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Aim. Development of an easy-to-use colorimetric sensor system for fast and accurate detection of phenol in envi-
ronmental samples. Methods. Technique of molecular imprinting, method of in situ polymerization of molecu-
larly imprinted polymer membranes. Results. The proposed sensor is based on free-standing molecularly im-
printed polymer (MIP) membranes, synthesized by in situ polymerization, and having in their structure artificial
binding sites capable of selective phenol recognition. The quantitative detection of phenol, selectively adsorbed
by the MIP membranes, is based on its reaction with 4-aminoantipyrine, which gives a pink-colored product. The
in- tensity of staining of the MIP membrane is proportional to phenol concentration in the analyzed sample.
Phenol can be detected within the range 50 nM—10 mM with limit of detection 50 nM, which corresponds to the
concentrations that have to be detected in natural and waste waters in accordance with environmental
protection standards. Stability of the MIP-membrane-based sensors was assessed during 12 months storage at
room temperature. Conclusions. The sensor system provides highly-selective and sensitive detection of phenol in
both model and real (drinking, natural, and waste) water samples. As compared to traditional methods of phenol
detection, the proposed system is characterized by simplicity of operation and can be used in non-laboratory
conditions.
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Introduction. Contamination of environment, inclu-
ding natural waters, foodstuffs and drinking water is
one of the worldwide problems. Population upsurge, ur-
banization, as well as intensification of agricultural and
industrial development resulted in a three-fold increase
in water consumption. At the same time, these factors
caused a significant deterioration of water quality. Phe-
nols are widespread water pollutants. These compounds
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are widely used as antiseptics inhibiting bacterial and
fungal growth in industrial water supply systems, in pro-
duction of paper, some medical preparations, phenol-
formaldehyde resins, synthetic fibers, and plastics [1].
Phenols present in environment influence animals
and humans health. They can be adsorbed through skin,
gastrointestinal tract, respiratory system and cause
burns, edemas, and intoxication. Phenols cause acute le-
sions of central nervous system, liver, kidney, myocar-
dium, blood, and other tissues. Moreover, phenol is an
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endocrine disrupting compound, causing malfunction
of'endocrine system at very low concentrations [2]. The-
refore, monitoring phenol content in water as well as
development of easy-to-use and convenient methods
for its rapid and accurate detetion is of great importance
for analytical biotechnology. There are a number of tra-
ditional analytical methods of phenol detection, inclu-
ding HPLC [3], GC [4], these methods in combination
with mass-spectrometry [5, 6], and spectrophotometric
methods [7]. A number of biosensors were also propo-
sed for phenol detection in aqueous samples [8, 9].

However, traditional instrumental methods don’t
provide a possibility of fast and effective in-field ana-
lysis, they are time-consuming and normally need com-
plicated procedure of the sample pre-treatment, i. e.
pre-concentration. Biosensors are recognized to be the
most effective tools of modern analytical biotechno-
logy. However, instability of selective elements based
on natural receptors, antibodies and enzymes is a signi-
ficant drawback, which limits their wide practical appli-
cation. At the same time, biosensors and sensor sys-
tems based on molecularly imprinted polymers (MIPs)
mimicking active sites of biological molecules can pro-
vide a promising alternative [10, 11]. For instance, MIP
membranes-based sensors provide high selectivity and
sensitivity of the assays as well as rapid and accurate
analysis in non-laboratory conditions due to their extra-
ordinary stability in extreme environments [12—14].
We have shown that MIP membranes are capable of se-
lective recognition of target analytes and generation of
the sensor response, which can be easily registered [15,
16].

The present research is aimed at synthesis of phe-
nol-selective binding sites in the structure of free-stan-
ding MIP membranes and development of colorimetric
sensor systems for phenol detection in drinking and en-
vironmental water samples.

