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Acute lymphoblastic leukaemia (ALL) is a cancer most
commonly found in children [1]. Current treatments
generally involve multidrug chemotherapy regimens in-
corporating the drug L-asparaginase. [2] Unfortunately,
L-asparaginase treatment can cause acute side effects, in-
cluding hypersensitivity and anaphylactic shock. The lat-
ter is a particularly serious concern. Anti-asparaginase is
usually present in the patient’s blood several days prior
to the occurrence of the anaphylactic shock. [3] There is
also some evidence that high anti-asparaginase levels are
associated with less effective treatment. Hence, monitor-
ing of anti-asparaginase levels can not only facilitate ear-
ly detection of adverse reaction to the drug, but also
underpin early evaluation of treatment effectiveness,
thereby enabling timely and appropriate changes to the
chemotherapy regimen [2b, 4].

Anti-asparaginase detection/quantification is tradi-
tionally undertaken using enzyme-linked im-
munosorbent assay (ELISA) [5]. While ELISAs are
highly sensitive and reliable, and the current clinical
“gold standard” for protein biomarker detection, they do
suffer from a number of drawbacks. They require spe-
cialist laboratories with trained technicians and thus

The early detection of anti-asparaginase biomarker can facilitate timely mod-
ification of asparaginase chemotherapy, thereby avoiding serious complica-
tions. Herein we describe the preparation of a novel electrochemical
biosensing interface for rapid detection of anti-asparaginase in the picomolar
range (1-10000 pM). Coimmobilization of ferrocene and asparaginase on a
carbon interface (via diazonium grafting) facilitates transduction through at-
tenuation of the surface-bound ferrocene redox couple. The limit of detection
of 0.8 pM for this point-of-care applicable method compares favourably to
that of traditional faradaic assaying (2.0 pM) where transduction occurs by
the target blocking the diffusion of the solution redox probe [Fe(CN)]* /*".
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cannot be used for point-of-care (POC) and continuous/
high-frequency monitoring. Electrochemical biosensors
overcome these limitations by offering the possibility of
low-cost, miniaturized, rapid, POC monitoring for prog-
nostics [6]. Electrochemical protein biomarker detection
is generally based on immobilisation of a target-comple-
mentary recognition site (e.g. antigen, antibody, ap-
tamer, etc) on an electrode interface. Target binding to
the recognition site can be monitored by measuring the
inhibition of charge transfer from a redox-active dif-
fusive species [7], subtle changes in the non-faradaic
characteristics of the surface [8], or by attenuation of the
signal from a surface-incorporated redox probe [9]. The
first of these methodologies, often referred to as the “far-
adaic” approach, has been extensively reported and leads
to sensitive detection. However, since the redox probe
must be added to the sampling solution, it offers only
limited advantages over ELISA and is not suitable for
POC applications. The latter methodologies, namely the
“non-faradaic” and “surface-faradaic”, are approaches
that could facilitate true POC monitoring by eliminating
the need for complicated sample preparation. Such ap-
proaches have significant potential applications in
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diagnostics/prognostics and could be used to underpin,
for example, the rapid, POC, monitoring of anti-aspar-
aginase levels.

Herein, we report a novel surface-faradaic anti-aspar-
aginase biosensor prepared by co-immobilisation of a re-
dox-active ferrocene group and an asparaginase receptor
on a carbon electrode interface. While some previous
electrochemical surface-faradaic protein biomarker sen-
sors have been prepared on gold [9], carbon is an attrac-
tive substrate for electrochemical biosensors, offering a
low cost, biocompatible, and robust interface. Unlike
gold, carbon is not prone to etching from CN~ and Cl™
anions that will often be present during sensor con-
struction and use [7]. Furthermore diazonium chemistry
offers a simple route to highly stable layers on carbon
[10]. As a result there has been interest in the applica-
tion of diazonium chemistry to the development of bio-
sensors [11]. The formation of mixed bifunctional layers
is also accessible via diazonium chemistry [12]. Con-
sequently, we have prepared bifunctional carboxy/azide
terminated layers on glassy carbon interfaces by diazo-
nium electrografting. Sequential attachment of the ferro-
cene transducer and the asparaginase recognition site
onto this primer layer then underpinned selective de-
tection of anti-asparaginase in the picomolar range. The
method was compared to traditional faradaic assaying on
the same interfaces. The strategy for sensor construction
reported herein is outlined in Scheme 1.

