
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
du

bn
a 

20
21

. D
ow

nl
oa

de
d 

on
 1

5.
03

.2
02

6 
17

:3
4:

21
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
On line kinetic a
INQUISUR (UNS-CONICET), Department of

Av. Alem 1253, Bah́ıa Blanca, B8000CPB, A

† Electronic supplementary informa
10.1039/d1ra01067k

‡ These authors contributed equally to th

Cite this: RSC Adv., 2021, 11, 15528

Received 8th February 2021
Accepted 18th April 2021

DOI: 10.1039/d1ra01067k

rsc.li/rsc-advances

15528 | RSC Adv., 2021, 11, 15528–155
nalysis of permeation profiles for
UV filter loaded microemulsions using an
automatic system with spectroscopic detection
and a chemometric approach†

Danielle Silva do Nascimento,‡ Verónica Volpe,‡ Mat́ıas Insausti
and Marcos Grünhut *

The analysis of the permeation kinetics of new UV filter formulations is of great importance since the kinetic

parameters are related to the effectiveness of the product over time. The dynamics of this process can be

evaluated by means of the calculation of the permeation kinetic constants, which can be obtained from the

respective permeation profiles. This paper is aimed at improving the analytical performance of permeation

assays using an on-line automatic system with spectrometric detection avoiding the chromatographic

procedure and the usually manual sampling steps required using the traditional Franz diffusion cell. Then,

the kinetics of permeation of octyl p-methoxycinnamate loaded in different microemulsions through

a synthetic membrane (polyamide) was analysed at real time by UV-Vis and fluorescence spectroscopies.

The spectral data were obtained at regular intervals of time (5 min) during 60 min, and the concentration

of the permeated UV-filter was at each time calculated using univariate linear calibration. The

interference caused by the presence of basil essential oil (oily phase) in some microemulsion samples

was overcome using synchronous fluorescence spectroscopy (Dl ¼ 60 nm) and partial least squares. In

all cases, the permeation profiles were obtained (first-order kinetics) and the respective permeation

kinetic constants were calculated. The validation of the proposed method was assessed by gas

chromatographic-mass spectroscopy and non-significant differences for the obtained permeation

kinetic constants were found between methods (p ¼ 0.05). Additionally, a commercial sample was

analysed with the proposed methods and the results were validated by high performance liquid

chromatography technique.
Introduction

UV lters are incorporated in sunscreens in order to protect the
skin from damage caused by UV radiation.1,2 These formula-
tions are usually applied supercially to large skin areas.
Therefore, the effectiveness of the lters relies on the level of
adhesion of the preparations on the skin3,4 and the subsequent
permeation of the protective lm.5 Octyl p-methoxycinnamate
(OMC) is a UV-B lter (290–320 nm) widely used in personal care
products and represents one of the most common liposoluble
absorbers incorporated in sunscreen formulations.6,7 The
behaviour of OMC in different formulations has been well
studied due to the fact that a photoisomerization processes can
occur and affect the UV-B ltering efficacy of the nal product.8
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In recent years, colloidal drug carriers including polymeric
nanocapsules,9 lipid nanoparticles,10 solid lipid nanoparticles11

and emulsions,12,13 have attracted an increasing interest as
potential OMC carriers. In addition, different studies have
proposed the microemulsions as a new generation of OMC
carriers.14–16

Microemulsions (MEs) are used in the pharmaceutical eld,
since they can be used in dosage systems or as drug release
vehicles that can be administered via oral, parenteral or
topical.17 ME systems are mixtures composed of surfactant, co-
surfactant, water and oil, and are optically isotropic and ther-
modynamically stable.18,19 MEs have the ability to stabilize
lipophilic compounds, as well as achieving a high applicability
and bioavailability of the active substances. In case of lipophilic
compounds, oil-in-water (o/w) microemulsions are preferred,
especially when the active substance is used for topical
applications.9,20

In the pharmaceutical and cosmetic eld, the in vitro release
studies are effectively employed for permeation, release and
dissolution testing as part of the quality control of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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pharmaceutical formulations.21 Hence, transdermal perme-
ability studies of active substances are performed using the
Franz diffusion cell.22–24 Briey, this cell consists of a donor and
an acceptor compartment, which are separated by a membrane.
The donor compartment keeps the drug formulation and the
acceptor compartment contains the media receptor that
emulates the physiological condition of the skin. This solution
should be always mixed with a magnetic bar to ensure
a uniform diffusion process and homogeneity of concentration.
Due to the fact that the diffusion phenomenon depends on the
temperature, the cell is kept at constant temperature by means
of a thermostated water bath. While the experiment is per-
formed, the samples are taken from the acceptor medium by
means of the Franz cell sampling tube and analysed at regular
intervals of time. The permeation study is laborious and it
involves the control of the temperature, stirring and a series of
manual steps. Moreover, when the analysis of the sample is
performed by a chromatographic procedure, the method does
not provide real-time information since it requires a long time
of analysis. Additionally, the use of hazardous organic solvents
of high purity is required.

