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Microfluidic tool based on the antibody-
modified paramagnetic particles for
detection of 8-hydroxy-20-deoxyguanosine
in urine of prostate cancer patients

Guanosine derivatives are important for diagnosis of oxidative DNA damage including

8-hydroxy-20-deoxyguanosine (8-OHdG) as one of the most abundant products of DNA

oxidation. This compound is commonly determined in urine, which makes 8-OHdG a

good non-invasive marker of oxidation stress. In this study, we optimized and tested the

isolation of 8-OHdG from biological matrix by using paramagnetic particles with an

antibody-modified surface. 8-OHdG was determined using 1-naphthol generated by

alkaline phosphatase conjugated with the secondary antibody. 1-Naphthol was deter-

mined by stopped flow injection analysis (SFIA) with electrochemical detector using a

glassy carbon working electrode and by stationary electrochemical detection using linear

sweep voltammetry. A special modular electrochemical SFIA system which needs only

10 mL of sample including working buffer for one analysis was completely designed and

successfully verified. The recoveries in different matrices and analyte concentration were

estimated. Detection limit (3 S/N) was estimated as 5 pg/mL of 8-OHdG. This method

promises to be very easily modified to microfluidic systems as ‘‘lab on valve’’. The

optimized method had sufficient selectivity and thus could be used for determination of

8-OHDG in human urine and therefore for estimation of oxidative DNA damage as a

result of oxidation stress in prostate cancer patients.
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1 Introduction

Studies over the last decade have demonstrated that reactive

oxygen species (ROS) and reactive nitrogen species (RNS)

actively participate in a diverse array of pathological and

physiological processes, including normal cell growth,

induction and maintenance of the transformed state,

programmed cell death and cellular senescence on the one

side, and damaging of cell membranes, cell compartments,

peptides, proteins and nucleic acids on the other side [1, 2].

One may suggest that oxidative stress represents an

imbalance between the production ROS and a biological

system’s ability to readily detoxify the reactive intermediates,

to repair the resulting damage or to utilize them in

physiological processes. From above-mentioned negative

events, oxidative DNA damage and consequent DNA

mutation represented by elevated levels of 8-hydroxy-

20-deoxyguanosine (8-OHdG) belong to the most critical.

It is not surprising that 8-OHdG (Fig. 1) is considered

as a biomarker of oxidative stress caused by various

exogenous and endogenous events [3–7]. 8-OHdG can be

determined in easily obtainable body fluids as saliva (oral

cancer [8], periodontitis [9] and systemic sclerosis [10]),

semen (indicator of sperm quality [11] and reduced fertility

[12, 13]) and urine (various types of cancers [14–16], ather-

osclerosis [17], diabetes [18], Parkinson’s [19], diabetes and

Alzheimer’s diseases [20]). In addition, there is also asso-

ciation between heavy metals action (e.g. arsenic, cadmium)

to form ROS and/or RNS producing DNA lesions inclosing

8-OHdG occurrence, which leads to development of cancer
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[21–28]. In 2008, the paper showing association of urinary

level of nickel and acute leukaemia in Chinese children with

significantly higher concentration of urinary 8-OHdG [29]

was published. However, there is lack information about

relationships between heavy metals, oxidative stress and

molecules scavenging reactive radicals as reduced gluta-

thione and/or metallothionein [30].

Due to clinical importance of 8-OHdG, this molecule is

target for many bioanalytical, biochemical and biological

tools and approaches. Chromatographic ones consisting of

HPLC and MS belong to the most accurate analytical

methods [31], however, these methods are laborious and

time-consuming due to demands on pre-treatment of a

sample [32]. On the other hand, coupling of HPLC with

electrochemical detector (ED) seems to be very convenient

for determination of 8-OHdG because of versatility of ED

detector, which is ultrasensitive to this molecule and less

sensitive to common impurities [33–36]. This fact can be well

documented by numerous papers testing various working

electrodes for this purpose. 8-OHdG was determined on

glassy carbon electrode (GCE) with detection limit of

8� 10�7 M [37]. The modification of GCE surface with

multiwall carbon nanotubes decreased LOD down to

9� 10�9 M [38]. This approach seems to have a great possi-

bilities as shown GCE-modified carbon nanotubes dispersed

in polyethylenimine with LOD of 1� 10�7 M in the presence

of its major interferences such as ascorbic and uric acid [39].

Except GCE, platinum, gold and SnO2 electrodes were also

tested for determination of 8-OHdG [40]. Due to trends to

miniaturize analytical devices, activated carbon fibre micro-

electrodes were used as the sensing platform for measuring

8-OHdG in real time at the surface of a single lung epithelial

cell under the influence of nicotine [41]. Such electrodes can

be implemented in microfluidic systems fabricated by

microelectromechanical systems (MEMS) technology, refer-

red as ‘‘lab-on-a-chip (LOC)’’ or ‘‘biochips’’, carrying out

entire protocols traditionally performed in a laboratory.