Sensor construction — Grafting of the mixed phenyl
azide (PA)/phenylacetic acid (PAA) film was undertaken
by carrying out reductive voltammetric scans in a mix-
ture of the corresponding in-situ generated diazonium
cations (Scheme 1, step 1), as described in the ex-
perimental section. On the first scan a single reduction
peak was observed at —0.59 V vs. SCE (Figure 1a) con-
sistent with the electrochemical reduction and grafting
of the two diazonium components (individually observed
at approximately —0.59 V vs. SCE, Figure SI 1). On re-
peat scans this peak was not observed, indicative of the
formation of a passivating film on the electrode surface.

Grafting of the bifunctional PA/PAA layer was also
accompanied by a loss of diffusive [Fe(CN),]*’*" voltam-
metric signal (Figure SI 2) and an increase in the asso-
ciated charge transfer resistance (R.) from ~2kQ to
~1.0 MQ as expected for a electrochemical blocking film
(Figure 1b). Evidence for the formation of a mixed film
incorporating both PA and PAA functionalities can be
found by comparing the [Fe(CN),]*’*" response from a
layer grafted with both components, to those grafted
from only a single component. The R, value of ~1.0 MQ
for the mixed layer was found to be lower than that of
the highly blocking (negatively charged) single compo-
nent PAA layer (~1.7 MQ) and higher than that of the
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SCHEME 1 Schematic showing strategy for the construction
of the sensing interface. Step 1: electrochemical grafting of
bifunctional phenyl azide (PA)/ phenylacetic acid (PAA) film from
diazonium cations generated in-situ from the corresponding aryl
amines. Step 2: attachment of ferrocene moiety by copper(I)
catalyzed azide-alkyne cycloaddition (CuAAC) to the PA
functionality. Step 3: Activation of the PAA functionality. Step 4.
Coupling of asparaginase to the activated acid by peptide bond
formation.

(net neutral) PA layer (~75kQ), consistent with the
formation of the bifunctional (mixed) film (Figure SI 3).

Attachment of ferrocene to the bifunctional films was
achieved by copper(I) catalyzed azide-alkyne cyclo-
addition (CuAAC), as described in the experimental sec-
tion (Scheme 1, step 2). The electrodes were then
transferred into a cell containing 0.2 M NaClO, and the
expected ferrocene/ferrocenium (Fc/Fc") redox couple
was observed at E,, =0.31 V vs. SCE (Figure 1c). When
the CuAAC reaction was carried out without sodium as-
corbate (needed to form the relevant Cu(I) catalyst spe-
cies) no Fc/Fc” signal was observed, indicating the
chemical specificity of the surface CuAAC reaction and
confirming that the observed couple is not associated
with the Cu™/Cu®" redox system. A linear relationship
between peak current and scan rate further confirms the
ferrocene is surface bound (Figure SI 4). The charge as-
sociated with the Fc/Fc™ redox couple was determined
as ~1.0 uC - corresponding to a surface concentration of
ferrocene groups of T'p,~3.4 107" molcm ™ and indicat-
ing sub-monolayer concentrations of ferrocene on the
surface (a tightly packed monolayer of ferrocene is
~5.8 107" molcm ™) [13] . This is expected for covalent
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FIGURE 1 (a)Cyclic voltammograms of GC working
electrode in 2.5 mM 4-azido aniline, 2.5 mM 4-aminophenylacetic
acid, and 5 mM NaNO, in 0.5 M HCI. First scan (black), second
scan (red) third scan (orange). (b) EIS spectra (Nyquist plots)
recorded in 2 mM [Fe(CN)]*’*" in 0.2 M NaClO, at a bare
electrode (black) and after grafting of a mixed PA/PAA film (red),
subsequent attachment of ferrocene by click reaction (blue) and
further attachment of asparaginase by peptide bond formation
(green). (c) Cyclic voltammograms of GC electrodes after ferrocene
attachment showing the surface bound ferrocene/ferrocenium (Fc/
Fc™") redox couple in 0.2 M NaClO, before (blue) and after (green)
attachment of the asparaginase recognition site.

