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Abstract: Reports that globular proteins could enhance therfarence blocking ability of
the PPD (polyg-phenylenediamine) layer used as a permselectiveeban biosensor
design, prompted this study where a variety of riyotly agents were incorporated into PPD
during its electrosynthesis on Pt-Ir electrodespped molecules, including fibrous proteins
and B-cyclodextrin, altered the polymer/modifier compesselectivity by affecting the
sensitivity to both KO, (signal molecule in many enzyme-based biosensanms)) the
archetypal interference species, ascorbic acicorAparison of electrochemical properties of
Pt and a Pt-Ir alloy suggests that the benefith@fatter, more rigid, metal can be exploited
in PPD-based biosensor design without significasts |lof backward compatibility with
studies involving pure Pt.
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1. Introduction

Biosensors exploit the specificity of a biologicaimponent, such as a celf] or tissue [1,2,4,5],
but usually an enzyme [2:60], to provide sensitivity to a target analyteisTthemical specificity can
be very high, even to the level of stereoselegtivior example, the use af-glutamate oxidase
(GluOx) [11] in the design of electrochemical biosers to detect neurotransmitteglutamate (Glu)
[8,12-17]. However, the remarkable specificity of enzybased amperometric biosensors can be
seriously undermined by interference from electtivacspecies present in the target system, reducing
the selectivity of the device. This problem is martrly pronounced for biosensors implanted in
biological tissues for real-time monitoring [1,8,18-21], because separation techniques cannot be
exploited to eliminate the interference, as is ¢hee for on-line microdialysis approachesrtwivo
monitoring [22-24]. Despite this drawback, considerable effortgehbeen made over the past two
decades to overcome interference in biosensor Isigmainly because of the significant benefits of
biosensor monitoringn vivo: small probe size, minimizing tissue damage [2h,a6d sub-second
time resolution, allowing real-time correlation wénimal behavior [10,18,24].

A number of strategies have been employed to maeirniosensor selectivity. For example, redox
mediators have been used to compete with the hatosubstrate of the oxidase enzymes
incorporated into most biosensor designs. Thisds/thie need for oxidation of,8, at relatively high
applied potentials as the electrochemical signakging step, replacing it with the electrochelnica
oxidation of the enzyme-reduced mediator at lowaeptials; this eliminates interference by species
oxidizing more anodically [2729]. Another strategy involves the use of secondamgymes to
eliminate the interference species before it remthe electrode surface. The commonest example of
this method is the use of ascorbic acid oxidase@&Ato convert the ubiquitous biological reducing
agent, ascorbic acid (AA; ascorbate at physioldgat#), into dehydroascorbate (DHA; see Rxn. 4)
[15,30]. The most widespread approach for increpdmmosensor selectivity, however, is the
incorporation of a permselective membrane into shasor design to block access of interference
molecules to the active electrode surface. Sevee#thods have been devised for the deposition of the
permselective barrier, including pre-cast [31],td&2] and electrosynthesized forms [33,34]. This
latter approach has proved most effective, andference blocking levels for AA greater than 99.9%
have been reported using polyphenols [35].

Such levels of AA blocking are often needed farvivo applications because of the high
concentration of AA in many biological tissues [36hd especially in brain extracellular fluid (ECF)
which is the most common site of biosensor implaéoafor neurochemical monitoring [1,24;339].
Very low permeability of the membrane to AA, howewften leads to decreases in the response of the
biosensor to its target analyte because accesbeoknzyme transduction molecule;(, to the
electrode surface is also blocked to some extesit [Bhus, the value of a particular membrane in
biosensor function is better expressed, not in $esfrpermeability to interference, but as a selégti
parameter [40,41] that incorporates both interfeeesensitivity and target signal strength [28,42].