Materials and methods. Materials. Acrylamide
(AA), 2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPSA), 4-aminoantipyrine, acetonitrile, ammonium
hydroxide, N,N-dimethylformamide, itaconic acid (IA),
ketal (2,2-dimethoxy-2-phenylacetone), o-cresol, p-cre-
sol, N,N'-methylene-bisacrylamide (MBAA), methacry-
lic acid (MA), 2-nitrophenol, 3-nitrophenol, 4-nitro-
phenol, triethyleneglycoldimethacrylate (TEGDMA),
polyethyleneglycol Mw 20 000 (PEG 20 000), pyro-
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catechol, potassium ferricyanide were purchased from
(«Sigma-Aldrich», USA). Oligourethaneacrylate (OUA)
was synthesized according to [17] and kindly provided
by Dr. Matyushov (Institute of Macromolecular Chemi-
stry, Kyiv, Ukraine).

Synthesis of MIP membranes by in situ polymeriza-
tion. MIP membranes capable of selective recognition
of phenols were obtained through radical photo-ini-
tiated co-polymerization of a functional monomer (AA,
AMPS, IA, MA), TEGDMA and OUA. Functional mo-
nomers with the highest binding to phenol were selec-
ted using computational modeling [16]. The ratio
TEGDMA/OUA (85/15) in the monomer composition
was optimized earlier [15]. Ketal (2,2-dimethoxy-2-
phenylacetone) was used as an initiator of radical pho-
topolymerization. To increase accessibility of phenol-
selective binding sites in MIP membranes, they were
formed according to the principle of semi-interpenetra-
ting polymer network formation. A mixture of dime-
thylformamide (50 vol%) and PEG 20 000 (15 wt%)
was used as a porogen. Molar ratios phenol/functional
monomer in the initial mixture of monomers were 1:1,
1:2, 1:3, and 1:4. Typical mixture of monomers for the
synthesis of phenol-selective MIP membranes contai-
ned 20 mg phenol, 55.3 mg IA (for the molar ratio 1:2),
293 mg TEGDMA, 51.7 mg OUA, 50 vol % DMF, and
0.5 wt% ketal. Monomer mixture was polymerized bet-
ween two glass slides fixed at a distance 60 um. Radi-
cal polymerization was initiated by UV-irradiation (A =
=365 nm) and performed for 30 min. Blank membra-
nes were synthesized from the same mixture of mono-
mers, except for phenol. Template molecules and non-
polymerized components were extracted from the fully-
formed membranes with hot ethanol in Soxhlet appa-
ratus for 8 h. Polymeric porogen (PEG 20 000) was re-
moved by extraction in water for 8 h (until the constant
weight of the samples was reached).

Calibration of the colorimetric sensor system for phe-
nol detection. Samples of phenol-imprinted and blank
membranes (1 x 1 cm) were used for the adsorption of
phenol from 50 nM-10 mM standard phenol aqueous
solutions. Phenol, which was selectively adsorbed by
the binding sites in MIP membranes structure, was vi-
sualized after its interaction with 4-aminoantipyrine in
alkaline media in the presence of potassium ferricya-
nide. The adsorption procedure was followed by wa-
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shing with distilled water, containing 5 % acetonitrile.
The membrane samples were wetted with the mixture of
2 % aqueous 4-aminoantipyrine and 10 % ammonium
hydroxide (1/3). Then the samples were treated with
2 % aqueous K,[Fe(CN),], which resulted in immediate
formation of a pink-colored staining with the intensity,
proportional to phenol concentration in the analyzed so-
lutions. Intensity of staining was estimated using «Scion
Image J» software («Wayne Rasband, Inc.», USA).

Spectrophotometric detection of phenol. 180 ul of
the 50 nM—10 mM standard phenol solution or analyzed
aqueous sample, 60 pl of the mixture of 2 % aqueous
4-aminoantipyrine and 10 % NH,OH (1:3) and 30 pl of
2 % aqueous K,[Fe(CN),] were mixed in the poly-
styrene microtiter plate wells. The absorbance values
were measured at A = 450 nm using microplate reader
DYNEX Technologies (UK). All measurements were
made in triplicate.