attachment to bifunctional diazonium derived films,
where specific attachment sites are spaced/diluted across
the surface in an already loosely packed film [14]. As a
comparison, a single component PA film yielded Iy
~4.3x10 " molcm > after CuAAC reaction, higher
than when both components are used, as expected. In-
terestingly, the R, to [Fe(CN)s]* "~ in solution was seen
to decrease to ~6 kQ following CuAAC “click” coupling
of ferrocene to the interface, possibly due to redox medi-
ation of [Fe(CNy)]*/*" electron transfer by the surface
bound ferrocene moiety [15]. Alternatively this ob-
servation could also be attributed to the more neutral in-
terface resulting from reaction of the (doubly) charged
N; terminus.

Further evidence for the attachment of ferrocene to
the mixed PA/PAA films was obtained from x-ray photo-
electron spectroscopy (XPS). Scans in the Nls region
showed peaks at 405 and 400 eV, indicative of the pres-
ence of azide on the GC interface. Subsequent CuAAC
reaction saw the disappearance of the peak at ~405 eV,
consistent with the formation of the triazole group and
successful click reaction [16]. Furthermore scans in the
Fe2p region after the CuAAC reaction showed peaks at
720 and 708 eV, assigned to the Fe2p,,, and Fe2p,, sig-
nals of Fe’", respectively, and are indicative of the pres-
ence of ferrocene on the interface [17] (Figure SI 5).

After attachment of the ferrocene moiety, the aspar-
aginase recognition site was attached to the interface by
EDC/NHS activation of the PAA sites and subsequent
peptide bond formation with the asparaginase
(Scheme 1, step 4), as described in the experimental sec-
tion. Attachment of the asparaginase was accompanied
by the expected increase in R, (from ~6 kQ to ~210 kQ,
Figure 1b). A decrease in the charge associated with the
Fc/Fc* couple (from ~1.0 uC to ~0.6 uC, Figure 1c) was
also observed and can be attributed to decreased electro-
lyte access or change in local dielectric around the ferro-
cene after protein coupling [9]. Neither of these effects
were observed upon immersion of the electrodes in as-
paraginase without prior EDC/NHS activation, indicat-
ing the chemical specificity of the peptide bond
formation is responsible for the observed changes.

Assaying — After preparation of the ferrocene/aspar-
aginase sensing interfaces, voltammograms of the sens-
ing electrodes, recorded in the absence of anti-
asparaginase target, showed a stable Fc/Fc™ couple upon
repeat scans with negligible change in Fc/Fc™ charge.
Upon subsequent immersion in increasing concen-
trations of anti-asparaginase target, attenuation of the
Fc/Fc™ redox system was observed (Figure 2a). The
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(a) Cyclic voltammetric response of the ferrocene/asparaginase modified interfaces showing attenuation of the Fc/Fc
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couple upon immersion in increasing concentration of the target anti-asparaginase. (b) Analytical curve showing percentage charge
decrease for the Fc/Fc™ redox couple of the ferrocene/asparaginase modified sensing interfaces upon immersion in increasing
concentration of anti-asparaginase (n =4). Errors calculated from the standard deviation from the eight charge measurements across the
four samples (one anodic and one cathodic charge for each sample). (c) Controls, in phosphate buffer (PB) and 20% human serum (HS),
comparing the relative sensor response to 1 x 10° pM (1 uM) of non-specific proteins (BSA, RSA and naturally occurring human IgG) to
1 pM of the target (anti-asparaginase, AA). (d) Analytical curve showing change in R, to [Fe(CN);]* " of the ferrocene/asparaginase
electrodes upon immersion in increasing concentrations of target anti-asparaginase.

attenuation is attributed to a change in the dielectric
around the ferrocene moiety, or inhibition of electrolyte
diffusion to the moity, upon target binding. [9] The re-
sulting analytical curve (Figure 2b) shows a response be-
tween 1-10000 pM of target with a limit of detection
(LOD) =0.8 pM.

