) [8]. Following the estogen extradion, the sample was partially dried by
forcing air through tre disk usinga 25 mL syinge. The disk was then remowved from the
holder, it was placeal in a laboratory-made SPE nembrane holder [8] and the fluorescence
spedra were measured. The angle formed between the excitation and emission lkeams wes
90°, withan incident angle of 45°.

The procedure performed with nylon nembranes was similar to thet caried out with C18,
but in thiscase the membrane did not reed conditioning with MeOH. Before the extradion

procedure the nylon disk vas died ona heaing plate for 10 minat about 100 °C.



2.4.Zeroth-order calibration for phameaceutical analysis

E2, E%/ and EEZ2 sdutions for the cdibration curves were obtained by performing
convenient dilutions ¢ standard aqueous solutions with ater. The former were prepared
from the correspondingMeOH stndards. Then, SPE(both C18 and nylor) and fluorescence
measurements werecariied out by tke procedure described abowve, stting the excitation and
emission vavelengthsat 280and 310 nmyespedively.

The anadysed phamacaiticd preparaions were Lindisc 50 (Bayer, Buenos Ares,
Argentina), Rontgel (Feriing, Argentina), Ciclocur (Bayer, S&o Paulo, Braal), April (Gador,
Buenos Ares, Argentina), Marvelon (Organon, Bienos Ares, Argentina), Ewa (LTS
Lohmann Thrergie-Syseme AG, Andemad, Gemany), Cilest (Cilag Intemational, Zug,
Switzedand), Diane 35 (Schering, Buenos Ares, Argentina), Primosiston(Bayer, Séo Paulo,

Braal), Ginelea(Elea Montevideo, Uruguay).

2.4.1.Estradiol andethynylestradiol (tablets)

Ten tablets d the corresponding pepardion were weighed in ader to find the average
tablet mass, titurated and mixed. Alkaline solutions & eady commerda sample were
prepared by weighing about 100.0 mg fothe latter mixture, treding them with 3.00 mL &
NaOH solution (final pH = 13) and stirring the mixture during 20 min. The mixture was then
centrifuged for 10 minat 12,000rpm. Aliquots ¢ 200 o 250 L of supematant weretreaed
with HCI and weter in order to obtin an aqueous solution bpH about 7and 5.00 mL éfina

volume.

2.4.2. Estradiolpatch)



Onre square centimeter of Lindisc 50 patch was teaed with 1.50 mL & methanol,
soncaed duing 10 min,and centrifuged duing ten additional minutes. Analiquot of 200L
of supematant was diluted with 1.00 mL & MeOH. Fom this ktter solution, an aqueous
solution was prepared by Bking an aiquot of 100.0 pL,evaporating the solvent with

nitrogen, and diluting with waterto 5.00 mL.

2.4.3.Estradiol (gel)

A mass d 0.400 g 6 gel was dissoled in 10 mL d& methanol, soncaed duing 10 min,
and centrifuged duing ten additional minutes. Anaqueous solution \as prepared by tking
100 uL d supematant, evaporating the solvent with nitrogen, and diluting with water to 5.00

mL.

2.4.4. Estradiolalerate

Ten tablets d Ciclocur (brown pills) were weighed, triturated and mixed, and the same
procedure was sparaely caried out with en tablets d Ciclocur (white pills). An amount d
20.0 mg 6 the mixture was treded with 1.00 mL & MeOH and soncated by 10 min. Tl
mixture was tren centrifuged, and 100 pL 6 the supematant was diluted with 1.00 mL 6
MeOH. Fom this ktter solution,an aqueous solution \as pepared by tking an aliquot of

50.0 pL,evaporating the MeOH by u® of nitrogen and diluting with water to 5.00 mL.

2.4.5. Etlynylestradiol (patch)

Ore squarecentimeter of Evra patch was treaded with 1.00 mL & MeOH, soncaed duing
10 min, and centrifuged duing ten additional minutes. Ffty microliters d the supematant
weretranderred intoa 5.00 mLflask, the solvent was evaporated with a nitrogen steam, and

water was added to the mark.



2.5. 2oond-order calibration for tisste analysis

A cdibration set of five samples by tiplicae (15 samples) was pepared taking
appropriate volumes d E2 aqueous solutiorand diluting with water until 10 mL, in ader to
obtain concentrations in the range 0-200 ng mL'. Each sample was subgded to an SPE
procedure described above when usingC18 disks butreding, in thiscase, 10 mL d solution.
The EERMIs werecolleded at 90°, rradiating the disk sufacein the range 250286 nm(eat
2 nm) and obtining the correspondingemission in tke range 290-350 nm(ead 1 nn)j. The
resulting EEFMs werethen subgded to £andorder data analysis.