The use of automatic methods with on-line UV-Vis and/or
uorescence detection can be considered an alternative to
overcome several of the mentioned problems.25 These systems
allow real-time monitoring; provide a higher sampling
frequency and the replacement of laborious and tedious
manual procedures.14,15 UV-Vis spectroscopy (UVS) and uo-
rescence spectroscopy (FS) are distinguished techniques since
they are fast, simple, cheap, and require little or no pretreat-
ment of samples.26–29 Synchronous uorescence spectroscopy
(SFS) has been successfully applied in the determination of
different components in presence of interferences since it
allows simultaneous scanning of the excitation and emission
wavelengths while maintaining a constant difference between
these two wavelengths (Dl).30 In this way, SFS reduces spectral
overlaps narrowing spectral bands and simplies spectra.31

Moreover, the combined use of chemometrics and SFS is pre-
sented as a powerful analytical alternative since it generates
accurate calibration models that allow the simultaneous
determination of multiple analytes in presence of unknown
interferences, even in cases in which the selectivity is poor. In
this sense, partial least squares (PLS) is a multivariate calibra-
tion technique that performs data decomposition in spectral
scores and loadings matrices prior to model building with the
aid of these new variables.32 SFS and PLS have been used
together in many analytical applications.33,34 However, few
reports showing the application of these methods in the study
of microemulsion based samples have been published.35

This work aims to propose an on line automated system
based on the use of the Franz diffusion cell to obtain the
permeation kinetic constants of OMC in lab-synthesised
microemulsions and emulsion commercial samples. The use
of UVS and FS techniques allowed monitoring the OMC
permeation process at real-time through a polyamide
membrane, which simulates the skin. Additionally, the SFS
technique assisted by PLS allowed obtaining permeation kinetic
proles and permeation kinetic constants in presence of
© 2021 The Author(s). Published by the Royal Society of Chemistry
interference signals. The proposed methods were successfully
validated by chromatographic techniques.
Experimental section
Materials and soware

All reagents were analytical-grade chemicals and ultra-pure
water (18 MU cm�1) was obtained from a Barnsted® water
purication system. Decaethylene glycol mono-dodecyl ether
(DME; Sigma-Aldrich®) and ethyl alcohol (ET; Dorwil®) were
used as non-ionic surfactant and co-surfactant, respectively.
Oleic acid (OA; Applichem®) and Ocimum basilicum essential oil
(BEO; Euma®) were used as oily phase and octyl p-methox-
ycinnamate (OMC; Sigma-Aldrich®) was used as UVB lter.

A mixture of distilled water and absolute ethanol (1 : 1 v/v)
was used as the acceptor solution (AS). Stock solutions of
OMC and BEO were prepared by dissolving 0.0600 g of OMC and
0.0600 g of BEO in 10 mL of AS, respectively. Working solutions
were prepared by appropriate dilution of stock solution with AS.
Whatman® polyamide membranes (PA) were used for tests and
presented a pore size of 0.45 mm.

A commercial emulsion containing OMC (Dermaglós®) was
purchased from a local pharmacy (Bah́ıa Blanca, Argentina).
The preparation of the sample for subsequent analysis was
carried out dissolving 0.5000 g of emulsion in 50 mL of ethanol.
Then, 1 mL of this dissolution was diluted up to 50 mL with
ethanol.

PLS calculations were performed by means of a lab-made
routine written in MatLab® 2010a soware. The computer
programme used to control the automatic system was devel-
oped using the open-source Arduino soware (IDE, 1.0.x).
Methods

Preparation of OMC loaded o/w microemulsions. Two OMC
loaded microemulsions (OMC-MEI and OMC-MEII) were ana-
lysed and obtained as described in previous reports (Nasci-
mento et al.14 and Volpe et al.,15 respectively) using
biocompatible materials. In both cases, appropriate concen-
trations of OMC were chosen according to the technical speci-
cations of the Food and Drug Administration (US) and the
European Union, which authorize a maximum concentration of
7.5% (w/w) and 10.0% (w/w) of OMC, respectively. In all cases,
the mixtures were visually examined in order to evaluate the
degree of transparency and stored in amber-glass containers at
room temperature (25 �C).

Preparation of OMC-MEI samples. OMC-MEI was formed by
OA as oily phase and a 3 : 1 mixture of DME : ET (surfac-
tant : co-surfactant) named SImix. First, the OMC was incorpo-
rated into the oily phase by stirring at 25 �C. Then, this mixture
was added to the SImix and titrated with ultra-pure water under
moderate magnetic stirring. The obtained nal concentrations
of DME, ET, OA and OMC in OMC-MEI were: 21.9, 7.3, 1.5 and
5.0% (w/w), respectively.

Preparation of OMC-MEII samples. OMC-MEII was formed
by BEO as oily phase and a 2 : 1 mixture of DME : ET (surfac-
tant : co-surfactant) named SIImix. Briey, the OMC was
RSC Adv., 2021, 11, 15528–15538 | 15529
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incorporated into the oily phase by stirring at 25 �C and this
mixture was added to the SIImix and titrated with ultra-pure
water under moderate magnetic stirring. The obtained nal
concentrations of DME, ET, BEO and OMC in OMC-MEII were:
19.3, 9.7, 6.0 and 1.5% (w/w), respectively.