Although the clinically relevant anti-asparaginase
concentration range for detection of asparaginase hyper-
sensitivity has not been reported explicitly in terms of
molecular concentration, some rationalizations can be
made. Considering a conservative (low) LOD for ELISA
of approximately 2 fM [18] and that the detection of as-
paraginase hypersensitivity by anti-asparaginase ELISA
at 1:10000 dilution has been reported [19], it follows
that a sensor with an LOD in the low pM range (i.e.

below 20pM) would comfortably detect anti-
asparaginase concentrations associated with aspar-
aginase hypersensitivity. Furthermore, previous work
has reported detection of asparaginase hypersensitivity
in clinical samples using surface plasmon resonance
configuration with an LOD of 500 pM [3]. Hence, the
current sensing system comfortably falls within the clin-
ically useful range.

The sensing interfaces’ selectivity was also assessed
(Figure 2c). Specifically, the response of the sensing elec-
trodes to non-specific proteins, namely bovine serum al-
bumin (BSA) and rabbit serum albumin (RSA), at a
million times the lowest measured concentration of the
target, was negligible - and well below the response asso-
ciated with the LOD. Similarly the response from
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naturally occurring human IgG in 20% human serum
was also negligible. On the other hand, significant re-
sponse was seen from 1pM of the target anti-aspar-
aginase in 20% serum. These experiments indicate a
high level of specificity of the sensing interface.

On selected electrodes the recruitment of the anti-as-
paraginase target to the interface was also followed by
faradaic EIS in the presence of [Fe(CN),]* . Figure 2d
shows that a quantitative response to target binding on
the ferrocene/asparaginase electrodes is also observed
using this traditional sensing strategy. The response
from faradaic [Fe(CN),*’* EIS is seen to have a com-
parable concentration-response profile to that from the
Fc/Fc™ couple, consistent with the same interaction be-
ing responsible for both responses. The LOD from far-
adaic EIS detection was determined to be 2.0 pM - this is
comparable (though slightly higher) to that from the Fc/
Fc* surface bound couple and provides an interesting
comparison of the sensitivities of the two methods.

Hence, herein we have reported the preparation of a
sensing architecture based on a carbon interface bi-
functionalized using diazonium chemistry to incorporate
a receptor (asparaginase) alongside redox reporter (ferro-
cene). Using the surface bound ferrocene redox reporter,
selective detection of anti-asparaginase in a range of 1-
10000 pM and with LOD of 0.8 pM was achieved. This
was shown to be comparable (slightly lower) than the
LOD of 2.0 pM achieved using traditional diffusive far-
adaic sensing at the same interface. Importantly the sur-
face redox approach (unlike the diffusive faradaic
approach) is applicable to POC prognostics. The de-
tection range and LOD appears within clinically relevant
values. The approach could be developed for monitoring
of leukaemia patients undergoing asparaginase treat-
ment, thereby underpinning early detection of adverse
effects of treatment. The overall strategy can also, in
principle, be applied to other prognostic and diagnostic
challenges.

EXPERIMENTAL

All chemicals were purchased from Sigma-Aldrich un-
less stated otherwise. Anti-asparaginase was purchased
from Cell Signalling Technology. Aqueous solutions
were prepared with milli Q water (>18.2). All electro-
chemistry was carried out using PalmSens4 potentiostat
with a three-electrode cell incorporating a glassy carbon
(GC) disc working electrode (CHI, d =3 mm), a plati-
num wire counter electrode and a saturated calomel
electrode (SCE) as a reference electrode. Electrochemical
impedance spectroscopy (EIS) was carried out in aque-
ous solutions containing 2 mM potassium ferricyanide

([Fe(CN)%]*’*) and 02M NaClO, supporting
electrolyte, in the frequency range of 0.1-100000 Hz
with an amplitude of 10 mV at the half wave potential of
the [Fe(CN),* "~ redox couple. Voltammetry was ana-
lyzed using PStrace, while EIS spectra were fitted to a
Randles Circuit using EIS spectrum analyser to de-
termine the charge transfer resistance (R).