Here we investigate a number of modifications afomimonly used interference-rejecting layer,
electrosynthesized PPD (pabyphenylenediamine)), in an attempt to increaseh@urits selectivity for
biosensor applications in neurochemical monitorifige selectivity of existing PPD-based biosensors
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for brain glucose is more than adequate-f&, because the ECF concentration of this importan
energy metabolite is high (~0.5 mM [46,47]), andileéd same order as that of the main interference,
AA [36,48]. However, the long-term monitoring ofyjkaeurochemicals which have much lower ECF
levels, such as Glu (43M [17,49-51]), requires better selectivity than presentlgikable, and is the
motivation for the work reported here.

2. Experimental Section

The overall experimental design involved electroisgrizing polymers amperometrically, mainly
using o-phenylenediamine (oPD) as monomer, onto eithee lRtr or Pt-Ir wire electrodes. All
monomer solutions were buffered at a pH value ctoseeutrality to obtain the non-conducting form
of the respective polymer [52] which has low perbig to interference species, such as AA and
urate [33,43,5355]. Electropolymerizations were also carried agutmonomer solutions containing
additives, such as albumins, that can affect themgelectivity of the resultant polymer [55].
Amperometric calibrations were then carried outétermine the sensitivity of the modified surfage t
H.O,, the signal molecule in many biosensor designeravlappropriate, and to AA, the archetypal
interference present in biological media.

2.1. Instrumentation and Software

Experiments were performed in a standard thredrelde glass electrochemical cell. A saturated
calomel electrode (SCE) was used as the referdactazle and a large stainless steel needle sased
the auxiliary electrode. Constant potential ampearoynwas performed at +700 mV using Chart (v5.2)
software (AD Instruments Ltd., Oxford, UK), andaavinoise potentiostat (Biostat Il, Electrochemical
and Medical Systems, Newbury, UK; or Biostat IV, MCIinstruments, Cumbria, UK). A
Powerlab/400 interface system (AD Instruments Ltgdas used to acquire data onto a PC. Cyclic
voltammetry was carried out using in-house softwariéten in QuickBasi€, as described previously
[56].

2.2. Reagents and Solutions

The monomers studied in this work were high puoHyhenylenediamine (oPD, Sigma Chemical
Co.) and 3-methyb-phenylenediamine (oPD-Me, Aldrich Chemical CaJascorbic acid (AA) and
H,0, (30% w/w aqueous solution) were supplied by Sightlachemicals were used as supplied.

Solutions of monomer (300 mM, unless otherwisessfaivere made up freshly each time in 25 mL
of a phosphate-buffered saline solution (PBS).clssmlutions of 100 mM AA were prepared in 0.01
M HCI prepared from doubly distilled water. Becausbumin has been shown to increase the
compactness of some electrosynthesised polymerS4%3], a variety of agents (from Sigma) were
added at a range of concentrations to some monguolations to investigate their affect on the
polymer formed. These included bovine serum albu(B8A, Fraction V), chicken egg albumin
(CEA, Grade V), gelatine (Type 1, from porcine gkirasein ang-cyclodextrin (CD). Amperometric
calibrations (+700 mV) were carried aatvitro in PBS (pH 7.4) that consisted of NaCl (BDH, Ariala
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grade, 150 mM), NapO, (BDH, AnalaR grade, 40 mM) and NaOH (Sigma, 40 mi@blutions were
kept refrigerated when not in use.

2.3. Electrode Preparation and Polymer Modification

The main working electrodes used in this study wafl@icated using platinum:iridium (90:10)
Teflon®-insulated wire, bare wire diameter 12& (Advent Research Materials, Eynsham, UK). The
use of Pt-Ir was favored due to its mechanicablitgicompared to pure Pt, making the wire easier to
manipulate duringn-vitro experiments [55] and for later implantatiom vivo. Cylinder electrodes
were prepared from approximately 4 cm lengths &f toated wire. At one end of the wire
approximately 3 mm of Tefl6hwas stripped away using a scalpel to expose thewime. This end
was soldered into a gold clip for connection to ploéentiostat. Approximately 1.5 mm of Teffowas
then stripped away from the other end and, usimicaoscope, the wire was cut down to 1.0 mm £ 0.1
mm in length.

