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Abstract

Personal-care products (PCPs) involve a variety of chemicals whose persistency along
with their constant release into the environment raised concern to their potential impact
on wildlife and humans health. Regarded as emergent contaminants, PCPs demonstrated
estrogenic activity leading to the need of new methodologies to detect and remove those
compounds from the environment.

Molecular imprinting starts with a complex between a template molecule and a
functional monomer, which is then polymerized in the presence of a cross-linker. After
template removal, the polymer will contain specific cavities. Based on a good selectivity
towards the template, molecularly imprinted polymers (MIPs) have been investigated as
efficient materials for the analysis and extraction of the so called emergent pollutants
contaminants.

Rather than lowering the limit of detections, the key theoretical advantage of MIP over
existing methodologies is the potential to target specific chemicals. This unique feature,
sometime named specificity (as synonym to very high selectivity) allows to use cheap,
simple and/or rapid quantitative techniques such as fast separation with ultra-violet (UV)
detection, sensors or even spectrometric techniques. When a high degree of selectivity is
achieved samples extracted with MIPs can be directly analysed without the need of a
separation step. However, while some papers clearly demonstrated the specificity of their
MIP toward the targeted PCP, such prove is often lacking, especially with real matrices,
making it difficult to assess the success of the different approaches.

This review paper focusses on the latest development of MIPs for the analysis of
personal care products in the environment, with particular emphasis on design,

preparation and practical applications of MIPs.
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Introduction

Personal care products (PCPs) is a term used to refer to multiple goods that can be found
in the health and beauty sections of drug and department stores and that can be bought
without prescription. They include cosmetics (skin moisturizers, perfumes, lipsticks,
fingernail polishes, eye and facial makeup preparations, shampoos, permanent waves,
hair colours, toothpastes, and deodorants) and over the counter drugs (skin protectants
such as lip balms and diaper ointments, mouthwashes marketed with therapeutic claims,
antiperspirants, and treatments for dandruff or acne), or both. An example is given by
antidandruff shampoo that can be used both to cleanse the hair and to treat dandruff, being
regarded as a combination of cosmetic and drug [1].

As integral part of our daily life many of the chemicals that are present in PCPs may
enter the organism through direct ingestion or by absorption through the skin, where they
can bio accumulated and/or be excreted by urine or simply removed by washing them off
[3]. Some of the chemicals that can be found in PCPs are regarded as emerging pollutants
(EP). Those are defined as any synthetic or naturally occurring chemicals or
microorganisms that are not commonly monitored in the environment, with potential to
enter the environment and cause known or suspected adverse ecological and/or human
health effects [2]. The presence of those potential contaminants in the environment at
continuously increasing concentration may be harmful to wildlife and human population.
It has been clearly demonstrated for example that paraben, the most common preservative
used in PCP, has estrogenic activity [4, 5]. In an epidemiologic study Kunisue, et al. [6]
investigated the occurrence of five benzophnenones (BP) derivatives, used in some PCP
for the protection of skin and hair from UV radiation, in U.S women. The authors found
that the exposure to high levels of BP UV filters could increase the odds of an

endometriosis diagnosis due to its estrogenic activity.



Because of the high levels of consumption of PCPs, those are now present in the
environment at increasing concentration[7]. In Table 1 some chemicals found in PCP are
presented. Those are main ingredients in PCP with environmental concern and/or the
most often detected in aqueous matrices. Most of these chemicals are lipophilic (log Kow
higher than 3.5), presenting a high potential of bioaccumulation [8]. They have been
detected in surface waters, ground waters and drinking waters sources [9-11], as well as
in several aquatic organisms in concentrations in the range of ng.L! [12, 13]. Their
occurrence at such a low concentration is one of the main obstacles for their routine
detection and analysis in complex samples [14]. For this reason the development of
selective and economically reliable methods has become a priority.

This review focuses on the 4 families of the most used EPs in PCPs — organic UV-filters
(often found in sunscreen cosmetics), preservatives (prevent decomposition in hygiene
products, foods, beverages), antimicrobials (used to reduce infections, sepsis or
putrefaction) and musks (used in fragrance industry in products such as laundry
detergents, soaps, perfumes, etc.). Several analytical methods are available and discussed
in the next section. Although those methods usually achieve analytical performances that
allow quantifying such compounds the concentration step is non-selective resulting in
complicated samples that can only be analysed using complex and expensive separation
methods (mainly separation techniques hyphenated mass spectrometry). Those
techniques are not always compatible with routine or on-site analysis. Recently,
researchers have used molecularly imprinted polymers (MIPs) and studied how they can
be applied in the analysis of PCP in various matrices.