A set of nine validation samples, diferent from the cdibration ores, wes pepared and
procesed in a similar way as the cdibration samples. Fishand chicken were purchased from
locd commerda markets. Becaise al analyzed samples did notcontain E2 at levels higher
than the attained detedion limit, a recovery study vas caried out by spiking tam with the
analyte at different concentration levels. Tisswe samples were chopped, triturated and then
lyophilized in a Liotop L101 Liolyas dyer (San Caros, Brazl), and sendard solution ¢ E2
was added to the lyophilized samples in ader to obein concentrations etween
approximately 0.1 and 2pg g*. Tisste samples generdly contain large amounts 6 lipids and
proteins and, therefore, ACN was sleded as solent for their removal [9]. ACN (5-10 mL)
was added to the sample and the mixture was ultrasoncdly extraded for 20 minat room
temperaure. The sample was then centrifuged in a high sgeed centrifuge (Sigma 3-18 KH,
Oskrode am Harz, Gemany) at 10500rpm for 10 min. A peation o the supematant was
dried and, in ader to achieve better protein removal, TCA solution was added. After
centrifugation, a volume of supematant was plcel into a 10 mL volunetric flask, tre

solution was reutralized with NaOH solution,and water was added to the mark. This solution



was sulpeded to the SFE with a C18 nmembrane and tre EEAM was measued and
chemonetricdly procesed as described above. Each measuement was performed in

duplicae.

2.6.High-performance liquid chromatograply analysis

The method poposd for phamacaiticds was validated by HPLC, following the
procedues d both extradion and detemination suggsted by the United Sttes
Phamaapeia and the National Formulary (USP 35NF 30 [10]. Separaions were performed
onan Agilent Eclipse XDB-C18 4.6<150 mm(5 pum particle size) analyticd column. Fo E2
and E2V, the mobile phase was a mixture of ACN:water (55:45, v/, and the flow rate was 1
mL min!. Fa EE2, tle mobile phase was a mixture of ACN and 20 mM poassium
phosplate buffer, pH = 6.0(50:50, v/y flowing at 2 mL min™. In al cases UV detedtion
procealed at 280 nm.

The E2 concentrations in fish and chicken samples were aso corrobaated by HPLC,
analyzing pations d the same fortified samples. In this case, a mare rigorous clean-up
procedure for interferences removal had to ke applied. Briefly, after addition & ACN (3-8
mL) to the sample, the mixture was ultrasonicdly extraded for 20 minat room emperaure,
and centrifuged at 10500rpm for 10 min. A pation o the sugematant (2-6 mL) was added
with the same volume (2-6 mL) of hexane and, after 15 min d agitation, an aliquot o the
ACN phese (1.55.5 mL) was nmeasured and evaporated. The residue was remnstucted with
water and TCA add and, after the sysem was centrifuged, a volume (4-4.5 mL) of the
supematant was placal in a 10.00 mL volunetric flask, reutralized with NaOH and diluted
with water to the mark. Then, this solution s subgded to an SPE usinga C18 rmembrane

previously conditiored with methanol. The membrane was eluted with 1 mL d MeOH,
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colleding the eluate in a 2 mL volumetric flask. Water was added to the mark, and the
solution was filtered through a 0.2 um pae size nylon diskand injeded into the HPLC
apparaus. In thiscase, the mobile phase was a mixture of MeOH:water (70:30, v/V, and the

flow rate was 0.8 mL min®.

2.6.Chemontric algorithms and softwar

The theory of the applied agorithms is well documented and a brief description can
be found in tke Eledronic Suppementary Materia. The routines employed for PARAFAC,
U-PLS, UPLS/RBL and MCRALS arewritten in MATLAB 7.6 [11]. All dgorithms were
implemented using tle graphicd interfaceof the MVC2 toolbox, wheh is available on the

Intemet[12].

3. Results and disussion

3.1.Fluorescence properties of E2, E2V and EE2 in solglrfaces

The fluorescence properties d E2, E2V and EE2 infilter paper, cdlulose acdate and
cdlulose nitrate membranes, atadecyl C18 disks,and nylon nembranes were probed
following two experimental approadches. Ore of them involved a classcd pradice of
depositing on tle solid suppa a few microliters d the solution d the analyte (dissoled in
either water or an arganic solvent) [13]. The second ore consised in an SPE pocedure using
an agueous solution bthe analyte [8,14. Among tle investigated solid suppds, only nylon
and C18 nembranes were able to produce intense fluorescence sigrels from the studied

analytes when the extradion procedure was applied (Figs. 1Aand 1B).
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The comparnison d the SSF sigals of E2, E2/ and EE2 with thos in agueous solution
(Fig. 1C) shows tlat the employed membranes did not pomot significant shits in reither
excitation na the emission vavelengths @ the analysed estrogens. Futhemore, interferences
from Raman bands whth appearin water solutionsareavoided in the solid-suface sysems.
It can aso ke appredated thet, as in solution,estrogens have very similar spedral shapes
when they are adsabed in the studed sufaces. The relative intensities d the SSF spdra
follow this ader. EE2> E2 > E2V.