Physico-chemical characterization of OMC-MEI and OMC-
MEII samples. A series of assays were carried out in order to
verify the physicochemical properties of the obtained OMC
loaded microemulsions. Average droplet size (Z) and poly-
dispersity index (PdI) were determined by dynamic light scat-
tering (DLS) using a Malvern® Zetasizer Nano Series
equipment. Therefore, 5.00 g of sample (OMC-MEI or OMC-
MEII) was dispersed in 50 mL of ultra-pure water and the ob-
tained dispersion was then stirred during 2 h at 25 �C. The
measurements were performed at room temperature and at
a 90� angle. Moreover, the pHmeasurements were performed by
using an Orion model 710A pH meter with an Orion-Ross®
model 81-02 electrode.

On-line automatic system for in vitro permeation study. The
permeation study with on-line detection was performed using
an automatic continuous ow system coupled to a traditional
Franz diffusion cell (Fig. 1). The diffusion area of the Franz
diffusion cell (Glass workshop, Department of Chemistry, Uni-
versidad Nacionaldel Sur) was 3.14 cm2. A PA was placed
between the two compartments (donor and acceptor), which
was previously submerged in the AS for 24 h. Then, the acceptor
compartment was fully lled with 25 mL of AS. This solution
was stirred during the experiment (300 rpm) using a magnetic
stirrer (Hanna Instruments, HL190M). The Franz diffusion cell
was thermostated by means of a circulating water bath system
(Cole Parmer® BT-15) in order to ensure that the temperature
was kept at 32.0 � 0.5 �C on the surface of the PA. Additionally,
the cell was enveloped in aluminium foil to prevent the pho-
todegradation of OMC. The sample (0.1000 g) was initially
placed in the donor compartment in contact with the
membrane and at that moment the permeation process started.
Then, 100 mL of AS were pumped towards the detector (UV or
uorescence) at 0.25 mL min�1 by activation of the peristaltic
pump (Gilson® Minipuls 3). The peristaltic pump was provided
with a Tygon® tube of 0.50 mm i.d. and operated at 13 rpm. The
whole permeation analysis lasted 60 min and sampling was
Fig. 1 Automatic continuous flow system coupled to a Franz diffusion c
AC: Arduino circuit board; AS: acceptor solution (water : ethanol (1 : 1
fluorescence: Dl ¼ 60 nm; 370–690 nm); FC: Franz diffusion cell; MS:
peristaltic pump (13 rpm); S: sample (0.1000 g); W: waste; WB: water bat
The whole permeation analysis lasted 60 min and sampling was perform

15530 | RSC Adv., 2021, 11, 15528–15538
performed every 5 min intervals. It is important to note that the
volume of sample aspired at each time must be recovered. For
this reason, a volume of 100 mL of AS was aspirated from a ask
at 0.25 mL min�1 and thrown toward the Franz cell. The
microprocessor unit mainly consisted of an Arduino circuit
board (AC) model Mega 2560,36 which controlled the start/stop
and speed of the peristaltic pump, the magnetic stirrer, the
water bath and the spectra register.
Data acquisition

UV spectra acquisition. The spectral measurements were
carried out in an Agilent model HP 8453 UV-Vis spectropho-
tometer equipped with a quartz cell (Hellma®, 18 mL and 10mm
optical path). The spectra were registered in the range between
190 and 1100 nm with 1 nm resolution. The adjustment of the
absorbance signal was performed using the AS as blank.

Fluorescence spectra acquisition. The spectral measure-
ments were carried out in a Jasco model FP-6500 spectrouo-
rometer. A ow quartz cell (Hellma®, 50 mL) was used in right-
angle. The slit width was 5 nm for excitation and 5 nm for
emission. The acquisition interval and integration time were
maintained at 1 nm and 1.0 s, respectively. The scan rate was
2000 nm min�1 and the photomultiplier tube voltage operated
at 550 V. An excitation wavelength of 366 nm was selected and
the uorescence emission spectra were collected between 380
and 600 nm.

In the case of SFS, the slit width was 3 nm for excitation and
5 nm for emission. The uorescence spectra of the samples
were recorded within the range of 370–690 nm and keeping
a xed Dl (difference between excitation and emission wave-
length) of 60 nm. The scan rate was 2000 nm min�1 and the
photomultiplier tube voltage operated at 550 V. The acquisition
interval and integration time were xed at 0.5 nm and 0.5 s,
respectively. Therefore, each spectrum presented 641 values of
uorescence intensity.

