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Abstract: Nanostructuredupivacaineselectivemolecularly imprintedB-aminophenylboronic
acid-p-phenylenediamine epolymer (MIP) films have been prepared on goldoated
quartz (Au/quartz) resonators Blectrachemical synthesisinder cyclic voltammetric
conditions in a liquid crystalline (LC) mediuntrifon X-100watel). Hims preparedn
waterand in the absence of template wasedfor control studiesinfrared spectroscopic
studiesdemonstrated comparaldieemical compositiosifor LC and contropolymerfilms.
SEM studies revealed thabe bpologes of the molecularly imprintedpolymer films
prepared in the LC mediuniLC-MIP) exhibit discernible 40 nm thick nancfiber
structures quite unlike the polymers pepared in the absence of the -pBase The
sensitivity of the LC-MIP in a quartz crystal microbalance (QCMgnsorplatform was
67.6 +4.9 Hz/mM under flow injection analysis (FIA) conditigng/hich was 4250%
higherthan for the sensor prepared using délg@eous mediunDetection was possible at
100 nM (30 ng/mh), and discriminaton of bupivacainefrom closely relatedstructural
analog was readily achieveds reflected in theorrespondingstability constarg of the
MIP-analyte complexes The facile fabrication and significant enhancement in sensor
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sensitivity together highlight the potential of this L®asedimprinting strategy for
fabrication ofpolymeric materialsvith hierarchical architecturesn particular for use in
surfacedependenapplication areas, e,diomaterials or sensing.

Keywords: bupivacaine electropolymerization liquid crystal; molecularly imprinted
polymer, nanostructured polymer films; piezoelectric sepgaartz crystal microbalance

1. Introduction

In surfacebased sensingechnologiesuch as quartz crystal microbalance (QCM), surface plasmon
resonance (SPR), total internal reflectance fluorescence spectroscopy (TIRF) and electrochemical
sensing, the proximity of the analyte to the transducer surface is digtidake sensor responf# 6].

Sensor surfaces based upon thin polymer film coatings have become of increasing interest in this
regard due to their stability, breadihpolymer functionalities available and the possibility of regulating
film thickness, e.gwhen using electrochemic@di 9] or INIFERTERbased synthesis strategies

Molecularly imprinted polymer (MIP)1Gi 14] films have attracted significant interest for use in
suchsensor platforms due to the possibility of tailoring the ligand recognition characteristics of the
material through the templating process, together with the advantages describedl&bagp
Despite the success achieved in sensing usinghd#ed thin films, the need for greater sensitivity
remains, in particular for applications where the analyfgresent in very low concentrationsg.,
biomarkers, some toxins. Recently, efforts have been directed towards manipulating the morphologies
of MIP-thin films in order to optimize both the avdiliaty of binding sites and analyte diffusion to
these site$19,20]. A number of strategies are evolving for creating hierarchical architectures in these
materials through a combination of nanostructuring aniéecotar imprinting, to afford predetermined
polymer structural features in both the Angsti@anometer and nanometeicrometer scalefR1i 24].

In the studies reported to datep-down processes such as lithography and the use of sacrificial
structures have been used to steer morpholdgeaonup approaches have been limited to the choice

of polymer or solvent (often referred to as the porogen), and the regulation of thickness when using
INIFERTER or electrohemical synthesis strategies.

We are currently exploringew strategie$or directing the morphologies amprinted polymeric
materids [24], ideally such strategies should be economically viable and offer the potential for
scaleup. In this study we have exploredattomup strategy where liquid crystalline (LC) structures
are used to impart narszale structuring in molecularly imprinted polymer films and we have
examined the impact of the resulting morphological featareshe performance of films imprinted
with the localanesthetibupivacaine when used in a QCM platform.

2. Experimental Section
2.1. Chemicals

Bupivacaine hydrochloridel], 1,3aminophenylboronic acid?), p-phenylenediamine3j, Triton
X-100 @), mepivacaine hydrochloride5], ropivacaine hydrochloride6) (see Scheme 1), sodium
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suffate (NaS(Qy), sodium hydroxide, sodium chloride, sodium dihydrogen phosphate ,BXaH
disodium hydrogen phosphate @M#QO,) and sulfuric acid were procured fro®igmaAldrich
(Steinheim, Germany). Hydrogen peroxide (30%) was obtained from Fluka (Buchs, Switzerland).
A Milli -Q gradient water filtration system (Millipore, MA, USA) was used to purify distilled water to
ultrapure grade withMgedi st aphi © watda wassusedbfor O1
solution preparations aridr the rinsing of substrates.

Scheme 1 Protonation/deprotonatiordissociation equilibria of bupivacainel)( and
monomers employed: 3-aminophenylboronic acid 2 and p-phenylenediame (3).
Structural formula of Triton XLOO used for the preparation of liquid crystalline medium:
polyethylene glycop-(1,1,3,3tetramethylbutyBphenyl ether4). Template analogues used to
evaluate sensor performancgepivacaine) and ropivacaineg.