Molecular imprinting is described as a technique with the ability to produce cross-linked
polymers with specific cavities that are complementary to a template molecule in terms

of size, shape and functionality [15]. The imprinting process usually starts with the



interaction between a functional monomer and the selected template in a selected solvent
that acts as the porogen. The complex is then polymerized through thermal or photo-
initiation in the presence of a cross-linker, producing a tri-dimensional structure. In the
end the template is removed from the polymer structure leading to the creation of specific
binding sites (Fig. 1).

Beyond the excellent properties exhibited by MIPs, such as high thermal and chemical
stability the key advantages of these materials over other technologies are their high
affinity and selectivity allowing, theoretically, to specifically remove the targeted
compounds from its matrix. This is very attractive as it allows, for example, the direct
analysis of the extracts without separation. This was possible for the direct determination
of pentamidine in urine samples by UV spectrometry [16] or for ciprofloxacin in urine
by MS spectrometry [17]. Since their appearance MIPs have been considered in several
areas such as chromatographic separations [ 18] solid-phase extraction [19] or membrane
separations [20]. However it is with chemical sensors [21] that MIP demonstrated their
full potential. Those allow monitoring targeted compounds in complex environmental

matrices in a fast, cheap and accurate way.

This review does not intend to give a full description of the developments of molecular
imprinting which have been discussed in several recent review papers [22-24] but
focusses on the preparation of imprinted materials for the recognition and extraction of
EP found in personal care products. Considering a time period between 2001 and 2014
the first part of this review addresses to the development of MIPs that are selective to the
compounds included in the four classes of chemicals widely used in PCPs - organic UV-
filters, preservatives, antimicrobials and musks (Table 1). The second part of the review
analyses the applications and advantages of using this MIPs compared to the traditional

methods available for the analysis of PCPs.



To the best of the authors’ knowledge, this is the first review on imprinting technology
applied to personal care products.

MIP synthesis for personal care products

PCP include, among other, organic ultraviolet filters, preservatives, antimicrobials and
musk fragrances [25]. These chemicals have been found in concentrations ranging
between tens to thousands of ng in environmental solid [26] and liquid samples [3].
Recently, Haman, et al. [27] concluded that in the parabens family, methylparaben and
propylparaben were the most often detected in wastewater influents with mean
concentrations up to 40 and 14 nM, respectively. As for the other classes of PCPs, Luo,
et al. [28] when studying the occurrence of micropollutants in aquatic environment,
concluded that galaxolide and tonalide were the most frequent musks in influents showing
concentrations of 0.12 to 97 nM. Triclosan for antimicrobials and benzophenone-3 for
organic UV filters were found in concentrations ranging from 0.10 to 83 and 0.43 to5 nM,
respectively [28].

The complexity exhibited by the matrices containing these contaminants is one of the
great challenge for their quantification. For an accurate and precise analysis, samples need
to be previously treated in order to concentrate the analyte and/or remove potential
interferents and increase the sensitivity and selectivity of the analytical method. The
search for new alternatives led researchers to study MIPs for the analysis of chemicals
contained in PCPs. Those are regarded as versatile sorbent whose selectivity can be tuned
toward a target molecule. Moreover these polymers are characterized by high stability
and ease of production [29]. However, despite the advantages of imprinted polymers,
there’s still a reduced number of studies involving MIPs and PCPs. To the best of author’s
knowledge for a period between 2001 and 2014, 19 papers were published involving the

synthesis of imprinted polymers for the analysis or the extraction of PCPs (13 for



preservatives, 4 for antimicrobials, and 1 for both UV filters and musks). Table 2
summarises the key findings from those works, including the target analytes and matrices,
the choice of templates, monomers and cross linkers, the analytical methodologies used
and the analytical performances achieved. Those works were further considered in
statistical analysis concerning the most important variables for the synthesis of PCPs

based MIPs.

Template

The success of the molecular imprinting process is determined by the quality of the
interaction between the functional monomer and the template. Ideally those interactions
should be strong so that the recognition mechanism after the synthesis of the polymer
could be enhanced. Suitable species should be chosen carefully in order to produce the
highest number of well-defined binding sites [30].

Based on the non-covalent approach used for the synthesis of the MIPs presented on
Table 2, the main considerations involved in the choice of template are its stability, the
ability to establish hydrogen bonding and the absence of polymerizable groups to avoid
reaction with the newly free radicals. The imprinting molecule should also share a similar
structure with the analyte so that recognition could be improved [31]. While the target
analytes may seem a good choice for the template, many publications highlighted the
difficulty to achieve a complete removal of the template even after extensive washing
procedures [32]. As a consequence not only a decrease of the available binding sites is
observed but also a slow release of the remaining template, in particular during trace
analysis, affecting negatively the final results [33]. The use of a template with similar
structure to the target analyte (dummy strategy) allows overcoming problems due to the

template leakage. However, it must be verified that the signal produced by the dummy



molecule will not interfere in the quantification [33].