Microfluidic immunoassays offer a promising combination
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Figure 1. DNA samples were analyzed on a 1% agarose gel. L–2-log DNA ladder (New England Biolabs, USA), 1–1.7 mg of DNA oxidized
with UV irradiation and H2O2; 2–1.7 mg of control DNA; 3–1.7 mg of oxidized DNA digested with nuclease from. S. aureus; 4–1.7 mg of
oxidized DNA digested with nuclease from. S. aureus; digestion: DNAse from S. aureus, 0.02 U per mg of DNA (A). Simplified scheme of
ELISA detection of 8-OHdG (Ba). Comparison of ELISA signal intensity of 400, 40, 4 and 0 ng/mL 8-OHdG in presence of 1.41 mM
concentration of adenine, thymine, cytosine and guanine (Bb). Comparison of ELISA signal intensity for native/oxidized and digested
native/oxidized DNA, DNA 1 mg/mL, UV irradiation 3 h (Bc). Chemical structure of 8-OHdG (Ca). Simplified scheme of magnetic beads
ELISA detection of 8-OHdG (Cb). Dot blot with magnetic beads in presence 1:4000 and 1:8000 polyclonal goat antibody and 0 and/or
25 ng/mL 8-OHdG. Magnetic beads were pipetted on a PVDF membrane. Chromogenic substrates for horseradish peroxidase was used
(TMB – tetramethylbenzidine) in 0.5 M acetate buffer with 0.1% H2O2, pH 5.5), after the sufficient colouring the reaction was stopped by
rinsing with water (Cc).
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of simplicity, sensitivity and specificity of immunoassays and

potential of miniaturization, automation and integration of

microfluidic technologies [42].

There is a great research in coupling of miniaturized

detectors with some separation techniques [43]. Paramagnetic

or superparamagnetic particles/beads (MPs) represents

promising tool in this field [44–46]. MPs, whose size is

ranging from nm to mm, respond to external magnetic field

and facilitate bioactive molecules binding because of their

affinity for the MPs modified surface made of biologically

components [47–50]. The paramagnetic properties of the

particles enable us to use magnetic force for transferring of

the beads or for rinsing of nonbinding, otherwise commonly

interfering substances. Among other advantages of MPs

belong easy-to-use, non-laborious relatively rapid sample

preparation without centrifugation and dialysis compared to

conventional purification techniques. The time needed to get

target biomolecule is also reduced due to of the fact that

binding of the biomolecule by MPs can protect it against

physical and biological damage, e.g. denaturation [51]. The

mostly used MPs in biosensors applications are super-

paramagnetic nanoparticles composed of ferrous oxide or

ferric oxide [52]. Nanoparticles have a lot of physico-chemical

advantages [53, 54]. Their size can be adapted to the extension

and kind of a biological sample which is a source of target

biomolecules (e.g. proteins 5–50 nm, viruses 20–450 nm,

cells 10–100 mm) [55–59] and their surface can be modified by

numerous substances including antibodies. Variety of poly-

clonal [60] and monoclonal [61, 62] antibodies against

8-OHdG have been prepared but they have not been used for

modification of MPs to isolate 8-OHdG. In spite of this fact

Enzyme-Linked ImmunoSorbent Assay (ELISA) is exten-

sively used for determination of the target molecule [25, 33,

63, 64] and there are also available commercial kits [14, 62,

65–68]. However, there were observed some significant

differences in the determined concentrations of 8-OHdG

depending on a type of a sample type and used antibody [69].

Immunohistochemistry using antibodies to localize the

antigen of interest in a tissue has been successfully utilized

also for 8-OHdG determination in numerous types of tissues

as gallbladder [70], liver [71], renal [61], hippocampus [72],

breast [73], ovarian [74] and/or melanoma tissues [75]. In

addition, immunoaffinity chromatography has been also

tested for isolation of 8-OHdG with various types of subse-

quent detection [62, 76]. The main aim of this study was to

design a microfluidic device for determination of 8-OHdG

using sandwich immunoassay on the magnetic beads and

electrochemical detection of the product of immunoassay as

1-naphthol.

2 Materials and methods

2.1 Chemicals and pH measurement

1-Naphthol, 1-naphthylphosphate and p-nitrophenyl phos-

phate, Na2CO3, NaHCO3, BSA, human IgG, NaCl, Na2PO4

and NaHPO4 were purchased from Sigma-Aldrich (USA).

HPLC-grade methanol (499.9%; v/v) was from Merck

(Dortmund, Germany). Other chemicals were purchased

from Sigma-Aldrich in ACS purity unless noted

otherwise. Lyophilized highly polymerized DNA (Reanal,

Hungary) was isolated from chicken erythrocytes

(Mw 5 400 000 g/mol). Stock standard solutions of 8-OHdG

(1 mg/mL) were prepared with ACS water (Sigma-Aldrich)

and stored in dark at �201C. Working standard solutions

were prepared daily by dilution of the stock solutions. The

pH value was measured using WTW inoLab Level 3 with

terminal Level 3 (Weilheim, Germany), controlled by the

software MultiLab Pilot (Weilheim). The pH-electrode

(SenTix H, pH 0–14/0–1001C/3 mol/L KCl) was regularly

calibrated by set of WTW buffers (Weilheim). Polyclonal

goat anti-8-OHdG and primary monoclonal mouse anti-8-

OHdG antibodies were purchased from SantaCruz Biotech-

nology (USA). Polyclonal rabbit anti-mouse conjugate with

alkaline phosphatase (AP-conjugated rabbit anti-mouse IgG)

were purchased from Dako (Denmark). Magnetic micro-

particles Dynabeads Protein G were from Invitrogen

(Norway). Nuclease from Staphylococcus aureus was

purchased from Sigma-Aldrich. Plastic (tips, DWP plates)

used was low retention and low protein binding and was

purchased from Eppendorf (Germany).