Data analysis. The different concentration values of OMC in
the AS during the permeation study were calculated every 5 min
during 60 min. In the case of OMC-MEI samples, the concen-
tration of OMC was calculated at each time by univariate linear
calibration. A set of six standard solutions was prepared in the
concentration range of 6.0 and 60.0 mg L�1 of OMC. These
ell for in vitro permeation study with on-line spectrometric detection.
v/v)); D: detector (UV: 340 nm, fluorescence: 390 nm, synchronous
magnetic stirrer (300 rpm); PA: polyamide membrane (3.14 cm2); PP:
h (32.0 �C). The arrows indicate the direction of fluids (0.25 mL min�1).
ed every 5 min intervals.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Percentage composition and results of the physicochemical
characterization corresponding to the synthesised OMC loaded o/w
microemulsions. The measurements were performed in triplicate

Smix (%) OA (%) BEO (%)
Water
(%) OMC (%)

OMC-MEI 29.2 1.5 — 64.3 5.0
OMC-MEII 29.0 — 6.0 63.5 1.5

Z (nm) PdI C (mS cm�1) pH IR

OMC-
MEI

11.91 � 0.09 0.191 � 0.029 0.116 � 0.020 5.72 � 0.04 1.35 � 0.02

OMC-
MEII

12.60 � 0.10 0.389 � 0.042 0.045 � 0.003 4.91 � 0.03 1.37 � 0.01
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values were established considering the concentration of the
OMC in the samples. In the case of OMC-MEII samples, the
cumulative amount of OMC permeated through the membrane
was calculated implementing PLS due to the fact that BEO (oily
phase) uorescence signal generated interference on the OMC
signal. Thus, a full factorial experimental design 32 was used.
Different concentrations of OMC (6.0 to 60.0 mg L�1) and BEO
(24.0 to 240.0 mg L�1) were prepared in the AS (Table S1†).
Briey, PLS regression is a calibration technique that general-
izes and combines the characteristics of principal component
analysis (PCA) and multiple linear regression (MLR).32 The
prediction is achieved by calculating a new small set of vectors
that result from the obtained spectra called latent variables or
loadings. A new set of values called scores is also calculated for
all the samples using these latent variables. By using the scores,
it is possible to obtain a linear calibration model that can be
later used for the prediction of the concentration of
a compound in unknown samples. A full cross validation
process is necessary in order to select the best number of latent
variables used in each model. Hence, the performance of the
obtained PLS models is evaluated by the calculation of the root
mean square error of prediction (RMSEP) and the relative error
of prediction (REP) calculated as:

RMSEP ¼

2
664

Pn
n¼1

�
Cnom � Cpred

�2

n

3
775

1=2

(1)

where Cnom and Cpred represent the nominal and predicted
concentrations, respectively, and I is the total number of
samples.

REP ¼ 100

Cmean

2
664

Pn
n¼1

�
Cnom � Cpred

�2

n

3
775

1
2

(2)

where Cmean is the mean concentration (i.e. the central point in
the experimental design). In addition, the models can be eval-
uated in terms of sensitivity (SEN) and limit of detection (LOD)
calculated as follows:

SENk ¼ 1

bk
(3)

where the denominator is the Euclidean norm of the vector bk,
which is the vector of the regression coefficients obtained for
component k.

LODk ¼ 3.3drbk (4)

where dr indicates the instrumental noise.
GC-MS analysis. The determination of OMC at each time

during the permeation process was also performed by gas
chromatography-mass spectrometry (GC-MS) using an Agilent
GC model 7890B gas chromatography coupled to a 5977A mass
spectrometer. The system was equipped with a fussed silica
capillary HP-5 column (30 m� 0.25 mm i.d.; lm thickness 0.25
mm). The inlet temperature was 290 �C and the injected volume
© 2021 The Author(s). Published by the Royal Society of Chemistry
was 1 mL using the split mode (split ratio: 20/1). Helium was
used as the carrier gas at a ow rate of 1.0 mL min�1. The oven
was programmed in order to increase the temperature from 40
to 100 �C (3 �C min�1) and later up to 280 �C (10 �C min�1).
Then, the oven temperature was kept at 280 �C for 5 min. The
ion source and MS transfer line temperature were set to 230 �C
and 260 �C, respectively. The mass spectrometer was operated
in electron impact mode (EIM) at 70 eV.

Under these conditions, the retention time (tR) of OMC was
17.4 min. The fragments of the analyte were monitored by
selecting the ion monitoring mode (SIM). Thereby, the ions (m/
z) used in the analysis of the compound of interest were 290, 178
and 161. The calibration of the method was carried out by
preparing a series of OMC standard solutions of concentrations
in the range of 6.0–48.0 mg L�1.

