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� A microfluidic immunosensor has
been developed for epidermal
growth factor receptor (EGFR) in hu-
man serum samples.

� In this immunoassay, the anti-EGFR
antibodies are immobilized on a
surface area amino mesoporous silica
as platform.

� The gold electrodes are coated with
CMK-3/poly-acrylamide-co-
methacrylate of dihydrolipoic acid
nanocomposite.

� The sensor's linear range is from 0.01
to 50 ng mL�1 with a single day RSD
of 4.98%.
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a b s t r a c t

We report a hybrid glass-poly (dimethylsiloxane) microfluidic immunosensor for epidermal growth
factor receptor (EGFR) determination, based on the covalent immobilization of anti-EGFR antibody (anti-
EGFR) on amino-functionalized mesoporous silica (AMS) retained in the central channel of a microfluidic
device. The synthetized AMS was characterized by N2 adsorption-desorption isotherm, scanning electron
microscopy (SEM), energy dispersive spectrometry (EDS) and infrared spectroscopy. The cancer
biomarker was quantified in human serum samples by a direct sandwich immunoassay measuring
through a horseradish peroxidase-conjugated anti-EGFR. The enzymatic product was detected
at �100 mV by amperometry on a sputtering gold electrode, modified with an ordered mesoporous
carbon (CMK-3) in a matrix of poly-acrylamide-co-methacrylate of dihydrolipoic acid (poly(AC-co-
MDHLA)) through in situ copolymerization. CMK-3/poly(AC-co-MDHLA)/gold was characterized by cyclic
voltammetry, EDS and SEM. The measured current was directly proportional to the level of EGFR in
human serum samples. The linear range was from 0.01 ng mL�1 to 50 ng mL�1. The detection limit was
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3.03 pg mL�1, and the within- and between-assay coefficients of variation were below 5.20%. The
microfluidic immunosensor is a very promising device for the diagnosis of several kinds of epithelial
origin carcinomas.

© 2017 Published by Elsevier B.V.
1. Introduction

Epidermal growth factor receptor (EGFR, ErbB1; HER1) is a cell
trans-membrane protein located on the cell surface, that is acti-
vated by binding to their specific ligands, such as epidermal growth
factor and transforming growth factor, which activates the tyrosine
kinase in its intracellular domain and induces intracellular
signaling pathways that control relevant cellular processes,
including adhesion, migration, apoptosis, cell differentiation and
proliferation [1,2]. Overexpression of EGFR protein has been re-
ported in several kinds of epithelial origin carcinomas, such as
breast, lung, head/neck, gastric, colorectal, renal, prostate, esoph-
ageal, ovarian, and pancreatic cancers [3,4]. Furthermore, the
increased expression of EGFR is linked to an increased rate of
proliferation, increased invasiveness and a high mortality prog-
nostic. Hence, there is increasing interest in the quantification of
EGFR levels, both for diagnosis and prognosis as an indicator
associated with more aggressive and resistant to treatment tumors
[5,6].

Conventional techniques for EGFR determination include
enzyme-linked immunosorbent assay (ELISA) of intact cells [7,8],
western blotting of cell lysate [9,10], and immunohistochemistry on
tumor tissue samples [11,12]. However, these methods are techni-
cally demanding, time consuming and require highly qualified
personnel. Thus, the development of a sensitive, selective, simple,
rapid, and inexpensive method for detecting cancer biomarkers in
real samples is critical.

To improve the detection of EGFR, the sample delivery and
sample preparation capabilities of microfluidic devices have been
utilized to greatly increase the speed of EGFR detection using im-
munostaining of whole cells. These devices capture cells above a
track-etched membrane and stain the cells before characterization
using fluorescence microscopy [17,18]. Recently, the electro-
chemical immunosensors have become more important for the
detection of cancer biomarkers [13,14], due to the electrochemical
detection provides the required limits of detection, selectivity,
rapid analysis times, and faster data analysis than immunostaining
methods. These electrochemical immunosensors can be readily
incorporated into microfluidic devices, which offer several useful
properties including low sample and reagent consumption, high
sensitivity, fast response, portability, ease of use and short time for
analysis [15,16].