Results and discussion. Detection of phenol, which
is selectively adsorbed by artificial receptor sites in the
MIP membranes structure is based on its ability to form
coloured complexes with 4-aminoantipyrine in alkali-
ne media in the presence of potassium ferricyanide [18].
Intensity of the membrane staining is proportional to
phenol concentration in the analyzed sample. To provi-
de better accessibility of the receptor sites to phenol,
MIP membranes were synthesized by in situ polymeri-
zation according to the principle of the semi-IPN forma-
tion [19]. Influence of the type of the functional mono-
mer used for the membrane synthesis as well as molar
ratio between the template and a functional monomer
on analytical characteristics of corresponding sensor
systems was investigated. General selectivity of the sen-
sor systems and effectiveness of their application for
phenol analysis in natural and waste waters was analysed.

Itis widely recognized that binding energy between
the template and functional monomers directly influen-
ce affinity and selectivity of artificial receptor sites in
the resulting polymer. The method of computational
modelling was demonstrated to be effective for the se-
lection of the optimal functional monomers for both
MIPs and MIP membranes synthesis [12, 16, 20]. Ac-
cording to our previous results [16], A, AMPSA, AA,
and MA, providing binding energies: —34.80 kcal/mol,
—30.86 kcal/mol, —24.14 kcal/mol, and —23.17 kcal/mol,
respectively are the best functional monomers for the
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Fig. 1. Dependence of phenol selective adsorption on the type of a
functional monomer used for membrane synthesis: / —acrylamide; 2 —
methacrylic acid; 3 —itaconic acid; 4— 2-acrylamido-2-methyl-1-pro-
pansulfonic acid (¢ — selective absorption; » — MIP; ¢ — blank).
Aqueous solution of phenol (500 uM) was used for the adsorption
experiments

synthesis of the phenol-selective MIPs. These mono-
mers were used in the present research for the MIP
membranes synthesis.

It was shown that the MIP membranes formed using
IA as a functional monomer were the most effective for
the construction of the colorimetric sensor systems. The-
se membranes revealed both the highest intensity of stai-
ning as compared to the MIP membranes synthesized
with the other functional monomers as well as the high-
est levels of selective phenol adsorption (which were es-
timated as a difference in staining of MIP and corres-
ponding blank membranes) (Fig. 1). Importantly, this
result was in a good accordance with data of computa-
tional modelling [16]. According to these data, A was
shown to give the highest binding energy with phenol
as compared to the other three functional monomers. At
the same time the level of non-specific binding of phe-
nol by the blank membranes was quite significant in all
cases (Fig. 1).

First of all, it can be associated with the high levels
of non-specific phenol adsorption by MIP and blank
membranes caused by hydrophobic interactions. This
also can be explained by the fact that the formation of
selective binding sites requires multiple interactions
between monomers and a template, which is difficult to
achieve for monofuncitonal [21].

Since the best recognition properties were demon-
strated for MIP membranes synthesized using IA, this
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Fig. 2. Dependence of intensity of staining of MIP and blank memb-
ranes synthesized with itaconic acid as a functional monomer on the ra-
tio of phenol:functional monomer in the monomer mixture: / —1:1; 2 —
1:2; 3 —1:3; 4 — 1:4 (a — MIP; b — blank; ¢ — selective adsorption).
Aqueous solution of phenol (500 uM) was used for the adsorption
experiments
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Fig. 4. Dependence of intensity of staining of phenol-selective MIP membranes synthesized using itaconic acid as a functional monomer on NaCl
concentration (a) and on pH (b) of the analyzed sample. Aqueous 500 uM phenol solution was used for adsorption experiments