Although authors are aware of the disadvantages when using the analyte as template,
84% of the PCPs based MIPs were produced using the same molecule as target and
template. For example, Liang, et al. [34], prepared a MIP for the analysis of triclosan in
toothpaste samples using triclosan as template. Regarding the risks of template leakage
during applications, no information was found in the analysed reports with concern to the
extent of the extraction. As demonstrated by Zhongbo et al. [35] the mass balance can be
used to verify that most of the template has been removed. This is done by first
quantifying the amount of template that has been trapped inside the MIP during
formation. The amount of template removed during washing is then measured. Those
simple steps allow to quantify the amount of template that remained trapped.

In contrast, the dummy approach was not so explored in the considered reports involving
MIPs and PCPs. An example is described by Lopez-Nogueroles, et al. [36], that selected
2,4-dinitrotoluene (2,4-DNT) for the preparation of an imprinted sorbent for the analysis

of nitro musks, because 2,4-DNT shows a structural analogy with the target nitro-musks.

Functional Monomer

The selection of the monomer plays an important role on the final properties of the
polymer. It should be able to interact with the template through covalent or non-covalent
interactions. The latter, the most common procedure for the synthesis of MIPs, demands
a careful choice due to the lower intensity of the interactions involved [37]. The literature
on MIPs provides an extended list of the monomers suitable for each approach [38], but
methacrylic acid (MAA), acrylic acid (AA) and 2- or 4-vinylpyridine (2- or 4-VP) are the
most common choices for molecular imprinting. Among these, MAA is often selected

due to the possibility to interact with the template through both non-covalent and covalent



interactions [39].

It was observed that in the 19 studies analysed in this review, 35% of the imprinted
polymers were prepared with MAA, particularly for analysis of parabens [40]. However
other monomers were successfully employed in the synthesis of MIPs selective to
parabens, namely 4-VP [41] and acrylamide [42] (Fig. 2). Nufiez, et al. [43] used MAA
and 4-VP to prepare different polymers to be used in a molecularly imprinted solid-phase
extraction (MISPE) procedure. Polymers were evaluated according to their recognition
properties towards benzylparaben, revealing that while both MAA and 4-VP could
strongly interact with the template, the inclusion of MAA provided a higher number of
selective binding sites which results in a clear imprinting effect.

With the development of the imprinting techniques other monomers have been tested,
among which 3-aminopropyltriethoxysilane (APTES), phenyltrimethoxysilane (PTMS)
and o-phenylenediamine (0-PD). Employed in 31% of the considered studies the selection
of these chemicals is highly dependent on the preparation method.

Gao, et al. [44] produced imprinted polymers for the extraction of triclosan (TCS) in
environmental waters. The authors evaluated the adsorption capacity and the imprinting
effect of the polymers by using APTES, PTMS and a combination of these as functional
monomers. The results showed that APTS lead to a better polymer compared with the
ones made with PTMS and APTES+PTMS. This was attributed to the presence of an
amine group in APTES which had the ability to establish hydrogen bonding with the
oxygen atom and interact with hydroxyl group in TCS. On the other hand PTMS provides
the phenyl group for n-m interaction with the phenyl residue in TCS which are less intense
than the interactions between APTS and TCS. As a result, APTES was chosen as

functional monomer in their subsequent work.
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Cross-linker

The cross-linking agent is responsible for the morphology of the polymeric material, the
stabilization of the binding cavities and to ensure the mechanical stability of the polymer.
Many reviews have highlighted its importance providing lists of cross-linkers that are
compatible with molecular imprinting [31, 38]. Ethylene glycol dimethacrylate
(EGDMA), trimethylolpropane trimethacrylate (TRIM) and divinylbenzene (DVB) are
the most common cross-linkers for MIPs production. When it comes to the application of
MIPs for the analysis of PCPs, EGDMA has been largely used as cross-linker (Fig 3).
TEOS has also been significantly employed, despite being exclusively suitable for the
sol-gel process. Other cross-linkers like DVB and TRIM have been used in mixture to
produce imprinted nanobeads for the analysis of triclosan [34]. The authors demonstrated
that the use of these two cross-linkers allowed a precise control of imprinted particles
size. Triclosan imprinted nanobeads were obtained with a high degree of homogeneity
exhibiting diameters in a range of 200 to 300 nm which were suitable for sensor purposes

[34].

Polymerization procedures

Bulk polymerization is the most common procedure to obtain imprinted microspheres.
In this procedure, all species, monomer, cross-linker, template and radical initiator are
initially dissolved in the porogen. Prior to the polymerization either by thermal of
photochemical initiation, the reaction media is purged with nitrogen for oxygen removal
whose presence can retard free radical polymerization. In the end, a monolith is obtained
and submitted to mechanical processes of grinding and sieving, resulting in irregular
particles with diameter between 10-25 pum. However, despite the simplicity and

reliability of this technique, particles with irregular shape and the high amount of waste
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produced (up to 80%) are significant drawbacks associated to the bulk technique [37].