2.2 ELISA

Coating polyclonal goat anti-8-OHdG antibodies diluted

1:10 000 in 0.05 M carbonate buffer (0.032 M Na2CO3 and

0.068 M NaHCO3, pH 9.6) in volume of 100 mL per well were

adsorbed on polystyrene 96-well microplate (Thermo Scientific,

Nunc, Langenselbold, Germany) overnight at 41C. The free

surface of the wells was blocked with 1% m/v BSA in PBS

(137 mM NaCl, 2.7 mM KCl, 1.4 mM NaH2PO4 and 4.3 mM

Na2HPO4, pH 7.4) for 1 h at 371C. Then, the wells were five

times washed with PBS buffer containing 0.05% v/v Tween-20

(PBS-T). Further, 100 mL of 8-OHdG standard or sample per

well was applied and the plate was incubated for 1 h at 371C.

After the five times washing of the wells with PBS-T, which

was repeated after each step of the procedure, the plate was

incubated with 100 mL of the mouse anti-8-OHdG primary

antibody (1:1000 diluted) in 0.1% BSA-PBS for 1 h at 371C.

Then, the plate was incubated with 100 mL of rabbit anti-mouse

secondary antibody labelled with horseradish peroxidase in

dilution of 1:5000 in 1% BSA-PBS for 1 h at 371C to visualize

the interaction of 8-OHdG with the primary antibody.

Dilutions of antibodies and incubation times were optimized

(not shown). Prior to application of the chromogenic substrate

the plate was incubated for 15 min with PBS. The mixture

(100 mL) from the following substances (0.001% w/v of

3,30,5,50-tetramethylbenzidine (TMB) as substrate for horse-

radish peroxidase, 10 mL of hydrogen peroxide (30%, v/v),

0.5 mL of 2 M sodium acetate adjusted to pH 5.8 with 1 M

citric acid and 10 mL of Milli-Q water) was applied to single

well on the microplate. After the sufficient colouring (30 min
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at 371C) the reaction was stopped with 50 mL of 0.5 M H2SO4.

The absorbance of the yellow product was measured at 450 nm

using Multiscan EX microplate reader (Thermo Scientific).

Measurements of the samples and standards were carried out

in triplicates, in each plate the calibration curve and blind wells

(with PBS instead sample) was included.

2.3 Dot-immunobinding assay

About 1 mL of the sample was pipetted on a PVDF

membrane (Bio-Rad, USA) and let to dry. Then, the

membrane was incubated with a chromogenic substrate

for horseradish peroxidase (0.4 mg/mL�1 3-aminoethyl-9-

carbazole in 0.5 M acetate buffer with 0.1% H2O2, pH 5.5),

after the adequate development the reaction was stopped by

rinsing with water. After drying the membranes were

scanned according to the protocol mentioned in Krizkova

et al. [77], in which function optical density (OD) of Biolight

software (Vilber-Lourmat, France) was used for the calcula-

tion of dot volumes by contour recognition.

2.4 DNA experiments

DNA (1 mg/mL) in TE buffer (10 mM Tris-Hcl, 1 mM

EDTA, pH 5 7.5) was incubated for 3 h in dark at 41C or

under UV irradiation with addition of 0.1% H2O2 in flow-

box. DNA purity was estimated spectrophotometrically

(absorbance ratio 280/260 and 260/230 nm) using the

UV–VIS spectrophotometer Specord 210 (Analytik Jena,

Germany) and electrophoretically (1% agarose in TBE buffer

(0.1 M Tris, 0.09 M boric acid, and 0.001 M EDTA) at 100 V

for 60 min (Biorad, USA). Then, the aliquots of irradiated

and non-irradiated DNA were digested by nuclease from

Staphylococcus ssp. (1 U per 0.02 mg of DNA with addition of

1.64 mM CaCl2 for 5 h at 371C). 8-OHdG concentration in

the samples was determined by ELISA.

2.5 Robotic pipetting station

For automated samples handling prior to their electrochemical

analysis, an automated pipetting station Ep-Motion 5075

(Eppendorf, Germany) with computer controlling was used.

Positions C1 and C4 were thermostated (Epthermoadapter

PCR96). The samples can be placed in position B3 Ep 0.5/1.5/

2 mL adaptor. In B1 position, Module Reservoir for washing

solutions and waste were placed. Tips were placed in positions

A4 (ePtips 50), A3 (ePtips 300) and A2 (ePtips 1000). Transfer

was ensured by a robotic arm with pipetting adaptors (TS50,

TS300, TS1000 – numeric labelling refers to maximal pipetting

volume inmL) and a gripper for platforms transport (TG-T).

