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This  manuscript  describes  an  electrochemical  approach  to  the  detection  of  the  reverse  transcriptase  of the
human  immunodeficiency  virus  type-1  (HIV-1  RT) in  serum  exploiting  an organometallic  peptide  conju-
gate  that  is  chemically  linked  to a nanostructured  gold  surface.  The  assay  format  is  based  on  the  formation
of a thin  film  of a  ferrocene-labeled  lipoic  acid  (Fc-LA)  onto  a  gold  nanoparticles-functionalized  screen-
printed  carbon  electrode  (GNPs-SPCE).  Time-of-Flight  secondary  ion  mass  spectrometry  (TOF-SIMS)  and
X-ray  photoelectron  spectroscopy  were  employed  to confirm  the  binding  of  the  Fc-LA  to  the  electrode
IV-1 reverse transcriptase
errocene
quare wave voltammetry
ioorganometallics
anogold

surface  via  formation  of  a gold–thiol  bond.  The  RT  biosensor  was developed  by covalent  attachment  of
the  peptide  VEAIIRILQQLLFIH  to  the  carboxylic  acid  group  of  Fc-LA.  Square  wave  voltammetry  offered  a
two-dimensional  measurement  of  RT based  on  the  anodic  shift  and  reduction  of  current  density  of  the  Fc
redox signal  upon  binding  of  RT  to its  specific  peptide.  This  allowed  a  linear  quantification  of  the  target
RT  in  the  range  of  1–500  pg mL−1 equivalent  to  0.9–427  fM,  with  a  detection  limit  of  0.8  pg  mL−1 (0.7  fM)
with  a short  response  time.
. Introduction

Since its first recognition in 1981, a large number of direct
nd indirect methods have been developed for human immun-
deficiency virus (HIV) detection [1].  These methods include the
etection of HIV type 1 (HIV-1) or HIV type 2 (HIV-2) antibodies
2],  viral RNA [3] and viral P24 assays [4],  viral load analysis [5],  and
D4+ T lymphocytes counting [6].  However, antibody-based assays
re temporarily used as the gold standard for laboratory diagno-
is of HIV infection, whereas the viral load analysis and CD4+ T
ymphocyte counting are used to evaluate the progression of infec-
ion and the effectiveness of the antiviral therapy [7].  Compared to
ntibody-based assays, RNA assay is not recommended in clinical
ractice due to the potential false positives from polymerase chain
eaction (PCR)-based assays. Additionally, the high cost of nucleic
cid-based testing strategies, together with the significant techni-
al demands required for their delivery, has precluded their use in
esource-limited settings (RLS) [8].  In the same context, viral P24
ssays are less trustworthy due to the variability of the P24 anti-
en results for a given viral RNA load. Furthermore, the presence

f P24-specific antibodies in serum may  cause under-estimation
r give false-negative results [9]. Although the current application
f antibody-based assays is not replaceable in clinical practice, it
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should be stressed that there are circumstances where these assays
are less trustworthy. This includes viral infections associated with
viruses having weak antigenic or hypermutable features which can
substantially minimize or eliminate certain antigenic characteris-
tics resulting in neutralization escape or in low level of antibody
titer in the host serum [10]. Additionally, there is a quite long lag
period between the infection and the appearance of enough anti-
bodies to be detected by conventional ELISA or Western blot assays
[11].

In contrast to immunoassays in which the antibodies need a long
period to generate, detection of HIV enzymes presents an alter-
native strategy for early diagnosis of the infection. Furthermore,
it does not suffer from the disadvantages of other HIV detection
methodologies [12–14].  HIV-1 reverse transcriptase (RT), one of
three enzymes encoded by the HIV genome is an asymmetric dimer
of 66-kDa subunit (p66) and a 51-kDa subunit (p51). RT catalyzes
the conversion of the viral genome from a single-stranded RNA into
a double-stranded DNA in a relatively complex process. This reverse
transcription is entirely catalyzed by RT using its two catalytic activ-
ities, including the DNA-polymerase activity which can copy either
a DNA or an RNA template into DNA, and the ribonuclease H activ-
ity which concurrently cleaves the RNA strand in the DNA–RNA
heteroduplex formed [15]. The absolute requirement of RT activ-

