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This paper presents a facile and highly sensitive label free electrochemical
immunosensor for breast cancer biomarker using antiHER2- Fe;0, NP

bioconjugate.
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Abstract

A label free immunamnsorwasdesigned for ultraletection ofhuman epidermal growth factor receptor 2
(HER2 in real samples usingifferential pulse voltammetryDPV) method. h a sepaate process,
antiHER?2 antibodiesvereattached to iron oxide nanoparticles {BeNPs)to form stable biconjugates
which were later lad overthe gold electrode surfacén this way, ly the advantage of their long
terminals, thebioconjugatesprovided the most possiblespace forthe immunereaction between
biomoleculeslUnder optimal conitions, the immunosensarasresponsive ttHER2 concentrationsver
the ranges of 0.0€ 10 ngmL™ and 10€ 100 ngmL™ linearly and benefited from aatisfying detection
limit as low as0.995 pgmL™ anda favorable sensitivity as sharp5921 A mL ng™. Thereliability of
the methodn clinical analysisvasproved by successful quantizationlER?2 levels in serum samples
obtained from patientsFuthermore, the precision aritle stability of the method were evaluatadd

verified to be acceptable immunoassay studies.
Keywords: Electrotiemical immunosensor, HER2, banjugatepreast cancegold electrode
1. Introduction

To realizelow-level of tumor biomarkers is vital for early awareness of cancerstantbmmencehe
appropriatereatmentrocessesHuman epidermal growtfactor receptor 2 (HER2as a key prognostic
marker [L], is overexpressed in 235% of breast cancg?] which is oneof the most common malignant
type of tumor irvomen[3]. To establisha fast techniqusensitiveto the low-levels of HER2 biomarker
which resultsearly diagnos of thecancer isof great significancenot only for increasing the survival
rate but also forsaving cost and time in successful prognosis oflibease

For this purposeseveraltechniqueq4-7] weredeveloped focusingn detectionof HER2 positive cells
which areusuallytaken outin invasive methosllike biopsy and araot availablein humanserum.in
comparison to theseechniques,electrochemicaltechniques bythe use of biconjugate modified

electrods are the most desiredsystemsowing their excellentsensitivity, rapidity, low cost and easy
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operation Typically thereare twokinds of electochemical detection platfoisyfor biomarker proteins
The firstkind is labeled method knowas sandwich type method in which an enzyomsually horse
radish peroxidaseis attached to aecondry antibody (Ab). This labeled Abremainstied to the
biomarkerattached to the primangb and usually catalyzes the reduction of hyiyen peroxidase to
represent aneasurable sign§8, 9. However other nanomaterials such as CdS and silver nanopatrticles
can also be attached to secondry antibodiesand their stripping signak correspondig to the
concentration of biomarketse recordedsubsequently10, 11]. Although this strategyis assumed as a
highly sensitive methgdout problems such asample pretreatmergeparation and purification process
of secondary Alimit the approachin the second kind, known dsbel free methoddecrease in signal
intensity of aredox probe is directly relate to the concentration of lsiomarker which is boud to a
modified surface and hinder the electron transfer procEas13. Eliminating time-consuming extra
processes makeiis methodmore simple, quick andesred.

Lately, functionalized nanopadies specially functionalized iron oxidenoparticle{Fe0O, NPs) have
attracted much attention the fabrication of biesensing systemdue to theirunique properties such as
biocompatibility, signal amplification andheir ability to bind covalently to Als via their functional
groups[14, 15].

The etensive usef poly ethylene glycol (PE), as a long compatible linkéor nanoparticls, has been
treated well[16-18]. The main advantage of usiREGis to provide enough spate bind more AB to

nanoparticles and allow them to stagide andesultmore effective combination with the targets.

