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Abstract: The role of incorporation of gold nanoparticles-D nm in diameter) into a
series of photocurable methacrylic-acrylic basedsd&nsor membranes containing
tyrosinase on the response for phenol detection masstigated. Membranes with
different hydrophilicities were prepared from 2-hgxlyethyl methacrylate and n-butyl
acrylate via direct photocuring. A range of goldhoparticles concentrations from 0.01 to
0.5 % (w/w) was incorporated into these membrangsg the photocuring process. The
addition of gold nanoparticles to the biosensor mm@me led to improvement in the
response time by a reduction of approximately 8iddb give response times of 5-10 s.
The linear response range of the phenol biosenaeralso extended from 24 to AM of
phenol. The hydrophilicities of the membrane magidemonstrated strong influence on
the biosensor response and appeared to contrefféw of the gold nanopatrticles. For less
hydrophilic methacrylic-acrylic membranes, the &ddi of gold nanoparticles led to a
poorer sensitivity and detection limit of the binser towards phenol. Therefore, for the
application of gold nanoparticles in the enhancenaéra phenol biosensor response, the
nanoparticles should be immobilized in a hydroghthatrix rather than a hydrophobic
material.

Keywords: Hydrophilic polymer, methacrylate, acrylate, tyresse, gold nanoparticle,
phenol biosensor.
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1. Introduction

Electrochemical methods based on enzymes haveweety used for the measuring of phenolic
compounds because of the advantages of good sdlectong-term stability and potential for
miniaturization and automation [1]. Compared teefe:nzyme in solution, the immobilized enzyme is
more stable and resistant to various environmeokanges [2]. Some authors have reported
immobilization via entrapment of redox proteins emzymes, including tyrosinase in membranes
consisting of poly(vinyl pyridine), poly(vinyl immol), poly(acrylic acid) or poly (allyl amine) [3].
Tyrosinase, a monophenol mono-oxygenase enzymehwdatalyzes the oxidation of the phenol
group to o-quinone [4] is commonly used in the digd@ of phenolic compounds.

The use of gold nanoparticles immobilized togethigih an enzyme in an electrode membrane have
been shown to improve the response of the enzyaatretle where gold nanoparticles of small size
allow more freedom in the orientation for the aneloprotein molecules and hence maximize the
utilization of their bioactive sites [5, 6]. Immdization of gold nanoparticles together with redox
enzymes for electrochemical biosensors construgironides several advantages as far as biosensor
response is concerned. The immobilization of axezfwyme together with colloidal gold is thought
to either help the protein to assume a favourabéntation or to make possible conducting channels
between the prosthetic groups and the electrodacajrboth reducing the effective electron transfer
distance, thereby facilitating charge transfer leemv the electrode and the enzyme [7]. Gold
nanoparticles have large surface areas and gocttaglee properties [8] and they provide a stable
surface for enzyme immobilization and allow thec#lechemical sensing to be performed without the
need of external electron-transfer mediators. T¢@ey act as tiny conduction centers to facilitag th
transfer of electrons. So it has been used fostildy of the direct electron transfer of proteidk s
such they can also act as electrodes of nano{sieetectrically communicate between enzymes and
bulk electrode materials. Because of the gold sarfaermits absorption of protein molecules, gold
nanoparticles have been used as a matrix for enzagmeobilization where the bioactivity of
macromolecules is retained. The good conductivitpperties of nanoparticles enable the design of
simple, sensitive and stable electroanalytical dessbased on enzyme immobilization [4].