The program sequence was edited and the station was

controlled in pEditor 4.0. For sample preparation, two

platforms were used: Thermorack for 24� 1.5–2 mL micro-

tubes (Position C3), which was used for storage of working

solutions, 96-well DPW plate with well volume of 1000 mL

(Position C1), which was thermostated. After the immunose-

paration and enzymatic reaction, the magnetic particles were

forced using Promega magnetic pad (Promega, USA) (position

B4) and the solutions were transferred to a new DPW plate, in

which 1-naphthol determination was performed.

2.6 Flow injection analysis-amperometric detection

The instrument for flow injection analysis with ampero-

metric detection (FIA-ED) based on HPLC platform

consisted of solvent delivery pump operating in the range

of 0.001–9.999 mL/min (Model 582 ESA, Chelmsford, MA,

USA), a reaction coil (1 m) and an electrochemical detector

was used. The electrochemical detector includes one low

volume (5 mL) flow-through analytical cell (Model 5040,

ESA), which consisted of GC working electrode, hydro-

gen–palladium electrode as the reference electrode and

auxiliary electrode, and Coulochem III (ESA) as a control

module. The sample (10 mL) was injected by autosampler

(model 542, ESA) using a 6-way injection valve. The data

obtained were processed by the Clarity software (Version

3.0.04.444, Data Apex, Czech Republic). The experiments

were carried out at 201C. A GCE was polished mechanically

by 0.1 mm of alumina (ESA) and sonicated at room

temperature for 5 min using a Sonorex Digital 10 P

Sonicator (Bandelin, Berlin, Germany) at 40 W [78, 79].

2.7 Stopped flow injection analysis – linear sweep

voltammetry

The instrument for stopped flow injection analysis with

electrochemical detection (SFIA-ED) consisted of solvent

delivery automated analytical syringe operating in the work-

ing volume range of 1–50 mL under variable speed from 1.66

to 50 mL/s (Model eVol, SGE Analytical Science, Australia),

3-way 2-position selector valve (made from 6-way valve)

(Valco, Instruments, USA), and dosing capillary that is

directly entering to the electrochemical flow cell (CH

Instruments, USA). The electrochemical flow cell includes

one low volume (1.5 mL) flow-through analytical cell (CH

Instruments), which consisted of doubled GC working

electrode, Ag/AgCl electrode as the reference electrode and

output steel tubing as an auxiliary electrode. Electrochemical

flow cell was connected to miniaturize-potentiostat 910

PSTAT mini (Metrohm, Switzerland) as a control module.

The sample (10 mL) was injected by automated syringe (SGE

Analytical Science, Australia) through flow cell in speed of

1.66 mL/s. The flow cell was cleaned by rinsing of 200 mL

ethanol in water (75% v/v), then 200 mL of 100% methanol

and stabilized by 200 mL of supporting electrolyte. Cleaning

was applied after 50 measurements. The data obtained were

processed by the PSTAT software 1.0 (Metrohm, Switzer-

land). The experiments were carried out at 201C. Other

experimental parameters were optimized; see in Section 3.
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2.8 Real samples – cancer patients

Samples obtained from 14 patients were used in our

experiments. Age of patients ranged from 48 to 78 years with

an average of 62.7 years and median of 59 years. Histologi-

cally, all patients had acinar adenocarcinoma of varying

degrees of differentiation. None of the patients had metastases

in local lymph nodes or in distant lymph nodes, bones, or in

another location. Bioptic and histological examinations and

routine biochemical tests were performed at Department of

Pathological Physiology, Faculty of Medicine, Masaryk

University, Czech Republic. Urine of the patients was

centrifuged at 4000� g for 10 min. The samples were stored

in �201C prior to analysis. Collecting of the samples was

approved by Ethical commission of Faculty Hospital in Brno.

2.9 Descriptive statistics

Data were processed using MICROSOFT EXCELs (USA)

and STATISTICA.CZ Version 8.0 (Czech Republic). The

results are expressed as mean7SD unless noted otherwise.

The detection limits (3 signal/noise, S/N) were calculated

according to Long and Winefordner [80], whereas N was

expressed as standard deviation of noise determined in the

signal domain unless stated otherwise.

3 Results and discussion

The complexity of biological matrix for determination of

8-OHdG demands few-steps sample preparation prior to

analysis as it has been shown [81–83]. Using paramagnetic

beads for 8-OHdG immunoextraction and immunodetection

reduces the samples processing and therefore minimizes

the risk of artefacts. Primarily, we tested antibodies function

by ELISA according to the previously published papers

[84, 85]. Then, we verified determination of 8-OHdG in

differently damaged DNA [83, 86]. After that basic verifica-

tions we were prepared to start with optimization of

paramagnetic particle-based immunoseparation. The opti-

mization was carried out using automated pipetting station,

which was individually programmed for each specific testing

sequence. Samples prepared were immediately analyzed by

SFIA-ED system and data were statistically processed.