monomer was chosen for the further investigation. Theo-
retically, not all molecules of a functional monomer
present in a monomer mixture are included in the spe-
cific binding sites. There is a balance between high con-
centrations of the monomers required to shift equilibri-
um in monomer mixture toward formation of mono-
mer-template complex, and between impact of «free»
monomers on the high level of non-specific binding in
the resulting polymer. To optimize polymer specificity,
a set of MIP and corresponding blank membranes was
synthesized from the monomer mixtures with the diffe-
rent molar ratio phenol-1A (1:1, 1:2, 1:3, and 1:4). The
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ability of these membranes to adsorb phenol was analy-
zed by monitoring formation of the colored complexes
on their surface. The optimal recognition properties we-
re observed for the MIP membranes synthesized using
1:1 ratio phenol-IA (Fig. 2). Apparently, in the case of
higher content of the functional monomer in the initial
mixture, random distribution of the excess of functional
groups on the membrane surface results in high levels
of non-specific binding, which are not associated with
the effect of imprinting.

Typical calibration curve of the developed colori-
metric sensor system is shown in Fig. 3. It was demonst-
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Fig. 5. Cross-reactivity of the colorimetric sensor system based on MIP
membranes. Aqueous solutions (500 pM) of phenol and its analogues
were used for the adsorption experiments: / — phenol; 2 —2; 3 — 3-nit-
rophenol; 4 — 4-nitrophenol; 5 — p-cresol; 6 — resorcinol; 7 — pyro-
catechol
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fect the adsorption capability of the MIP membranes
(Fig. 4 a).

However, the further increase in salt concentration
up to 150 mM caused a significant decrease in sensor
response values.

The influence of pH of the analyzed sample on va-
lue of the sensor response was also studied. Since pH of
natural waters varies from acidic (pH = 3) to alkaline
(pH 9), influence of the sample pH on sensor responses
was investigated in the pH range from 3 to 9. It was
shown that the most effective phenol binding was achie-
ved at pH 6— 8, which corresponds to pH of river and la-
ke water (Fig. 4 b).

10 11 12
Samples

Fig. 6. Results of phenol detection obtained by the colorimetric sensor system based on MIP membranes () and traditional spectrophoto- metric
method (b) in samples of tap, natural, and waste waters: / —borehole «Troyanda», Baryshivka, Kyiv region; 2 —tap water, Kyiv; 3 —source «Dubky»,
Kyiv; 4 —river water, river Syrets; 5 — milk plant «Ichnya», waste waters; 6 — pond «Ichnya»; 7 — Kyiv water channel, incoming water; § — Kyiv
water channel, outcome water; 9 — Ukrainian Research Institute «UkrNIIPlastmashy, waste waters; /0 —river Vita, v. Pyrogiv, Kyiv region; // —
filtrate of the city dump (v. Pyrogiv, Kyiv region); /2 — river Stugna, Vasylkiv, Kyiv region

rated, that under optimized conditions, a significant dif-
ference between intensity of staining of MIP and blank
membranes was observed. This indicates that phenol
binding to MIP membrane is mainly determined by the
presence of phenol-selective artificial receptor sites,
confirming imprinting effect. The detection limit for
phenol was estimated as 50 nM, while the detection ran-
ge of the sensor system comprised 50 nM—10 mM.
Since the main working characteristics of biosensors
are often significantly influenced by the composition of
the analyzed sample, influence of ionic strength of the
samples on capability of the biomimetic sensors to ef-
fective phenol binding was investigated. It has been
shown that the increase in NaCl concentration in the
analyzed sample up to 50 mM did not significantly af-

General selectivity of the colorimetric sensor sys-
tems based on MIP membranes was investigated using
phenol structural analogues — 2-nitrophenol, 3-nitro-
phenol, 4-nitrophenol, p-cresol, resorcinol, and pyroca-
techol. In all cases the developed sensor system posses-
sed enhanced selectivity towards phenol (Fig. 5).