ity for HIV replication has made this enzyme one of the major
targets for detection of HIV. Currently, several techniques have
been adopted for RT detection, including PCR [16], electrophoresis
[17], combined microbalance array and mass spectrometry [18],

dx.doi.org/10.1016/j.talanta.2011.04.070
http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
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Scheme 1. The synthesis route

nd fluorescence techniques [19]. However, there is an ongoing
eed for rapid analytics for viral enzymes that are sensitive, cheap,
obust, simple to use, and limited-to-no sample preparation. In this
ontext, recent reports have shown the ability of electrochemical
ensors to detect several biomolecules, including proteins [20–25],
lycoproteins [26], and carbohydrates [27,28], with high sensitivity
nd excellent reproducibility.

Here, we describe the preparation of a thin film of a ferrocene-
abeled lipoic acid (Fc-LA) derivative (see Scheme 1) on a
creen-printed carbon electrode functionalized with gold nanopar-
icles (GNPs-SPCE), which is then modified with short peptide
EAIIRILQQLLFIH, reported earlier by Gleenberg et al. [29] to bind

o the reverse transcriptase of HIV-I. This modified electrode is then
sed to detect HIV-1 RT in human serum by square-wave voltam-
etry. In this report, we  provide details of the analytical parameter,

ncluding the dynamic range, detection limit, selectivity, and repro-
ucibility.

. Experimental

.1. Materials and reagents

Screen-printed electrodes on ceramic substrate
L33 mm  × W10  mm × H0.5 mm)  were purchased from Dropsens
Oviedo, Spain). HIV-1 reverse transcriptase (RT) enzyme was
urchased from Applied Biosystems (Streetsville, ON, Canada).
he RT-specific peptide (VEAIIRILQQLLFIH) was purchased from
io Basic Inc. (Markham, ON, Canada). HIV-1 integrase was  pur-
hased from ProSpecBio (USA). HIV-1 protease was  obtained
rom Anaspec (CA, USA). Human serum from male AB plasma,
IV-1 protease-specific peptide (VVStaASta or pepstatin), N-

3-Dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride
EDC), N-Hydroxysuccinimide (NHS), 3-(N-morpholino) propane-
ulfonic acid (MOPS), and O-(2-mercaptoethyl)-O′-methyl-
exa(ethylene glycol) were purchased from Sigma–Aldrich
Canada). All other reagents were of analytical grade. Deionized
ater (18.2 M� cm resistivity) from a Millipore Milli-Q system
as used throughout this work. Full synthetic details for the
reparation of Fc-LA, including its 1H NMR  and 13C NMR  spectra,
re provided in the Supplementary data.

.2. Preparation of the peptide-modified electrode

Prior to experiments, the screen-printed electrode was  washed
horoughly with deionized water then dried with N2. The self-
ssembly of the Fc-LA on the electrode surface was performed
y incubating the working electrode spot with 2 mM of Fc-LA

n basic water (5 �L) in a humidity chamber for 24 h, at room
emperature. After rinsing with deionized water, the working elec-
rode was incubated with 1:1 mixture of EDC and NHS (10 mM)
or 5 h, at room temperature. Afterwards, the working electrode
as incubated with 1 mM of the RT-specific peptide in 10 mM
odium phosphate buffer, pH 7, overnight at 4 ◦C. Subsequently, the
eptide-modified electrode was incubated with 1.0 mM aqueous
olution of O-(2-mercaptoethyl)-O′-methyl-hexa(ethylene glycol)
or 5 min  to back-fill the empty spots of the electrode surface.
e ferrocene-labeled lipoic acid.

Finally, the electrode was  rinsed with deionized water and dried
with N2 to give the peptide-modified sensor surface.

2.3. X-ray photoelectron spectroscopy (XPS)

XPS was employed to characterize the sensor surface after the
self-assembly of the Fc-LA onto the GNPs-SPCE. The XPS spectra
were acquired using an Axis Ultra spectrometer (Kratos Analyti-
cal, UK) with a monochromatic Al-K� X-ray source (15 mA,  14 kV).
The takeoff angle between the film surface and the photoelectron
energy analyzer was 90◦. A typical operating pressure was around
5 × 10−10 Torr in the analysis chamber. Survey spectra (0–1100 eV)
were taken at constant analyzer pass energy of 160 eV and were
applied on an analysis area of 300 �m × 700 �m. High-resolution
analyses were carried out at a pass energy of 20 eV on the same
surface area. The binding energies were referenced to Au 4f7/2 at
83.96 eV and the spectrometer dispersion was adjusted to give a
binding energy of 932.62 eV for the Cu 2p3/2 line of metallic cop-
per. Acquired spectra were charge-corrected to the main line of the
C 1s spectrum (adventitious carbon) set at 284.8 eV and analyzed
using CasaXPS software (version 2.3.14).

