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ABSTRACT

n recent years, it has become important to identify phenols and their compounds that pose an important threat to living

things and public health. In this study, phenol imprinted surface plasmon resonance (SPR) sensors were designed based
on molecular imprinted method for detection of phenol. Polymeric film with cavities of phenol molecules was prepared
and formed on the SPR chip surface by UV polymerization. The limit of detection range from 0.15 to 10 nM was 0.022 nM.
Furthermore, we performed the selectivity experiments, where catechol was chosen as competitor agent. Overall, phenol
imprinted SPR sensor prepared by the molecular imprinting approach has been found to be highly sensitive and selective
for phenol. Phenol imprinted SPR sensors are considered to be used as a new method for existing phenol determination
methods with their high selectivity, repetitive use and fast responses.
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0z

on yillarda, canlilar ve halk saghgi icin dnemli bir tehdit olusturan fenol ve bilesiklerinin tespit edilmesi 6nem kazanmak-
Stadlr. Bu galismada, fenoliin tespiti icin molekiler baskilama yontemi temel alinarak fenol baskilanmis ytizey plazmon re-
zonans (SPR) sensdrler tasarlanmistir. Fenol molekdllerine ait bosluklara sahip polimerik film hazirlanarak UV polimerizasyo-
nuile SPR sensor ylzeyinde olusturulmustur. 0.15 ile 10 nM arasindaki tayin araliginda en diistk saptama siniri 0.022 nM’dir.
Ayrica, secicilik katekoltin yarismaci ajan olarak secilmis ve segicilik deneylerini gerceklestirilmistir. Genel olarak, molekuler
baskilama yaklasimiile hazirlanan fenol baskilanmis SPR sensortnin fenol igin oldukga hassas ve segici oldugu bulunmustur.
Fenol baskili SPR sensorleri, yuksek segicilikleri, tekrar kullanilabilirliligi ve hizli yanitlari 6zelligi ile mevcut fenol belirleme
yontemlerine alternatif yeni bir yontem olarak kullaniimak dustntlmektedir.
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INTRODUCTION

urface plasmon resonance (SPR) sensors are asimple
Sand direct measurement technique and depends on
measuring the change in the refractive index adjacent
to the metal surface. In the surface plasmon resonance
method, a thin metal film is used between two perme-
able and different refractive index media [1-3]. When
light enters a much less dense transparent media, it
does not transition and is diffracted in the dense media
(glass prism). Surface plasmon resonance (SPR) sensors
are obtained by creating regions on the metal surface
that will allow biorecognition [4-6]. When the solution
containing the template molecule interacts with SPR
sensor, the target molecule attaches to the sensor sur-
face and causes increased surface density. The increase
in density on the surface leads the refractive index of
the surface to increase. This increase in refractive index
results in shifting of the resonance angle [7,8].

The presence of phenol in the aquatic environment ca-
uses the death of aquatic organisms and results poor
water quality. Therefore, phenol can cause weight loss,
diarrhea, dizziness, loss of appetite and irritation in the
digestive system as the effects of chronic exposure [9-
14]. It also causes damage to the liver, causing changes
in blood pressure and adverse effects on the nervous
system. According to researches, developmental re-
tardation and weight loss have also been observed in
animals exposed to phenol [15-18]. Phenol and its de-
rivatives such as methylphenol, chlorophenol and nit-
rophenol are highly toxic contaminants. There are many
reliable methods for determining these pollutants. Ho-
wever, the disadvantage of these methods is that they
require complicated procedures for sample pretreat-
ment [19-28].

In this study, phenol imprinted and non-imprinted SPR
sensors were prepared for the determination of phe-
nol compound by using the advantages of molecular
imprinting method. Molecular imprinting method is a
new technology that spreads the production of smart
polymers and their use in different applications in order
to separate biomolecules, ions and organic molecules
from different matrices [29-32]. In molecular imprinting,
atoms, ions, molecules, complexes or micro-organisms
can be used as templates. In recent years, the prepara-
tion, characterization and continuous development of
molecular imprinted polymers have attracted conside-
rable amount of attention in the literature [33-39].