The stock solutions of monomer (300 mM in PBS, swmlstated otherwise) or monomer/modifier
mixtures were used in the electropolymerizationcpdure. Electro-oxidative polymerization was
carried out amperometrically for 15 or 30 min ab@fmV vs. SCE to produce the modified electrodes;
previous studies revealed little or no differenetneen PPD films formed for these time periods.[54]
Electropolymerization at pH values close to neuyrgiroduces PPD in its non-conducting, self-sealin
form which is appropriate for a permselectivity étion [33,43,5355]. Amperometry was chosen as
the preferred electropolymerization method, becawsdic voltammetry has been shown to form
polymers of greater permeability to certain interfg analytes [58]. The polymer-modified electrodes
were stored in PBS at € when not in use. All polymer modified electrodesre allowed to settle
overnight at +700 mV in PBS and calibrations weagried out the following day. The long-term
stability of these polymers is not a major issueabese effective blocking of AA has been observed
several weeks after implantation in brain tissu#.[5

2.4. Electrode Characterization and Data Analysis

Bare metal Pt and Pt-Ir wire electrodes were chi@raed using cyclic voltammetry at 20 mV/s, as
described previously for macrodisks [56], and tesponse converted to current density, using the
geometric area of the cylinders (4030° cnr). The double-layer capacitance (Eqn. 1, wheiethe
scan rate) was determined in PBS at a potentidl (40) where the anodic and cathodic arms of the
voltammograms were essentially horizontal (Figure idset). To quantify the position of a
voltammetric wave for an analyte on the potentias avhen a peak is not present or is broad, the
potential at which the current rises most steepbtdntial of maximum slope,ska) can be used
[60,61]. Differences in Enaxrecorded under similar conditions (scan rate, gtel) reflect differences
in electron transfer kinetickY) for a given analyte on different electrodes [60here is some debate
whether E max0r the slope itself (f) at & maxis the better index of electron transfer kinef&@]. We
therefore report both parameters here in orderotopare the behavior of Pt and Pt-Ir electrodes
effectively. Because ,&x (MA cm? mV?Y) also depends on non-geometrically computed aspefct
electrode area (e.g., roughness) and the condentidtanalyte [56], the value of.g was normalized
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with respect to the corresponding current at tlvensal potential for each scan, and is represesded
Saxn (MV7).
_ Iggo(anodic) —i,q(cathodic) (1)

Vv

The polymer-modified wire electrodes were calibdatenperometrically at 700 mvs SCE with
H,O, and/or AA. The HO, calibrations were carried out in the range O —rGNI, prior to an AA
calibration in the range 0 — 1 mM. The®3 calibration plots of the steady-state responses Vugear
at all modified surfaces, as reported for preview$PD electrodes [53,59]; the®}b sensitivity is
therefore reported as the slope (nA bt pA cm? mM™) of the calibration. The response of AA at
Pt/PPD type electrodes is distinctively non-lindarming a well-defined plateau at AA concentration
greater than 0.5 mM [42,53,55,59], either hypedadly or after a relative maximuniga(AA), is
observed; see Figure 2. This non-linear behaviar lteen interpreted previously in terms of self-
blocking by AA, or its oxidation products, trappedthe polymer matrix [53,55]. The main sensitivity
parameter for AA used here was the limiting cur@nl mM,i (AA), because brain ECF levels can
approach millimolar levels during period of behamicstimulation [48,62,63]. However, we also used
the maximum steady-state current recorded duriaghih calibration,ima(AA), as an additional index
of polymer properties.

In the present context, a high response 1Q,Hs advantageous, and modifications that decreased
H,0, sensitivity were generally avoided. However, tleéestivity coefficient, S% (Egn. 2), was the
main criterion used for judging the effectivenets garticular modification. We define S% in terms
of the current recorded for 1 mM of each o4, i(H20,), and the interference species AXAA).
The S% value was calculated as the percentagdergrce, Eqn. 2, becauggAA) is very small
compared with(H»O,) and is ideally zero; thus the optimum value of 8étined in this way is zero
[55]. The use of equimolar concentrations in theéirdtion allows S% to be interpreted in terms loé t
ratio of effective polymer permeability for two dytas with the same-value (electrons transferred per
molecule), as is the case for AA angd (z= 2; see Rxns. 3 and 4) [42].