S = Sy ¥ S

@

NH, NH, NH, NH,
PKas = 3.12 pK, =8.79 PKoq = 11.08
[— —‘- . S
OH OH 8 | 0]
. ’ & ~e
OH OH OH O@
2a 2 2b 2¢
®
NH3 NH3 NH,
pKas =3.04 i pKae =6.46
NH, NH,
@
3b 3a 3

W@fﬁ

5



Biosensor014 4 93

2.2 Instrumentation anéProtocols
2.2.1 ElectrochemistryandQuartzCrystalMicrobalance

Electrochemicasyntheses were performeaath cyclicvoltammetry(CV) (seeSection 2.3 for sensor
fabrication)usinga Reference 600 potentiostat/galvanof&amry instrument3Narminster, PA, USA)
The Gamry framework software provided by the manufacturer was used to control the instrument.
Platinum wire and Ag|AgCl electroslesupplied byGamry instrumentsvere used as counter and
reference electrodes, respeety.

Piezoelectric microgravimetric measurements were performed agjogrtz crystal microbalance
(QCM) system(Attana A100, Attana AB Stockholm, Sweden). The QCM wasenfigured forflow
injection analysis (FIA) and was controlled the Attester sofivare supplied by the maker. MHz
AT-cut quartz resonators (Attana AB, Stockholm, Sweden) mi8diameter, sputtered witkb mm
diameter andl40 nm thick gold on both the sides (adhered wathO nm Ti or Cr underlying layer),
was used both as thveorking electrode and substragensorevaluation Substrates were cleaned by
immersbn in piranha solution (1:3v/v; H,02:H,SQy) for 1 min (caution: the piranha solutioreacts
violenty with organic compounds artbntact with the skin or eyes dangeras). The substrate was
thenrinsedextensivelywith ultrapure water, driednder a stream dfl; gas and storedndervacuum
until use

2.2.2 ScanningglectronMicroscopy (SEM)

Electron micrograph of electrodeposited polymer filmsere imaged using a Leo 1550 Gemini
instrument furnished with a field emission elentgun in the high vacuum modehe substrates were
placed on a black carbon tape attached to alumina stubs and coated with a thin layer of patigum
a platinum spuering unit (LEICA EM SCD 500) before being insertetbithe SEM instrument. The
pressure of the measurement chamber was maintained &2 mbar. A 3 kV potential was applied
to the electron gun to generate the electron besad to scan the sampleface.

2.2.3 UV-Visible Spectroscopy

UV-visible spectra were measured in the rangei 380 nm at 0.1 nm resolution by means of
UV-1800 spectrophotometer of Shimadzu Corporation (Tokyo, Japan).

2.2.4 IR Spectroscopy

RAIR spectra of the polymer film coateéAu/quartz surface were recorded in a Bruker Hyperion
3000 IR microscope coupled to a Tensor 27 IR spectrometer and computerized sample stage. Infrare
beam was doublesflected from the surface withingles 52°and 83°to the surface normal using a
grazirg angle objective. The spectra waterived from1000 interferograms collected laysingle
element mercurgadmiumtelluride (MCT) detector with @ crl® resolution.The sample chamber
was maintainedunder aninert atmosphergéhroughout the measuremeby purging with nitrogen
gas at positive pressure. A thiieem BlackmannHarris apodization function was applied to the
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interferograms, prior to the Fourier transformation. An unmodified Au/quartz resonator was used to
measure the background spectra.

2.2.5 Flow InjectionAnalysis

The sensing capabilities of the polymer film coated Au/quartz resonators were studied under flow
injection analysis (FIA) conditions usirggQCM (seeSection 2.2.1). The substrates were mounted in
the flow cell holders providetly the manufacturer&£hosphate buffefl0 mM) containing 150 mM
NaCl at pH8.5was used as the carrier buffer. A dual piston peristaltic purdpyilhwithin the QCM
instrument was used to pump the carrier buffer solution over the polymer film cobstchsmiat the
desired flow rate The buffer solution was allowed to equilibrate with polymer film at this condition to
have minimum change (3.5 Hz) in the resonant frequency for oves48A aliquot {5 |L) of the
test solution, diluted with carridsuffer was injected in the flow cell usireg6-point injection valve
present in the instrument.