Of the numerous methods available to fabricate microfluidic
devices, the hybrid glass-poly (dimethylsiloxane) (PDMS) micro-
fluidic devices are particularly well-suited for integration of elec-
trochemical devices. The glass substrate provides a support that is
thermally stable and amenable to deposition of the electrodes by
sputtering. PDMS based microfabrication methods are well-
established and provide an inexpensive method for rapid repro-
duction of the layer with patterned substrates. Therefore, these
hybrid devices utilize the best attributes of both substrates and also
have the advantages of: low cost, durability, chemical inertness,
optical transparency, and automation capacity [19,20]. In addition,
electrochemical detection allows great versatility, which can be
easily incorporated into a portable device. The gold electrodes do
not require vapor deposition and can be easily sputtered on the
iart, et al., Microfluidic imm
ic acid modified gold electro
glass [21,22].
To improve the limit of detection several publications reported

the use of simple/multiwalled carbon nanotubes, graphene, carbon
nanofibers among others [23,24]. These materials have unique
electric, electrocatalytic and mechanical properties, which make
them efficient materials for developing electrochemical immuno-
sensors. However, we increased the surface area of the gold elec-
trode through in situ copolymerization and deposition of an
ordered mesoporous carbon (CMK-3) in a matrix of poly-acryl-
amide-co-methacrylate of dihydrolipoic acid (Poly(AC-co-
MDHLA)). CMK-3 has been used in different applications due to the
periodically mesoporous structure, high specific surface area, large
pore volume, and tunable pore size distribution [25]. These mate-
rials have been widely used, because of their fast electron transfer,
high surface area, and excellent electrocatalytic activity, avoiding
surface fouling. The excellent electrocatalytic properties of modi-
fied electrodes with ordered mesoporous carbons have been re-
ported [26]. Furthermore, the poly(AC-co-MDHLA) has thiol
functional groups that bind strongly to gold, thereby obtaining a
highly stable electrode under extreme conditions of salt and pH
[27].

In the last years, different materials have been incorporated into
electrochemical immunosensors as immobilization supports for
the specific immunoreactants. One the most commonly used solid
supports are the different kinds of porous silica materials [28,29].
These porous silica materials have many benefits, such as the in-
crease of the surface to volume ratio that increases interactions
between the immunoreagents and EGFR and lowers the limits of
detection [30,31]. We synthetized, functionalized, characterized
and used an amino mesoporous silica (AMS) as immobilization
platform for the anti-EGFR antibody (anti-EGFR). AMS has an
increased surface and uniform porous, compared with the com-
mercial 3-aminopropyl modified controlled pore glass (AP-CPG)
normally used as immobilization support.

In the present work, we developed a hybrid glass-PDMS
microfluidic electrochemical immunosensor for EGFR determina-
tion, based on the covalently immobilization of anti-EGFR on AMS
retained in the central channel (CC) of the microfluidic device. AMS
was characterized by N2 adsorption-desorption isotherm, scanning
electron microscopy (SEM), energy dispersive spectrometry (EDS),
and infrared spectroscopy (FTIR). The cancer biomarker was
quantified by a direct sandwich immunoassay measuring through a
horseradish peroxidase (HRP)-conjugated anti-EGFR. The enzy-
matic product (benzoquinone) was detected by reduction
at �100 mV by amperometry on a sputtering gold electrode
modified with CMK-3 in a matrix of poly(AC-co-MDHLA) through in
situ copolymerization. CMK-3/poly(AC-co-MDHLA)/gold was char-
acterized by cyclic voltammetry (CV), EDS and SEM. The measured
current was directly proportional to the level of EGFR in human
serum samples. To the best of our knowledge, no study involving a
microfluidic electrochemical immunosensor with an own design,
using AMS as immobilization platform for EGFR determination in
biological samples has been reported being this the novelty of our
work. The microfluidic immunosensor is a very promising device
for the diagnosis of several kinds of epithelial origin carcinomas.
unosensor based on mesoporous silica platform and CMK-3/poly-
de for cancer biomarker detection, Analytica Chimica Acta (2017),



Scheme 1. Fabrication and assembly of the hybrid microfluidic device using photoli-
thography to pattern a mold for the casting the PDMS layer containing the micro-
channels and a glass slide with patterned electrodes.
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2. Experimental