5% =100* LA gy 2)
i(H,0,)

Values of electrochemical parameters are presaegedearr SEM, withn = number of electrodes,
unless stated otherwise. The statistical signifieanf differences observed between responses dor th
various designs was calculated using Student'staiNed paired or unpaired t-tests on either the
absolute parameter values or on changes expressefaacentage of the baseline value. Valugs<of
0.05 were considered to indicate statistical sigaifce of the difference or change.

Cdl

3. Results and Discussion
3.1. Comparison of Pt and Pt-Ir, using cyclic voltammetry and amperometry

The electrochemical properties of AA and(d at Pt-Ir alloy wires [64], used as substrate for t
majority of the polymer-modified electrodes desedlhere, were compared directly with those of pure
Pt. The characteristics of the cyclic voltammetgsponse of the two metal types were determined in
the background electrolyte (PBS) and in PBS comtgieither 1 mM HO, or AA (Figure 1). The
basic irreversible electrochemistry of AA on sadiéctrode surfaces has been described before [53,65
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69], as has that of 40, [53,64,70,71]. One difference between these twteoutes is the ability of
H,0, to be electrochemically reduced [53,72], as welbridized, an attribute evident in Figure 1.

400 -
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Figure 1. Cyclic voltammograms recorded at 20 mV/s for Pevéalectrodes in PBS containing either 1
mM AA or 1 mM HO,. The background current, recorded in PBS only,bees subtracted to isolate
the Faradaic response of the analyitaset: background current, recorded in PBS only, showineg
potential used to determine the double-layer cépace (arrow).

First, some of the electrochemical characterigiiche background current, recorded in PBS only,
were quantified (see Figure 1 inset, and Tabl&ig main contributions to the CV for Pt in PBS are
double-layer capacitance and the redox chemistrgedfil oxide formation and reduction [73,74]. The
shape of the CV for Pt wires in PBS was essentthllysame as that for Pt (1.6 mm disks) reported
previously [56]. There was no difference in the loletiayer capacitance (Egn. 1; see Figure 1, inset)
for the Pt and Pt-Ir electrodes. Taken togetheh whie finding that there was also no significant
difference between the background current at ther€Mrsal potential (oxide formation plateau) for
the two metal types, these results indicate thatesamportant characteristics of Pt and Pt-Ir are
similar, such as effective surface area (roughress)metal oxide formation; see Table 1 for siaabt
comparison. The electrochemistry 0f®4 and AA on the two metals was also investigateaymjic
voltammetry (Rxns. 3 and 4). The finding that neitkinetic parameter,skaxnor Snaxn (Table 1; see
Section 2.4), for both analytes showed any sigafidifference between Pt and Pt-Ir suggests hieat t
Ir-containing alloy can be used for its greateemsgith in place of pure Pt, without a major loss of
compatibility with previous electrochemical dataabed for Pt-based electrodes.

H,O, — O+ 2H + 2¢ (3)

AA — DHA +H" +2¢ 4)
However, a more direct comparison of the amperamsénsitivity of the two metals was carried
out. Because of the key involvement of Pt oxide40, electro-oxidation [75], and because the oxide
state of the electrode surface is expected to fierelnt under voltammetric scanning and constant
potential conditions [64], the calibration slopes H,0O, and AA were determined on bare Pt and Pt-Ir
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electrodes at 700 mV\s. SCE. There was no differenge ¥ 0.96) between the AA slope for pure Pt
(147 + 27 pA cm? mM?, n = 10) and the Pt-Ir alloy (148 7 pA cm®> mM™Y, n = 20). There was,
however, a significant differencp € 0.002) between the calibration slopes fe©pi Pt (225+ 15 pA
cm? mM™, n = 8); Pt-Ir (171+ 6 pA cm?> mM™, n = 51), a loss of sensitivity for the alloy comphre
with the pure metal which is consistent with presostudies [64]. Fortunately, this unwelcome
property of Pt-Ir, in the context of )&, detection for biosensor applications, was reversgd
modification with PPD (see Section 3.2). The greasnsitivity of both bare metal electrode types fo
H,0, compared with AA is in line with diffusion coeffent values for the two analytes [76,77] and
diffusion-limited kinetics at 700 mV (see Figure 1)