As alternative to bulk polymerization, new methods to prepare MIPs have been
proposed, namely suspension, precipitation and emulsion. Also, techniques like single or
multistep swelling polymerization, core-shell, sol-gel and electropolymerization have
been proposed as alternatives routes for preparing MIPs.

An interesting comparative study was performed by Pérez-Moral and Mayes [45], who
imprinted propranolol by different polymerization methods, namely, bulk, suspension,
emulsion, two-step swelling and precipitation. After performing the template extraction
the resulting polymers were submitted to adsorption assays in the presence of propranolol.
The amount of rebinding analyte was determined in different media, organic and aqueous.
Results showed that precipitation based particles had a better performance in organic
media, while two-step swelling registered the highest binding ratio in water. On the other
hand a general decrease of the polymers selective rebinding was observed in the aqueous
media, fact that is explained by the weakening of the hydrogen-bonding between analyte
and template caused by the competition with water molecules.

Regarding the studies analysed in this review it was observed that PCPs based imprinted
polymers have been mostly prepared using precipitation polymerization (Fig 4). This
procedure allows an excellent control over the particle size leading to uniform and
spherical particles. Bulk polymerization was also reported [46], as well as surface
imprinting [41] and sol-gel [36]. These latter have been considered for the easiness by
which the template is removed and for enabling the synthesis of water-compatible MIPs,
respectively. In addition to the former polymerization procedures a special emphasis has
been given to electropolymerization which is regarded as suitable method to prepare MIP

based sensor for the analysis of PCPs.
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Water compatibility

The water compatibility of MIPs is one of the main concerns. The polymer shell of the
structure if often hydrophobic and MIP if used in aqueous media will often have multiple
sorption mechanisms. While the core of the MIP will provide molecular recognition,
various molecules, including the target molecules may interact with the outer layer via
hydrophobic interactions in a similar way as with classical polymeric sorbent. This may
ruin the high selectivity of the MIP but also induce problem of contamination of the
surface.
While not yet used with PCPs, new strategies have been tested to improve the water

compatibility. For instance, this can be done by using hydrophilic monomers like 3-

cyclodextrins —CD [47, 48] and (Hydroxyethyl)methacrylate HEMA [49, 50].

Use of molecularly imprinted polymers in analysis of PCPs

MIP as sorbent for Solid-Phase Extraction (SPE)

Over the years a large number of reports have described the application of MIPs as
selective sorbents for SPE technique (MISPE). In the case of PCPs near 50% (of the 19
publications analysed in this study) of the MIPs were applied as sorbents for a SPE
technique. Environmental waters [51], soils [46], sediments [43], plant extracts [42] and
soy [52], comprise the different samples that were successfully treated by MISPE.
Beltran, et al. [53] prepared a MIP in the monolithic form using butylparaben as template.
The imprinted polymer was used as sorbent in a SPE procedure for the analysis of
parabens in environmental water. Results were compared with the performance of a
commercial sorbent (HLB Oasis). The extraction with MISPE allowed a higher recovery

and a cleaner chromatogram, however only butylparaben and benzylparaben were
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detected with recoveries of 58 and 27%, respectively (Fig. 5). Concerning the other
parabens in analysis, methylparaben and ethylparaben were not quantified due to peak
interference. In addition, the MISPE protocol was optimized for 500 mL of sample, which
is unlikely to see in these procedures. The method exhibited low recoveries which could
be due to the procedure adopted in the MIP preparation. The mechanical processes
involved in bulk polymerization are responsible for destroying the polymeric cavities
resulting in a reduced affinity towards the analyte.

As an alternative Lorenzo, et al. [51] applied the precipitation protocol to prepare a
selective MIP towards butylparaben. This work combined a MISPE protocol with the
electrochemical detection by glassy carbon electrodes modified with multi-wall carbon
nanotubes dispersed in nafion. This methodology led to good recoveries ranged between
82 and 85% for 100 mL of sample containing different concentrations of butylparaben
providing a limit of detection of 3.8 ug.L!. These limits are however higher than the one
obtained with methodologies like SPE coupled with UHPLC-MS? [54] or SPME coupled
with GC-MS? [55] that provided limits of 0.1 and 5.7 ng.L’!, respectively. Despite the
improvement compared to the method reported by Beltran, et al. [53], the authors
observed a considerable interference on the final recoveries of butylparaben, when other
parabens were added into water samples. In fact the measured recoveries increased to
150%, fact that was assigned to an overlapping signal. The authors concluded that the
parabens could not be distinguished, and as consequence the measured signal should be
interpreted as the total amount of parabens in the sample. This example clearly highlight
potential problem with MIP design. In this example, methylparaben, ethylparabem and
benzylparaben only differ by their alkyl group. While theoretically, MIP should be more
selective to the template (here benzylparaben), this due to size recognition, this effect is