2.1. Materials and reagents

All reagents used were of analytical reagent grade. Sylgard 184,
including PDMS prepolymer and curing agent, and SU-8 photore-
sist were obtained from Dow Corning (Midland, MI, USA) and
Clariant Corporation (Sommerville, NJ, USA), respectively. Glutar-
aldehyde (25% aqueous solution), N,N-dimethylacetamide (DMA),
methanol, ethanol, toluene, tetraethyl orthosilicate (TEOS 98%), and
3-aminopropyl triethoxysilane (3-APTES) were purchased from
Merck (Darmstadt, Germany). Bovine serum albumin (BSA), sodium
borohydride (NaBH4, 99.99%), hydrofluoric acid (HF), 2-cyano-2-
propyl dodecyl trithiocarbonate (CPDT), 4,40-Azobis(4-
cyanovaleric acid) (ACVA), acrylamide (AC), and 4-tert-butylca-
techol (4-TBC) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Methacrylate of lipoic acid (MLA) was prepared according to
literature procedure by the carbodiimide coupling of hydroxyethyl
methacrylate and lipoic acid [27]. The commercial ELISA kit
(enzyme immunoassay) for the quantitative determination of EGFR
biomarker was purchased from Cloud-Clone Corp. (Houston, USA),
and it was used according to the manufacturer's instructions.
Monoclonal anti-EGFR antibody and HRP-conjugated anti-EGFR
were purchased from Abcam® (USA). All the other employed re-
agents were of analytical grade and were used without further
purification. Aqueous solutions were prepared by using purified
water from a Milli-Q system.

2.2. Apparatus

The amperometric detection and voltammetric characterization
were performed with a BAS LC-4C Electrochemical Detector, and a
BAS 100B/W Electrochemical Workstation (Bioanalytical Systems,
Inc. West Lafayette, IN, USA), respectively. Electrochemical mea-
surements were carried out using a microfabricated gold electro-
chemical cell with three electrodes (gold working electrode
modified with CMK-3/poly(AC-co-MDHLA)). All the potentials in
the text were referred to gold. Scanning electron microscope im-
ages were taken on a LEO 1450VP (UK), equipped with an Energy
Dispersive Spectrometer analyzer, Genesis 2000 (England). Infrared
(FTIR) spectroscopic measurements were obtained in a Spectrum
65 FI IR spectrometer Perkin Elmer, in a region from 4000 to
400 cm�1. Textural characterization was carried out by N2
adsorption-desorption isotherms at 77 K using a manometric
adsorption equipment (ASAP 2000, Micromeritics), where the
samples were previously degassed at 60 �C for 20 h, up to a residual
pressure smaller than 2 Pa.

A syringe pumps system (Baby Bee Syringe Pump, Bioanalytical
Systems, Inc. West Lafayette, IN, USA) was used for introducing the
solutions in the device. All solutions and reagent temperatures
were conditioned before the experiment using a Vicking Masson II
laboratory water bath (Vicking SRL, Buenos Aires, Argentina).
Absorbance was detected by Bio-Rad Benchmark microplate reader
(Japan) and Beckman DU 520 general UV/VIS spectrophotometer.
All pH measurements were made with an Orion Expandable Ion
Analyzer (Orion Research Inc., Cambridge, MA, USA) Model EA 940
equipped with a glass combination electrode (Orion Research Inc).

2.3. Microfluidic device fabrication

Themicrofluidic device fabrication involved the following steps:
i) Sputtering deposition of the electrodes (Ag/Au) on a glass plate,
ii) Fabrication of the PDMS molds with photolithography and, iii)
Immobilization of CMK-3 modified with poly(AC-co-MDHLA)
through in situ polymerization on gold electrode, and iv) Sealing of
Please cite this article in press as: M. Regiart, et al., Microfluidic imm
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the glass/PDMS device as shown in Scheme 1. The construction of
microfluidic immunosensor was carried out according to the pro-
cedure proposed by Moraes et al. with the following modifications
[20]. Scheme 2 shows a schematic of the microfluidic immuno-
sensor, whose design consisted of a Y-configuration (two inlets for
reagents and buffer, respectively, and one outlet) with 250-mm-
width and 150-mm-height, with a central channel (CC) (40 mm
length, decreased from 250 to 100-mm-width and from 150 to 100-
mm-height).