Table 1.Comparison of electrochemical properties of PtRnt, determined using cyclic
voltammetry at 20 mV/s (see Figure 1), in backgbalectrolyte (PBS) and in PBS containing
either 1 mM HO, or 1 mM AA. HO, and AA parameters were calculated following sudtioa of
the background current. Number of determinationsnhumber of electrodesnumber of scans.

Parameter Pt Pt-Ir p-value

Background scans

Current at the CV reversal potentip(cm?); n = 4x 10 174+ 1.1 16.6+ 0.9 0.62

Double-layer capacitance4@Eqn. 1; mF cif); n=4x10 | 0.48+0.02 | 0.45 0.01 0.15

H->0O, scans

Potential of maximum slope {gax mV); n=2x20 200+ 5 195+ 5 0.55
Normalized maximum slope S mV?Y) ;n=2x20 0.45+0.01 | 0.43:0.01 0.30
AA scans

Potential of maximum slope {Eax mV); n=2x20 110+ 5 115+ 5 0.55
Normalized maximum slope (S mV?Y) ;:n=2x20 0.59+ 0.01 | 0.5 0.07 0.38

3.2. Comparison of H,0, sensitivity at bare and PPD-modified electrodes

The primary aim of the work reported in this pap@as to determine whether modifications of PPD-
coated Pt-Ir (Pt-Ir/PPD) could be used to imprdve s$electivity of the polymer layer for biosensor
applications. In principle, this could be achiewedwo ways: increase the,8, sensitivity, or enhance
the interference blocking ability of the layer (¥&gn. 2). Evidence that the sensitivity teQd4 for PPD
and PPD-enzyme composite electrodes is similanabfor bare metal [42,53,55] indicates, however,
that HO; sensitivity is maximal for the basic design, ahdttthe only strategy available for increased
selectivity is reducing the sensitivity to intedace. Logically, therefore, only modifications that
increased interference blocking needed to be tdstethe possibility of decreased,®, sensitivity;
those modifications that give poorer interferenloeking can be rejected on that basis alone.

It was important to test rigorously, using a lapggoulation of wire electrodes, the hypothesis that
ultra-thin (10-30 nm [33,55,78,79]) electrosyntlzesi PPD does not decrease the sensitivity of fet-Ir
H,0O, [55]. Calibrations for KO, at Pt-Ir cylinders, before and after PPD modifmat were therefore
carried out. Surprising, this sample size revedleat PPD-modified Pt-Ir showed a small, but
statistically significant, increase in the;® calibration slope (18% 10 pA cm? mM™, n = 51)
compared with the bare metal (1216 pA cm? mM™?, n = 51, p = 0.05 for a paired t-test). One
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possible explanation for the unexpected increasehe efficiency of the electrochemical,®b
oxidation on the coated metal (see Section 3.1has the PPD inhibits the J@, disproportionation
reaction (Rxn. 5) at the electrode surface, theregxaf which varies with electrode condition [8]is
clear, however, that the basic Pt-Ir/PPD desigplays near-optimal D, sensitivity, so that the only
effective way to improve selectivity significantly to increase interference blocking by the polymer
layer.

2H,O, — 2H,0 + O, (5)

In the present context, it is interesting to cite tsmall decrease in,8, sensitivity observed
previously following PPD modification of pure Peetrodes [53]. Thus, although the decrease was not
statistically significant when compared to the bRtein the original study, these results indicate a
convergence of the 4, sensitivity for Pt/PPD (196 20 A cm?> mM™?, n = 8) and Pt-Ir/PPD (189
10 pA cm? mM?Y, n = 51;p > 0.79). Pt-Ir working electrodes were therefosedi throughout the
remainder of the work presented here.