Grafting of bifunctional (mixed) phenyl azide (PA) /
phenylacetic acid (PAA) layers was undertaken using in-
situ diazonium grafting methodology [20]. Cyclic voltam-
metric scans were carried out at GC working electrodes
between +0.6 and —0.8 V vs. SCE in a solution of 2.5 mM
4-azidoanaline, 2.5 mM 4-aminophenylacetic acid, and
5 mM NaNO, in 0.5 M HCIl. Monofunctional (single com-
ponent) reference interfaces were grafted using the same
conditions with 5 mM of the single precursor aryl amine.
After grafting of the bifunctional layer, copper(I) cata-
lyzed azide-alkyne cycloaddition (CuAAC) was under-
taken by immersion of the functionalized electrodes in
1:1 v:v of water:isopropyl alcohol containing 5 mM ethy-
nylferrocene, 1 mM copper (II) sulphate and 2 mM so-
dium ascorbate, for 20 hours. Subsequently the electrodes
were washed and sonicated in water and isopropyl alco-
hol prior to electrochemical analysis. Attachment of the
asparaginase was undertaken by activation of the PAA
functionality in aqueous solution containing 0.4 M EDC
and 0.1 M NHS for 40 minutes followed by transfer to a
solution of 5 uM asparaginase in 0.01 M phosphate buffer
(pH =7.4). Thereafter, the electrodes were washed with
distilled water and suspended in 10 mM lysine in 0.01 M
phosphate buffer (pH =7.4) for 30 minutes to block any
unreacted activated sites with an antifouling (zwitter-
ionic) functionality. The construction of the electrode
sensing interfaces was followed by voltammetry and EIS
after each step.

Prior to assaying all sensing interfaces were cycled to
ensure a stable ferrocene/ferrocenium (Fc/Fct) redox
system with 10 min intervals between. Assaying was car-
ried out by immersing the sensing electrodes in solutions
of increasing concentration of anti-asparaginase (1-
100000 pM) in 0.1 M phosphate buffer (pH =7.4) for 10
minutes and recording voltammograms of the Fc/Fc" re-
dox system. Target binding was also followed by record-
ing [Fe(CN),]**" impedance spectra (as described
above) after each concentration for selected interfaces.
This was undertaken with selected interface only to ver-
ify it did not interfere with the Fc/Fc™ response. Con-
trols involving non-specific proteins were carried out
under the same conditions, and with the same im-
mersion times, as the sample measurements on electro-
des prior to addition of target protein.

X-ray Photoelectron Spectroscopy (XPS) was per-
formed using an ESCA2SR spectrometer (ScientaOmicron

85U80]7 SUOWIWIOD 88,0 8|qeol(dde au Aq peusenob afe ol VO ‘8sn Jo sejn. 1oy Areiq1TaulUO 4B LD (SUONIPUOD-PLR-SLLBY/LI0D" A3 | IM"Ae.q)1|Bul [UO//:SANY) SUONIPUOD Pue swe 1 8y} &8s *[£202/20/0T] Uo Ariqiauluo Ae|im ‘158 L Ad 957002202 Ue e/200T 0T/I0p/wod A8 i Af.q1puljuo's [uino bous 1os oA feue//sdny wiouy pepeojumod ‘0 ‘60THTZST



56 | | ECTROANALYSIS

GmbH) using monochromated Al Ka radiation
(1486.6 eV, 20 mA emission at 300 W, 1 mm spot size)
with a base vacuum pressure of ~1 x10 ° mbar. Charge
neutralisation was achieved using a low energy electron
flood source (FS40 A, PreVac). Binding energy scale cali-
bration was performed using C—C in the C 1s photo-
electron peak at 285eV. Analysis and curve fitting was
performed using Voigt-approximation peaks using Ca-
saXPS.
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