Phenol imprinted poly(2-hydroxyethyl methacrylate-
N-methacryloyl-(L)-phenylalanine methyl ester)
[poly(HEMA-MAPA)] polymeric film was attached to on
the SPR chip gold surfaces. Phenol imprinted and non-
imprinted SPR chip surfaces were characterized by se-
veral techniques such as, ellipsometer and contact ang-
le measurements. Binding kinetics and detection dyna-
mics of phenol molecules were examined by binding
the phenol at different concentrations applied to the
phenol imprinted SPR sensors. The selectivity and reu-
sability studies, which is the most important feature of
molecular imprinted SPR sensors, were realized in this
study. Phenol imprinted polymeric films were found to
show more sensitivity towards the target molecule than
the non-imprinted ones.

MATERIALS and METHODS

Chemicals

2,2'-Azobis(2-methylpropionitrile), sodium hydroxide,
2-hydroxyethyl methacrylate, hydrochloric acid, ethyle-
ne glycol dimethacrylate and allyl mercaptan to be used
for synthesis of SPR chip were purchased from Merck
(Switzerland). Phenol and Catechol were purchased

from Merck (Switzerland).

Synthesis of polymeric film on SPR chip surfaces

The surface modification was performed on the SPR
chip surface with allyl mercaptan for 12 h. Synthesis
procedure of N-methacryloyl-(L)-phenylalanine methyl
ester (MAPA) used as monomer was explained by Deniz-
lietal. inthe previous articles [40]. In this study, MAPA
was used as monomer for phenol imprinted polyme-
ric film synthesis. Both the template molecule phenol
and the MAPA monomer have a hydrophobic struc-
ture. Phenol is a structure in which the OH- molecule
is attached to the benzene ring. The MAPA monomer
also has a benzene ring in the same way as phenol. The
electrostatic and hydrophobic interactions take place
between similar rings of two molecules [41]. For the
synthesis of phenol imprinted polymeric film, the pre-
complex consisted of 1:5 uM for phenol:MAPA was for-
med with the template molecule as phenol (10 umol)
and monomer as MAPA (50 pumol). Phenol imprinted
polymeric film (MIP) was prepared with phenol:MAPA
pre-complex with ethylene glycol dimethacrylate (EGD-
MA, 200 umol) as a crosslinker, 2-hydroxyethylmethacr-
ylate (HEMA, 50 umol) as a functional monomer and



2,2-azobisisobutyronitrile (AIBN) as a polymer initiator.
5 pL of this mixture is dropped on the SPR chip surface
and placed under UV light in 24°C at 40 min. The non-
imprinted (NIP) polymeric film was prepared using the
same procedure without adding phenol into the poly-
mer solution.

Characterization studies

The characterization studies of phenol imprinted and
non-imprinted SPR chip surfaces were carried out with
ellipsometer and contact angle (CA) measurements. An
automatic nulling imaging ellipsometer (Nanofilm EP3,
Germany) was used in layer thickness of the polymeric
film on the SPR chip surface. Contact angle measure-
ments of SPR chip surfaces were measured with sessile
drop method using KRUSS DSA100 (Hamburg, Ger-
many) device [42].

Kinetic studies
The detection of phenol from the aqueous solution, ki-
netic analyzes performed using phenol imprinted and
non-imprinted SPR sensors. Firstly, phenol imprinted
sensor was equilibrated with pH 6.5 phosphate buffer
solution [43]. Phenol solutions in different concentra-
tion of 0.15-10.0 nM was prepared and kinetic analy-
zes were performed in the SPRimager Il (USA) sensor
system (10 mL, 120 pL/min). Refractive index values
were obtained by taking SPR sensorgrams. After all
kinetic analysis, the phenol molecules were removed
from the cavities on the SPR chip surface using 0.5 M
NaCl desorption solution. Using kinetic data, adsorption
isotherm models and equilibrium kinetic analysis were
calculated for phenol imprinted SPR sensors [44].