very small compare to hydrogen bonds. Designing a MIP that can recognised on particular
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paraben is a very complicate task. An interesting comparison between the performance
of MIP and commercial C18 SPE sorbent was presented by Verma and Xia [46] for the
analysis of triclosan and triclocarban (TCC) in soil and biosolids. The bulk polymer was
imprinted with 4,4’-dichlorobenzophenone (4,4’-DCB) a dummy template, after being
confirmed that there was no interference in the quantification of TCS and TCC. SPE
procedures for each sorbent were previously optimized and the analysis of the extracts
was carried out by HPLC-UV. In the particular case of biosolids it was proved that MISPE
lead to a better extraction of TCC-89.9% in comparison with the 43.3% obtained with the
C18 sorbent. As for TCS interference in the chromatogram after extraction with the C18
cartridge made the analysis unreliable. On the other hand, MISPE confirmed its
selectivity leading to a much clearer chromatogram which resulted in a recovery of 82.0%
for TCS. In comparison to other methods developed for the analysis of TCS in biosolids,
the presented combination of MISPE with HPLC provides higher limits of detection.
Nevertheless for quantification methods involving LC-MS [56] or GC-MS [57] the limits
of detection can be at least 60 times lower than those obtained by MISPE-HPLC-UV, this
principally because of the detection mode. While, the high selectivity provide by MIP is
no key with those instruments, MISPE can also be very advantageous in conjunction with
LC-MS, as the extensive sample clean-up allow to reduce ion suppression usually

associated with complex samples [41] [25].

Nanoparticle MIPs

Conventional imprinted polymers present, however, some limitations like slow mass
transfer or incomplete template removal which negatively affects the number of available
sites for rebinding. New initiatives to overcome those limitations have been reported such

as the combination of imprinting technique with nanomaterials for faster rebinding
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kinetics and higher binding capacity.

Gao, et al. [44] reported the synthesis of a core-shell imprinted polymer for the
extraction of triclosan from environmental water samples. In this report the initial
imprinted shells were anchored onto the surface of carbon nanotubes via a surface
molecular imprinting sol-gel process. The obtained nanoparticles were added to 50 mL
of spiked water sample for the removal of triclosan. After the adsorption process, polymer
was separated by centrifugation and eluted with a proper solvent. The extracts were then
quantified by HPLC which provided recoveries from 90.7 to 95.3%.

There has also been an interest in the encapsulation of particles with magnetic
properties. In this format, the magnetic molecularly imprinted polymers (MMIP) can
easily be isolated from the sample by applying a magnetic field. Magnetic particles are
based on Fe3O4 characterized by a low toxicity, low cost and eco-friendliness. Shi, et al.
[41] have synthesized two magnetic imprinted polymers for the extraction of PCPs
(hydrobenzoic acids) from aqueous solutions. Firstly, the authors prepared the Fe3Os
microspheres which were then covered by silica. After that, the templates, benzoic acid
and 4-hydroxybenzoic acid (4-HBA), were left in interaction with the monomer before
polymerization at the surface of the magnetic microspheres. The analysis of the water
samples was carried out by the suspension of the imprinted particles in 40 mL of sample.
Mixture was then agitated during the adsorption process and in the end particles were
removed by a magnet. Extracts were then analysed by HPLC leading to recoveries

between 83.2 and 103% and limits of detection from 7 to 160 nM.

MIP based sensors
The application of MIPs in the field of chemical sensors has received a special attention

in the recent years. MIP based sensors have been discussed as promising materials for
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different fields such as clinical, bioanalytical, process control and environmental
applications [58]. A sensor itself is defined as a device that comprises a recognition
element and a transducer that converts the chemical information into measurable signal
[59]. Experts believe that in a near future MIP based sensors will compete with analytical
techniques like liquid chromatography, mass spectrometry, spectroscopic methods
among others [60]. MIP sensors offer advantages like low cost of manufacture, easy
storage, extended lifetime and the capacity of being applied in critical conditions. For
such applications, the imprinted polymer is coupled with a transducer which converts the
sensing properties of the MIP into a measurable signal. The sensivity of the resulting
sensor is directly affected by the affinity shown by the imprinted polymer towards the
analyte. Therefore it is desirable to use imprinted particles in sizes of micro or
nanometeres with high surface-to-volume ratio. Another critical aspect involved in the
preparation of a MIP based sensor is on how to integrate the polymer with the transducer.
With that purpose several methodologies have been developed: (i) in-situ method like
Electropolymerization, (i1) drop-casting of pre-formed polymers, (iii) design of
composite membranes containing conducting materials, MIP and a binder, (iv) in-situ
polymerization of the monomer and (v) self-assembly of monolayers.