2.3. SensofFabrication andCharacterization

MIP recognition films were prepared by electropolymerization on-gosted quartfAu/quartz)
transducers. Initially, polymerizatioreaction mixtures werg@repared by mixingl (bupivacaine,
template),2 and 3 (crosslinking functional monomes) in the ratio 15:25 and dissolved either in
ultrapure water containing 0.2 M of p&0O, (supporting electiyte) orLC mediumcomprising42% of
Triton X-100 in water(v/v). The solutios wereallowed to equilibrate for 5 miprior to use

Piranhacleaned Au/quartz resonators were mounted in @@\ chip holdes (Attana AB
Stockholm, Sweden)A well-shapedyroove wascarvedinto the Perspexover of the chip holderto
providea volume of 5 mm diameter and 2.5 mm degdtbve thegold surfaceNext, the contact leads
for the Au/quartz substrate, provided in the QCM chgider waselectrically connected to the
working electrode terminal of th@amry potentiostatA drop of the prgolymerization solution was
thenplaced over the Au/quartz substraiée counter and reference electrodes vearefully dipped
into the solution close to the gold surfatteoughwithout making contact with the Au surface, or
between the electrodes.

MIP recognition film was deposited by scanning the potential fr@% to 145 V at 50 mV/s.
The growth of the polymer was governed by the number of cycles. Afterwards, the pblymeas
rinsed in ultrapure watdo remove the physisorbed species. Dhpivacaingemplate wasepeatedly
extracted from the MIP film witlaqueousNaOH (5 mM, 1 mL, 5 times)for 1 h. UV-visible spectraf
the washing solutions were uséd examinethe efficiency oftemplate removed from the MIP film.
A reference polymer film was preparbg an identical pscedure to that described abptleough in
the absence dghetemplatebupivacaine.

3. Results and Discussion

In surfacebased sensing techniquesicks as QCM, SPR and TIRF, tipeoximity of the analyte
binding or recognitionevent tothe transducer surface is critical for the sensor response. Thin polymer
film coatingsof molecularly imprinted materialsave become of increasing interest in this area due to
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their stability possibilitiesof regulating their thicknesduring fabricationand the broad range of
structures that are amenable for use as a template. A number of reports have been made wher
sacifficial structures, either organic or inorganic, are used to generate complementary morphologies in
polymer matrice§25i 27]. The often rigorous treatmemiecessary for subsequent removal of these
sacrificial structures, e.gHF, suggested to us the need &dternative approaches, ideally requiring

mild removal protocols. Weperceivel that colloidal structuresmight provide a stable enough
framework to impart complementary structures in a cliogked polymer, while at the same time being
easily dismantled simply by elution under suitable condititiieas previously been demonstihtaat
mixtures of triton X100 and water can forinexagonally ordered cylindrical micelles in lyotrophic
liquid crystals[28], as demonstrated by-ray diffraction studies [7]lit was this well studied system

that we proposed to use as a basis for the present study.

3.1 ElectrochemicaPreparation of MIPFilms

The liquid crystalline medium was prepared following established procedures [6] hyghiegbin
X-100 (42%, v/v) in water to 50C under constant stirring to afford an isotropic phase. The mixture
is then allowed to cool slowly to room temperature to form lyotrophic liquid crystalline phase.
Polymerization reaction components; templaig &nd the crosinking functional monomers
1,3-aminophenylboronic aci®( 3-APBA) andp-phenylenediamine3( p-PD), were then mixed before
being added to the LC medium. This particular polymer system was selected on the basis of results
of another study that shall be communicated in elsewhere. Polymerization was perfovined
Figure 1A shows th€V curve for the copolymerization @and3 in the presence dhetemplate {)
using NaSO, as supporting electrolyte on the /juartz electrde. The potentiabf the working
Au/quartz electrode was ramp&dm 1 0.5 to 1.5 V aa 50 mV/s scan ratdn theanodic scan of the
first cycle (Curvel, in Figure 1A), broad peaksound 0.5 V ad 0.75V can be attributedor the
oxidation of 3-APBA and p-PD monomers to form radical catiofigdi 32]. Combined oxidation of
bipolaron state of these radical catiassobserved as ahoulder at B V, correspondingto the
copolymerizatiorf33,34]. The build upof the polymer film on the electrode surfaseseeras a drastic
decrease in the peak currents, for the oxidation of radical caGomgg2 in Figure 1A, owing to the
hindered diffusion of the monomers to the electrode surface thrGugtvth ofthe pair of redox peak
at0.74V and0.3V, corresponding tthe reduction and oxidation of the-polymer film, respectively,
further supporthis conclusion A uniformly reddish browrgold electrode coated surface is obtained
For comparison, aeference polymer filn{REF) was prepared identically, though in the absenice
template The similarities ofthe CV curve profiles fromthe preparation othe REF and MIP films
discountghe possibleéhatoxidation of bupivacaingakes placeinderthe polymerization