AR = {AR,,[c]" 1K, + [c]"]
AR = AR, [C]"

AR

Eq.1: Langmuir-Freundlich

max Eq.2: Freundlich
{AR,.[C]/K,+ [C]}
,,,,, - (kuC‘de)AR

AR, /C=K,(AR,, - AR,)

Eq.3: Langmuir
Eq.4: Eq. kinetic alysis
Eq.5: Scatchard

Concentration, the response measured by binding, and
the Freundlich exponent is expressed with C, AR and
1/n, respectively. The forward kinetic rate constant is k_
(1/nM.s) and reverse kinetic rate constantis k, (1/s). The
forward equilibrium constant is K, (nM™) and reverse
equilibrium constant is K (nM).

A. Derazshamshir / Hacettepe J. Biol. & Chem., 2021, 49 (4), 333-344

To determine the selectivity of the phenol imprinted
and non-imprinted SPR sensors, catechol used as com-
petitive molecule. The molecular weight and structure
of catechol (C,H,0,, MW: 110.112 g/mol) molecule is
close to phenol (C.H.O, MW: 94.11 g/mol). Catechol
solution at a concentration of 5 nM was prepared and
kinetic analyzes were performed with phenol imprinted
and non-imprinted SPR sensors. The selectivity (k) and
the relative selectivity (k') coefficients were calculated

using the obtained kinetic data [45].

_ Eq.6: The selectivity coef-
k - ARtemplate competitor ficient
o
k' = kimprimed non—imprinted  EQ.7: The relative selectivity

coefficient

Experimental results

Characterization of SPR chip surfaces

The characterization studies of phenol imprinted and
non-imprinted SPR chip surfaces were done using el-
lipsometer and contact angle measurements. The
polymeric film thickness of the SPR chip surfaces were
determined by ellipsometer measurements. The poly-
meric film thicknesses of phenol imprinted and non-
imprinted SPR were obtained as 109.5£0.7 nm and
132.5+0.2 nm, respectively (Figure 1).

Contact angle (CA) measurements of unmodified and
phenol imprinted SPR chip surfaces were shown in Fi-
gure 2A and 2B. After preparation of phenol imprinted
polymeric film on the SPR chip surface, the CA value
increased from 71.4° to 92.3°. The observed increase in
contact angles depended on the increase of hydropho-
bic of SPR chip surfaces. The increase of hydrophobic
property of SPR chip surface is expected due to the
hydrophobic functional groups of MAPA monomer [46].

The real time kinetic analysis

Phenol imprinted and non-imprinted SPR sensors were
prepared by molecular imprinting approach for detec-
tion of phenol. Phenol imprinted SPR sensor was analy-
zed with phenol aqueous solutions in the concentration
range from 0.15 to 10 nM. Firstly, phenol imprinted SPR
sensor was equilibrated with pH 6.5 phosphate buffer.
Then, phenol agueous solutions prepared at a concent-
ration of 0.15 to 10 nM were given to the SPR system
one by one and the refractive index (%AR) values were
obtained in Figure 3. The desorption studies from SPR
chip surface were performed using 0.5 M NaCl solution.
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Figure 1. Ellipsometer images (a: phenol imprinted and b: non-imprinted SPR chip surface).
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Figure 2. Contact angle images (A: unmodified and B: phenol imprinted SPR chip surfaces).

As seen in Figure 4, an increase in phenol imprinted SPR
sensor response is observed with the increase in phenol
concentration. There is a direct relationship between
solutions of different phenol concentrations and%AR as
the reflection response. In this study, the linear equa-
tion is y= 1.3103x+2.4997 with a coefficient of 0.9095.
Using the kinetic data of phenol imprinted SPR sensor,
the limit of detection (LOD= 3.3 S/m) was determined
to be 0.022 nM.