A mask designed of self-adhesive vinyl sheet patterned using a
blade cutter was employed for the construction of the electrodes.
Themaskwas positioned at the end of the CC and a 20 nm adhesion
layer of silver followed by 100 nm of gold, was deposited over a
glass plate by sputtering (SPI-Module Sputter Coater, Structure
Probe Inc, West Chester, PA). The thickness of the gold electrode
was controlled using a Quartz Crystal Thickness Monitor model
12161 (SPI-Module, Structure Probe Inc, West Chester, PA) (Scheme
2). The vinyl mask was removed after sputtering, leaving the gold
tracks on the glass. The geometric areas of the electrodes are
1.0 mm2 for the working electrode and 2.0 mm2 for counter and
reference electrodes.

As illustrated in Scheme 1, the microchannels in the PDMS were
cast by photolithography [32]. The design of the channels in the
negative mask was generated by a computer drawing program. The
replicationmaster was patternedwith a SU-8 photoresist layer over
a siliconwafer using a spin coater at 2000 rpm for 30 s, and baked at
65 �C for 2 min and 95 �C for 6 min. Then, the coated sheet was
unosensor based on mesoporous silica platform and CMK-3/poly-
de for cancer biomarker detection, Analytica Chimica Acta (2017),



Scheme 2. An illustration showing the major steps for the determination of EGFR in human serum samples: 1) antibody conjugated to the AMS particles are loaded into the
microchannel microfluidic channel, 2) serum sample (diluted 100:1 in PBS) is passed through the microfluidic channel, 3) EGFR binds to the antibody, 4) secondary antibody is
passed through the microchannel and binds to the EGFR 5) 4-tert-butylcatechol is oxidized to benzoquinone and 6) benzoquinone is reduced to 4-tert-butylcatechol at the electrode
surface.
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exposed to UV lamp through a negative mask design containing the
desired channel. After that, the unexposed photoresist was
removed, the Sylgard curing agent and PDMS prepolymer were
mixed in a 1:10 wt ratio and the mixture was placed on the repli-
cation master and degassed for 30min to eliminate air bubbles. The
polymer curing process was carried out in a hot plate at 65 �C for
1 h, and the cured PDMS layer was peeled from the replication
master. The external access to the microfluidic device was obtained
by drilling holes in the PDMS. After the gold electrode modification
with the CMK-3/poly(AC-co-MDHLA), the glass plate and PDMS
were placed in oxygen plasma for 1 min, and were contacted
immediately for a strong seal.

2.4. Synthesis of CMK-3/poly(AC-co-MDHLA) by in situ
copolymerization

CMK-3 was synthesized using the ordered mesoporous material
SBA-15 as inorganic template and sucrose as carbon source by
means of a nanocasting technique based on the procedure reported
by Barrera et al. (2013) [33], as can be seen in A1, A2. In addition, to
achieve the CMK-3 functionalization, a chemical treatment using a
mixture of concentrated acids H2SO4:HNO3 (3:1) for 12 h was car-
ried out. After this step, the suspension was filtered; the solid was
washed with ultrapure water at pH 7.00 and dried at 120 �C for 5 h.

The nanocomposite CMK-3/poly(AC-co-MDHLA) was synthe-
sized using a typical reaction procedure, with the following mod-
ifications [34]. In a Pyrex tube containing 5 mL of Methanol:DMA
(3:2) were added 1 g of CMK-3, 2.00 g of a 50% mixture of mono-
mers (MLA þ AC), 0.02 g of CPDT and 0.01 g of ACVA, in a ratio of
monomers:RAFT:initiator (100:1:0.5). The tube was degassed using
Please cite this article in press as: M. Regiart, et al., Microfluidic imm
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N2 for 30 min. Then, the mixture reacted in a thermostatic bath at
70 �C under stirring for 12 h, and the polymerization was stopped
by cooling the tube. Poly(AC-co-MLA) copolymer was reduced by
NaBH4 solution in H2O:Methanol (2:1) at 0 �C for 3 h (Fig. A3). Later,
the supernatant was centrifuged for 6 h and vacuum-filtered
through a 0.20 mm PTFE membrane. To obtain the dispersion of
the nanocomposite CMK-3/poly(AC-co-MDHLA), the following
procedure was employed: 10 mg was dispersed in 1 mL DMF and
ultrasonicated for 2 h in order to obtain a homogeneous suspen-
sion. An aliquot of 2 mL of this dispersion was added to the gold
electrode, and the solvent was evaporated under the action of an
infrared heat lamp.