The developed colorimetric sensor systems were
tested for phenol detection in both model and real envi-
ronmental samples (drinking, natural and waste wa-
ters). It was demonstrated that the composition of the
analyzed samples had insignificant influence on the ac-
curacy of phenol detection using MIP membranes. The
results of phenol detection using sensor method were in
a good accordance with the results obtained using tra-
ditional spectrophotometric method (Fig. 6).
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The stability of the MIP-membrane-based sensors
stored at room temperature for 12 months was assessed,
showing negligible changes in their performance du-
ring this period. As compared to the traditional instru-
mental analytical methods the developed system is high-
ly-sensitive, easy-to-use, and can provide express-ana-
lysis of phenol content in water in real analytical appli-
cations. As compared to the existing biosensor methods
of phenol detection, the proposed sensor system provi-
des similar sensitivity and significantly higher storage
stability.

Conclusions. Free-standing MIP membranes ca-
pable of highly-selective phenol binding were synthe-
sized by in situ polymerization and their composition
optimized. The developed membranes were used in
easy-to-use and inexpensive colorimetric sensor system
for phenol detection in environmental samples. Their
performance was characterized by low detection limit
(50 nM), and wide detection range (50 nM—10 mM).
The sensor system demonstrated high selectivity tow-
ards phenol and revealed relatively low binding of its
structural analogues. The sensor system was shown to
be effective for phenol detection in environmental sam-
ples (natural and waste waters), with the results of the
detection in a good accordance with those obtained by
the traditional spectrophotometric method.
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KonopumerpuuHi CeHCOpHI CHCTEMH Ha OCHOBI MOJIIMEPiB-

010MIMETHKIB /U1 BACOKOCEJICKTHBHOT'O BU3HAYCHHS (PEHOITY Y JOBKIILII

T. A. Cepreesa, /1. C. Uensaina, JI. A. T'opbau, O. O. bposko,
O. B. Minenpka, C. A. [Tineuskuit, JI. M. Cepreesa, A. B. €nbcbka

Pesrome

Mema. Po3pobxa npocmux y 6UKOPUCMAHHI KOLOPUMEMPUYHUX CEH-
COpHUX cucmeM 0I5 WBUOKO20 | MOYHO20 BUSHAYECHHS (DeHOY Y 3pa3-
Kax i3 doskinisn. Memoou. Memoo MonekyisipHo2o IMIPUHMUH2Y, Me-
Mmoo nonimepusayii in Situ MOAEKYIAPHO IMAPUHIMOBAHUX NONIMEPHUX
(MII1) membpan. Pesynemamu. 3anponoHo6anuii cencop cmeopeHo
Ha ocnogi MIIT membpan, cunme308anux memooom norimepuzayii in
Situ, SIKi Marome y C80I cMPYKMypi WmyuHi peyenmopHti caimu 36 's-
syeanns gpenony. Kinokicne eusnauenns (enony, ceiekmusio aocop-
bosanozo MII1 membpanamu, epynmyemocsi Ha 0emekyii 3abapeie-
HO20 Yy MATUHOBULL KOJIP NPOOYKMY 11020 peakyii 3 4-aminoanmunipu-
Hom. Inmencuenicmo 3abapeénenns MIII membpan € nponopyitinor
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KoHyenmpayii penony 6 ananizosanomy 3pasky. Qenon demexmycmo-
cay dianaszoni 50 HM—10 MM, wo 6ionosioae koHyeHmpayisim, saKi He-
00xi0H0 uAsIAMU Y NPUPOOHUX | cmiynux sodax. Cmabitvnicmy cen-
copHux cucmem Ha ocHosi MIIT membpan cmanosums 2 micsyie 3a
Kimnamnoi memnepamypu. Bucnosku. Cencopni cucmemu 3abezneuy-
10Mb BUCOKOCENCKMUBHULL [ YYMAUSUL AHANI3 YeHOLY SIK Y MOOCTbHUX,
Max i pearbHux 3paskax (Numua, npupoona, cmiuna 600a). Ilopisusino
00 MpaoUYitiHux Memooie GU3HAYEHHS (DEeHONY NPONOHOBAHA CUCTe-
Ma € npocmoio y 6UKOPUCIANKE A MOJIce OYMuU 3aCmoco8ana 3a no-
bOBUX YMOB.