2.4. Time-of-Flight secondary ion mass spectrometry (TOF-SIMS)

TOF-SIMS was  employed to characterize the sensor surface after
the covalent coupling of the RT-specific peptide to the carboxylic
acid group of the Fc-LA. TOF-SIMS experiments were performed
using TOF-SIMS IV (ION-TOF GmbH, Münster, Germany), which was
equipped with a Bi liquid metal ion source. For all measurements,
a 25 keV Bi3+ cluster primary ion beam with a pulse width of 12 ns
(target current of ∼1.0 pA) was utilized. The cycle time for the bom-
bardment processes and detection was 100 �s (or 10 kHz). A pulsed,
low energy electron flood was  used to neutralize the sample charg-
ing. For each sample, spectra were collected from 128 × 128 pixels
over an area of 500 �m × 500 �m for 60 s. Positive and negative ion
spectra were internally calibrated by using H+, H2

+, CH3
+, H−, C−,

and CH− signals, respectively. Two  spots per sample were analyzed
by using a random approach. Spectra were analyzed using IonSpec
Application, version 4.1.0.1 (ION-TOF GmbH, Germany).

2.5. Electrochemical measurements

All electrochemical studies, including cyclic voltammetry (CV),
square wave voltammetry (SWV), and electrochemical impedance
spectroscopy (EIS) were performed with an electrochemical ana-
lyzer (CH Instruments 660B, TX, USA) connected to a personal
computer. All measurements were carried out at room temperature
in an enclosed and grounded Faraday cage. A conventional three-
electrode configuration printed on a ceramic substrate, including
a gold nanoparticles/carbon electrode as the working electrode
(0.126 cm2), a carbon counter electrode, and a silver pseudo-
reference electrode. A three-electric contacts edge connector was

used to connect the screen-printed electrode with the potentiostat
(Dropsens, Oviedo, Spain). The open-circuit or rest potential of the
system was measured prior to all electrochemical experiments to
prevent sudden potential-related changes in the SAM. CV and SWV
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Fig. 1. Cyclic voltammograms of the RT biosensor after each immobilization or bind-
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ng step. CVs were recorded at a scan rate of 100 mV s , in the same buffer where
a)  bare GNPs-SPCE; (b) after coating with Fc-LA; (c) after covalent coupling of the
T-specific peptide; and (d) after surface back-filling with the diluent.

xperiments were started from the rest potential in 10 mM sodium
hosphate buffer, pH 7. CV experiments were performed at a scan
ate of 100 mV  s−1 in the potential range from −100 to 350 mV.  SWV
xperiments were carried out in the range from −100 to 300 mV
ith a step potential of 5 mV,  amplitude of 25 mV,  and frequency

f 10 Hz. EIS experiments were performed in 10 mM sodium phos-
hate buffer (pH 7), containing 1.0 mM [Fe(CN)6]3−/4− as a redox
robe. EIS measurements were conducted in the frequency range of
00 kHz to 0.1 Hz, at a formal potential of 250 mV  and AC amplitude
f 5 mV.  Importantly, all measurements were repeated for a mini-
um  of three times with separate electrodes to obtain statistically
eaningful results.

. Results and discussion

.1. Electrochemical characteristics of the developed biosensor

The electrochemical characteristics of the fabricated biosensor
ere investigated by cyclic voltammetry (CV) in 10 mM sodium
hosphate buffer at pH 7 and, as is expected for a thin film of
urface-bound molecules, it displays a linear current response as

 function of scan rate [30] (see Supplemental Information). As
hown in Fig. 1, the CV scan of the pre-treatment electrode sur-
ace did not show any Faradaic signal and displays charging current
nly (curve a).  Upon formation of a film of Fc-LA, a redox signal
ppears due to the redox of the ferrocene group (curve b). Gener-
lly, Fc groups embedded in alkyl monolayers give rise to broad
V signal [31]. Covalent coupling of the RT-specific peptide to the
arboxylic acid-terminated Fc-LA led to a reduction of the cur-

ent response (curve c), presumably due to a lack of penetration
f solvent and ions into the film. Next, back-filling with O-(2-
ercaptoethyl)-O′-methyl-hexa(ethylene glycol) greatly reduced

he redox currents by blocking the access of conducting ions further

able 1
lectrochemical properties of the developed biosensor using the nanogold functionalized
nd  the values are taken from CV data.