Before analyzing the charaderistics d ead solid suppd, isstes common to both

membranes will be discussd.

3.2.Effed of experimental variables in the SSF signals

The syringe extradive procedure was cartied out esting volumes o aqueous estrogen
solutionsfrom 2 to 20 mL. Although imll cases good gality signals wereobitained, a value
of 5 mL shoved to be suitable for obsrving proper sigrals for concentrations untilabout 1
ng mL?, without involvinga long experimental time. However, sensitivity can be improved,
if required, byemploying higter sample volumes d mare diluted solutions.

It is impatant to notce that when using tke continuous &mp d the spedrofluorimeter for
irradiating the samples, the emission inénsity from the estrogens adsabed in the evaluated
sufaces cecreaed duing siccessive scans from the same membrane. It is apparent that the
fluorescence of estrogensretained in the membrane sufaceis suseptible to lamp irradiation.
Fortunately, irradiation with the flash lamp led to stble sigrels, and therefore this lamp wes
employed in all measurements. Asan example, Fig. S1(Eledronic Suppementary Material)
shows tle measured intensities for the EE2 sysém as a function of the irradiation time when

both types d lampsareapplied.
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The study d the influence of the temperaure on tre fluorescence profiles d the
investigated sysems in both nembranes shaved a behavior similar to thet found in solution:
a temperaure decreae of the realing chamber does not sigriicantly improve the
fluorescenceintensity. Trerebre, the experiments werecondicted at 20 C.

Finally, the effed of auxiliary reggents on tte fluorescence intensity d the retained
estrogens wes cheded. Thus, in diferent experiments, 5 puL of cyclodextrins solutions,
sufactants solutionsand aganic solvents (cyclohexane, hexane, chloroform, cyclohexanol,
butanol, pentanol, isopopanol, and acdone) were deposied on the sufaces previously
treaed with the estrogens. No sigrficant improvements were observed in the fluorescence

intensity to justfy the use of these reggents.

3.2.1.C18memlrane surface

Due to the apolar nature of the C18 reversed-phase membrane, neutral structures d the
compoundsare required for their complete adsaption in this tyg of suppot through
hydrophobt interadions. The aadity consent values d the evaluated estrogens (pKa > 10
sugeest thet below pH 9 these moleaules remain in their uncharged stuctures and should kb
retained on tke C18 nmembrane. Fatunately, the fluorescence intensities for the evaluated
estrogens in solutiorare maxima uncer their neutral structures, and this poperty is preserved
when they areadsabed over the C18 suface(Fig. 1A).

The complete extradion o the estrogens in C18 dting the SPE pocedure was confirmed
by comparing the fluorescence intensity d the solution kefore and after extradion. In all
cases, the read sigrals in solutionafter extradion were undistinguishble from the blank
(water), suggstinga complete adsaption d the estrogens in the membrane.

As will be demonstated below, C18 isaso able to adsab other uncharged compounds

which could interferein the determination, for example, throughan inrer-filter effed. This
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fact makes C18 nmembrane less attradive for the detemination of the studed estrogens

through uniariate cdibration.

3.2.2.Nylon membrane surfece

As established in previous waks [13-16], nylon nmembrane (a polyamide micropaous
film made from nylon 6,6 proved to ke an outsanding solidsuppat for the quantification
through lumirescence sigrels o a variety of organic and inaganic compoundgetained in its
suface

Thereareliteraure precelentsfor the retention d E2 ina nylonfilter membrane [17]. The
excitation and emissionfluorescence spedra of the studed estrogens ona nylon membrane
(Fig. 1B) are similar to tho® obtained in C18 suface In this case, both hydophobt and
hydrophilic forces could ke implied in the adsaption pocess[17]. In fact, in addition to the
hydrophobt interadions etween the sierane nucleus d estrogens and the methylene chains
of nylon, a possibé explanation for the retention is the formation of a hydrogen bond
between the phenolic group d the analytes and the amide group d the suppat. As will be
demonstated below, the presence of the phenolic group in estrogens is crucia for their
determination on nylon in tle presence of progestagens. Tle latter compoundsare not
retained (or only partially retained) in nylon, pesunably due to the ladk of a phenolic group
in their structures. Therefore, their interferencein the analysis is regligible.