In this paper, we report the use of gold nanogdadito enhance the response of phenol detection by
biosensor constructed from the immobilization afbgmase in a series of methacrylic-acrylic type
membranes of different hydrophilicities. These membs, prepared by a direct and simple
photocurable procedure consists of copolymers loydtoxyethyl methacrylate (HEMA) and poly(2-
hydroxyethyl methacrylate-co-n-butyl acrylate) witle HEMA and n-butyl acrylate (nBA) in different
compositions to alter the hydrophilicity of the nanane. The objective is to examine the effects of
various membranes containing immobilized tyrosinase gold nanoparticles under different
membrane hydrophilicities on the response of ebebemical biosensors for phenol detection.
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2. Methodology
2.1 Reagents

Tyrosinase (EC 1.14.18.1, 2870 U/mg solid from nnosim), monomer 2-hyroxyethyl methacrylate
(HEMA) and n-butyl acrylate (nBA) were purchasednfr Sigma. The photoinitiator 2, 2-dimethoxy-
2-phenylacetophenone (DMPP), phenol and gold natioles (50-130 nm) were obtained from
Aldrich. The supporting electrolyte was 0.05 M ppioste buffer, prepared from potassium dihydrogen
phosphate and potassium chloride that were purdHes® Systerm and Merck respectively.

2.2 Apparatus and measurements

Amperometric experiments were carried out in aesfielectrochemical cell containing 5 ml of 0.05
M phosphate buffer/0.1 M KCI using an Autolab PGSTE Potentiostat. The working electrode was
a carbon paste screen-printed electrode coated twitisinase containing photocured methacrylic-
acrylic copolymer film. Ag/AgCl (3 M KCI) (Orion) rad a glassy carbon electrode (Methrom) were
used as reference electrode and counter electesgeatively. The amperometric measurements for
phenol were performed at -0.10 V versus Ag/AgCErence for electrode based on photoHEMA
membrane while -0.15 V for electrodes based ongiB91 and photoHB82 membranes.

2.3 Preparation of phenol biosensor

Biosensor for phenol was fabricated based on thmealilization of tyrosinase in various types of
methacrylic-acrylic membranes with varied hydrojgity. For the most hydrophilic membrane, 100%
of HEMA monomer was used. For less hydrophlilic rbeames, 90% of photoHEMA and 10% of
nBA monomers (w/w) (photoHB91) or 80% of HEMA and% of nBA monomers (w/w)
(photoHB82) were prepared. For photocuring purpb< (w/w) of photoinitiator DMPP was added
to the monomer mixtures. The enzyme tyrosinase wittoncentration of 18.5 mg/mL (53.1 U/mL)
was prepared in 0.05 M phosphate buffer/ 0.1 M KCpH 7.0. The final membrane cocktail was
obtained by mixing 10ul of the monomer mixture ar@ul of tyrosinase enzyme solution. Gold
nanoparticles (50-130 nm) in the following amoum® mg, 1.0 mg and 0.1 mg were added to the
membrane cocktails before photocuring. The photoguof the final cocktails was performed under
ultra-violet (UV) radiation in a UV box (RS Ltd.pntaining four 60 watt UV lamps. The irradiation
was carried out for 5 min under a nitrogen atmosgah# rigid and thin (10@um) polymer film coated
on the screen printed electrode was obtained exygosure to the UV light.

The investigation of the water absorption charaties of various membranes was carried out by
exposing membranes to 0.05 M phosphate buffer.chaeges in weight of the membranes were then
recorded every five min and the percentage of wairtent and absorption were later calculated.
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2.4 Electrochemical measurements

The determination of phenol concentration was edrout electrochemically by measuring the
current that corresponded to the electrochemiadliation of the enzymatically generated quinone.
This was carried out by immersing the working, refice and counter electrodes in a 0.05 M
phosphate buffer/ 0.1 M KCI at pH 7.0 under conssinring in a electrochemical cell. A potentidl o
-0.10 V versus Ag/AgCl (3 M KCI) was used for electe with photoHEMA membrane whilst -0.15
V was for electrodes with photoHB91 and photoHB82whranes. After the background current had
become steady, standard solutions of various caratems of phenol were added to the
electrochemical cell and the change in current veaerded. The limit of detection of the phenol
biosensor was determined by using five differenéais printed electrodes where their blank response
was determined. From this blank response, the til@tetimit was then calculated based on the
average of the blank signal plus three times isddrd deviation [10]. The response times of all
biosensors were recorded when the biosensor re&96f steady state current.