In this work, we attachedlifferent proportions of artiER2 Ab to the pegylatedFe0O, NPsto form
highly loaded bigonjugats. Designing a label free platformhdé mostappropriatebioconjugate was
stabilized covalentlpn the surface ad gold electroddo assawltra-low levelsof HER2 antigenin serum
samples This highly sensitive and simple electrochemical analysis metmalds great potentialfor

detection ofall otherbiomarkers in clinical diagnostics.
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2. Experimental

2.1. Apparatus and conditions

CV and DPV measurements were conducted on a pAutolab Type llitiestatiGalvaonstat. A three
electrode celbystemwas usedor the electrochemical experiments.nfodified gold electrodevas used
as the working electrode. Alatinum wireand Ag/AgCIl (Saturated KClglectrodewere usedas the
counter electrode anthe reference electroderespectively The EIS spectra were recorded with an

Autolab Eco Chemie. B.V. Potentiostat/Galvanostat using the samesteot®de system.

The transmission electron microscopyEM) images were obtained from a TEHEM 208 Philips atan
acceleration voltage of 100 k\ETIR spetra were recorded with Bruker vertex 70v. The surface
morphologies of GE and GNPs/GE were evaluated by field effect scanning electron microscopy

(FESEM) at an accelerating voltage of 20 kV.

2.2. Materials andeagents

AntiHER2 Ab (Herceptin, 150 mg) was purchased from F. HoffmharRoche Ltd (Switzerland). Active
HERZ2, 5 ug, was obtained from Biovision Inc. (USRly (ethylene glycol) - maleimidef -NHS ester

(Mal- PEGNHS, MW ,, 2000) was purchased frolJANOCS (USA). Bovine serum albumin (BSAN-

hydroxy succinimide (NHS),-gthyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)ysteamingCys),
2-iminithiolane (Traut...s reagergdld (Ill) chloride hydrate, adium plosphate dibasic, gbassium
phosphate marbasic and 3-mercaptopropionic aciqMPA) were purchased from Sigmadrich Itd

(USA). Iron (lll) chloride hexahydrate, iron (II) bloride tetra hydrate hydrochlaic add (37%),
methanol, toluene, 3aminoprogyltrimethoxysilane (APTMS) and namonium hydroxide (32%) were
purchased from Merck (Germany). Phosphate buffered solutions (PBS) were prepared using 0.1M
NaHPQO, and 0.1MKH,PQ,. All other chemicals and reagenigere of analytical grade and were

prepared using redistilled water.



Page 7 of 23

©CoO~NOUTA,WNPE

Analyst

2.3. Production of functiotized Fe;O, NPs
2.3.1. Synthesis of bare &3 NPs

Fe;0, NPs were synthesized basen the most common method [18riefly, FeCb.4H,O (0.397 g in 1
mL of 2 M hydrochloric acid) was added to Fe6H,O (1.08 g in 4 mL of 2 M hydrochloric acid) under
strong stirring over a magnetic stirrer. Thé&0 mL of 0.7 M ammonium hydroxide was added to the
mixture drop wisely. At the end of the reaction, the black sugpemd iron oxide waseparated by a

permanent magnet and then redispersed in 10 mL of methanol.
2.3.2. Syntbsis of the aminée0, NPs (APTMScoated FgD, NPs)

BareFe;0, NPstend to aggregatend thereford is better to start the modificatiomqressof the surface
immediately.35 mL of toluene and 25 <L of APTMS were added to 0.1 g of bag®¢Ps. The mixture
was sonicated ia bath sonicator for 30 midfterwards, the mixture was heated in an ovenO(ZE)O‘or 7

h. Finally, theobtaired APTMS-coaed FgO, NPs was separated byparmanent magnet and redispersed

in 50 mL of methanol.
2.3.3. Synthesis of PE@aleimidecoated FgD, NPs

The resulted nanoparticles were introduced with NMESE52000Mal to obtain sulfhydryreactive
pegylated nanoparticles through adization of the surface amingroups. For this purpose, 31 mg of
NHS-PEG2006Mal was added to 10 mL of redistilled water containing 10 mg of nanopartdkes.
sonication for 30 minthe mixture wastirred vigorously for 12 hFnally, pegylated nanoparticles were

separated by magnet and redispersed in 5 mL of redistilled water.
2.4. Preparation of the lionjugate

The bioconjugatesvere prepared based am reported method [2G}ith some modificationsSchemel

shows the biocgngate preparation procedure.
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Scheme 1Preparation of the bioconjugate
2.4.1. Thiolation ointiHER2Abs