The CV curves for the electrodeposition of MIP and REF polymer films from water (FAfLiia
Appendiy) shows similar features for the oxidation of crbisking functional monomers and
copolymerization, except the medium dependent shift in potentials and high current values. In the
presence of the Triton -X00 the rate of polymerization is considerablyhamced due to various
factors[35]. The polar head group (PEO chains) of the Trkeh00 may contribute by stabilizing the
radical cations formation @uto their attraction towards the oxygen atom of the PEO cljidgjs
Apparently, this will decrease the monomer oxidation potential accelerating the polymerization.
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Further it has been argued that the PEO chains of ttenTft100adsorb on the electrode surface thus
changing he electrode/electrolyte interface character to enable the facile diffusion of monomers
towards to electrode surfad®7]. This benefits the pduction of more cationic radicals and
electropolymerization. Furthermore, tritor2¥0 improves the solubility of the monomers helping to
afford welldefined growth of the polym€36,38]. Here again, possible oxidation of template was
ruled out as th€V curves profiles for MIP and REF polymers were essentially identical.

Figure 1. Cyclic voltammograms for the a@tochemical cegpolymerization of 3APBA

(2, 5 mM) andp-PD (3, 25 mM), in the presencA) and absenceB of 1 mM bupivacaine

(), in Triton X 100water lytotropic liquid crystalline medium, containing 0.2 M.8@,

at pH 8.5, on the gold coated quartz electrode. Potential scan rate was 0.05 V/s1Curves
and2 denote the first and fifth cycle of the cyclic voltammogram.
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The polymer films were washed with copious volumes of water to remove physisortadisia
then extracted with a series of 5 mM NaOH(aq) solutions to remove the template. The efficiency of the
template extraction process was monitored by-\iBible spectroscopy. The Uwis spectra of the
extract (Curved® andc in Figure A2) wererecorded after rinsing the film for 1 ihe bands at 26@m
and 270.5 nm can be ascribed to bupivacaine (CaimeFigure A2 [39,40]. After four consecutive
extractions the intensities ofthese band diminish towards the baselinshowing the practical
completeness of template extraction process (Cdiméd=igure A2.

Topological and structural features of the polymer films were studied by microscopic (SEM) and
spectroscopic (RAIRS) methods. Specific recognition of the polymer films towards bupivacaine and
desired analytes were evaluated with QCM measurements.

3.2. Characterization ofPolymer Filns

The chemical functionalitiesof the films were studied by refractive angleinfrared (RAIR)
spectroscopy. Figur2 shows the RAIR spectra fédIP and REF films prepared in aqueous and LC
medium.Discernible bands 829, 12881396, 1508, 1567, 3027, 3208, 3314, and 3&#? depict
the ring bending BN)GC iQ)(,B 3 ( CHN),, TEHBU((ONGBH)B a nitl) IR-4ctive
vibrationalmodespresenin the backbone of the copolymigrli 44]. In addition,the bandat 1396 and
broad bands around 3350 ‘cneorresponds to the stretching vibrationd Bf O [45] in 3-APBA and
TNH, moieties inp-PD, respectively, validate the copolymerizatidrhe spectral features of the
polymer films prepared in both medivere very similarindicating thatthe polymerization reactions
had incorporated both thmonomers intdhe copolymer filmsinterestingly, thedck of a significant
differencebetweerthe spectra of théMIP and REF filmandicatesthat the template does not affect the
polymerization procesand thecopolymercomposition Furthermorethe absere of vibrational barsl
for the amide carbonyIC(=O)NH) and ether (BOi C) functionalites support the conclusiotinat the
bupivacaine template and Tritor200were both efficientlremoved from the polymeiirns.

Figure 2. RAIR spectra of the bupivacaifdlP and REF films.
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The topologies of the MIP an&EF films were examinedy SEM (Figure 3). Both the MIP and
REFfilms prepared irthe LC mediumpresentunique morphological features with organizddnsely
packedfibrous nanowires or brushke structues grown uniformly under electrochemical conditions.
Figure A3 demonstrates the lorrgnge uniformity of the nanowires with thicknessging from
399+ 7.8 nm and 44.6& 6.7 nm for MIP and REF filmgespectivelyThe films prepared in agueous
media were uniform, and devoid of noticeable morphological featlifes.extreme increase in the
surface aremof the polymer filns as a result of usinthe LC mediumis dramatic(Figure 3). The
greater surface aredforded byfiber structures arising from thsynthesis of th@olymerfilms in the
LC mediumwas anticipated to increagbe numberof accessibldigand binding cavitiesin close
proximity to the sensor surface

Figure 3. Surface topography mapped using scagrélectron microscope (SEM) for the
MIP (A andB) and REF film C andD) coated on Au/quartz prepared in LC or aqueous
media, respectively.
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3.3. PiezoelectridMicrogravimetric QCM) Determinationof Bupivacaine

The influence of theolymer film hierarchical echitecture Angstrani nm sized cavities arising
from thetemplateand LGphase induced morphologies at thei@m scal e, on the po
to bind bupivacainelj was examined bYQCM under FIA conditias. Studies were performedt
