3. Resultsand Discussion
3.1 Thelinear response slope of the phenol biosensor

The response slope of phenol biosensor with theetllypes of methacyrlic-acrylic membranes
containing fixed amount of immobilized tyrosinaselararied amounts of gold nanopatrticles are listed
in Table 1. For biosensor with photoHEMA membraaédition of various amounts of gold
nanoparticles did not seem to affect the respotgees But for biosensors with photoHB91 or
photoHB82 membranes, a marked decrease in the svalfighe response slopes was observed,
especially for the least hydrophilic membrane phi@82 where the reduction in the response slope
was almost 33 times. There is a general trend ofedsing of the values of the response slopes from
the most hydrophilic membrane photoHEMA (approxieha20% equilibrium water absorption) to
the least hydrophilic photoHB82 (approximately lésan 7% equilibrium water absorption) when
gold nanoparticles were added.

Table 1. The linear response slopes of phenol biosensdrs ptiotocurable methacrylic-
acrylic membranes containing various amounts ofl g@inoparticles (50-130 nm) for the
determination of phenol.

PhotoHEMA PhotoHB91 PhotoHB82
Gold nano-  Slope R? Slope R? Slope R?
particles(% wiw) (LA/LM) (n=17) (LA/UM) (n=10-14) (LA/LM) (n=7-12)
0 0.03 0.9769 0.030 0.9946 0.02 0.9789
0.01 0.02 0.9886 0.005 0.9924 0.0007 0.9877
0.1 0.03 0.9912 0.007 0.9847 0.0006 0.9862

0.5 0.03 0.9937 0.008 0.9893 0.0007 0.9900
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The observed decreasing effect on the linear respaiope of each biosensor towards phenol
appears to be related to the decreasing of theopldicity of the membrane, this is particularly
obvious for HB82 membrane where it has the higaesiunt of the *hydrophobic monomer’ nBA and
thus lowest hydrophilicity. The deterioration oétkensitivities of the biosensors with less hydilaph
membranes is a result of the poor diffusion pro¢lkeasoccurred within these membranes. Studies on
the diffusion properties in various photoHEMA memies containing increasing amount of a
hydrophobic monomer like methyl methacrylate hacholestrated reduction in the values of diffusion
coefficients when these methacrylic type membrawbg;h were used for a glucose biosensor became
more hydrophobic [11, 12]. With the increasing idiffty in diffusion of the hydrophilic phenol in¢h
more hydrophobic matrices, addition of gold nanbtipias further hinders the diffusion process by
creating hurdles for the substrate to reach thgreaz Thus, the observed decrease in sensitividy is
combination effect from both loss of hydrophilicignd obstruction by gold nanopatrticles in the
membrane. For membrane HB82 where the hydroplyilisithe lowest, the loss in sensitivity is thus
the most severe. However, such sensitivity is stithparable with several reported phenol biosensors
e.g. Wang & Dong [13] using silica sol-gel membrameglassy carbon electrode (0.0024 pA/uM) or
Sanzet al. [4] with ruthenium on carbon paste electrode (00QA/UM).

3.2 Effets of gold nano-particles on the detection limit of the phenol biosensors

The effect of gold nanoparticles on the detectigpears to follow the trend of the sensitivity slepe
of the biosensors (Figure 1). The detection liniestame poorer when gold nanoparticles were
introduced into the less hydrophilic membranes #mel increase in the detection limits of the
biosensors with membranes photoHB91 and photoHB&2 wstatistically significant when compared
with no gold nanoparticles was added (significavel a=0.05). But for the phenol biosensor with
hydrophilic membrane photoHEMA, there was no sigaiit effect of gold nanoparticles on the
detection limits, where little deterioration of thetection limits was observed. The changes in the
detection limits were a consequence of the chamgesensitivities. As the sensitivities of the
biosensors with photoHB91 and photoHB82 membrarezsedsed, the detection limits increased.
However, the detection limits of these biosensorsphenol are good when compared with other
screen printed electrodes based on four electrggtera which was reported to be 7.0 uM [14].