A solution ofantiHER2Ab (1 mgmL™) in 0.1 M PBS pH 8vas prepared firlt. For thiolation ofAbs, it
was followed by addind00-fold molar excess a-iminithiolane to thepreparedsolution To protect the
thiol groups from oxidation, 5 mM EDTA was also added to the mixfTine. mixture was left for 1 h
under constant stirring abom temgerature. Afterwards, thiolateflbs weke purified by dialysis against

20 mL of PBS pH 8, 5 times each for 1 h.
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2.4.2. Attachment of atiER2 Absto theNPs

The Abs-labeled nanopatrticle conjugate was prepared through the following approach: Ipedylaited
nanoparticles (5 mgL™) wasincubated with different aliquots (50, 100, 20@&800 pL) of thiolated
Abs (1 mg mL™) over night at room temperature under consthakisg. The hiol groups ofAbs were
covalently attached to the unsaturated bond of malesriidked to the nanopartiel to form the
bioconjugateThe hoconjugate, then, werseparated by magnet and redispersed in bhitBS pH 7.2.

2.5. Fabrication of the immunosensor and electrochemical procedure

The fabricatiorprocessf theimmunosensor is represedtinscheme 2Firstly, the gold electrodéGE)
surface t = 3 mm) was polished with 0.im alumina slurry om polishing cloth for 1 miand was then
ultrasonically cleaned with ethanol and redistilled water each fatir3respectively. Afterwardsthe
electrode wagmmersed in piranha solution {80, : H,O,, 3:1) for 5 minand therwas washed with pure
waterseveral times. The gold nanopartic{€NPs)was electrodeposited on the cleaned electrode surface
from solution containing 0.06 mM HAugand0.1 M KCI by cyclng potential betweerD.5 and 0.5 V

for 20 times with the scan rate 002nV s™. The gold modified electrode was immerged in 0.1 M MPA
for 12 h at room temperature ftorm MPA/GNPs/GE. The resulteglectrode was rinsed with redistilled
water to remove physically adsorbetterials. ThereafteB0 pL of solution containing 0.M EDC +

0.1 M NHS was dropped and maintained onto the surface forat room temperature to activate the
carboxyl groups. Rer being washed with pure water, the electreges immersed into 0.1 M Cys
Solution for 8h at room temperature to form Cys/MPA/GNPs/GE via amide formation. Subsequently,
after being rinsed with redidéid water, to prepare Bionjugae/Cys/MPA/GNPs/GEthe obtained
electode was introduced to 30 pdf bioconjugate and left for 8 h in 4 °C. The doublend in free
maleimides of bioonjugate readilyeacts with thiol groups fromyS to form a stable carbesulfur bond

[21]. Excessive andhysicallyadsorbed biconjugates were washed away with PBS {@,JpH 7.2) and
redidilled water respectively. The procesas followel by casting 20 plof BSA (1mg mL™) over the

electrodeand keeping for 45 min at 37 °C to block any possible nonspecific bawgdsites. Finally
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BSA/Bioconjugate/Cys/MPA/GNPs/GE was rinsed with PBS (0.1 M, pH 7.2) and redistibeer w
respectively. The resultinglectrale was then incubated with 20 joE different concentrations of HER
antigen for 30 mimat 37 °C and was washed aag with PBS (0.1 M, pH 7.2) and redistilled water
respectiely. Finaly, DVPs of the redox probe solution (PBS 0.05 M, pH 7.2 containing 5 mM of

Fe(CN)*™*) were recaded from-0.2 to 0.5 V using HER2/BSA/Bamnjugate/Cys/MPA/GNPs/GE.

Scheme2. Graphical illustratiorof the construction procedure of the immunosensor and HER2 detection.
2.6. Patient serum analysis

Fresh serum samples, collected from patients in different stages of the cancer, were obtained kindly from
the central clinical &boratory of Imam Reza bspital, Kermanshah, Irafserum samples were diluted
with PBS (0.1M, pH 7.2) Pbr 20 timesand then20 pL of the samples was dropped onto the prepared

8
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electrodeand kept for 30 mirat 37 °C. Finally, DPVs of the probe solution were recorded after rinsing
the electrode with PBS and retiiled water respectivelfdER2 leveldor three replicatewere calculated

using calibration regression equations.
2.7. Recovery test

Fresh serum saples of two healthy females were obtained from Imam Khomeini hospital. After 20 times
dilution with PBS (0.1M, pH 7.2), serum samples were spiked with two different concentrations of