2.5. Synthesis of AMS

The mesoporous silica (MS) was synthesized according to the
procedure described by Einarsrud et al. (1998) [35] with the
following modifications, where the silica was prepared with
TEOS:H2O:ethanol:HCl:NH4OH (1:3.5:3.9:7.8 � 10�4:5.78 � 10�3).
First, the TEOS was hydrolyzed (initial hydrolysis) in an aqueous/
alcoholic solution with TEOS:H2O:ethanol:HCl (1:1:3.9:7.8 � 10�4).
This mixturewas stirred under reflux at 60 �C for 1.5 h, and then the
NH4OH and the remaining H2O were added to this solution (for
final hydrolysis). The resulting solution was gelled at 45 �C for 24 h
without stirring. Subsequently, the gel was aged at 85 �C for 24 h.
The solid was ground, washed with a mixture of H2O/ethanol
(50:50 v/v) until the conductivity of thewash solutionwas less than
10 mS cm�1, and dried at 60 �C for 12 h.

AMS was prepared according to the procedure described above,
with some modifications [36]. 7 mL of APTES (30 mmol) was added
unosensor based on mesoporous silica platform and CMK-3/poly-
de for cancer biomarker detection, Analytica Chimica Acta (2017),



Table 2
Comparison of EGFR concentration in human serum samples by microfluidic
immunosensor (MI) and ELISA.

Samplesa Standard addition EGFR (ng mL�1)

b
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to 2.00 g ofMS dispersed in 150mL of toluene under N2 flowing and
vigorous stirring. Then, the mixture was refluxed at 100 �C for 6 h.
Finally, the solid was filtered and washed with toluene followed by
ethanol, and dried at 60 �C for 12 h.

2.6. Immobilization of the anti-EGFR in the AMS

To carry out the monoclonal anti-EGFR antibodies immobiliza-
tion process, 1 mg of AMS in an eppendorf tube was allowed to
react with 1 mL of an aqueous solution of 5% w/w glutaraldehyde
(100 mM sodium phosphate buffer, pH 8.00) with continuous
mixing for 2 h at room temperature. After three washes with
10 mM phosphate buffer saline pH 7.20 (PBS), 250 mL of antibody
preparation (dilution 1:100 in 10 mM PBS pH 7.20) was coupled to
the residual aldehyde groups with continuous mixing for 12 h at
5 �C. The immobilized antibody preparation was finally washed
three times with PBS (10mMpH 7.20) and stored in the same buffer
at 5 �C. The anti-EGFR/AMS was perfectly stable for at least 1
month.

2.7. Analytical procedure for EGFR determination

The procedure for the quantification of EGFR involves the
following steps. The suspension of anti-EGFR/AMS was injected
using a syringe pumps at a flow rate of 10 mL min�1 for 5 min, and
was packed into the CC. The carrier buffer was 10 mM PBS pH 7.20.
The following solutions were injected at a flow rate of 2 mL min�1.
Firstly, the immunosensor was exposed to a desorption buffer
(100 mM glycine-HCl pH 2.00) for 5 min and then was rinsed with
10 mM PBS pH 7.20 for 4 min. This treatment was carried out in
order to desorb the immune-complex and start with a newanalysis.
Unspecific binding was blocked with 1% BSA in 10 mM PBS pH 7.20
by a 5 min treatment at room temperature and then was rinsed
with 10 mM PBS pH 7.20 for 4 min. After that, the healthy human
serum sample spiked with EGFR at concentrations shown in Table 2
(diluted 100-fold with 10 mM PBS pH 7.20) was injected into the
PBS carrier stream for 5 min. Once the EGFR biomarker was
recognized and captured by anti-EGFR immobilized on AMS. The
microfluidic device was washed with 10 mM PBS pH 7.20 for 4 min
to remove excess of sample. Later, the HRP-conjugated anti-EGFR
(diluted 1000-fold with 10 mM PBS pH 7.20) was added for 5 min
followed by a washing procedure with 10 mM PBS pH 7.20 for
4 min. Finally, the substrate solution (1 mM H2O2 þ 1 mM 4-TBC in
10 mM phosphate-citrate buffer pH 5.00) was pumped and the
enzymatic product was detected at �100 mV by amperometry
(Voltammogram of 4-TBC in Fig. A4) (Scheme 2). The device could
be used with no significant loss of sensitivity for 20 days, whereas
its useful lifetimewas onemonth with a sensitivity decrease of 10%.
The storage of the microfluidic immunosensor was made in 10 mM
PBS pH 7.20 at 5 �C.