Figure 1. A comparison of the limits of detection of biosersswith various methacrylic-
acrylic membranes modified with different amountgold nanoparticles (Average of n =
5, relative standard deviation RSD = 13-22%).
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3.3 Effects of gold nanoparticles on the linear response range for phenol detection

Table 2 shows the linear response range for pheetéction using biosensors based on
methacrylic-acrylic membranes without gold nandpke$ or with different amounts of gold

nanoparticles added.

Table 2. Linear response range of phenol that can be @etdoy methacrylic-acrylic
modified gold nanopatrticles (50-130 nm).

Linear concentration range of phenol (uUM)

Gold nanoparticles PhotoHEMA PhotoHB91 PhotoHB82
(% wiw) (n=17) (n=10-14) (n=7-12)
0 6.2 —-42.2 6.2 —48.2 6.2 —-24.2
0.01 6.2 —90.2 6.2 -60.2 6.2 -42.2
0.1 6.2 -90.2 6.2 —66.2 6.2 - 60.2
0.5 6.2 —90.2 6.2 —90.2 6.2—-72.2

In the absence of gold nanoparticles, biosensoth wiless hydrophilic membrane such as
photoHB82 yielded a narrower linear response ramdpch was about half of that of the biosensors
with more hydrophilic membranes, namely photoHEMA mhotoHB91. However, when gold
nanoparticles were added to these membranes, $penge range to phenol concentrations for all
biosensors was extended to higher concentratigpscally more than two times of that without
addition of gold nanopatrticles. In the case of there hydrophobic membranes, photoHB91 and
photoHB82, the addition of more gold nanopartictebeneficial as the linear response range of these
biosensors increased with the increase in the atadgold nanoparticles present.

The increase in the upper detection range of tleghbiosensors demonstrated that the enzyme
affinity for phenol had increased in the presengold nanoparticles. To examine this further, the
Michaelis-Menten constants,.or enzyme immobilized in various membranes anth@épresence of
gold nanopatrticles was evaluated from the eleceguibal Lineweaver-Burk plots using data extracted
from the calibration curves of the phenol biosessbigure 2 is a comparison of,Kalues obtained
according to different types of methacrylic-acryliembranes modified with different amounts of gold
nanoparticles.

The K, values decrease significantly (significant lewel= 0.05) from the more to the less
hydrophilic membranes and confirming the increaseaffinity of the enzyme to phenol for the less
hydrophilic membrane environment. However, the geanin the gold nanoparticle contents of the
membranes did not appear to change thesknificantly in each biosensor. A smaller, Kalue
demonstrates that the immobilized tyrosinase pssselsigher enzymatic activity. The,Kalues for
all membranes were lower than that found for thee fenzyme in solution (0.7 mM) [14]. For
tyrosinase immobilized in other reported matridbs, K, values were always lower than that in free
solution, e.g. 0.024 mM for tyrosinase immobilizachano-zeolite/polydialyldimethylammonium [2]
and 0.14 mM in glassy carbon modified with gold oerticles (glutaraldehyde as crosslinker) and
0.0089 mM in graphite-teflon composite modified lwgold nanoparticles [4]. For the methacrylic-
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acrylic matrices investigated here, the values virera 0.008-0.10 mM. Thus, when the tyrosinase is
immobilized in a matrix where the diffusion procesgestricted, the affinity of the enzyme for the
substrate appeared to increase and thedues decreased. The low, Kalues may be explained by
the fact thato-quinone can enter into another enzymatic oxidatjgmoviding a local increase in
substrate concentration and an amplification ofeleetrode response [15].

Figure 2. The changes in the Michaelis Menten constantg) (f tyrosinase enzyme
immobilized in various methacrylic-acrylic membraneontaining different amount of
gold nanoparticles. (Number of data used to ddfiyen = 17).
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This shows that the extension in the linear respaaage of the biosensors is not solely due to a
decrease in the Kvalues or improved affinity of the enzyme to theepol substrate. It was reported
that gold nanoparticles could adsorb redox enzyipreteins) without loss of their biological actieis
[9] and the increase in enzyme immobilization wedlized adsorption onto the gold nanoparticle may
cause a dependent of linear response range of ptretioe amount of gold nanoparticles, especially i
the less hydrophilic membranes.