Regarded as the most commonly used method to prepare electrochemical sensors,
electropolymerization allows the synthesis of an imprinted film directly on the surface of
the electrode. The quality of the film is determined by several factors (e.g. type of
electrode, current density, temperature, presence of water, etc.). However it has the
advantage of placing the polymer at a precise spot of the detector surface.

Liu, et al. [61], made the first attempt in the development of a MIP based sensor for the
analysis of triclosan. The sensor was prepared by the electropolymerization of o-

phenylenediamine (0-PD) on a glassy carbon electrode (GCE) in the presence of template.
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The method provided satisfactory results even in the presence of similar structures to the
analyte with a limit of detection of 8.0 x 10® mol.L". More recently, Li, et al. [62],
produced an amperometric benzophenone sensor based on MIP through the
electropolymerization of o-phenylenediamine (0-PD) on a GCE. The sensor was
successfully applied to the analysis of benzophenone, an organic UV-filter, in food
packaging material samples previously extracted with ethanol. The levels of
benzophenone found in plastics for cake, bakery products and milk were ranged between
0.2 and 0.40 mg.dm? which were in agreement to the ones obtained for HPLC-UV
indicating that these kinds of sensors present an attractive alternative to more expensive
analytical methods.

Another method for immobilizing the polymer onto the surface of the electrode was
developed by Wang, et al. [63]. The authors prepared a polymeric solution with two
templates (methylparaben and propylparaben) and then dropped it onto the surface of the
GCE. After covering the electrode with a piece of slip, the mixture was polymerized on
an oven forming a transparent polymer film. By using a strategy of a dual template the
authors were able to determine the total content of four kinds of parabens in cosmetic
samples (14.5 to 20.3 uM). The combination of MIP based sensor with a strategy based
on the impression of multi-templates seems to be promising in the detection and
separation of homologous compounds in the same sample.

Also for the analysis of parabens, Gholivand, et al. [64] prepared imprinted
nanoparticles via precipitation polymerization which were subsequently incorporated into
the carbon paste electrode (CPE) by mixing different percentages of graphite, solid
binding matrix (n-eicosane) and imprinted polymer. It was observed that in the presence
of other interferents, the signal of propylparaben remained unchanged. The results

showed good recoveries of the analyte in cosmetic samples with values between 97.3 and
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103%. In this study the authors compared the performance of the sensor with other sensors
for propylparaben. MIP-GCE sensor exhibited the lowest limit of detection showing the
excellent sensitivity of the method.

The use of imprinted polymers has remarkably improved the sensitivity of the
conventional chemical sensors. Table 3 lists the recent reports on the analysis of PCPs by
sensors. A direct comparison between the potentiometric sensors revealed that MIP based
sensors provided lower limits of detection. As for the recoveries, these latter MIP sensors
showed values in agreement with the other methodologies. Therefore it is predictable that
the number of publications on MIP sensors should increase intensely in the future as a
consequence of the promising results obtained so far.

The overall analysis of the methods involving the synthesis of MIPs with selectivity
towards PCPs showed that parabens have been the main target of molecular imprinting.
On the other hand, molecular imprinting is still less developed for the other classes of
PCPs (antimicrobials, musks and UV filters). SPE have been the preferred applications
for PCPs based MIPs, but successful approaches have emerged with the inclusion of

imprinted polymers in chemical sensors for the analysis of PCPs.

Conclusions
The information provided in this review highlights the concern about the impact of PCPs
in humans and wildlife on a variety of environmental and biological samples.

In recent years several analytical methods have been developed for the extraction and
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determination of these compounds. Methods like the classical SPE and microextraction
techniques coupled with powerful analytical techniques (GC-MS and LC-MS) have
allowed researchers to reach lower limits of detection in the determination of PCPs.

More recently high selective materials (MIPs) have become an alternative to existing
methods for the analysis of PCPs. The use of imprinted polymers as selective sorbents for
the SPE technique has proven to be valuable for the extraction of one or more
contaminants.

In addition the application of the MISPE technique to the extraction of PCPs have
increased the selectivity of the method without using complex techniques based on mass
detectors. Innovations like MIP based sensors have also been introduced for the analysis
of PCPs, providing a promising alternative to the chromatographic methods due to the
reduced time of analysis and cost of production. MIPs have also been tested in batch
experiments for the removal of PCPs from environmental waters. These attempts have
increased the expectation for a future application of MIPs on wastewater treatment. New
methodologies for the preparation of MIPs have been studied so that the limitations like
slow mass transfer, adsorption capacity, template leakage and reduced water
compatibility could be overcome. However there’s still a long way to go and many
challenges lie ahead before MIPs could successfully be applied in water analysis and

purification.
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Figure 1. Schematic representation of the molecular imprinting process. Reproduced

from Garcia-Calzon and Diaz-Garcia [65], with permission.
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Figure 2. Type of functional monomer used in 19 studies regarding the development of
MIPs for the analysis PCPs. AA, acrylamide; APTES, 3-aminopropyltriethoxysilane;
MAA, methacrylic acid; MMA, methyl methacrylate; o-PD, o-phenylenediamine;