3.3. Comparison of oPD and oPD-Me as monomers

Analysis of AA calibrations reported recently shaltbat inclusion of a globular protein (BSA) in
the monomer oPD solution improved the interferdmioeking properties of the PPD film formed [55].
The presence of a pronoundggd(AA) at low concentrations of AA for BSA-free PPDggested that
this polymer was capable of transporting AA, butttthis ability diminished significantly as AA/DHA
levels built up in the polymer matrix. In an attamip decrease further the permeability of PPD to
hydrophilic ions, such as AA, by adding additiohgdrophobicity and steric bulk to the polymer, a
methylated derivative of oPD was polymerized onteirHn the presence and absence of BSA.
Calibrations for AA at these Pt-IF/PPDMe and PRRDMe-BSA electrodes are shown in Figure 2,
and compared to previously reported data for PHD and Pt-Ir/PPD-BSA [55]. Pt-Ir/PPDMe
electrodes showed nga(AA) peak in the calibration; instead the AA steatigte responses increase
monotonically with concentration to the limitingapeau valuei (AA), which was not different from
that observed for Pt-Ir/PPIp & 0.99). Over the entire calibration, therefore tnethylated polymer
was less permeable to AA compared with PPD, asatepeHowever, the inclusion of BSA in the
monomer solution did not enhance the AA blockingditgbof PPDMe, with no significant difference
betweeni| (AA) for Pt-I/PPDMe and Pt-Ir/PPDMe-BSA (> 0.35; see Figure 2). The mechanism by
which BSA in the monomer solution leads to betteerference blocking by the polymer is unknown
at present. It is clear from Figure 2 that BSA oaprove the permselectivity of PPD, with Pt-Ir/PPD-
BSA having the lowest (AA) value of the four electrode typgs € 0.001), and 99.8% lower than bare
Pt-Ir (~600 nA) [55].

These results are in line with previous report$ B®A does not augment the blocking properties of
other polymers, such as polyaniline [55] and poé&mpdi [35]. The finding here that even the smallest
deviation from the oPD structure (methylation) rtedathe benefits of BSA on the resulting polymer
was surprising, and prompted us to investigatedleeof BSA in PPD formation further.



Sensors 2007, 7

current / nA

—0— PPD (n=10)
--¢-- PPD-BSA (n=29)
—0— PPDMe (n=4)

--e-- PPDMe-BSA (n=4)

T
0 200

T T
400 600
[AA] / uM

T T
800 1000

428

Figure 2. Comparison of steady-state AA calibrations cardetlamperometrically on Pt-Ir/PPD, Pt-
Ir/PPD-BSA, Pt-Ir/PPDMe and Pt-Ir/PPDMe-BSA eledes. Data for the PPD systems were taken

from the literature [55] for direct comparison wiRi?DMe.

3.4. Effect of albumins in the monomer solution on resulting polymers

Among the applications envisioned for biosensoes lsdside monitoring and other clinical uses
[1,81]. The inclusion of a bovine protein in biosenfabrication for such applications might giveeri

to problems

related to the perception of risks @ssed with transmissible spongiform

encephalopathies (BSE/CJD) [82], which could beidea by the replacement of BSA. The first step
in this section of the work, therefore, was to deiae whether other proteins could mimic the effect
of BSA on AA rejection by PPD coatings. Table 2whdhat chicken egg albumin (CEA,; 45 kDa) had
the same effect on all four response parametedsdaBSA (66 kDa), when used at the same weight
concentration (5 mg/mL) in the oPD solution.

Table 2. AA calibration parameters, 8, slope and selectivities for PPD formed in oPD

solutions containing two different alboumins (boveerum and chicken egg at 5 mg/mL).

Values ofp were calculated using unpaired two-tailed t-tddtanber of electrodes in

parenthesis.

