RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 16 RSC Advances

Engineered nanoporous gold microspheres based stochastic sensors detect carcynoembrionic
antigen in a concentration as low as 16ng/mL in whole blood.
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Abstract

Engineered nanoporous gold microspheres were designed and used as new materials for
stochastic microsensors. Carcinoembryonic antigen was used as model analyte to prove the
stochastic sensing capabilities of the new material. New sensor based on gold particles was used
for assay of carcinoembryonic antigen in biological fluids. Stochastic sensing was used to
determine the antigen in samples. The working concentration range of the stochastic microsensor
(1.6x10®-1.6x10” mg/mL) as well as its sensitivity (3.0x10° s mg/mL) and limit of quantification
(16ng/mL) made possible its reliable utilization for screening tests of whole blood for

carcinoembryonic antigen.
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Introduction

Bayley and Cremer demonstrated in 2001' the basic principles of stochastic sensing through a
protein pore; they were also stating the importance of the stochastic sensing for qualitative and
quantitative analysis and the principles associated (1/ton = A + BxConCanaiyie; torr — used for
qualitative analysis). Stochastic sensing (introduced for the first time in bioanalysis and
biomedical analysis by Stefan-van Staden) is a powerful technique in biomedical analysis®”.
Pattern recognition of different antigens and neurotransmitters was possible by determining the

signatures of each of them in the diagrams obtained using stochastic sensors and microsensors®™.

Of high importance were both qualitative and quantitative analysis of the analytes, obtained in
the two stage process of the stochastic sensing when a potential of a certain value was applied.
The mechanism of current development consists on two stages: stage 1 on which the analyte
extracted from the solution into the membrane-solution interface blocks the channel, the intensity
of the current recorded being zero for a certain period of time, named signature of the analyte
which is measured using to¢ (the channel is losing the conductivity, and the intensity of current
became 0); and stage 2 when the analyte (A) is interacting with the wall, the following

equilibrium equation is taking place:

Ch

(,.)+A

0 < Che 4,

where Ch is the channel, and i is the interface.

Due to the fact that t. value depends on: the size of the analyte, of its capacity of unfolding,

geometry of the analyte, and velocity to pass through the channel, it is difficult to find two or



RSC Advances

more analytes that will give the same value for t.y; all these should correlate with size and
geometry of the channel/pore. At this stage is difficult to predict which geometry or size will be
the best for a certain analyte, especially for proteins like CEA, because the proteins are unfolding
before gong through the pores.! Accordingly, this method is selective, and it is not necessary to
add antibodies, or other analytes in order to improve the selectivity. The principle of the
recognition (based on blocking of a channel for a certain time) made from this method the only
reliable electrochemical method for recognition (qualitative analysis) of a biomolecule in
biological samples. Furthermore, the analytes are getting into the channel in a certain order,
accordingly with their size and geometry, from the smallest to the biggest; these processes are

giving the form of the signal.

In this paper, stochastic sensors based on engineered nanoporous gold microspheres were design
and used for chemical analysis. Carcinoembryonic antigen (CEA) was chosen as model analyte
to prove the stochastic sensing capabilities of the new designed microsensor. Carcinoembryonic
antigen is a glycoprotein discovered by Gold and Freedman®’, often associated with certain
cancers. It is hardly present in the serum of healthy adults; but it appeared in the serum of
patients with cancer®'. To date, CEA (a protein biomarker used in cancer diagnosis and
assessment of treatment) was detected using different techniques, including
chemiluminescence'®, radioimmunoassay'’, ELISA (applied as standard method in clinical
laboratories)'®, and electrochemical techniqueslg'zz. Circulating tumor cells are also analysed

reliable using electrochemical and fluorescence based methods™ ™.

Experimental
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Materials and Reagents

CEA (carcinoembryonic antigen), monosodium phosphate, disodium phosphate were purchased
from Aldrich (Milwaukee, USA); paraffin oil and NaN; were purchased from Fluka (Buchs,
Switzerland). Monosodium phosphate and disodium phosphate were used for preparation of
phosphate buffer 0.1 mol/L, pH = 7.4. Deionized water obtained from a Millipore Direct-Q 3
System (Molsheim, France) was used for the preparation of all solutions. All standard solutions

were prepared in buffer solution pH=7.4, with NaN; 0.1%.