HPLC analysis. An HPLC Thermo Fisher Scientic model
Ultimate 3000-MSQ PLUS system equipped with an Acclaim™

120 C18 reverse phase column (3 mm particle size, 2.1 mm �
150 mm) was used for the quantication of OMC in the
commercial sample at each sampling time during the perme-
ation process. OMC wasmonitored with the use of a UV detector
at 311 nm. The mobile phase was controlled by the activation of
binary pumps at 25 �C and the ow rate was 0.2 mL min�1. The
mobile phase consisted of methanol and ultrapure water in an
85 : 15 (v/v) ratio. In addition, isocratic mode was used and the
injected sample volume was 20 mL. An external calibration curve
was constructed using standard solutions of OMC in the range
of 6.0–60.0 mg L�1. The peak area obtained for a retention time
of 16.0 min was employed for the OMC quantication.
Results and discussion
Obtention and characterization of OMC-MEs

The prepared o/w microemulsions resulted in homogeneous
and transparent systems which allowed the solubilization of
a non-polar substance as OMC in their oily phase.19 In Table 1
the composition of OMC-MEI and OMC-MEII samples and the
parameters obtained by DLS technique are shown. In both
cases, Z values indicate a droplet size in nanometric scale37 and
the PDI values demonstrating that the obtained
RSC Adv., 2021, 11, 15528–15538 | 15531
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microemulsions tend to approach monodisperse systems and
become stable systems due to the uniformity in the drops.38

Additionally, the particle size distribution histogram obtained
through DLS measurements on the OMC loaded o/w micro-
emulsions is shown in Fig. S2.† On the other hand, the
conductivity values of OMC-MEI and OMC-MEII were in the
range of 0.045 to 0.116 mS cm�1 showing that all the obtained
microemulsions were oil in water type. The refractive index
measured values were in the range of 1.35 and 1.37, which
indicates that the obtained microemulsions were isotropic
systems. Regarding the pH, both OMC-MEI and OMC-MEII
samples presented values that indicate that they are suitable
for topical use. Additionally, the microemulsions were stable
during the storage and along the analysis (20–35 �C).
Permeation study

The permeation process of OMC in the case of the synthetized
microemulsions (OMC-MEI and OMC-MEII) was optimized and
evaluated at real time using the proposed automatic system
with spectrometric detection (UV and/or uorescence). For that
purpose, different methods to quantify OMC in the analysed
samples were developed and the concentration proles were
obtained. Finally, the kinetic constants corresponding to the
permeation process were calculated for each formulation and
the dynamics of diffusion was then discussed. Additionally,
a commercial sample containing OMC was analysed. The
proposed methods were validated by GC-MS and HPLC
techniques.
Experimental conditions

As mentioned before, in Franz's cell the donor compartment
maintains the formulation and the acceptor compartment
contains the AS. OMC is a hydrophobic compound (log P ¼
5.96) insoluble in water (<0.1 g/100 mL at 27 �C). However, OMC
is miscible in alcohols, propylene glycol, and various oils. For
this reason, a 1 : 1 (v/v) mixture of distilled water and absolute
ethanol was chosen as the acceptor uid in the study because of
the high solubility of OMC in ethanol. On the other hand, the
membrane that separates both compartments (donor and
acceptor) should behave in a similar way to skin, allowing the
active compound to diffuse to the acceptor medium. A previous
report showed that polyamide membranes can be adequate for
lipophilic compounds due to the fact that they offer minimal
rate-limiting effects and present an adequate size exclusion
pore, allowing only net translocation of the interest compound
from the formulation into the receptor compartment.39 There-
fore, these synthetic membranes can be seen as an alternative to
human or animal skin when evaluating OMC topical perme-
ation, reducing cost and time.

Regarding the temperature, it is known that the diffusion
phenomenon depends on this variable. In our case, the analysis
was performed at 32 �C, a normal value for human skin.40

Moreover, uniformity and homogeneity of AS during the
permeation process were achieved by stirring.
15532 | RSC Adv., 2021, 11, 15528–15538
On-line automatic system

The permeation process of OMC in the analysed samples was
monitored using the automatic system described in the section:
on-line automatic system for in vitro permeation study. The
hydrodynamic variables of the system were optimized. The ow
rate was studied between 0.10 and 0.40 mL min�1 and the
optimal value was 0.25 mL min�1. This rate allowed the register
of the UV and uorescence spectra at the required time intervals
(5 min) since it only took 24 s to aspirate 100 mL of sample. The
same ow rate (0.25 mL min�1) was used to recover with AS the
volume of sample (100 mL) thrown towards the detector at each
sampling time. This step was performed simultaneously to the
aspiration of the sample in a way that the total volume of AS in
the Franz's cell remained constant. The components of the on-
line system (peristaltic pump, water bath, magnetic stirrer and
detectors) were fully commanded by Arduino which is an open-
source electronics platform based on easy-to-use hardware and
soware. The proposed system offers advantages compared to
the traditional batch procedure such as automatic sampling,
temperature control, stirring and on-line signal detection
allowing the real time monitoring of the permeation process.
These features contribute to decrease the possible risks of
human errors and shorten the time of analysis in comparison to
manual sampling and chromatographic determination
frequently used for this kind of analysis.
Spectrometric detection