PTMS, phenyltrimethoxysilane; 4-VP, 4-vinylpyridine.
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23



EBuP BzP
& Mooz

B

EuP

a BzP

45 | I
1 2 3 a4 -] 1] i 8 min

Arbitrary Units
S

Figure 5. High performance liquid chromatography with ultraviolet detection (HPLC-
UV) chromatograms of water samples after the extraction with MIP and C18 by solid-
phase procedures. Before extraction samples were spiked with methylparaben (MtP),
ethylparaben (EtP), butylparaben (BuP) and benzylparaben (BzP). Reproduced from

[53], with permission.
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List of Tables

Table 1. Name, physical-chemical properties and use for some of the main compounds

that can be found in personal care products.

Class Chemical name Structure a‘t)vza stircs?ll::gbllljgz Log Kow®

[}

Orga.mc uv- Benzophenone Insoluble 3.48
Filters
a cl

Triclosan \Q\ /Q/ 10 4.98

O

Cl OH
Antimicrobials g\ﬂ/g

. (¢]

Triclocarban Cl/©/ \Q\Cl <1 4.93
el
(]
Methylparaben S )‘\@70H 2500 1.67
[¢]
Ethylparaben P o 885 2.03
o

Propylparaben SN o 500 2.55

o
Butylparaben NN o 207 3.00

Preservatives 0
Benzylparaben @AO)}\Q\ 107.8 3.40

OH
(o]
p-hydroxybenzoic acid HOJ\©70H 5000 1.33
p-hydroxyphenylacetic HO.
acid \"/\©70H - 1.31
[¢]
(o]

1.75

p-
hydroxyphenylpropioni o on -
c acid

2 Values from PubChem Compound (http://www.ncbi.nlm.nih.gov/pccompound)
3 Values from Chemspider (www.chemspider.com)
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Isopropylparaben - 2.45
[0)

Isobutylparaben W/\O J\®70H - 2.92
Musk Ketone 0.387 3.98
Musk Ambrette 2.41 3.75
Musks Musk Xylene 0.472 437
Musk Moskene 0.046 4.55

& "N
Musk Tibetene 0.052 4.94
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Table 2. Analytical methods for the extraction of personal care products with the application of molecularly imprinted polymers.

PCPs Analyte Sample Template/lI\J/[i:)llll((e);ner/Cross- Mliil:lﬂ:l;laetmn Sample treatment ‘;I;;lzlt:lf:g LOD/LOQ R (%) Ref
Food BP/o-phenylenediamine on a Extraction (EtOH);
UV-filters BP packaging phetly Electropolymerization Microfiltration; Potentiometry 3.6 pg.L! N.A [62]
- glassy carbon electrode
materials MIP-GCE
Incubation (CNTs@TCS- River
MIPs/sample); water- 92.1
Environmental Surface Imprinting Centrlfuged; t095.3%
TCS/APTES/TEOS . Elution (EtOH/HCY); HPLC-UV N.A [44]
water with Sol-gel process
Evaporated and Lake water
reconstituted in (MeOH). -90.7 to
93.6%
TCS Extraction
(NaHCO3/Na2CO03);
Toothpaste TCS/AA+MMA/DVB+TRIM Precipitation Filtration; Potentiometry 0.55 pg.L! 96 to 106%  [34]
MIP based sensor.
Antimicrobials TCS/ o-phenvlenediami Incubation (MIP based
N.A a glgs-sy iﬁfbf)ieellggrlggeon Electropolymerization electrode in sample); Potentiometry 23.0 pg.L! N.A [61]
Extraction (acetone); TCC —88.3
Centrifuged,; Soil — 40 pg.kg! and 89.9%
Evaporated and dissolved for TCC and TCS (soil and
TCS Soil and (DCM/H20/FeCL3.6H20); . _ biosolids)
TC C’ Biosolids 4,4’-DCB/4-VP/EGDMA Bulk Evaporated and HPLC-UV Biosolids — 100 [46]
reconstituted (toluene); ugkg! for TCC TCS - 83.1
MISPE; and 300 pg.kwg! and 82.0
Extracts evaporated and for TCS (soil and
reconstituted in CAN. biosolids)
River water
y - 77 to
Ma, Sample Filtration; MA-2.6ngL" 92%
MX, o vironmental MISPE; MX —2.7ng.L Sea water —
Musks MM, 2,4-DNT/PTMS/TEOS Sol-gel process ’ GC-MS MM - 2.2 ng.L"! N [36]
MT waters Extracts 'evapo'rated and MT - 1.8 ng L' 77 to 87%
MK’ reconstituted in CAN. MK — ]' 5 ng. Ll Wastewater
e - 69 to
87%
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Parabens