It is dso impatant toremark that the amide groups @ nylon pby an impatant role in the
extradion procedure from agueous solutions, s as tho® presently discussed. Amide
groupsare hydrophilic, and are expeded to enhance the motion d water moleaules into tre
sabent, improving mess tander and meking it mare effedive.

To confirm the complete extradion o the estrogens on tke nylon nmembrane, a similar

procedure to thet caried out with tke C18 disk ves performed (seeabowe).
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Exploratory experiments cemonstated that the heding of the nylon membranes in a plate
at about 100 € before the E2, E/ and EE2extradions impoved the obtained fluorescence
sigrals (seeFig. S2 @ the Eledronic Suppémentary Material). This was the only treament
applied to tre nylon membrane before its ue. Fig. S2 shows #i upon leding, the estrogen
fluorescence increaes by mae than 10% o the initial value until ca 10 min. This bhavior
is ascribed to tre loss ¢ water moleaules absabed in nylon, whch compete for the binding
sites. The decreae of the fluorescence emissionafter about 10 mincould be originated by
changes in the extradive properties die to prolonged heding. It is impatant to point out tht
the blank sigral decreaes by about 18 % with 10 min fo heding, and then remains

pradicdly constnt, increaing the measured net sigrl.

3.3.Andytical applications

3.3.1 Phameceuticals

Becaixe medicd studies have found that significent amount d estrogens in
phamaceauticds may cause serious redth complicaions, seh as stoke, heat attad, and
pulmorary embolism [18,19, modem contacetive pills contein no mae than 35
micrograms d estrogen, while the progestagen is pesent at levels 5-150 tinmes higter.
Besides, sone drugs ued for harmonre replacement thergpy do also have progestagens in
varying propations inrelation to the estrogen amount. The detemmination of small amounts
of estrogen in the presence of large amounts & progestagen represents an analyticd
challenge, espedally when trying to wak uncer the green-analyticd principles [3].

The knowledge gained on SSF mpetties d E2, E2V and EE2 ves applied in the
development of methodsfor their determinations in plamacauticd prepardions. The solid-

suface spedrofluorometric determination of estrogens in both typs d membranes involved
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the construction of the corresponding uniariate cdibration curves. Table 1 sumnanses the
analyticd figures d meiit (AFOM) cdculated for these estrogens on tke investigated
membranes.

The lineaity for the correspondingcdibration curves was tested by an ANOVA method
[20]. No signficant differences were observed in the figures o merit of the analytes in both
assyed membranes. The adhieved limits o detedion are accetable, consicering thet they
are not a limiting fador when analyzing phamacaiticd prepardions, kecaise the
concentration of analyte available and the amount ¢ sample aregenerdly large. The relative
standard deviations (in the order of 1 % o lower) express the good repedability of the
assys.

The analysed phamacauticds included sleded oral contraceptives and dugs usally
used in hamore replacament thergy, al containing an estrogen (E2, E2V o EE2) alone or
in the presence of progestagens d first (e.g. NTA), seond(e.g. LNG, NGM), and thrd (e.g.
DSG, GSD generdion, o an anti-androgen agent siwch as CTA.

With the purpo< of decreaing the use of organic solvents, NeOH solution vas attempted
rather than MeOH for sample prepardion from the phamaceuticd formulation. At pHs
higher than 11, estrogens release the phenolic proton, remaining in their anionic structures
and, in pinciple, they should le solubk in an agueousalkaline solution. With tle exception
of patches, g8 and the tablet containing E2V, where the estrogens were dissohed with
MeOH, the remaining assayed phamaceuticds were sweessully extraded with NaOH
solution. These solutions verethen neutralized before SPE.In these latter cases, in addition
to the advantage of usingan agueous solution, ta procedure avoids the trander of a large
amount d progestagens to tle extrad, since they have low water solubility, even in alkaline
media. However, despite this fadt, in most inestigated sysems mrt of the origina

progestagen contained in the sample is present in the solutions sulgded to tre SPE
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procedure. On the other hand, progestagens arealso present when the commerdal drug wes
treaed with MeOH, as expeded.

Since progestagens are not fluorescent, their interferance in the spedrofluorimetric
method, f any, is dwe to inrer-filter effed on the estrogen sigrals. The inner-filter effed is
produced by the presence of spedes able to absab a fraction of the excitation light o the
anayte emissionenergy (or both), and it isfrequent in luminescence techniques, espedaly if
they arecaried out in solid stfaces. In these SSF nethods, tle suppat concentrates in its
sufaceall retained compounds, bothesired and uncdsired ores, lealing to poéential inner-
filter effeds on tle analyte sigrals.