E◦ �E  

After Fc-labeled SAM formation 84.28 ± 4.42 59.95 ± 0.98
After  RT-specific peptide binding 143.55 ± 3.46 31.7 ± 1.5 

After  surface back-filling 118.23 ± 1.24 35.05 ± 2.48
5 (2011) 770– 778

(curve d). We  also considered the estimation of the electro-active
area of the GNPs-SPCE working electrode using Randles-Sevčik Eq.
(1) for quasi-reversible electron transfer processes [32]

Ip = 2.69 × 105n3/2v1/2D1/2AC (1)

where n is the number of electrons participating in the redox pro-
cess, v is the scan rate, A is the area of the electrode, C is the
concentration of the probe molecule in mol  cm−3, and D is the
diffusion coefficient for 1.0 mM potassium ferrocyanide in 1.0 M
KCl (6.3 × 10−6 cm2 s−1). Subsequently, an active area of 0.009 cm2

was  calculated. The electrochemical properties of the sensing inter-
face following each modification step are presented in Table 1. A
nonzero peak-to-peak separation, �E, may  be a result of a variety of
factors such as solvation and lateral interactions between the redox
moieties [33]. The peak full width at half maximum, �Efwhm, can
be used to evaluate the organizational behavior of films. In well-
ordered systems with minimal interactions between the redox
centers, �Efwhm should be 90.6 mV  at 25 ◦C [34]. Relatively higher
value for �Efwhm (∼130) was  observed after the formation of the
SAM of Fc-LA, suggesting some inhomogeneity of the Fc environ-
ment and the existence of repulsive interactions between the redox
centers [35]. However, coupling of the RT-specific peptide to the
Fc-LA and surface back-filling might have led to a more uniform
surface packing with reduced electrostatic repulsion, evidenced
by the �Efwhm values close to 90 mV  [36]. The ratio of the anodic
and cathodic peak currents, Ipa/Ipc, was close to unity, indicating
a reversible redox process. The Faradic charge associated with the
Fc/Fc+ electron-transfer processes was determined by integrating
the cathodic peak area of the CVs from which the surface concen-
tration (� Fc) was  calculated, according to Eq. (2)

�Fc = Q

nFA
(2)

where � Fc is the surface concentration associated with the redox
activity, Q is the surface charge, n is the number of electrons
(n = 1 for Fc), F is Faraday’s constant, and A is the area of the
electrode [34]. After the self-assembly of the Fc-LA on the elec-
trode surface, the sensor displayed a surface probe density of
11.8 ± 0.4 × 10−10 mol cm−2 which indicates good packing of the
Fc-LA on the sensor surface [37].

3.2. XPS studies

The XPS survey scan of Fc-LA modified GNP-SPCE reveals the
presence of five intense peaks centred at 707.5, 531.8, 284.7, 163.6,
and 83.8 eV, which were assigned to Fe 2p, O 1s, C 1s, S 2p and
Au 4f excitations, respectively (Fig. 2a). The Fe core level signals
provide further evidence for the adsorption of the Fc-LA on the
electrode surface (Fig. 2b). In the Fe 2p XPS, the Fe 2p3/2 level was
deconvoluted into two peaks at 707.93 eV and 706.36 eV, where
the former peak is characteristic for Fe(II) in the Fc-LA. This clearly
confirms the presence of the Fc moiety on the electrode surface
[38,39]. The sulfur signal is of interest because it forms the basis of
the Au-S bond formation. In this context, fitting of the S 2p spectra

gave two  triplets, each with an area ratio of 8:1:1 (Fig. 2c). The S
2p3/2 peak corresponds to the S atoms bound to the gold surface as
thiolate species, whereas the S 2p1/2 indicates a physisorbed moiety
[40,41].

 screen printed electrode (E◦ , �E and �Efwhm in mV, and � Fc in × 10−10 mol cm−2)

�Efwhm Ipa/Ipc � Fc

 130.05 ± 5.02 1.08 ± 0.09 11.8 ± 0.4
97.1 ± 1.96 1 ± 0.01 6.76 ± 0.06

 95.8 ± 3.35 1 ± 0.03 1.25 ± 0.35
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ig. 2. X-ray photoelectron spectroscopy (XPS) of the Fc-LA modified GNPs-SPCE su
evel  spectra of (b) iron, (c) sulfur, (d) carbon, (e) gold, and (f) oxygen.