3.1 ELISA detection of 8-OHdG

In this study, a standard ELISA-based method for determina-

tion of 8-OHdG with possibility to apply this method on

paramagnetic particles was tested (Fig. 1). Polyclonal goat

anti-8-OHdG antibodies diluted 1:10000 in 0.05 M carbonate

buffer (0.032 M Na2CO3 and 0.068 M NaHCO3, pH 9.6) were

adsorbed on a polystyrene 96-well microplate. BSA was used

to block free surface of the wells. Further, the plate was

washed, and then 8-OHdG was applied. After the washing,

the plate was incubated with mouse anti-8-OHdG primary

antibody and, after that, the plate was incubated with AP-

conjugated rabbit anti-mouse IgG to visualize the interaction

of 8-OHdG with the primary antibody (Fig. 1Ba). According

to this scheme, various concentrations of 8-OHdG were

tested (Fig. 1Bb). The measured signal enhanced with

increasing concentration of target molecule linearly

with R2 5 0.985 in the interval from 12.5 to 400 ng/mL. To

verify the applicability of the method, test the ability of the

system to detect DNA oxidation was performed. UV-

irradiated oxidized DNA was prepared. DNA (1 mg/mL)

was oxidized with H2O2 and UV-irradiated (called ‘‘oxidized’’)

for 3 h. Control DNA (called ‘‘native’’) was stored in dark at

41C for the same time. Both DNA samples were measured

spectrophotometrically and electrophoretically. Agarose gel

electrophoresis confirmed DNA degradation in oxidized DNA

(Fig. 1A). Spectrometric measurements revealed that 260/280

absorbance ratio was app. 1.75 for both DNA samples and

260/230 absorbance ratio was 1.65 for native DNA and 0.99

for oxidized DNA. The decrease in the signal can be

associated with the oxidation lesions in DNA. ELISA was

used to confirm this assumption by determination of

8-OHdG. Both DNA samples were measured in normal

and then in digested state, which was carried out by nuclease

from Staphylococcus ssp. The highest signal was determined

in oxidized and digested DNA followed by native and digested

DNA. Among non-digested samples, signal measured in non-

digested and oxidized DNA sample was higher compared to

non-digested and native one (Fig. 1Bc). The differences

between native and oxidized DNA was higher in non-digested

samples. After digestion with staphylococcal nuclease the

difference between irradiated and non-irradiated DNA was

app. 15% (Fig. 1Bc). This may be caused due to the cross-

reactivity of antibodies with other nucleotides or further DNA

oxidation during the enzymatic reaction. To estimate the

cross-reactivity, 0, 4, 40 and 400 ng/mL of 8-OHdG was

mixed with mixture of DNA nucleotides (1.41 mM adenine,

thymine, cytosine and guanosine, i.e. equimolar to

400 ng/mL 8-OHdG). Determined 8-OHdG concentrations

were 395.6 and 41.7 ng/mL. 8-OHdG content on the sample

containing 4 ng/mL of the analyte was out of the linear range,

but even for this concentration the signal intensity was app.

5% higher than the signal of nucleotides mixture (Fig. 1Bb).

The obtained results indicate that the suggested system is

capable to detect 8-OHdG both in DNA and in nucleotides

mixture. To decrease the detection limit and reduce the

analysis time, this system was adopted for automated

8-OHdG analysis using magnetizable microparticles and

robotic pipetting station.

3.2 Basic experimental scheme

Magnetic particles and nanoparticles can be used for

numerous applications including those important in clinical

diagnostics as early detection of serious diseases through

detection of disease markers [87, 88]. The main aim of this
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study was to design an approach based on immunosepara-

tion of 8-OHdG (Fig. 1Ca) as a compound of interest.

To automate ELISA-based immune separation and

detection of 8-OHdG, paramagnetic particles with covalently

bound protein G were used. Magnetic particles were modified

with two concentrations of goat anti-8-OHdG diluted in PBS

as 1:4000 and/or 1:8000 (1 h, 371C). Then 8-OHdG in

concentrations of 0 and 25 ng/mL was added (1 h, 371C).

After the incubation with 8-OHdG, the particles were incu-

bated with mouse anti-8-OHdG antibody (30 min, 371C) and,

after the washing, rabbit anti-mouse secondary antibody

conjugated with horseradish peroxidase was applied (30 min,

371C) (Fig. 1Cb). For rapid testing of usability of this system

on microparticles, dot blot with 8-OHdG standard using

magnetic particles was carried out. The sample was pipetted

onto a PVDF membrane (Biorad) and dried at room

temperature. Then the membrane was incubated in a chro-

mogenic substrate for HRP (3-amino-ethyl-9-carbazole).

Colour changes are shown in Fig. 1Cc. Magnetic particles

without 8-OHdG gave negligible colour, which is probably

associated with non-specific interactions of secondary antibody

with magnetic particles surface. Other experimental para-

meters will be published elsewhere.