In Fig. 2, tle absaption sgedra of the progestagens are shown. Fo comparison, tlre
spedra of estrogens were also included in this figure. It is clear that the evaluated
progestagens absab, in different degrees, in tre regionscorresponding to botlexcitation and
emissionfluorescence wavelengths d estrogens. Trerebre, the former are potentialy able to
produce inner-filter effed in the fluorescence of the estrogen if they are simultaneously
adsabed in the membrane.

As was previously corrobarated (see above), estrogens aretotally adsabed in both tygs
of membranes after filtration. However, the studed progestagens are adsabed in C18
membranes, while in nylon they are not retained. These conclusions vere reated by
measuring the UV spedra of the neutral solutions & the phamaceuticd prepardion extrads,
before and after the solutions verefiltered through tle investigated disks.

Fig. 3 shows thremveries obtined for E2, E2Vand EE2 in sleded phamacauticds
applying the proposed SPE nathodology in both typs d membranes, as disussed below.

In analyzing the estrogen recveries in C18 nembrane, it can be concluded that the values
aregoodfor those phamacauticds without pogestagen (e.g. Lindisc 50, Roangel, Ciclocur

white pill) and for Diane 35 tblet. This st result can be justified consicering the absence of
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CTA in the original alkaline extrad, becaise, if present, it would poduce inner-filter effed
(Fig. 2. To corfirm this fadt, the same experiment but teding the Diane 35 wblet with
MeOH was cariied out. In thiscase, the recovery of EE2 in C18 rembrane was poa (lower
than 30 %), demonstating the inner-filter effead produced by CTA on tle fluorescence of
EE2 when that progestagen is simulaneouslyretained in the suface

A rapid inspedion o Fig. 3 #ans to indcate that the method cariied out in nylon yelds
much better results than tho® performed in C18 nembranes. These resultsarein acordance
to the above discussionabout the different sledivity of nylon and C18for progestagens. In
fact, al remveries using tle nylon approach were within the limits recommended by the
United Sttes Plamaampeia and the National Formulary (USP 35NF 30): estrogens tblets
must contain 90.6-115.0 % & the labeled amounts whik in intrademal delivery patches
values between 85.0-120.0 %areadmitted [10].

In order to test the acarracgy of the proposed method on nylonconceming the content o
estrogens in the studied phamacauticds, the samples were also assayed by HPLC(Fig. 3),
and the paired Stucdbnt t-test was applied [20]. The experimental t values obtined werein the
range 0-1.68, wlerea the criticd teit.054 IS 2.78. Tlerebre, since the experimental t values
arelower than the criticd one, both nethods giwe results whch arenot sttisticaly different.

The goodresults obéined employing nylonas suppa suggest that the different excipients
of the analyzed phamacauticds, which may probably be present in sone working extrads,
do not inerferein the proposd method.

In comparing the proposed strategy with uswa HPLC methods, it is impdant to remark
that the latter involve a significant amount d organic solvents, and require longer tota

analysis times than the one presently proposd .

3.3.2.Fish andchicken
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A seoond example for the applicability of the SSF approach here developed was the
determination of E2 infish and chicken tissies. The mostadive estrogen E2 tes keen found
in many aquatic environments and, lecaise its anabolic effeds, it has been used in farm
animal fattening, with the concomitant negative impad in the hedth of humans exposd via
the food chain [21]. Through dfferent diredives, the EU banned the use of this estrogen and
compounds with hanordl adion in huslandry and aquaaulture [22], highlighting tle need of
developing ueful methodsfor estrogen detedion in fishery and farm products[21]].

It is very likely that red samples, sith as thog hereanalyzed, contain constitients able to
interferein the fluorimetric analysis. Trerebre, the seledivity of the method was improved
througha second-order cdibration using EEMs and applying algorithms which achieve the
socdled :oondorder advantage [7]. In this case, C18 nembrane was sleded as solid
suppot becaise the nylon badkground sigml is very similar to thet from the analyte (see Fig.
1A).

After the extradion procedure, EEFMs & E2 were recorded on tke C18 suface for
cdibration and wvalidation samples (Fig. 4A), and were then subgded to chemometric
analysis. It is known tlat a set of EEFMscan be arranged as a threeway array, which in
generd complies with tre trilineaity conditions[23] and, therefre, the first option wien
choosing tle algorithm for data processing should & PARAFAC [24]. Fig. S3(Eledronic
Suppkmentary Material) shows tle spedral profiles retrieved by PARAFACfor a typicd
validation sample, wherethe sigrels corresponding to Eznd C18 nembrane badkgroundare
cleaty distinguisted, and Fig. S4 (Eledronic Suppementary Materia) disphys the
sweeessul predictions obéined with this agorithm for validation samples. If the élipticd
joint confidence region (EJCR is analyzed for the slope and intercept of the abowve plot, we
conclude that the ellipse includes the theoreticdly expeded values d (1,0), indicaing the

acaracy of the used methodology[25]. The statisticd results shown in @ble 2 for 10 mL d
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treaed sample, with a rootmean-square error of prediction (RMSEP) and relative error of
prediction (REP) vaues o 5 ng mL*and 5% respedively, suggesta very good pedsion.