Albumin iL(AA) Imax(AA) H,O; slope S%
nA nA nA mm? (Eqn. 2)
BSA 1.5+0.2(29) | 35+0.3(29) | 661 92 (6) 0.23 0.04
CEA 1.6+0.2(12) | 3.1+ 1.2(12) | 620 10 (8) 0.27 0.03
p-value p > 0.74 p > 0.69 p > 0.61 p > 0.43

Although globular proteins, such as BSA, have bgleown to have a marked positive effect on

some polymer properties,

including surface compssn[53], and AA-rejecting capabilities

[53,54,57], the optimum concentration of proteiraed to elicit these effects has not been detedmine
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previously. There was no significant effect on (. 2) of increasing the concentration of CEA
from 5 mg/mL (Table 2) to 15 mg/mL (0.410.15,n = 10,p > 0.31), 30 mg/mL (0.33 0.13,n = 12,

p > 0.55), 50 mg/mL (0.2% 0.14,n = 8,p > 0.82), or close to saturation at 75 mg/mL (0t4Q.18,
n=4,p > 0.30). These results, determined over suchge leange of CEA concentration, indicate that
the effect of the albumin in the monomer solutisnmediated, not through its physicochemical
influence on monomer activity or on the solubilitfypolymerization intermediates (e.g., dimers [83])
but on the protein which is trapped in the poly@a®it forms. This latter phenomenon is illustrabgd

the entrapment of enzyme proteins in the electtbggized polymer when these enzymes are included
in the oPD solution [59,84]. Furthermore, the ressluggest that the maximum amount of CEA is
trapped at 5 mg/mL, which is in line with the findifor glucose oxidase [53].

Although a number of groups use low millimolar centations of oPD to generate PPD [79,85],
we have shown that much higher concentrations geothe level of interference blocking needed for
neurochemical monitoring [44,53,54]. Before pratieg to investigate the effects of other modifiers
on PPD properties, a detailed comparison was meteeken PPD formed from 200 and 300 mM oPD,
the latter being close to saturation in PBS. Alirfelectrochemical parameters tended to be slightly
worse for the PPD-BSA formed from 200 mM oPD, alijio not statistically different. Most
importantly, the S% value tended to be inferior330+ 0.06,n = 4, p = 0.12). A monomer
concentration of 300 mM was maintained, thereffmethe remainder of this work.

3.5. Effect of other modifiersin the monomer solution on resulting polymers

Having shown that different globular proteins, eBSA, CEA and glucose oxidase [53], have
similar effects on the selectivity of PPD-modifidt-Ir, the influence of fibrous proteins was
investigated. Gelatin is a protein product formedthe partial hydrolysis of collagen, a fibrous
macromolecule found in skin, bones and tendons, lamsl many uses in food, medicine and
manufacturing. Casein is the predominant phosphtieran milk, and consists of a fairly high number
of proline peptides giving it considerable hydropittoproperties. The effects of these two fibrous
proteins, at 5 mg/mL in the oPD solution, on theuteng PPD properties were more pronounced than
those of the globular proteins; see Table 3. Talispugh the AA blocking ability of PPD-gelatin veer
as good as that of PPD-albumin (Table 2), and ¢hd@PD-casein significantly better, both fibrous
proteins caused a marked reduction in the sertgitbfithe Pt-Ir/PPD electrode to,8,. Overall, the
S% was therefore worse for gelatim<€ 0.001) and not significantly different for casdp > 0.30).
Taking the HO, sensitivity and S% values in account, modificatadrPPD with fibrous protein was
not considered suitable for biosensor applications.