Figure 3. Real-time responses of phenol imprinted SPR sensor.

The equilibrium and kinetic analysis constants for phe-
nol imprinted SPR sensor are calculated and given in
Table 1. The association constant (K,) value was sho-
wed the high affinity binding for phenol to be 2.36 nM™
for kinetic studies. The heterogeneity of the SPR chip
surface and its affinity for the binding sites of phenol
molecules can be explained by the Scatchard model
curve. The K, value was calculated to be 0.18 nM™ for
phenol recognition.
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Figure 4. The linearity of phenol imprinted SPR sensor.

Surface homogeneity of phenol imprinted SPR sensor  lecule on the polymer surface [45]. The catechol mole-
was investigated using adsorption isotherm models  cule was used as a competitive agent to examine the
(Freundlich, Langmuir and Langmuir-Freundlich mo-  selectivity of phenol imprinted SPR sensor (Figure 6).
dels) in Figure 5.

The relative selectivity coefficients of phenol imprinted
Among the adsorption isotherm models for phenol imp-  (MIP) sensors to non-imprinted (NIP) sensor for phe-
rinted SPR sensor, Langmuir has a high regression coef-  nol between phenol/catechol were determined 5.81 in
ficient (R>= 0.9951, AR = 10.55), indicating that their ~ Table 3. The relative selectivity coefficients (k’) for the
binding to phenol imprinted SPR sensor is monolayer  phenol molecule show that cavities formed in phenol

X

(Table 2). imprinted polymeric film are formed. The imprinting
factor showing the imprinting efficiency was recorded
Selectivity studies as 2.66 and implied that the imprinting process was ac-

The most important feature of molecular imprinting is ~ complished successfully (Table 3).
the formation of cavities belonging to the template mo-

Table 1. Kinetic constants.

Equilibrium Analysis Association Kinetic
AR 19.77 k,nM*s? 0.0026
K, nM* 0.18 k, s* 0.0011
Ky NM 5.35 Ky nM* 2.36
R? 0.9991 Ky nM 0.42

R? 0.9886
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Figure 5. Adsorption isotherm models (a: Langmuir, b: Freundlich, c: Langmuir-Freundlich).
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Table 2. The adsorption isotherm model constants.
Langmuir-Freundlich

Langmuir Freundlich
AR, 10.55 AR 2.99 AR 35.46
Ko 1.9926 1/n 0.6829 1/n 0.6829
K, 0.5018 R? 0.9943 Ko 0.1134
R? 0.9951 K, 8.81
R? 0.9949

Figure 6. The selectivity studies of phenol imprinted (A) and non-imprinted (B) SPR sensors.
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Table 3. The selectivity and relative selectivity coefficients for competitive molecule for phenol imprinted and non-imprinted SPR

Sensors.
Imprinted
Sensor
AR k
Phenol 11.19 -
Catechol 0.972 151

Reusability studies

The reusability studies of phenol imprinted SPR sensor
were carried out with four repetitive equilibration-ad-
sorption-regeneration cycles using aqueous phenol so-
lutions. Four cycles were performed by preparing a phe-
nol solution at a concentration of 10 nM. According to

Non-imprinted

Sensor
AR k k’
4.20 - -
2.12 1.98 5.81

the four equilibration-adsorption-regeneration cycles
analysis results, it has been observed that there is not
much decrease in chip performance. SPR sensograms
obtained from four repetitive equilibration-adsorption-
regeneration cycles are shown in Figure 7.