However, the PARAFAC results were poa when red samples were processed. Thisfact
may be explained consicering the spedra similanty among tte analyte and interferences,
which predudes the decomposition & the threeway data in phystdly reasoreble profiles
and scores [23]. In this Etter case, appropriate optionsare U-PLS/RBL and MCR-ALS,
which are in principle, able to circumvent the spedral similarity problem.

In a first prese, the same st of 9 validation samples examined by PARAFAC vas
procesed by both UPLS(RBL is notrequired in the absence of interferents) and MCR-ALS.
The number of latent variables for U-PLS cdibration was estimated, as detaled in the
Eledronic Suppementary Materia, by leare-one-out cross \didation [26]. This keals to tle
conclusion that this numler is 2,ascribed to the analyte and toa badkground sigal, and was
employed for U-PLS moaing and prediction.

The MCR-ALS mode was then applied as described in the Eledronic Suppémentary
Material. Spedficdly for the present sysem, an augmented data matrix was built with tre
investigated sample data and the cdibration data matrices. Augmnentation was performed
aong the excitation spedra mode, since spedra similanty is obsrved between the
excitation spedra for E2 and interferences (seebelow). In the case of the validation samples,
two MCR-ALS comporents wereconsicered, ascribed to the analyte and the badkground.

Vdidation samples were swccessully resolved by both UPLS and MCR-ALS algorithms
(Fig. S4 ¢ the Eledronic Suppementary Materia), and the resulting dlipses and the
statisticd results(Table 2) denote acarrate and predse approades.

The usefulness d the proposed approach coupled to either U-PLS/RBL @ MCR-ALS to
quantify E2 inred samples was then evaluated. Different authars have evauated a varying

range of E2 concentrations (e.g. 0.01ug g* [9], 0.35 pg @' [27], 0.525 pg g* [28], 10-100
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ng g* [21]) in fish and chicken tisstes. In the present work E2 concentrations in tte range
0.1-1.8 pg g werechedked. However, lower concentrations can be attained working with a
higher weight of tisste.

Ten samples, five of them corresponding tofish tisse and the other five to chicken
mugle, were prepared acording to the procedure presented in the experimenta sedion and
were evaluated with U-PLSRBL and MCR-ALS agorithms. A typcd EEFM and the
correspondingcontou plot o achicken sample areshown in Fig. 4BWhen U-PLS/RBL wes
applied to red samples, in addition to the numker of latent variables estimated for the
cdibration st, these samples required the introduction of the RBL procedure with two
unexpeded comporents in mostcases. Adding moe unexpeded comporents did not impove
the fit, indicaing that U-PLS/RBL modis the profiles d the interferaces using two
principa comporents.

On the other hand, when MCR-ALS was applied to red samples, tte numker of
comporents wes three As an example, Fig. 5 shows th good quality of the MCR-ALS
recovered profiles for a seleded chicken ssmple. The recvery values, in pug & E2 per gram
of investigated tisswes, aresumnarized in Table 3.

The statisticd equivalence among the recmveries cemonstates the cgpadty of both U
PLS/RBL and MCRALS to cope with interferences from concomitants in the red samples.
The obtained values are sttisticdly comparable to tho® provided by an HPLC reference
method when a paired Studnt t-test is applied a a 95% confidence level [20]. The
experimental t-coefficients for U-PLS/RBL (t = 0.17 and MCRALS (t = 0.43 approaches
favorably compare with the tabulated value for n — 1 degrees of freedom [teir0.05.9 = 1.83,
suggesting that both algorithms are adequate for the E2 determination. Firally, the good
analyticd performances for both ®leded algorithms applied to tisse samples can be

appredated from the statisticd results shown in @ble 2.

21



A comparison withcommonchromatographic methodsemployed for this type of samples
[9,21,27,28 dllows us to slte severd advantages d the present approadh. Because the
chemometric analysis is dredly performed in the sample extrads, rigorous clean-up and
elution sepsarenot reeded. Asa consequence, the experimental time, the amount d organic
solvents involhed in the anadysis and the error assaiated with multiple working seps are

subsantially diminished.