Cyclodextrins are toroidal cyclic oligosaccharidegh a wide variety of applications involving
host-guest complexation [86,87] which can be exetbin sensor design [880]. The inclusion of
BCD at 5 mg/mL in the oPD monomer solution produageblymer which had excellent AA-rejection
properties coupled with high permeability te®4 (Table 3). The selectivity coefficient, S%, was an
improvement on that observed for any other modifbice of PPD to date, and warranted an
investigation of its concentration dependence.
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Table 3. AA calibration limiting current, KO, slope and selectivities for PPD formed in oPD
solutions containing different modifiers (each ah&/mL). Values op were calculated using
unpaired two-tailed t-tests, comparing S% for daeib-modifier composite with that for
PPD-CEA (Table 2). Number of electrodes in paresithe

Modifier IL(AA) H20; slope S% p-value
nA nA mm* (Eqn. 2)
Gelatin 1.1+ 0.1(6) | 117 17 (6) 0.9t 0.15 p < 0.001
Casein 0.7+ 0.1 (4) 182+ 54 (4) 0.3# 0.12 p>0.30
BCD 0.9+ 02 (10) | 533 60(8) | 0.17 0.04 p=0.06

Whereas it is not uncommon to express the condentraf macromolecules in terms of weight, a
mole-based unit is more appropriate for specieb asfCD. In the context of its use as a modifier in
the 300 mM oPD solution, it was decided to use malés, 100x moles offCD per mole of oPD. On
this scale, 5 mg/mL isa. 1.5 mol%. Varying the concentration @D from 0.5 to 20 mol% caused a
systematic change in(AA): the value decreased abruptly to a minimun®& + 0.2 nA (10) for 1.5
mol% and thereafter rose steadily to 3 £ 1 nA }@&mol%. There was no significant change in the
linear calibration slope for ¥, over the range o8CD concentrations used here. The resulting S%
values are shown in Figure 3; the trend evidenthia parameter essentially reflects variations in
iL(AA). The clear minimum in S% (ideal value being@esee Eqn. 2) observed between 1 and 5
mol% is in contrast with the lack of any variatie@en across the large range of albumin concenigatio
studied (Section 3.4). It is possible, therefohat the beneficial effects ICD at low concentrations
are due to its entrapment in the PPD matrix, a®mbs for other modifiers. However, at higher
concentrations the deleterious effects may be a@wernplexation of the oPD and effective lowering of
its availability for polymerization. The value o#&Sobserved for 200 mM oPD (0.35 + 0.065 4; see
Section 3.4) is consistent with this explanation.

0.6+
0.5+
0.4+

0.3

S%

0.2+

0.1+

0.0 T
0 5 10 15 20
mol% BCD

Figure 3. Comparison of the selectivity (S%, Eqn. 2) for PRPDSCD sensors electrosynthesized
using different concentrations pED ranging from 0.5 — 20 mol% in 300 mM oPD.
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4. Conclusions

Comparison of cyclic voltammetry data recordedacKkground electrolyte (PBS) alone, and in PBS
containing either AA or bD, showed that a 90:10 Pt-Ir alloy exhibited a rarge similar
electrochemical properties to those of pure Pt i@ab. Although the two bare metals displayed the
same amperometric sensitivity for AA, that fos®4 was somewhat lower at Pt-Ir electrodes. Polymer
modification, however, led to convergence of thgOHsensitivity at Pt/PPD and Pt-Ir/PPD. The
benefits of the greater rigidity of the alloy cdrertefore be exploited for implantation of sensots i
biological tissues, without significant loss of kaard compatibility with studies involving Pt.

A range of selectivity values (S%, Eqn. 2) for PRDdified Pt-Ir wire electrodes were observed
following incorporation of one of a number of priot into the polymer matrix. Globular proteins
(Table 2) generally enhanced the interference tiejegroperties of the polymer, without affecting
H,0, sensitivity significantly. Fibrous proteins, onetlother hand, had a greater effect on polymer
permeability, reducing it for both AA and.8, (Table 3). As a result, PPD modified with either
gelatin or casein displayed poorer S% values coetpavith those for the globular polypeptide
modifiers. The inclusion ofCD at a concentration between 1 and 5 mol% in tbaamer solution
gave rise to a PPD composite that displayed ~25%arered selectivity compared with the best
globular protein value, a finding which should peowseful in the design of biosensors for
neurochemical monitoring of analytes with low EGfcentrations.
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