3. Results and discussion

3.1. Characterization of AMS

The synthetized AMS was compared with MS, and a commercial
Table 1
Textural properties of AMS and AP-CPG.

Material SBET/m2$g�1 VmP/cm3$g�1 VTP/cm3$g�1

AMSa 490 (900) 0 (0.01) 0.34 (0.65)
AP-CPG 16 0 0.02

a Values in parenthesis correspond to mesoporous silica without modification.
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3-aminopropyl modified controlled pore glass (AP-CPG), as can be
seen in Table 1. The specific surface area (SBET) was estimated by the
Brunauer, Emmet and Teller (BET) method [37], using the adsorp-
tion data in the range of relative pressures from 0.05 to 0.22. The
micropore volume (VmP) was calculated by the aS-plot method [38]
using the LiChrospher Si-1000 macroporous silica gel as the refer-
ence adsorbent. The total pore volume (VTP) was determined by the
Gurvich's rule at a relative pressure of 0.98 [39]. The mesopore size
distribution (PSD) was obtained by the VBS macroscopic method
[40] using the adsorption branch data.

As shown in Fig. 1A) the SEM of the AMS is composed of irreg-
ular particles with an average size of 150 mm. In the EDS of the AMS
it can be observed the characteristic peak of silica (Fig. 1B). Fig. 1C)
demonstrates the N2 adsorption-desorption isotherm at 77 K of the
AMS, MS and AP-CPG, respectively. MS and AMS present a Type IV
isotherm and has a hysteresis loop H2 types, which are typical of
mesoporous materials. The textural properties, obtained from
adsorption data, shows the higher surface area of the AMS in
comparison with the AP-CPG, whose direct consequence is the
increment of the assays sensitivity, because of the higher quantity
of antibodies which can bind to the silica surface. Moreover, Fig. 1C)
(inset) shows an AMS uniform pore size distribution with a mes-
opore width around of 4.4 nm. In the FTIR measurements, it can be
observed the changed between the MS and AMS in the peaks Si-OH
(965), C-N, Si-O-Si, Si-CH2-R (1220), -OH (3500), H-O-H (1645), N-H
(690), NH3

þ (1555), Si-O-Si (800), Si-O-Si (460) (Fig. 1D).
3.2. Characterization of the CMK-3/poly(AC-co-MDHLA)/gold
electrode surface

Morphology of CMK-3/poly(AC-co-MDHLA)/gold nano-
composite film was investigated by SEM. Fig. 2A) reveals the ho-
mogeneous surface of CMK-3/poly(AC-co-MDHLA) polymerized
over the gold electrode. In addition, the inset in Fig. 2A) shows the
CMK-3 micrometer rod-like particles. The three-dimensional
structure of CMK-3/poly(AC-co-MDHLA) nanocomposite film pro-
vides a suitable surface for a conductive pathway for electron-
transfer. The elemental composition of the nanocomposite was
determined by EDS. Fig. 2B) shows five peaks, corresponding to the
C, O, Si, Au, and Ag elements, respectively.

CV of [Fe(CN)6]3�/[Fe(CN)6]4� couple is a convenient and valu-
able tool to monitor the surface properties of the electrode during
the different modification steps. Fig. 3A) shows the voltammo-
grams following: (a) blank solution, (b) bare gold and (c) CMK-3/
poly(AC-co-MDHLA)/gold, which were recorded in 1 mM
[Fe(CN)6]3�/[Fe(CN)6]4� in 100 mM KCl (Scan rate ¼ 75 mV s�1).
Well-defined cyclic voltammograms and characteristics of a
diffusion-controlled redox process were observed at the bare gold
surface.When CMK-3/poly(AC-co-MDHLA)was immobilized on the
gold surface, the redox peak current and background current at this
MI ELISA

SS 1 0 1.32 þ 0.02c 1.33 þ 0.03
SS 2 5 7.95 þ 0.07 7.33 þ 0.05
SS 3 10 15.14 þ 0.05 15.88 þ 0.06
SS 4 25 31.19 þ 0.09 30.23 þ 0.08
SS 5 45 48.13 þ 0.11 48.97 þ 0.14

a Human serum samples.
b Microfluidic immunosensor.
c Mean of three determinations þ S.D.

unosensor based on mesoporous silica platform and CMK-3/poly-
de for cancer biomarker detection, Analytica Chimica Acta (2017),



Fig. 1. A) SEM micrograph of AMS, B) EDS microanalysis of AMS, C) N2 adsorption-desorption isotherms of MS, AMS and AP-CPG at 77 K, (insetted) mesopore size distribution of
materials under study, and D) FTIR measurements of MS, AMS, and AP-CPG.