UV detection. In Fig. 2a the UV molecular absorption spectra
of the pure components corresponding to the OMC-MEI
formulation, that is, the oily phase (OA) and the OMC chem-
ical lter are shown at their corresponding concentrations
(1.5% and 5.0% (w/w), respectively). As it can be observed, there
is a strong absorption around 280 nm for OA and at 340 nm for
OMC. However, at wavelengths around 340 nm, OA practically
does not absorb radiation. Thus, OMC was determined using
the univariate linear calibration method. As was mentioned in
section UV-Vis spectra acquisition, the calibration curve
included six points with three replicates for the OMC determi-
nation over the range of 6.0–60.0 mg L�1. The equation of the
regression line obtained for UV detection was A ¼ (0.021 �
0.001) [OMC (mg L�1)] + (0.029 � 0.003), with a correlation
coefficient of 0.994. The sensitivity was evaluated as a limit of
detection (LOD) and limit of quantication (LOQ), and the ob-
tained values were 0.05 mg L�1 and 0.14 mg L�1, respectively. In
the case of OMC-MEII formulation, in Fig. 2b the UV spectra of
the pure components, that is BEO (oily phase) and OMC are
shown at concentrations of 6.0% and 1.5% (w/w), respectively. It
can be observed that an important spectral overlapping between
both species throughout the analysed region exists. Therefore, it
was not possible to quantify OMC using UVS for the OMC-MEII
formulation due to the strong interference presented by BEO
around 340 nm.

Fluorescence detection. As mentioned before, OMC presents
molecular uorescence when it becomes excited at 366 nm. In
Fig. 3 the uorescence spectrum corresponding to a standard
solution of OMC (30.0 mg L�1) is shown and it can be observed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV absorption spectra of a 1.5% (w/w) OA standard solution
(black solid line) and a 5.0% (w/w) OMC standard solution (blue dotted
line). The calibration curve for OMC at 340 nm and in the concen-
tration range of 6.0–60.0 mg L�1 is also shown. (b) UV absorption
spectra of a 6.0% (w/w) BEO standard solution (black solid line) and
a 1.5% (w/w) OMC standard solution (blue dotted line).
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the characteristic maximum of signal at 390 nm. Since OA is not
uorescent around 390 nm, in the case of OMC-MEI formula-
tion it was possible to quantify OMC by univariate linear
Fig. 3 Fluorescence spectrum corresponding to a standard solution
of OMC (30 mg L�1). The characteristic maximum of signal at 390 nm
and the calibration curve in the concentration range of 6.0–
36.0 mg L�1 are shown. It is important to note that OA is not fluo-
rescent around 390 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
calibration. Then, a calibration curve was constructed over the
linear range of 6.0–36.0 mg L�1 that included six points with
three replicates each. The resulting regression equation was I ¼
(2.728 � 0.019) [OMC mg L�1] + (226.40 � 0.02) with a correla-
tion coefficient of 0.995. The LOD and LOQ obtained values
were 0.08 mg L�1 and 0.24 mg L�1, respectively.

Regarding the OMC-MEII formulation, the oily phase (BEO)
generated interference in the OMC uorescence spectra. At rst,
the resolution of the OMC and BEO bands was improved
applying SFS. The registered uorescence spectra as a function
of permeation time corresponding to the central point of the
experimental design are shown in Fig. 4a. It can be observed
that the emission band between 370 and 420 nm corresponds to
OMC while the band between 570 and 650 nm corresponds to
BEO.

However, the spectral analysis of mixtures with a high
BEO : OMC ratio showed that the uorescence signal intensities
corresponding to OMC band can be affected in presence of BEO.
To overcome this problem, PLS algorithm was applied to the
spectral data corresponding to the proposed experimental
design. In Fig. 4b the rst latent variable calculated is shown
and it corroborates the interference in the uorescence signals
between BEO and OMC. In this way, PLS algorithm allowed
obtaining calibration models for both BEO and OMC. In the
Fig. 4 (a) Synchronous fluorescence spectra (370–690 nm) corre-
sponding to the central point of the experimental design registered as
function of the permeation time (60 min). The emission band between
370 and 420 nm corresponds to OMC while the band between 570
and 650 nm corresponds to BEO. (b) First latent variable for PLS
models corresponding to OMC (orange solid line) and BEO (blue
dotted line).
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Fig. 5 Permeation profiles for OMC in the o/w microemulsions ob-
tained using the proposedmethodology and the referencemethod. (a)
OMC permeation profiles corresponding to OMC-MEI obtained by
UVS (red squares), FS (blue diamond) and GC-MS (black circle)
methods. (b) OMC permeation profiles corresponding to OMC-MEII
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case of BEO calibration only two new variables were required to
explain 98.4% of variance. In the case of OMC calibration, three
latent variables were necessary to explain 97.5% of the variance.
The need for a higher number of variables to obtain a good
prediction can be explained due to the fact that the BEO signal
is more intense than the one corresponding to OMC, conse-
quently it was more difficult to explain the interaction between
each other. The analytical performance for BEO and OMC
calibration models is shown in Table 2. Optimal predictions
were reached for both models, obtaining a low REP and an
acceptable determination coefficient (R2) in each case. More-
over, the LOD and LOQ values were optimal taking into account
the expected concentrations at each sampling time during the
permeation process. Hence, a PLSmodel was used to predict the
concentration of OMC at different permeation times from SFS
data obtained with the proposed automatic method.