Instrumentation

All voltammograms were recorded using a PGSTAT 12 potentiostat/galvanostat connected to a
three-electrode cell, and connected to a computer via an Eco Chemie (Utretch, The Netherlands)
software version 4.9. A Pt electrode and an Ag/AgCl electrode served as the counter and
reference electrodes for the cell. The working electrode was the microsensor based on engineered
nanoporous gold microspheres. The pH measurements were performed using a CyberScan PCD

6500 Multiparameter.

Design of the stochastic microsensor

Engineered nanoporous 14 K gold microspheres were obtained using NILPRP. In order to obtain
the nanopors on its surface, the particle was chemically corroded in an acid solution consisting of
HCI:HNOs in a 3:1 ratio, for 15 minutes and then rinsed with deionized water. As different sizes
of gold microsphere were obtained, micrometers were used to select the microspheres with a
certain diameter — of 300 um. A typical SEM image of the microsphere surface is presented in

Figure la. A zoom in an area with a pore (able to show better the surface morphology) is shown

4
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in Figure 1B. The stochastic micro-sensor was prepared as following: a 300 pm diameter gold
nanoporous microparticle was tightly fixed inside a plastic tube together; a silver wire (diameter
150um) served as electrical connection to the external circuit (Figure 2). The active surface of
the sensor was rinse in between measurements with distilled water, and gently dried with

absorbent paper.

Stochastic sensing

For the stochastic sensing, a chronoamperometric technique was selected for the measurements
of t,n and to at a constant potential of 125mV. The applied potential is the one driving the
analyte through the channel/pore; accordingly, one should chose a value for which the signature
value (tofr) can be read reliable — usually it is preferred to do not be lower than 1ms. The
electrodes were dipped into a cell containing solutions of antigen of different concentrations.
Values of ton were read on the diagram, and the equation of calibration 1/t,, = f(Conc.) for CEA
was determined using statistics. The unknown concentrations of the CEA in whole blood samples

were determined from the calibration equations.

Results and discussions

Response characteristics of the sensor based on gold particles used for screening of CEA.

The tofr of 2.9s serving as signature of CEA in biological fluids was determined while t,, values
were used for assessing the equation of calibration (1/t,, =A+BxConcentration). Statistic
calculations used for the equation of calibrations were extended to determine the working

concentration range, sensitivity, and the limit of quantification of the stochastic microsensor. The
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stochastic microsensor proposed for the assay of CEA covered a linear concentration range
between 16 and 1.6x10" ng/mL with a sensitivity of 3.00 x 10° s mg/mL. The lowest
concentration of CEA that could be reliably determined was 16ng/mL. The microsensor was
stable over a period of six months, when used daily for measurements, its sensitivity varying

with a RSD less than 0.1%.

Analytical applications

Whole blood samples were obtained from eight confirmed breast cancer patients from the
Universitary Hospital in Bucharest (ethics committee approval nr. 11/2013). These samples were
used for screening tests using the proposed stochastic microsensor without any pretreatment.
Pattern recognition of CEA based on its signature was performed using typical diagrams recorded
using the stochastic microsensor (Figure 3). The signature (tofr value) of CEA was identified in
the patterns recorded (Figure 3) for whole blood samples — these results being in agreement with
the standard method (ELISA) performed in the clinical laboratories of the hospital; after
identifying the signature of the analyte, the t,, was measured and inserted in the calibration graph
for determining the concentration of CEA (arrows were used in Figure 3 to show on the patern
selected where to, and to values were measured). Table 1 shown the quantities of CEA found in
the eight whole blood samples using both: the stochastic sensing as well as ELISA (the standard
method). Blood samples were collected from ten healthy people (negative control) and analysed
with the proposed method as well with ELISA; the signature of CEA (value of to) was not found

in any diagram recorded for these patients, this result being confirmed by ELISA method.

Statistical analysis based on pair t-test was performed for a confidence level of 99.00%. The

results have shown that there is no significant difference between the values obtained using the
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stochastic microsensor and ELISA (standard method) at 99.00% confidence level

(ticoretica=4.032). The comparison refers to paired data.

Conclusions

The new material based on engineered nanoporous gold microsphere is an excellent material for
the design of stochastic microsensors with features for biomedical analysis. For
carcinoembryonic antigen — selected as model analyte, high sensitivity and low limit of
determination was recorded. The microsensor was validated using whole blood samples obtained
from confirmed patients. The stochastic microsensor was stable for a 6 month period when was

used daily.
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Table 1. Analysis of CEA from whole blood samples using the stochastic microsensor based on
nanoporous gold microsphere and ELISA.

Sample
CEA, ng/mL

no

t-test
Sensor based on
ELISA
gold particles

1 2.06+0.12 1.98+0.32 1.89
2 2.10+0.10 2.00+0.40 1.90
3 1.40+0.13 1.20+0.38 1.95
4 1.09+0.09 0.89+0.29 2.10
5 1.64+0.12 1.32+0.30 2.25
6 1.32+0.15 1.15+0.29 1.76
7 1.37+0.11 1.28+0.42 1.70
8 0.93+0.09 0.74+0.28 2.90

All values are the average of ten determinations.
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Caption to Figures

Figure 1 SEM image of (a) 24K gold microparticle; (b) engineered pore in the 24K gold

microparticle.

Figure 2 Schematic diagram of the stochastic sensor.

Figure 3 Specific diagram obtained for the pattern recognition of CEA in whole blood sample

using the stochastic microsensor.

12



RSC Advances Page 14 of 16

Figure 1 a

Figure 1 b
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Figure 2
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