Fig. 2. A) SEM micrograph of CMK-3/poly(AC-co-MDHLA)/gold nanocomposite, and B) EDS microanalysis of the nanocomposite.
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Fig. 3. A) CV for: (a) blank solution, (b) bare gold and (c) CMK-3/poly(AC-co-MDHLA)/gold, recorded in 1 mmol L�1 [Fe(CN)6]3�/[Fe(CN)6]4� in 0.1 mol L�1 KCl (Scan
rate ¼ 75 mV s�1), B) Current of redox peak vs square roots of n from 25 to 200 mV s�1, C) The gold pseudo reference electrode showed a cathodic shift of potential of 205 mV when
compared with the Ag/AgCl reference electrode, and D) Calibration curve described according to the following equation: DI (nA) ¼ 77.26 þ 4.35 [EGFR] (ng mL�1) with a correlation
coefficient of R: 0.998.
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modified electrode were both enlarged, which demonstrated the
increase of faradaic and non-faradaic residual currents. These
phenomena may be attributed to two factors: firstly, the excellent
electrical conductivity of CMK-3, secondly, the increase electro-
active surface area and more electrocatalytic sites of this detection
platform. Moreover, the poly(AC-co-MDHLA) allows the union of
the nanocomposite with the gold surface owing to thiols groups of
the polymer, thereby obtaining a highly stable modified electrode.
The great advantage of the nanocomposite is that it prevents
fouling of the gold surface, thereby being able to perform up to 20
detections without appreciable loss of sensitivity.

As shown in Fig. 3B), when the n was gradually increased from
25 to 200mV s�1, the currents of redox peak and the square roots of
n had good linear relationship, indicating that this electrochemical
reaction process on the sensing platform was diffusion controlled.
The apparent electroactive surface area of this modified electrode
could be described by Randles-Sevcik equation [41]. Thus, the
electrochemistry surface area for CMK-3/poly(AC-co-MDHLA)/gold
was 0.295 cm2.
Please cite this article in press as: M. Regiart, et al., Microfluidic imm
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Furthermore, the gold pseudo reference electrode showed a
cathodic shift of potential of 205 mV when compared with the Ag/
AgCl reference electrode (Fig. 3C)). The pseudo reference electrode
was established near the working electrode to minimize ohmic
drop effects.
3.3. Optimization of experimental variables

Relevant studies of experimental variables that affect the per-
formance of microfluidic immunosensor for EGFR determination in
biological samples were done. For the optimization studies, an
EGFR control of 30 ng mL�1 was employed.

One of the parameters evaluated was the optimal flow rate,
which was determined by employing different flow rates and
evaluating the current generated during the immune reaction. As
shown in Fig. 4A), flow rates from 1 to 2.5 mL min�1 had little effect
over immune response and over signals obtained, whereas when
unosensor based on mesoporous silica platform and CMK-3/poly-
de for cancer biomarker detection, Analytica Chimica Acta (2017),



Fig. 4. The dependence of the current produced by the enzymatic response on A) the flow rate effect and B) the pH, using an EGFR control of 30 ng mL�1.
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the flow rate exceeded 3 mL min�1 the signal was dramatically
decreased presumably due to the high flow reduced the time of
interaction between the immune reagents. Therefore, a flow rate of
2 mL min�1 was used for injections of reagents and washing buffer.

The enzymatic response under flow conditions was analyzed in
the pH range of 4.00e7.00 and reached a maximum at pH 5.00. The
pH value used was 5.00 in phosphate-citrate buffer (Fig. 4B)). Other
parameters like the incubation time between the sample and anti-
EGFR, the incubation time of HRP-conjugated anti-EGFR, and the
concentration of H2O2 and 4-TBC were studied (Fig. A5).