Kunrouosi cnosa: ¢henon, MoNekyisapHo IMAPUHMOBAHI NOJIMEPHI
MeMOpauu, cencopu, mecm-cucmemu, KOIOpUMempis.

KOJ’IOpI/IMeTpI/I‘IeCKI/Ie CEHCOPHBIC CUCTEMBI Ha OCHOBE ITOJIUMEPOB-
OMOMUMETHKOB JIJIs1 BEICOKOCEIICKTHBHOTO OonpeAcICHUs (beHona

B OKpYJKaroleH cpeze

T. A. Cepreesa, /1. C. Yensiauna, JI. A. T'opbau, A. A. bposko,
E. B. [Munenxas, C. A. [Muneuxkwuii, JI. M. Cepreesa, A. B. Enbckast

Pestome

Lenv. Paspabomka npocmeix 6 UCnOIb3068aHUU KOLOPUMEMPUYECKUX
CeHCOPHBIX cucmem 0 ObICIPO2o U MOYHO20 Onpedenenus Qenond 8
obpasyax uz okpyscaroweil cpeovl. Memoowvl. Memoo monekyisapHozo
UMRPUHMUH2A, MeMOO NOIUMEPUAYUU N SitU MOLEKYIAPHO UMAPUH-
mupoeantwix noaumeprolx (MHUII) membpan. Pesynomamer. [Ipeoio-
JHCeHHBI ceHcop co30an Ha ocHoee MUII membpan, cunmesuposam-
HbIX MemoOOM NOAUMEPU3AYUY N SitU, UMEIOUUX 8 CE0ell CIMPYKIMYpe
cuHmemuyecKkue peyenmopHvie caumul cesasvieanus Genona. Konuue-
cmeeHHoe onpedelerue (peroa, celekmusHo adcopbuposarto2o MHUIT
MeMOPaHamu, OCHOBAHO HA OemeKyul OKPAUEHHO20 6 MATUHOBYIL
ysem npooykma e2o peakyuu ¢ 4-amuroawmunupunom. Hnmencus-
nocmuv oxkpawusanus MUII membpan nponopyuonanibha KOHyeHmpa-
yuu gerona é ananuzupyemom oopasye. DeHon MONICHO OemeKmupo-
samo 6 npedenax 50 nM—10 uM, umo coomeemcmeyem KonyeHmpa-
YusAM, KOMopbvle He0OX00UMO BbIAGIAMY 8 NPUPOOHBIX U CIMOYHBIX 0~
oax. CmabunbHocms ceHcopHbIX cucmem Ha ochose MUII membpan
cocmasnsem 12 mecsayes npu kommamuou memnepamype. Boieoowt.
CercopHoie cucmembl 06ecneuusaion 6biCOKOCENeKMUSHbLU U 4YECNI-
BUMENbHIL AHANU3 PEHONA KAK 8 MOOCTbHBIX, MAK U PealbHblX 00pa3-
yax (numeegas, npupooHas u cmounas 6ooa). Ilo cpasnenuro ¢ mpa-
OUYUOHHBIMU MEMOOamMu onpedeienus (eHona npediodlceHas cuc-
mema npocma 6 UCHONb308AHUU U MONCEM NPUMEHAMbCS 8 NOIeEbIX
VCAOBUSIX.

Knrouesvle crosa: ¢henon, MOneKyIsapHO UMNPUHMUPOBAHHbIE NO-
JUMepHble MEMOPAHbL, CEHCOPbL, MeCm-CUCIEMbl, KOTOPUMEMPUL.
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