It is likely that both diffusion and the enzymeiniffy play an equally important role in controlling
the biosensor response in membranes that are mudreghobic. For example, in the case of phenol
biosensor with photoHB82 membrane modified with 9%9.5w/w) and 0.1% (w/w) of gold
nanoparticles, the Lineweaver-Burk plot (graph staiwn) demonstrated two regimes. The first region
was non-linear and observed at low phenol conceorisa suggesting diffusion control influence and
the second, a linear region occurred at highertsatiesconcentrations, which suggesting an enzymatic
control of the reaction process.

It was observed that the,}values did not demonstrate any good correlatidh tie sensitivity of
the biosensors. Apart from the factor of immobiizenzyme, other factors can affect the biosensor
behavior, e.g. inter- and intra-diffusion of substs and products of reaction, substrate steric and
conformational effects, immobilization matrix thaty result in enzyme disfiguration, electrode activ
surface properties that may influence the conditgtithe amount of the enzyme at the surface aed th
amplification of the biosensor response by recggtirocess occurs at the electrode surface [16].
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3.4. Effects of gold nanoparticles on the response time of the biosensors to phenol

In general biosensor with a more hydrophilic membrauch as photoHEMA demonstrated faster
response time compared with biosensor with a Igdsophilic membrane. The difference in response
time could be differed by as much as two folds (Fég3). However, there was a marked (significant
levela = 0.05) decrease in response time of all pheraddrisors when gold nanoparticles were added
to all types of biosensor membranes. But the changéhe amount of added gold nanoparticles did
not change the response time significantly.

Figure 3. The effect of addition of gold nanopatrticles totihaerylic-acrylic membranes on
the response time of phenol biosensor. (Average=o8 data).
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A reason why gold nanoparticles may improve thearse time of a phenol biosensor is an
improvement in the conductivity of the electrodenmbeane in the presence of such particles. Gold
nanoparticles provide a stable surface for enzymaabilization and can act as electrodes of nano-
size that facilitate the electrical communicatiatvireen enzyme and the bulk electrode materials [4].
It has been widely accepted that gold nanopartitd®® some important size-dependent properties due
to the quantum size effect. The surface of metaliinoparticles is always electron deficient and the
affinity for electrons will increase with the dease of dimension [17]. The gold nanoparticles also
provide an environment similar to that of the regho&tein in a native system and enable the protein
molecules more freedom in orientation, thus redythe insulating property of the protein shells for
direct electron transfer and thereby facilitatihg electron transfer through some conducting tennel
of gold nanopatrticles. In this way, the gold nantpkes provide the necessary conduction pathways
and assist the direct electron transfer betweeenkgme and the bulk electrode surface All of this
makes the electron transduction process of theneiczyeaction between phenol and tyrosinase in the
membrane to the electrode surface easier, and repreconductivity. Hence a shorter response time
was observed for biosensors with all types of mamés.
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4. Conclusion

The results reported here have shown that the pocation of gold nanoparticles in the
methacrylic-acrylic type of polymer membranes comtay tyrosinase can have beneficial effects on
the response of biosensors for phenol determinalibe most obvious benefits are the improvement
in response times and the linear response rangbeobiosensor. However, incorporation of gold
nanoparticles in less hydrophilic membranes hadtezsin the reduction in biosensor sensitivity and
also yielded poorer detection limits towards phefidlus, the hydrophilicity of the membrane matrix
where the nanoparticles and enzyme are immobilidegs an important role in influencing the
response of the biosensor. For the applicationotd ganoparticles in the enhancement of a phenol
biosensor response, the nanoparticles should belfized in a more hydrophilic matrix rather than a
hydrophobic material.
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