HER2. The spiked concentrations were assayed using standard additiod.met
2.8. Electrochemical measurements

Cyclic voltammograms (CVs) were recorded betwe®a and 0.5 V with the scan rate of 20 miVis
0.1M PBS pH 7.2 containing 10 mM Fe(CRlj*. The parameters for DPVs, taken from the same probe
solution, were: plse width of 0.06 s, pulse increment om¥, pulse period of 0.1 s, pulse amplitude of

55 mV and scan rate of 50 n¥v.

EIS measurements were conducted for /OBBS pH 7.2 containing 2 mM Fe(C&) * in a frequency
range from 0.1 td 00 kHz. The amplitude of the applied sine wave was 10 mV with the direct current

potential set at 0.2 V.
3. Resuls and discussion
3.1.Characterization dfe;0, NPs

The morphology and size distribution of;8g NPs was characterized by VE As can be observed in
Fig.1A, spherical nanoparticles with the average size of about 20 nm were distributed unifEddly.
was also used to confirm the electrodeposition pro€ggs1B and C exhibitlie surface of the electrode
before andafter electrodeposition of theanopaticles respectively.A rough and stonysurface is

obtained in consequence of gold electrodeposition.
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Fig. 1. (A) TEM image of FeO, NPs, (Band Q FESEM images of gold electrode surface before and
after GNPs electrodepositiprespectively (D)IR spectra of APTMS&oated FgO, NPs (E) CVs of 0.1

M PBS pH 7.2 containing 10 mM Fe(CRIJ* ata: MPA/GNPs/GE and b: Fe304 NPs/ MPA/GNPs/GE

FT-IR spectroscopy was opeeatto validatehe presence of APTMS at the surface of APTdd&ted
Fe;0, NPs. Thespectrum in Fig. 1D shows a sharp band around 53bfeniron oxide NPs and three
moderate bands at 1100, 1620 and 293dthat can be assigned to vibration ofCsiN-H and stretching

of C-H, respectively.

To characterize thAPTMS-coatedFe;0, NPselectrochemicallyMPA/GNPs/GE was modified with the
nanoparticlesthroughcombining carboxyl and amine groy@sd itsperformance was observéefore

and after modificatiorpracticeusing CV techigue. As can be seen in Fig. 1fe presence of the NPs
intensfies the redox signal distirlgt As an explanation for this everthe intrinsic properties of naho
sizediron oxide particles decord with functional groups facilitate the electron transfer (ET) process
between the probe and the electrotieis desirable quality othe functionalizedFe0, NPsmakes them

proper candidatefor Absto beloaded over antbrm bioconjugates for using in electrochemical systems.
3.2.Characterization of the immunosensor

The most common teclgque CV was initially usedo monitor each step of modification of the gold
electrode sutce(Fig. 2A, B). As can be seeia pair of redox peakis observedor 10 mM of Fe(CN)*

“in PBS (0.1 M, pH 7.2) at bare gold electrode HE, = 94 mV). Sharper redox peaks with less
difference in peak potential (& 76 mV) wee noticed for the electrode after electrodeposition of gold
nanoparticles(b). Subsequently, tathe end of imme&ing of GNPsS/GE in MPA solutiono obtain
MPA/GNPs/GE through formation of A% bonds, redox peakacreasedagain clearly(c). In here,
dangling carboxyl groups at the surfac®y facilitate the electron transfer (ET) process between the
probe and the electrodEurthermodification of the electrode with Cys reduced tteelox peakgd). It is

probaly due to the ET blockage in consequenceimafreasiig the length bcarbon chain as well as

11
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turning carboxyl groupgo terminal sulfhydryl groups. AfterwardalthoughFeO4 NPs because of their
intrinsic properties, intensifthe relox signal which habeen investigated in section 3dut placing of
the biaonjugates at the surface reduced the rguakssince more interruptiom ET processhappens
by thepresence ofhe huge biomolecies (Abs) on the nanopatrticl€s). Thereafterin order to blockhe
possible wnspecific bonding sites at RionjugateCys/MPA/GNPs/GE, BSA was applied to the aod
of the electrode and thus olvious decrease in redox peaks occumgdin(f). Finally, introducing of