3.3 Modification of paramagnetic particles with

antibodies by microfluidic robotic station

Based on the above-mentioned results it can be concluded that

paramagnetic-based immunoseparation can be used for

determination of 8-OHdG. However, due to colour product

detection, miniaturization without loss of sensitivity could be

difficult. 1-Naphthol generated by alkaline phosphatase from

1-naphthylphosphate is beneficial for electrochemical detection

in miniaturized systems [89, 90]. This molecule provides very

good electrochemical response across of various electrochemi-

cal methods, which can be used for its determination [91].

Electrochemical detector with a GC working electrode provides

potential in further miniaturization and robustness [92–95].

Due to this fact and based on the previously mentioned steps,

the particles were modified according to the scheme shown in

Fig. 2A in order to optimize the electrochemical detection of

1-naphthol. Robotic station allowing modification of the

paramagnetic particles without human handling was used

for all pipetting, separation and incubation steps.

AP-conjugated rabbit anti-mouse IgG was coupled to para-

magnetic particles modified with recombinant protein G. The

enzyme cleaved phosphate from the 1-naphthylphosphate

forming electroactive 1-naphthol (Fig. 2A), which was then

offline detected by SFIA-ED (Fig. 2B).

3.4 Microfluidic system with electrochemical detec-

tion in connection with magnetic particles

Microfluidic system for fully automated electrochemical

detection was suggested (SFIA-ED, Fig. 3). The system

composed of programmed syringe pump, switching valve

and a prototype of miniaturized micropotentiostat (Fig. 3D).

Programmed syringe pump enables precise sample injec-

tions (units of mL with error lower than 5%). To prepare a

fully automated system, switching valve enabling switching

between the off waste and sample flow was placed into the

system. Flow cell in volume of 500–1000 nL with electro-

chemical detector (working electrode: GCE, auxiliary elec-

trode: platinum, referent electrode: Ag/AgCl 3 M KCl) was

used for detection (Fig. 3B and C). Prototype of miniatur-

ized micropotentiostat for electrochemical detection was

used in the suggested SFIA system (Fig. 3D and E). The

suggested microfluidic arrangement was verified in terms of

its functionality, repeatability and robustness. During the

detailed testing of the system by measuring 1-naphthol

concentration under optimized conditions (Section 3.4),

variations in the sample volumes not greater than the

following ones were observed: 4.5% interday (n 5 50) and

intraday (in day intervals 1–4.7%, 2–4.9%, 4–5.1%, 6–5.7%,

(n 5 10)). The suggested solution meets the technical

requirements needed for the analysis of environmental

and clinical samples [96, 97].

3.5 Study of basic electrochemical behaviour of

1-naphthol by using SFIA-ED

Suggested microfluidic device was used to study the

electrochemical behaviour of 1-naphthol. Supporting elec-

trolyte for electrochemical detection of 1-naphthol was used

based on the results published by Palecek et al. [91].

Primarily, we made basic comparison of our designed low

pressure SFIA system working in reversed mode with

high-pressure platform FIA coupled with electrochemical

detector. We aimed our attention on the optimization of

linear sweep voltammetric (LSV) method to obtain

the best conditions for 1-naphthol detection. Cyclic

voltammograms for both detection cells using a same

potentiostat (PSTAT mini) and all conditions as mobile

phase (carbonate buffer), sample concentration (1-naphthol,

10 mg/mL) and sample dose (10 mL) are shown in Fig. 4.

Cyclic voltammograms at three different scan rates (5, 10

and 15 mV/s) using GCE (Fig. 4Aa) and ESA electrochemi-

cal cell (Fig. 4Ba) were measured. It clearly follows

from the results obtained that GC electrode gave better

developed signals of 1-naphthol at app. 370 mV compared

with ESA and dependence of their heights on scan rate

measure on this electrode was linear up to 20 mV/s with

R2 5 0.98 (Fig. 4Ab). Higher scan rates did not enhance the

signal Dependence of 1-naphthol signal height on scan rate

measured by using of ESA electrochemical cell was also

linear R2 5 0.99 (Fig. 4Bb). The signal shifted to more

positive potentials with increasing potential for 30 mV per

5 mV/s of the scan rate (Fig. 4Bb).

The obtained parameters were used in the following

experiments for optimization of SFIA-ED conditions.

First, the sample injection was optimized (Fig. 5A). Tested
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interval of injection was from 2 to 16 mL. We found that

application of more than 10 mL of a sample into the system

did not cause any enhancement of the signal height (Fig.

5A). The maximal analysing sample volume (10 mL) was

given by the total cell volume plus volume of dosing capil-

lary and volume of output steel tube serving as referent

electrode. Based on the experimental data obtained it clearly

follows that volume of sample as 8 mL was sufficient for

filling of the electrochemical cell. In the case that

a sample is injected with buffer into the system, minimal

sample volume of 5 mL is needed for repeatable measure-

ments (relative standard deviation (RSD) 5.9%, n 5 10).

Under lower injecting volumes, RSD rapidly increased due

to dilution of a sample by buffer (RSD 10.9%, n 5 10).