4. Conclusions

After a solid-phase extradion procedure, both C18and nylon nembranes poved to ke
excdlent materias for the emission ¢ fluorescence of estrogens. In the solid suppds,
both the excitation and emission spdra of the studed analytes are similar to tho®
corresponding to \ater solutions, with tk advantage that Raman bands, whch owerap
with the we& analytes sigrals in water, are absent in the solid-suface sysems. The
fluorescence sigrels real in the solid suface are suseptible to lamp irradiation, and
therefore the procedure was optimized by usinga flash lamp. On tte other hand, slight
changes in the reading chamber temperaure and auxiliary reggents did not sigricantly
modify the fluorescence intensity. In nylon systms, an improvement of the sigrel
intensities is \erified when heaing the nylon diskat about 100 °C drng 10 minués
before the estrogen extradions. A \ery simplke zemwth-order cdibration using nylon
membranes and aqueous solutions oestrogens alowed their successul spedrofluorimetric
determination in challenging @mples containing large amounts & progestagen. On tle
other hand, a semnd-order cdibration through tlke meassuement of excitation-emission
fluorescence matrices of 17p-estradiol on the C18 suface was implemented for the

quantification df this estrogen in fish and chicken tisstes. In thisregards, the use of large
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volumes d organic solvents and tedious pepardion process, gnerdly required in the
analysis o bio-samples nwtrices, are avoided. In sum, itwas demonstated that solid-
sufacefluorescence gave rise to the development of green and staightforward approaches
for the estrogen detemmination, providing an effedive atemative to the existing

chromatographic methods.
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Figure Captions

Fig. 1 Excitation and emission solidsuface fluorescence (SSH spedra on C18 (A) and
nylon (B) membranes reaed with 5 mL d 0.8 ug mL™* EE2 (blue), E2 (black), and E2V
(red) solutions.(C) Excitation and emission spdra for aqueous solution 0.5 pg mL* EE2
(blue), E2(black), and E2V (red) at neutral pH. Dashed-bladk lines correspond to bdground
signals. In (A) and (B), Aex = 280 nm and the photomultiplier tube (PMT) sensitivity = 355
V. In (C), Aex =270 nm and PMT = 650 V.

Fig. 2 UV-visible absaption spectra for aqueous solution of 17B-estradiol (E2, bhd),
estradiol valerate (E2V, red), 17a-ethynylestradiol (EE2, ble), levonargestrel (LNG, cyan),
desogestre (DSG, geen), nagestimate (NGM, gray), naethisterone acdate (NTA, pink) and
cyproterone acdate (CTA, orange). The dashed lines mark the excitation and emission
Wa\/elengths d the studied estrogens. Cee2=Ceg2=Cegvy =Cing = Cpse= Cnem = Cnta= 0.5
ng mL™.

Fig. 3 Remveries d estrogens in plamacaiticds (as indicaed), based on thke amount
reported by the manufacturing laboratory, using tte fluorescence methodology in C18bladk
bar) and nylon (red bar) membranes, and HPLC (green bar). Corcentrations (indicated
between parenthesis) in tablets, ptches and g8l are given in pg/pill, pugém? and pgl/g
respedively. Error bars correspond to tiplicaes. CTA, cyproterone acdate; DSG,
desogestrel; GSD, gestocene; LNG, levonagestrel; NTA, norethisterone aceaate; NGM,
norgestimate.

Fig. 4 Threedimensioral and contou plots for excitation-emission fluorescence matrices
corresponding to C18 membranes teaed with 10 mL d a typicd vaidation sample
containing 30 ng mL* of E2 (A), and d a chicken sample fortified with 57 ng mL* of E2

(B).

Fig. 5 Spedral profiles retrieved by MCRALS in the augmented moce (the dotted verticd
lines sparae, from left to right, a seleded chicken sample and the successive cdibration
samples) (A), and spedral profiles in the augmented (B) and norraugmented (C) modes when
processinga seleded chicken sample. In al plots, geen, red and blwe lines indicaed E2,
interferent and badkground sigials, respedively.
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Figure 3

1 Lindisc 50 (patch): E2 (304)

2 Rontagel (gel): E2 (600)

3 Ciclocur brown pill (tablet): E2V(2000)/LNG (250)
4 Ciclocur white pill (tablet): E2V (2000)

5 April: EE2 (tablet) (20) LNG (100)

6 Marvelon (tablet): EE2 (30)/DSG (150)

7 Evra (patch): EE2 (30)/NGM (300)

8 Cliest (tablet): EE2 (36.75)/NGM (262.5)

9 Diane 35 (tablet): EE2 (35)/CTA (2000)

10 Primosiston (tablet): EE2 (10)/NTA (2000)
11 Ginelea (tablet): EE2 (30)/GSD (75)
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Tablel
Solid-sufacefluorescenceanalytica figures d merit for E2, E2/ and EEZ2