GC-MS method. The permeation of OMC for OMC-MEI and
OMC-MEII formulations was also monitored by GC-MS in order
to validate the proposed methodology. In Fig. S3† the chro-
matogram indicating the peak of OMC at a retention time of
17.4 min is shown. A calibration curve was constructed and the
resulting regression equation was I ¼ (6.33 � 104 � 4.12 � 102)
[OMC mg L�1] � (5.00 � 106 � 4.12 � 103). The method
provided good linearity (R2 ¼ 0.993) over a concentration range
of 6.0–48.0 mg L�1.
obtained by SFS (blue diamond) and GC-MS (black circle) methods.
The experiments were performed in triplicate.
Obtention of permeation proles

The spectrometric methods allowed calculating the different
values of concentrations of OMC in the AS throughout the
permeation process and aerwards the obtention of the
respective permeation proles. These proles are curves that
represent how the concentration of an active substance diluted
in the receptor medium varies as a function of the permeation
time aer passing through a membrane. In Fig. 5a and b the
permeation proles corresponding to OMC-MEI and OMC-MEII
formulations are shown, respectively. In the rst case, three
permeation proles were obtained since UV-Vis, uorescence
and GC-MS methods were used for the quantication of OMC
during the permeation process. In the case of OMC-MEII
formulation, two permeation proles were obtained, since SFS
Table 2 Analytical parameters corresponding to PLSmodels used for the
of OMC-MEII formulation. Also, the determination coefficients (R2) corre
(Kp) of OMC and BEO are shown. The experiments were performed in tr

PLS models Spectral range (nm)
Concentration range (mg L�1)
Latent variables
RMSEP (mg L�1)
REP (%)
R2

LOD (mg L�1)
LOQ (mg L�1)
SEN (L mg�1)

Kinetic models R2 (zero-order kinetics)
Kp (cm min�1)

15534 | RSC Adv., 2021, 11, 15528–15538
and GC-MS quantication methods were applied. It can be
observed, the formulations exhibited an increase in OMC
permeation up to 60 min followed by a constant permeability
through the membrane. In Table S4† the tting functions for
the different permeation proles and their respective R2 values
are shown. In all cases, these results indicate that the perme-
ation of OMC follows zero-order kinetics.
Kinetic constants calculation

Considering that OMC followed zero-order kinetics in both
OMC-MEI and OMC-MEII formulations, the calculation of the
determination by SFS of OMC and BEO during the permeation process
sponding to the kinetic models and the permeation kinetic constants
iplicate

OMC BEO

370–650
6.0–60.0 24.0–240.0
3 2
3.52 17.90
6.51 8.30
0.975 0.959
1.31 2.79
3.97 8.48
1.98 4.12
0.952 0.966
2.98 � 10�4 � 5.33 � 10�5 4.82 � 10�4 � 4.06 � 10�5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Permeation kinetic constants (Kp) of OMC in OMC-MEI and OMC-MEII formulations obtained by the proposed methods (UVS, FS and
SFS) and the reference method (GC-MS). The measurements were performed in triplicate

OMC-MEI UVS FS GC-MS

Kp (cm min�1) 1.21 � 10�4 � 1.76 �
10�6

1.65 � 10�4 � 3.29 �
10�5

1.14 � 10�4 � 1.38 �
10�5

tcalculated 1.07 3.03 —
tcritical

a 3.18

OMC-MEII UVS SFS GC-MS

Kp (cm min�1) — 2.98 � 10�4 � 5.33 �
10�5

2.07 � 10�4 � 1.47 �
10�5

tcalculated — 3.12 —
tcritical

a 3.18

a Tabulated 95% condence limit (n ¼ 3).
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permeability kinetic constants (Kp) could be carried out using
the eqn (5):

Kp ¼ Q

AtðC0 � CiÞ (5)

where Q (mg) is the amount of compound transported through
the membrane in the time t (min), A is the exposed area of the
membrane expressed in cm2, and C0 (mg L�1) and Ci (mg L�1)
are the concentrations of the compound on the donor and the
receptor solution, respectively. Generally, C0 is considered the
donor concentration and Ci as 0.20,41 The Kp values calculated
using the proposed and the validation methods for the analysed
samples are showed in Table 3. Based on the t-test results, we
can conclude that there are no statistically signicant differ-
ences between the Kp values obtained by the proposed methods
(UVS, uorescence and SFS) and those obtained by GC-MS (a ¼
0.05; n ¼ 3).

It is important to note that the kinetics of permeation
depends on the affinity of the active substance for the compo-
nents of the formulation. In this sense, a greater release of the
active is expected when there is less affinity of the compound for
the oily phase. Due to the lipophilic nature of OMC and its high
affinity for OA and BEO (oily phases) a relatively slow perme-
ation rate of the active sunscreen would be expected. This fact
was corroborated analysing a sample of OMC in an oil-free
medium (ethanol : water in a 1 : 1 (v/v) ratio). In this case, the
obtained Kp was 5.83 � 10�4 cm min�1 corroborating that the
Table 4 Permeation kinetic constants (Kp) of OMC in a commercial emul
method (HPLC). The measurements were performed in triplicate

UVS

R2 0.987
Kp (cm min�1)a 8.97 � 10�5 � 1.05 �

10�5

tcalculated 2.89
tcritical

b 3.18

a Zero-order kinetics. b Tabulated 95% condence limit (n ¼ 3).