Unlike the XPS spectra of sputtering gold electrodes [21,22],
NPs-SPCE is characterized by predominant C peaks, including C
s, C2s, and C 2p levels due to the nature of the graphite matrix.
PS survey scan also revealed the presence of an asymmetrical C
s peak with a full width at half maximum (FWHM) of 2.82 eV. This
ould be attributed to contributions from partially oxidized sur-
ace species, polymeric binder, and organic contaminants, which is
enerally expected for graphitic surfaces [42–44].  The GNPs-SPCE
urface contains a major fraction of native carbon peak located at
84.65 eV, which could be attributed to sp2 hybridized C–C bonds

n graphite as well as C–H bonds [45]. The surface also contains
inor fractions of C–O and C–N (286.15 eV), C O (287.65 eV), and
–C O (288.65 eV), as shown in Fig. 2d. The results are in agree-
ent with the reported peaks on classical carbon surface [46,47].

he Au 4f spectrum exhibited a peak at 84.24 eV, which is charac-
eristic to GNPs containing surfaces [48]. As shown in Fig. 2e, two
eaks of Au0 were observed at 87.7 eV and 84.21 eV, respectively.
he O 1s spectrum was deconvoluted into two peaks, at 533.07 eV

ue to the double bonded oxygen (C O), and at 531.5 eV due to the
ingle bonded oxygen (OH/C–O) [49], as shown in Fig. 2f.

Notably, the ratio of XPS core level intensities of Au 4f to
1s, IAu/IC, can be used to estimate the amount of the GNPs on
 (a) Survey scan of the film covering the electrode surface. High resolution XPS core

the SPCE surface [50]. The calculated IAu/IC value is 0.42. Based
on the previous electrochemical study (Section 3.1), the amount
of GNPs on the surface also can be estimated from the ratio of
the electro-active surface area to the geometrical surface area. In
such case, a value of 0.1 was  estimated. This variation might be
attributed to the presence of the polymeric binder covering the
GNPs-SPCE surface, which could act as an insulating layer, increas-
ing the activation barrier for the electron transfer and causing a
limitation of the electron transfer rate at the electrode/electrolyte
interface [51]. Other factors should be taken into consideration,
including the amount or loading of graphite, functionalization
of graphite, wetability of the electrode surface (hydrophilic vs.
hydrophobic), and curing regime [52–54].  Furthermore, a degree of
structural reorganization accompanying the redox reaction cannot
be neglected. Eventually, a more accurate IAu/IC value was  pro-
vided by XPS. Notably, many authors indicated the necessity of
SPCE pre-treatment, with acids [55], alkali [56], plasma [57], or
preanodization [58,59],  before electro-active surface area estima-

tion. However, this was  not attempted in our study which aims
at the development of a simple miniaturized point of care (POC)
for rapid detection of HIV enzymes based on disposable GNPs-
SPCEs.
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Fig. 3. TOF-SIMS spectra of the developed RT biosensor, showing (a) Fe+ in the positive mode and (b) S−; (c) Au4S− , Au5S− , and Au6S−; (d) CN− and CNO− fragment ion
intensities in the negative mode.
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.3. TOF-SIMS results

TOF-SIMS, a highly useful technique for speciation of surface
ttached chemical groups [60], confirmed the formation of the Fc-
A film on the gold surface, evidenced by the Fe+ peak in the positive
on mode (Fig. 3a) and the S− peak (Fig. 3b), Au4S−, Au5S−, and
u6S− cluster peaks in the negative ion mode (Fig. 3c). After attach-
ent of the RT-specific peptide, the TOF-SIMS exhibited signals due
o CN− and CNO−, presumably formed by the decomposition of the
eptide under TOF-SIMS conditions (Fig. 3d). The TOF-SIMS analysis
f amino acid fragments was performed in order to identify the key
ackbone (C–N) cleavage ions. Although the molecular ion peaks
were not observed, the selected experimental fragment ions com-
pare well with the theoretical m/z values as presented in Table 2.