HER2 (10 ng mL™) to the resulted etérode madenore decrease in redox pedi

Furthermore, electrochemical impedance spectra (EIS, Nyquist plots) were also conducted to monitor the
performance of the immunosensor through constru¢tign 20. Semicircle part of the Nyquist plots at
higher frequedies is related to the ET limited process it is possible to investigate the surface change at
each step otthe modification process by measuring the semicircle diameter which equals the ET
resistance (). Spectrum(a) shows a tiny semicle for baregold electrode. Mdification of the
electrode with GNPs and MPA gasgenaller and qae smaller values of faradic impedance for GNPs/GE
and MPA/GNPs/GErespectively lf, ¢ indicating that these modifications increase the ETgssofthe
system. After modification of the resulted electrode with @ys,semicircle diameter was extendetdl

thus an initiated impedancewas observedn (d). Predictably, after loading of the surface with
bioconjugates, Rincreasedharply because of thain hindance against ET process cadidy spacious

Abs (e). Comparing with other works [8, 13], in this stepleas increase in Rwas observedthat is
probably due tothe advantageousise ofiron oxide NPswith their positive effecton ET process
Blocking some parts of the surface, further modificatbthe electrode by BSAesultedan additional
increase in R (f). Finally, specific coupling of HER2 with antiHER2 Ab at tlsarface of the

immunosensomademore interference in theT processd thusincreased Rin consequencfn).

12
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\Fig. 2.(A and B) CVs of 0.M PBS pH 7.2 containing 10 mM Fe(CRJ* ata: Bare GE, b: GNPs/GE,
42 C: MPA/GNPs/GE,  d: Cys/IMPA/GNPs/GE, e: Bioconjugate/Cys/MPA/GNPs/GE,  f:
44 BSA/Bioconjugate/Cys/IMPA/GNPs/GEand f. HERZ2/BSA/Bioconjugate/Cys/MPA/GNPs/GHC)

46 Nyquist plots for 0.081 PBS pH 7.2 containing 2 mM Fe(CRY * obtained at different electrodes (as A

48 and B)

>4 3.3.Optimization of analytical variables

57 3.3.1.Thequantity ofthe stabilized Abson the NPs

60 13
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The effect of the amount othe Abs loaded onFe;O, NPs was investigated over the response of the
immunosensor. Forhis purpose, various loaded bamjugates,prepared by different quantities of
thiolated antiHER2 (50, 10@00 and 80 pg) were used to construct the immuansor. As can be seen
in Fig. 3A, the current change is intensified by increasing the antiH&R2mount up to 20 pg. Using
more amounbf Abs probably results saturation of the nanoparticle surface and interfertdseafiective
binding of the bigonjugate to the surfa of the electrodesothe optimum amount of ¢hantiHER2 was

selected to be 20ug.

3.3.2.Incubationtime

Sincethe formation ofthe covalent bonds ithe modification steps is slqwhe incub#on time in each
relevant steplays animportant role and needs to be optimizEdy. 3B showsthe effect ofincubation
times of threemodifier components on the immunosensor performance. The optimum incubatien time
for MPA, Cys and antiHER2b wereobtained to be 12, 8 and 8 h respectively. More incubation times

had no positiveeffect onthe signal most ligly due to the saturation of the electrode surface

Fig. 3. Optimization of analytical variables. (A) Current changeAb amount(n =3), (B) Effect of

incubation time ovetheresponse of the immunosengor= 3)

14
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3.4. Analytical performance of the immunosensor

Under the most advantageous constructing conditions, the response of the immunosensor towards

©CoO~NOUTA,WNPE

different concentrations of HER%as studied by recording DVPs of PBS (pH 7.2) containingha
11 Fe(CN)*™ with the result shown in Fig. 4AThe resultig calibration curveis linear over two
13 concentration ranges from 0.01 to © mL™ and 10 to 100 ngnL™ (Fig. 4B). The correspondence
15 calibration regression equat®for lower and higher concentration rasgaretl (CA) = (5.921 + 0.091L
17 [HER2] (ng mL*") + (11.507 + 0.11), R2 = 0.9981 andil ("(A) = (0.300+ 0.008)[HER2] (ng mL?) +

19 (69.357 + 0.412), R2 = 0.9913 respectively.