C18 membrane Nylon membrane

E2 E2V EE2 E2 E2V EE2
Linearrange  0.151.0 0.160.8  0.151.0 0.231.0 0.120.8  0.151.0
(ug mL?)
Slope” 560(8) 400(5) 740(10) 267(5)  277(5) 387(6)
Intercept’ 63(5  61(2 78(6) 254(3)  220(2) 241(3)
R 0.998 0.999 0.998 0.996 0.998 0.998
vH*(ugmL? 0.02 0.01 0.02 0.03 0.02 0.02
LOD® (ug mL") 0.05 0.04 0.05 0.07 0.04 0.05
LOQ (ug mLY) 0.15 0.10 0.15 0.21 0.12 0.15
RS (%) 0.5 0.8 0.6 1.2 0.5 1.1

# Values obtined when 5 mL d sample solutionareextraded on nembranes d 5 mmexposd
diameter size The numler of data for eat cdibration curve corresponds to six dierent
concentration levels, with threereplicaesfor ead level (n=18)

® The corresponding sindard deviationsaregiven between parenthesis

¢ Carrelation coefficient

“ The inverse of analyticd sensitivity (y) represents the minimumconcentration difference which
can be measured

®LOD, limit of detedion cdculated acording tolUPAC[39]

"LOQ, limit of quentificaion caculated as (10/3.3xLOD

g RSD,reIati\ie standard deviation. In al cases four replicates were measured (estrogen amount
=0.4 pgmL)
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Table 2

Statisticd results for E2 in samples without urexpeded constitients
(validation st) and in spiled red samples using EEMs and different
chemonmetric algorithms®

PARAFAC U-PLS/RBL MCRALS

Validation st

RMSEP(ng mL')® 5 5 5
REP(%)° 5 5 5
LOD (ng mL™)¢ 6 2 8
LOQ (ng mL™)e 18 6 24
Fish smples

RMSEP(ng mL™)° 5 5
REP(%)° 5 5
LOD (ng mL™)¢ 7 8
LOQ (ng mL™)e 21 24
Chicken samples

RMSERnNg mL™)° 2 2
REP(%)° 2 2
LOD (ng mL7)¢ 7 8
LOQ (ng mL™)e 21 24

#Vaues obtined when 10 mL d sample solutionare extraded ona C18
membrane of 5 mm exposed diameter size Final E2 concentrations up to
200 ng mL* wereincluded in the known lirearrange and noattempts were
made to establish the upper concentration d the linearrange since the goal

was to ceted low concentrations d E2.

® RMSEP root-mean-squareerror of prediction

° REP,relative error of prediction

4LOD, limit of detedtion cdculated acording toref. 40

°LOQ, limit of quantification cdculated as (10/3.3xLOD
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Table3

Remvery study o 17-p-estradiol in fish and chicken using solidphase (C18) EERVIsS
and ®leded ssond-order algorithms®

Added  Found
U-PLS/RBL MCRALS HPLC

Fish
Sample 1 0 - - —
Sample 2 0.12 0.1q0.01) [83] 0.14(0.09 [116 0.12(0.0)[10Q
Sample 3 0.25 0.240.09 [96] 0.21(0.04) [84] 0.24(0.05 [96]
Sample 4 0.69 0.710.2) [107] 0.65(0.01) [94] 0.71(0.03 [103
Sample 5 1.10 1.080.01) [98] 1.04(0.01) [95] 1.06(0.03 [96]
Sample 6 1.84 1.980.03 [107]  1.57(0.03 [87] 1.81(0.09 [98]
Chicken
Sample 1 0 - - —
Sample 2 0.10 0.1¥0.0) [110 0.10(0.0)[100 0.10(0.01)[100
Sample 3 0.20 0.200.0) [100 0.18(0.02 [90] 0.22(0.02 [110
Sample 4 0.33 0.3X0.09 [94] 0.36(0.09 [109 0.32(0.03 [97]
Sample 5 0.52 0.520.03 [100 0.49(0.03 [94] 0.51(0.02 [99]
Sample 6 1.00 0.930.01) [93] 0.92(0.01) [92] 0.95(0.08 [95]

? Corcentrationsaregiven inpg g°.
b Experimental standard deviations d duplicates aregiven between parentheses. The
recoveries (in squarebradets) arebased on the added amounts.
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Highlights

- Nylon and C18 membranes swcessully extrad estrogensfrom aqueous solutions

- Estogensfluorescence zerth- and smndorder data areobiained from the sufaces
- MCR-ALS and U-PLS/RBL alow the quantificaion in very interfeing media

- Simple and safeanalysis d estrogensaredeveloped using gean-chemistry principles
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