3.4. Surface characterization via scanning electron microscopy

Scanning electron microscopy (SEM) images were obtained
using LEO 1540XB FIB/SEM model (Zeiss, Germany), with an accel-
eration voltage of 1.0 kV and a magnification power of 50 kX. Fig. 4a

depicts the typical SEM image of the bare GNPs-SPCE which shows
bright granular clusters of GNPs embedded in a flake-like graphite
matrix covered with a polymeric binder [61]. Upon coupling of the
RT-specific peptide to the SAM of Fc-LA preformed on the electrode
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Table 2
Negative cleavage ions for peptide and Fc-peptide backbones and the proposed cleaving sites (theoretical peptide fragments were calculated using the Protein Prospector,
UCSF  mass spectrometry facility).

Ion species m/z

Experimental Theoretical

1 300.89 300.10
2  413.01 413.22
3 911.28  911.52
4 911.11  911.62
5  783.03 783.51
6  655.13 655.42
7  429.39 429.32
8  715.28 715.19
9 911.28  911.61
10 783.03 783.52
11  655.15 655.42
12 429.39 429.32

s
t

3
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c
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a

urface, a smooth denser layer of the peptide was formed, covering
he rough GNPs surface [62] (Fig. 4b).

.5. RT analysis

RT analysis was performed by incubating the biosensor with
liquots of RT-spiked human serum in 25 mM MOPS (pH 7.2),
ontaining 100 mM NaCl and 7.5 mM MnCl2, for 1 h at 37 ◦C. A
oncentration-dependant response for RT was measured by square
ave voltammetry (SWV). The linker between the GNP and the Fc

roup is an important part of the system in acting as a potential
onduit for electron transfer [63]. Modulation of the redox sig-
al can be caused by changes in the ability of the redox probe to
ccess the electrode surface, thereby changing the electron trans-

er kinetics of the system [64–66],  or a partial encapsulates of the
c label upon binding of RT to the conjugate preventing efficient
ccess of counter ions to the Fc group [67]. SWV  was adopted for RT
nalysis as an effective and rapid technique with well-established

Fig. 4. Scanning electron micrographs of (a) Bare GNPs-SP
advantages, including low detection limits and good discrimination
against background currents [68]. Fig. 5 shows a series of SWVs of
the sensor surface as a function of increasing RT concentrations.
As shown in Fig. 5a, binding of RT to the surface-bound Fc-peptide
conjugate resulted in a shift to higher potential while the current
intensity decreased. Such anodic shifts indicate that the Fc becomes
more difficult to oxidize once RT is bound to the conjugate. Hence,
the modulation of the electrochemical signal was recorded as a
function of the changes in intensity of the Fc current signals (�I)
and anodic shifts in the peak potential (�E). As shown in Fig. 5b
and c, �E  vs. enzyme concentration was linear in the range from
1 to 500 pg mL−1, equivalent to 8.6–427.4 fM,  with the regression
equation of y = 0.0968x + 6.6899 (R2 = 0.9902), where y is the �E
value in mV  and x is the RT concentration in pg mL−1. The relative

standard deviation (RSD) values were between 2.8% and 10.5%. Sim-
ilarly, �I  was  linearly dependent on RT concentration, within the
same range, with the regression equation of �I (�A) = −0.3414 (RT
concentration in pg mL−1) − 6.9698, with a correlation coefficient

CE and (b) RT-specific peptide-modified GNPs-SPCE.
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ig. 5. (a) Square wave voltammograms at different RT concentrations: 1, 100, 200
oncentrations; (c) plot of current changes (�I) vs. RT concentrations. Error bars re

f 0.9765. The RSD values ranged between 2.9% and 7.8%. At high
oncentrations of RT, the response became non-linear presumably
ndicating saturation of the biosensor surface with the target RT.