© 2021 The Author(s). Published by the Royal Society of Chemistry
oily components of the microemulsions systems contributed to
decrease the permeation rate of OMC. Thus, the analysed
formulations (OMC-MEI and OMC-MEII) could help to provide
a sustained photoprotection for the skin. However, the perme-
ation rate of OMC in the case of OMC-MEI was lower than the
one corresponding to OMC-MEII showing that the tested
formulation with OA as internal phase presents a retention
effect of OMC for a longer time since a higher affinity for the
polyamide membrane occurs.

Since the concentration of BEO could be obtained from SFS
data assisted by PLS algorithm, the kinetic permeation constant
for BEO was also calculated (4.82 � 10�4 cm min�1). It can be
observed, that BEO presented a higher permeation rate with
respect to OMC. This information is very useful considering the
potential repellent and anti-inammatory properties that pres-
ents the BEO in the OMC-MEII formulation and as previously
described by the authors.15
Application of the methods in the analysis of a commercial
sample

The developed methods based on UV and uorescence detec-
tion were applied in the permeation analysis of a commercial
emulsion sample. The obtained Kp values of OMC were
compared with the Kp values obtained with the chromato-
graphic method used as reference (in this case, HPLC) and the
results are shown in Table 4. Based on the t-test results, there
are no statistically signicant differences between the Kp values
sion obtained by the proposedmethods (UVS and FS) and the reference

FS HPLC

0.991 0.989
9.39 � 10�5 � 8.50 �
10�6

1.38 � 10�4 � 2.55 �
10�5

2.82 —
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obtained by both UVS and FS methods with respect to the ob-
tained by HPLC method (a ¼ 0.05; n ¼ 3). Moreover, it is
important to note that the Kp value of the commercial sample is
comparable to the obtained for the laboratory synthesised
samples (OMC-MEI and OMC-MEII).
Comparison and advantages of the proposed on-line
automatic system

Table 5 shows different methods proposed to date in the liter-
ature for permeation analysis using the Franz diffusion cell.
Recently, Alves et al.42 proposed an automatic method based on
ow injection analysis (FIA) for the evaluation of lipid nano-
particles transdermal permeation. However, this method eval-
uated only caffeine (CF) and it used a chromatographic
procedure as a separation technique. Previously, Klimundová
et al.43 presented a sequential injection analysis (SIA) system for
the permeation study of salicylic acid (SA) in a commercial
topical formulation. Although uorescence detection was used,
the permeation of one active substance (SA) in different oint-
ments was addressed. Furthermore, different in vitro perme-
ation studies have been carried out for OMC in systems such as
o/w emulsions, w/o emulsions, nanocapsules and liposomes.
Nevertheless, the automation of the methods was not
addressed. Some methods involved HPLC as a separation
technique for OMC determination5,11,42 involving the use of
organic solvents during the procedure. In the case of Mota
et al.,44 the proposed method did not require a separation
technique and OMC permeation was monitored by UV spec-
trophotometry. It can be concluded that the methods proposed
in this work offer the inherent advantages of automation and
the use of simple and economic detection techniques as UVS
and FS. Moreover, a simple data treatment allowed monitoring
two species during the permeation process (OMC and BEO)
simultaneously. Moreover, it is important to note that the
proposed method is in accordance with several principles of
green analytical chemistry.45 In this sense, no organic solvent was
used during the determination process and low amounts of
waste were generated. Furthermore, the automated method
applied reduces human exposure to substances and makes the
analytical operation less dependent on the operator.
Conclusions

The proposed on-line methodology with UV and uorescence
detection allowed monitoring at real time the in vitro perme-
ation process of the UV lter OMC loaded in o/w microemulsion
samples. A highlight of this work was that the interference
caused by the oily phase (BEO) in some samples could be
overcome using synchronous uorescence spectroscopy and
partial least squares algorithm. In all cases, the permeation
process followed zero-order kinetics and the permeation kinetic
constants (Kp) for OMC and BEO could be obtained. The Kp

values indicated that the OMC loaded in o/w microemulsions
presented a lower permeability than the OMC in an oil-free
medium. This result suggests that these formulations could
promote a more effective action against UV radiation by
© 2021 The Author(s). Published by the Royal Society of Chemistry
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remaining on the applied area for a longer period of time.
Moreover, the Kp values for the synthetized microemulsions
were comparable to the ones obtained for a commercial emul-
sion sample and were statistically comparable to those obtained
by chromatographic procedures (GC-MS and HPLC). The
proposed on-line methodology allowed obtaining real-time
information, and it was environmental friendly and inexpen-
sive since an automatic ow system coupled to spectroscopic
detection techniques was employed avoiding manually
sampling, organic solvents and separation techniques. These
advantages suggest that the method can be easily implemented
in laboratories and can be extended to the study of the perme-
ation process of other active substances even in the presence of
interferences.
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