4-HBA

p-HB’
Pp-HPA,
p-
HPPA

MtpP

BuP

PrP

2-HB

BuP,
EtP,
MtP,
PrP

BA,
EtP,
MtP,
PrP

MtP,
EtP,
PrP

BuP,
BzP,
EtP,
iBuP,
iPP,
MtP,
PrP

N.A

N.A

N.A

Environmental
waters
Environmental
waters

Cosmetics

Cosmetics

Cosmetics

Soy

Soy

Soil and
Sediments

4-HBA/AA/EGDMA

p-HB and p-HPA and p-
HPPA/4-VP/EGDMA

MtP/APTES/TEOS
BuP/4-VP/EGDMA

BzP/MAA/EGDMA

PrP/MAA/EGDMA

2-HB/APTES/TEOS

MtP+PrP/MAA/TPGDA

EtP/MAA/EGDMA

EtP/MAA/EGDMA

BzP/MAA/DVB

Bulk

Bulk

Sol-gel process
Bulk

Precipitation

Precipitation

Surface Imprinting
with Sol-gel process

Precipitation

Precipitation

Bulk

Precipitation

N.A

N.A

N.A

Sample Filtration;

MISPE.
MISPE

Electrode inserted into the
sample; Washing step

with H20.

Dilution (EtOH);
Incubation with MIP;
Shaked and centrifuged.

Extraction (EtOH);
Dilution (PBS).

Samples mixed with H20;

Centrifuged;
MISPE.

Samples mixed with H20
in Ultrasounds;

MISPME.

Samples extracted in

Ultrasounds;
MISPE;

Extracts evaporated and
reconstituted in

ACN/H20.

UVv-
spectrophotometry

HPLC-UV

Uv-
spectrophotometry

HPLC-UV

Potentiometry

Potentiometry

HPLC-UV

Potentiometry

HPLC-UV

GC

HPLC-UV

N.A

N.A

N.A
N.A

3.8 ug.L!

0.058 pg.L"!

N.A

BuP —38.8 pg.L"!
EtP — 66.5 pg.L!
MtP — 60.9 pg.L!
PrP - 36.0 ug.L!
BA -35.0 ug. L'!
MtP —21.0pg. L
EtP —16.0 pg. L'
PrP —24.0 pg. L*!
MtP —0.25 pg.L!
EtP — 0.22 pg.L!
PrP - 0.30 pg.L!

Soil/Sediments
BuP - 0.30/0.16

ng.g’!
BzP — 0.29/0.18

ng.g’!
EtP - 0.21/0.20

ng.g!
iBuP — 0.27/0.24

ng.g!

N.A

N.A

N.A

58%

82 t0 85%

97.3 to
102.6%

86.89 to
105 %

98.7 to
101.8%

88.4 to
110.6%

92.2 to
97.9%

Soil - 80.2
to 86.8%

Sediments
—85.5t0
88.1%

[66]

[67]

[68]
[53]

[51]

[64]

[69]

[63]

[52]

[40]

[43]
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iPP —0.16/0.24

ng.g’!
MtP - 0.33 ng.g’!
PrP -0.17/0.23
ng.g’!
Sample extracted in
Soxhlet;
p-HB Plant extract PA/AA/JEGDMA Precipitation Extrac tsl\élxlfirf))(]:;; ted and HPLC-DAD N.A ;35102) [42]
reconstituted in ACN and
formic acid.
BA. 4. BA —20.0 pg. L!
) Environmental BA and 4-HBA/4- S MIP suspended in 4-HBA - 1.0 pg. 83.2to
HéS 15 ’ water VP/EGDMA Surface imprinting samples. HPLC-UV L 103.0% [41]
SA -20.0 ug. L*!
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Table 2. Comparison between MIP based sensors and the current sensors developed for
the analysis of PCPs.

Sample LOD

M o,
treatment Analyte Matrix Sensor (gL R(%) Ref
Aqueous BDDE
iluti . . . 174.8 N.A 70
Dilution solutions (potentiometric) [70]
o CE-AD
Dilutionor o, Food . 27.57 84.0 [71]
SPE (amperometric)
iluti . MIP-CPE 97.3-
Dilution and Cosmetics o 0.058 [64]
Sonication (potentiometric) 102.57
Sonication MWCNT-GCE o 974- 72
and Dilution (potentiometric) ’ 107.4
Dilution and TCS Toothpaste CNDs-CS-GCE 2.66 117.4 [73]
Sonication (potentiometric)
MIP-ISE
At . -1 4
Dilution (potentiometric) 055 96-106 [34]
Tati BDDE 97.2-
Dilution and Sunscreens . . 24.96 [74]
Sonication BPH (potentiometric) 98.1
Food packaging MIP-GCE
iluti . . . 3.46 N.A 62
Dilution materials (potentiometric) [62]
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