he limit of detection (LOD) was 0.8 pg mL−1, equivalent to 0.7 fM,
stimated from 3 (Sb/m), where Sb is the standard deviation of the
easurement signal for the blank and m is the slope of the lin-

ar analytical curve [34]. In order to confirm the electrochemical

ig. 6. Nyquist plot (−Zim vs. Zre) of impedance spectra obtained at different RT concen
.0  mM Fe(CN)6

3−/4− as a redox probe, at a formal potential of 250 mV,  frequency range fro
lot  of impedance vs. RT concentration.
 400, and 500 pg mL−1; (b) plot of potential changes (�E) of the redox probe vs. RT
t standard deviations of triplicates (n = 3).

finding, a parallel RT analysis was  performed by electrochemical
impedance spectroscopy (EIS) in which the impedance of the sys-
tem was  evaluated as a function of increasing RT concentrations.

The Nyquist plot, shown in Fig. 6, shows that the overall impedance
of the system increased linearly with increasing RT concentration,
which would be expected for protein binding to a surface. The RSD
values ranged between 3.4% and 12.7%.

trations (1–500 pg mL−1) in 10 mM sodium phosphate buffer (pH 7.4), containing
m 100 kHz to 0.1 Hz, and AC amplitude of 5 mV.  The upper inset shows a calibration
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Fig. 7. Selectivity and specificity of the developed RT biosensor. SWV  experi-
ments were performed using: human serum (blank), 500 pg mL−1 RT, protease,
and integrase using the RT-specific peptide as well as using 500 pg mL−1 RT with
a
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 non-specific RT peptide.

.6. Selectivity, specificity and consistency evaluation

Selectivity experiments were performed on the other two  HIV
nzymes, namely protease and integrase (500 pg mL−1). We  were
articularly concerned about potential cross-reactivity of IN due
o its known interaction with the peptide sequence according
o Ref [29]. However, under identical conditions (500 pg mL−1

nzyme added) there is a clear distinction between the response
or RT and for IN (see Fig. 7). As was also pointed by one of the
eviewers, the lack of the IN response is surprising and we  can
nly speculate and attribute the observed effects to the ferrocene
onjugation.

Additionally, a non-specific peptide sequence, VVStaASta (HIV-1
rotease-specific), was also tested with 500 pg mL−1 of RT. Further-
ore, the sensor specificity was assessed using the non-spiked

rotein-rich human serum. As shown in Fig. 7, the developed
iosensor exhibited selectivity for RT binding and specificity and
as able to discriminate between RT and other enzymes with min-

mal interference.
Furthermore, the consistency of the electrodes was  evaluated,

sing a standard redox probe, as shown in Fig. A3 (Supplemen-
ary data). It is worth noting that the inter-electrode variation is
n important factor that directly affects the precision of experi-
ental results. This factor was assessed by measuring the relative

tandard deviation (RSD) of the sensor response using a stan-
ard redox probe, 1.0 mM  potassium ferrocyanide in 1.0 M KCl.
hus, 6 random electrodes (a, b, c, d, e, and f) were selected
rom the batch received (50 electrodes) and the CV of each
lectrode was measured. The anodic potential of the GNPs-SPCE
as −59.67 ± 1.15 mV  (RSD = 1.94%) and the anodic current was

.29 ± 0.45 �A (RSD = 8.55%). On the other hand, the cathodic
otential was −181 ± 1.04 mV  (RSD = 0.58%) and the cathodic
urrent was −4.51 ± 0.37 �A (RSD = 8.25%). These results demon-
trated the consistency of the GNPs-SPCEs. Noteworthy is that the

esults are in agreement with those recently reported by García-
onzález et al. [69].

[
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4. Conclusions

Overall, the results support the validity of the developed biosen-
sor for the analysis of RT serum level and its ability to discriminate
between RT and other interfering proteins at very short analysis
time. Additionally, the gold nanostructured SPCE can be consid-
ered as a nanodisc array with high surface-to-volume ratio that
can enhance the electrode conductivity, and improve the detec-
tion limit of the target analyte. Furthermore, the SWV  technique
adopted in this study is rapid, sensitive, capable of discriminating
background capacitive currents, and provides a two-dimensional
robust measurement of RT. Studies are currently underway with
a newly developed microelectrode array that will enable a mul-
tiplexed analysis of several HIV-related proteins. This could be a
significant step towards a device capable of ultrasensitive mea-
surements of HIV enzymes and may provide a general method for
studying the interactions between HIV proteins.
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