Figure 7. Reusability studies of phenol imprinted SPR sensors.
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Conclusion

In recent studies, the different methods have been
developed for the real time, sensitive and fast, iden-
tification tools for phenol and phenol derivatives in
industrial wastewater. Optical sensors are used in de-
tecting contaminants due to their low cost, sensitivity,
real-time measurement and no labeling required. For
the creation of selective recognition regions in surface
plasmon resonance sensors, easy to prepare, cheaper,
stable, molecularly imprinted polymers with molecu-
lar recognition capability are frequently used. Several
sensor studies performed in the literature for phenol
determination are summarized as follows. Manan et al.
[47] prepared tyrosinase biosensors based on quantum
dots with nanocrystalline cellulose for phenol determi-
nation. Under optimal conditions, the limit of detection
was found to be 0.082 uM in the phenol concentrati-
on range of 5-40 uM. In addition, the sensitivity of the
prepared biosensor is 0.078 pA/uUM. Both the prepared
biosensors and HPLC method, real lake water samples
spiked at different concentrations were also analyzed.
When the results obtained with both methods were
compared, it was observed that the results were com-
patible with each other. Caetano et al. [48] have develo-
ped an electrochemical biosensor for phenol detection
with a microfluidic device. Screen printed electrodes
were modified with gold nanoparticles/carbon nano-
tubes and covalently bonded as tyrosinase. After the
prepared electrochemical biosensors with the cyclic
voltammetry technique were characterized, pH, linear
range and sensing potential parameters were optimi-
zed. The limit of detection and limit of quantification
were found to be 2.94 nmol/L and 8.92 nmol/L, res-
pectively. Aliabadi et al. [49] prepared a composite
electrochemical sensor containing cetyl trimethyl am-
monium bromide (CTAB) and zincon made from elect-
ro-polymerization with cyclic voltammetry for phenol
detection in the waste water. The composite electroc-
hemical sensor has been observed to have a linear re-
lationship with a correlation coefficient of 0.992 in the
phenol concentration range of 1 to 30 ppm. The limit
of detection is calculated as 214 ppb. Hashim et al. [50]
prepared gold modified tyrosinase (Tyr) enzyme-based
graphene oxide (GO) thin film on surface plasmon reso-
nance (SPR) sensor surface for phenol detection. The
thin film prepared was characterized by using atomic
force microscopy (AFM). Sensitivity, full width at maxi-
mum half, detection accuracy and signal-to-noise ratio
were analyzed with the SPR sensor. The SPR sensor has
been studied in a phenol concentration range of 1 uM

to 100 uM with a sensitivity of 0.00098. Jesila et al. [51]
developed an electrochemical sensor for the determi-
nation of 4-Cyanophenol in environmental water using
bismuth molybdate (Bi,MoO,) with an Aurivillius-struc-
ture. Phenol analyzes were performed in two linear
concentration ranges, 0.1-39.1 uM and 46.6-110.1 uM,
using a Bi,MoO_ modified glassy carbon electrode. The
detection limit for both linear range was 0.008297 uM
and 0.01097 uM, respectively. The environmental water
sample was also analyzed by both the modified elect-
rochemical sensor and HPLC analysis. The results com-
pared with both methods are analyzed as a real sample
with proper and quantification results.

In this study, phenol imprinted SPR sensor was prepa-
red by combining the advantages of molecular imprin-
ting method for the selective and fast determination of
phenol molecule. The characterization studies of phe-
nol imprinted and non-imprinted SPR sensors are per-
formed with contact angle and ellipsometer measure-
ments. Then, kinetic studies are carried out in the con-
centration range of 0.15-10 nM. The limit of detection is
obtained as 0.022 nM. According to the kinetic analysis
results, it was determined that Langmuir isotherm mo-
del, one of the adsorption isotherm models, is suitable
for the phenol imprinted SPR sensor. In addition, in the
selectivity studies of phenol SPR sensors, it has been
shown that the specific cavities formed on the SPR sen-
sor surface recognize the phenol molecules with higher
selectivity than the catechol molecule. In the light of
the experimental results, it has been observed that the
selectivity of the phenol imprinted SPR sensor can be
detected in the low detection limits of phenol compo-
unds.
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