Moreover, we tested electrochemical cell 5040 with larger

volume (5 mL) and active surface of GC into which 10 mL of

various concentrations of 1-naphthol was dosed. The

measured dependence was strictly linear as y 5 10.677x 1

40.585, R2 5 0.9954 with detection limit of 360 fg of

1-naphthol per 5 mL injection (Fig. 5B). Based on these data,

the optimization of previously used miniaturized cell

followed. Working electrode condition was the other

optimized parameter. Dependence of of 1-naphthol

(100 pg/injection) signal on time of electrode conditioning is

shown in Fig. 5C. It clearly follows from the results obtained

that shorter electrode conditioning (within interval from 10

to 15 s) enhanced electrochemical signal of the target

molecule. Moreover, potential of 1-naphthol signals shifted

to more positive values with increasing time of electrode

conditioning for 10 mV per 10 s of the conditioning

(Fig. 5D). In addition, we tested number of repeated injec-

tions with purification of the electrode surface. It was found

that we were able to carry out up to 4 repeated measure-

ments of 1-naphthol with sufficient RSD as 8.8% (n 5 5).

Higher number of measurements without purification led

to enhancement of the deviation up to 40%. The optimal

chemical purification of GC electrode surface per four

measurements was as follows: 20 mL 5% methanol, 10 mL

5% ethanol and 20 mL carbonate buffer. Under these

conditions, 100 pg of 1-naphthol per injection was detected

with good repeatability as RSD 5 9.3%, n 5 10. Further,

the calibration dependence of 1-naphthol was measured

(Fig. 5E). The shape of the response curve was exponential

in tested concentration range from 0.2 to 200 pg of

1-naphthol per injection. For analytical purposes, we

attempted to divide the concentration interval into two parts

in order to utilize both of them. The lower one within the

interval from 0.2 to 8 pg of 1-naphthol per injection is shown

in inset in Fig. 5E. The calibration curve was strictly linear

y 5 200.83x 1 30.582, R2 5 0.9904; RSD 5 9.3%, n 5 10.
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Figure 4. Cyclic voltammetry of 1-naphthol 100 pg/injection in carbonate buffer pH 9.6. Applied scan rate 50, 10, 15 and 20 mV/s.
Electrochemical conditions: start of scan 0 V to vertex potential 1.0 V and end potential 0 V, potential step 5 mV. GC electrode cell with
reference electrode Ag/AgCl 3MKCl (Aa). Dependence of 1-naphthol signal height on scan rate (Ab). Cyclic voltammetry of 1-naphthol
100 pg/injection in carbonate buffer pH 9.6. Applied scan rate 50, 10, 15 and 20 mV/s. Electrochemical conditions: start of scan 0 V to
vertex potential 1.0 V and end potential 0 V, potential step 5 mV. GC electrode cell with reference electrode Ag/AgCl 3MKCl GC electrode
cell 5040 with reference electrode PdH (Ba). Dependence of 1-naphthol signal height on scan rate (Bb).

Electrophoresis 2011, 32, 3207–32203214 O. Zitka et al.

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Detection limit (3 S/N) was estimated as 100 fg of 1-naph-

thol per 5 mL injection.

3.6 Offline SFIA electrochemical detection of

1-naphthol obtained from paramagnetic

particles modified with AP-conjugated rabbit

anti-mouse IgG

Magnetic particles modified by AP-conjugated rabbit anti-

mouse IgG prepared according to scheme shown in Fig. 2A

produce 1-naphthol in the presence 1-naphthylphosphate as

a substrate. The product of this enzyme reaction can be

subsequently detected by above optimized SFIA-ED (Fig. 5).

Robotic system fully ensured transfer and handling of all

chemicals needed for immobilization of antibody, washing

and substrate dosage. Program of robotic preparation of

paramagnetic particles was as follows: (i) washing para-

magnetic particles (10 mL of sample) in PBS buffer (pH 7),

(ii) immobilization of antibody onto the surface of

paramagnetic particles, (iii) five times repeated washing

of non-specifically bound of antibodies onto the surface of

paramagnetic particles, (iv) adding of 1-naphthylphosphate,

incubation at different temperatures, (v) sampling of

1-naphthol without paramagnetic particles. In addition,

conditions to obtain the highest yield of 1-naphthol

and the fastest sample preparation were optimized.

Dependence of 1-naphthol signal height on time of

incubation of AP-conjugated rabbit anti-mouse IgG (RAM-

AP) at 301C is shown in Fig. 6A. The maximal yield of the

enzyme reaction was obtained after 30 min long incubation

even under non-optimized conditions. Further, we studied

the influence of dilution of the antibody (1:500, 1:1000,

1:2000, 1:4000 and 1:8000 with PBS) used for immobiliza-

tion on the surface of the particles, on 1-naphthol signal

(Fig. 6B). It clearly follows from the results obtained that

dilution of the antibody of 1:500 gave the highest signal

of 1-naphthol.