Fig. 4. (A) DPVs of the probe solution taken at the immunosensor after incubation with a: 0, b: 0.01, c:
0.4,d:1,e:2, f 4,g:8, h: 10, i: 25, j: 40 and k: 100 ng'mf.HER2. (B) Calibration graph (current

52 changevsHER?2 concentrations), (n =.4)

55 The deéction limit (DL) was evaluated assBn and determined to be (0.995 + 0.022) pg‘mhere s is

57 the standard deviation of the peak current (n = 5) and m is the slope of the calibration curve for lower

60 15
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concentratia range. Tie sensitivity of this method @1 %0 0.091 «A mL i) is more than five times
that of themostrecentmethodfor quantification of HER2 biomarkdi0]. Beside this advantage, the
more conveient fabricationprocess and simplicitgf the method would make itomparable with other
methodswhich were reportedgsensitive to HER2To corroborate the superiority of this method, a

comparative study was done with the results shown in Table 1.

Table 1

Comparison of HER2 results for the recent proposed methods.

Linear Range  Detection limit

method ) ; reference
(ng mL™) (pg mL?)

PEMS 0.05€2 25.3 22

OFRR 13€100 13000 23

ST-ECIS 6€30 6000 24
0.01€10 :

LF-ECIS' 10€ 100 0.995 This work

Piezoelectric microcantilever sensor
opto-fluidic ring resonatdr
Sandwichtype electrochemical immunosensor

Label free electrochemical immunoserisor

3.5.Real samplanalysis

The proposed methodas applied to quantify HER2 concentrations in serum samplesteolléom
several patients. Resultdbtained by this method wepmmpared withthose obtained bthe expensive
reference methqdenzymelinked immunosorbentassay(ELIZA) method (Table 3. From the good
agreement between two methods, it can be deduced that this method can be assumed as a replacing

applicable methotbr quantization of the biomarker.

16
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1

2

3

4 Table 2

2 HER?2 levels in patient serum samples obtained by the proposed and ELIZA method

2

g Serum sample no.  Proposed method ELIZA method Relative error

" (ng mLY), (n =3) (ng mL?) (%)

12

13 1 13+0.5 12.7+0.3 2.36

14

15 2 26 £0.9 249 0.1 4.41

16

g 4 245+ 0.6 23.5+0.3 4.25

;g 5 61+0.8 62.1+0.4 177

- 6 84.8+0.9 86.1+0.3 151

23

24

25

26 3.6.The pecision and stabilitgtudy

27

28

29 To evaluate the precision of the method, serum samees spiked witHHER2 and the recoveries were
30

31 extracted using standard addition method. The percentage recoveriegéorelicates of added 2 and
32

gj 20 ngmL™ HER2 were assayed to be (10% 0.9) % and (101.8 + 1.2) % respectiveFatisfactory
gg recoveries veriéd thegood precision of the method.

37

38 The stability of the method was alsssted by recording the resutithe immunosensor which has been
39

40 already kept in 0.M PBS pH 7 for three weeks at 4 °C. A (9 £ 1) % decrease in primary results indicated
41

42 that the methotdenefits from acceptable stabiliy =3).

43

44 4. Conclusion

45

jg A facile and novel electrochemical immunosensor for detection of breast cancer biomarker was
jg constructed based on antiHERZ50, NP bioconjugate. The use of bioconjugate not only facilitates the
50 . . .

51 electron transfer in redox probe due to the good nature of the nanopairtiatealso increases the
52

53 sensitivty of the method by loading as muchAdss on the board arkkeping them far enoughom the

54

55 electrodesurface to interactwith biomarkeranore efficiently. The methodhas low detection limit with
56

57 the excellent sensitivity argbems to be unique and comparable with other methods responsive to HER2
58

59

60 17
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and could be assumed agpemising replacing technique focancer recognitionFeO, NPs can be
anctored with various Ahsso this immunoassay method holgeeat potentiafor detection of all other

biomarkers in clinical diagnostics.
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