The advantage of this dilution is probably the perfect

surface coverage of magnetic particles and to prevent any

further steric inhibition of enzyme reactions. In the case

that the influence of different substrate concentrations

(1-naphthylphosphate) on the 1-naphthol signal height was

studied at 30 min long incubation of this substrate in the
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presence of particle modified with RAM-AP (1:500 dilution

with PBS), the highest signal was determined within

concentration interval from 12 to 20 mM using microfluidic

electrochemical instrument. Further, the effect of tempera-

ture of incubation of RAM-AP with various concentrations

of the substrate on 1-naphthol signal height was investi-

gated. The measured dependencies are shown in Fig. 6D.

It can be concluded that the signal enhanced with the

increasing incubation temperature up to 371C. Under

higher temperature, the signal decreased. Temperatures

higher than 501C stopped the reaction (not shown). Based

on the results obtained, the enzyme kinetics of alkaline

phosphatase coated on the surface of paramagnetic particles

was estimated. The results are shown in Fig. 6E. Michaelis–

Menten constant was found as KM 5 7.54 mM under the

above optimized conditions, which shows on good affinity of

enzyme to substrate.

3.7 Detection of 8-OHdG by using paramagnetic

particles and SFIA-ED

Above-mentioned robotic programme was modified for

immunodetection of 8-OHdG. (i) Magnetic particles (10 mL)

were three times washed in PBS buffer (100 mL); (ii) goat

immunoglobulin was bound on the surface of the particles

modified with protein G for 60 min, dilution 1:500, at 371C;

(iii) washing step with PBS buffer (200 mL, five times
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repeated); (iv) in order to prevent non-specific interaction, the

free surface of the particles was blocked with 100 mg/mL of

non-specific human immunoglobulin for 30 min at 371C;

(v) after washing step with PBS buffer (200 mL, five times

repeated) various concentrations of 8-OHdG were incubated

for 30 min at 371C; (vi) after washing step with PBS buffer

(200 mL, five times repeated) primary monoclonal mouse

antibody anti-8-OHdG (dilution: 1:500) was incubated for

30 min at 371C; (vii) after washing step with PBS buffer

(200 mL, five times repeated) AP-conjugated rabbit anti-mouse

IgG (dilution 1:500) was incubated for 30 min at 371C;

(viii) 1-naphthylphosphate (10 mM) was added and incubated
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for 20 min at 371C; (ix) the sample for detection of 1-naphthol

was obtained. The scheme of this procedure is shown in

Fig. 7A. Total time of the preparation of solutions,

modification of particles and detection of 1-naphthol did

not exceed 6 h. Using the pre-coated and blocked particles

reduce the time for analysis to 3 h. Taking account the

possibility to prepare up to 96 samples and analyze them,

the suggested approach markedly decrease time demands of

the determination of 8-OHdG. Common ELISA methods are

laborious and times for analysis vary from 3 to 16 h in

dependence on experimental protocol. In addition, we were

interested in the sensitivity of the method. Typical concentra-

tion-response curve measured within the interval from

0.25 to 200 ng/mL of 8-OHdG is shown in Fig. 7B. The

dependence was linear in the tested concentration interval

with the following equation y 5 5.03x� 16.96, R2 5 0.9901

(RSD 5 8.9%, n 5 3). Detection limit (3 S/N) was estimated

as 5 pg/mL. The experiments verified that non-specific

interactions with other immunoglobulins can be very

effectively reduced by the addition of IgG as a blocking

agent. In these experiments, negligible false positivity was

observed in the sample without the presence of 8-OHdG.

Moreover, detection of 8-OHdG in urine is influenced by

interferences as uric acid and ascorbic acid, but the selective

separation using antibodies eliminates the influence of these

interferences substantially and in our experiment, we noticed

no effect of these compounds on the signal of 8-OHdG.

3.8 Detection of 8-OHdG in patient with prostate

cancer

Patients with cancer are exposed to considerable oxidative

stress induced by both disease and the cancer treatment

protocol [73, 74, 98–100]. Monitoring of the changes in

levels of oxidative stress using easier and fully automated

methodical approach could bring the immediate modifica-

tion of treatment protocol to these patients (personalized

medicine). The procedure of sample preparation is shown

schematically in Fig. 8A. In the set of samples included in

this study, three groups were recognized according to the

concentration of urinary 8-OHdG. Group 1 with 8-OHdG

concentration in the interval from 13 to 20 ng/mL) with

average level as 1672 ng/mL; group 2 with 8-OHdG

concentration in the interval from 21 to 30 ng/mL with

average level as 2573 ng/mL and group 3 with 8-OHdG

concentration higher than 31 ng/mL with average level as

3671 ng/mL were estimated (Fig. 8B). The highest

frequency was observed in group 2 (n 5 6). Detailed clinical

study will be published elsewhere with regard to other

clinical markers.

4 Concluding remarks

The presented results give a complex microfluidic approach

for the detection of 8-OHdG based on highly selective

monoclonal antibody capturing using modified paramag-

netic particles. Analyte is electrochemically determined by

the indirect detection of 1-naphthol using SFIA-ED. The

whole process is designed as an offline system with

minimizing human handling to reduce time of a sample

analysis. It is expected that experimental design can be used

for clinical application in the field personalized medicine.
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