3.4. Analytical performance

Linearity and range of the developed microfluidic immuno-
sensor were studied by analyzing different concentrations (n ¼ 5)
of standard solutions containing 0.001e100 ng mL�1 of EGFR. A
linear relationwas observed between the concentration range from
0.01 to 50 ng mL�1 as shown in Fig. 3 D. As can be seen, the
immunosensor covers the critical concentration range of the EGFR
in human serum samples (1e25 ng mL�1) [42].

The calibration curve was described according to the following
equation: DI (nA) ¼ 77.26 þ 4.35 [EGFR] (ng mL�1) with a corre-
lation coefficient of 0.998, where DI is the difference between
current of the blank and sample (Fig. 3D)). For microfluidic
immunosensor and commercial ELISA, the LODs were 3.03 pg mL�1

and 1.25 ng mL�1, respectively. The relative standard deviation
(RSD) for the determination of 30 ng mL�1 EGFR biomarker was
Table 3
Comparison with other works using different electrochemical techniques for EGFR deter

Modification

Ferrocene moiety-peptide ligands [43]
Anti-EGFR-dithiobissuccinimidyl propionate [44]
AuNPs-Protein G-Anti-EGFR [45]
Biotinylated anti-EGFR aptamer-streptavidin magnetic beads. Anti-EGFR-AuNPs [42]
Fe3O4/N-trimethyl chitosan/Gold-Anti-EGFR. Polythiophene-Anti-EGFR [46]
CMK-3/poly-(AC-co-MDHLA). Anti-EGFR/AMS [this work]

a Gold electrode.
b Differential pulse voltammetry.
c Impedance.
d Glassy carbon electrode.
e Screen printed platinum electrode.
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3.81% (n ¼ 5). The precision was evaluated within a single day and
over three consecutive days gave RSDs of 4.98% and 5.17%, respec-
tively. Moreover, the microfluidic immunosensor was compared
with a commercial ELISA procedure for the quantification of EGFR
in five human serum samples under the conditions previously
described, while providing a rapid electrochemical readout. The
results demonstrated that both methods were statistically equiva-
lent at a confidence level of 95% (Table 2).

Table 3 shows previously published articles for EGFR determi-
nation in different human samples such as serum, plasma, and cells.
The new method has significant advantages over the previously
reported. The present method is a microfluidic immunosensor that
use amperometry as detection technique, which offers sensitive
determinations in short analysis time, with a low consumption of
reagents and samples. Another advantage is the employment of
gold electrode modified with a CMK-3/poly(AC-co-MDHLA) nano-
composite which provides an increased sensitivity of the system
and allows to performed 20 measurements without lost in the
sensitivity by avoiding electrode surface fouling.

Furthermore, the achieved LOD is lower than that obtained by
the methods recently reported for serum human samples. In
addition, our system uses the AMS platform for immobilizing the
anti-EGFR antibodies, which provides specificity to the device.
Finally, our device has the potential to answer the growing needs
for analytical tools that fulfill requirements such as low cost,
sensitivity and short analysis time.
mination.

Electrode Technique Sample Linear range (ng mL�1) LOD (pg mL�1)

GEa DPVb Serum 0.1e1000 37
GE CV e 0.001e100 1
GE Ic Plasma 0.001e1000 0.34
GCEd DPV Serum 1e40 50
SPPEe DPV Cell 0e1 0.05
GE A Serum 0.01e50 3.03

unosensor based on mesoporous silica platform and CMK-3/poly-
de for cancer biomarker detection, Analytica Chimica Acta (2017),
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4. Conclusions

In this work, we have designed amicrofluidic immunosensor for
the quantitative detection of EGFR in human serum samples. Our
analytical method is based on the covalently immobilization of
monoclonal anti-EGFR antibodies on AMS retained in the central
channel of a microfluidic device. The overall assay time employed
(less than 30 min) was shorter than the time reported for com-
mercial ELISA test kit frequently used in clinical diagnosis
(240 min). The microfluidic immunosensor offered several attrac-
tive advantages like high stability, high selectivity and sensitivity
due to the immobilization of monoclonal antibodies on AMS plat-
form, and the use of CMK-3/poly(AC-co-MDHLA) nanocomposite
that increase the electroactive surface area. In conclusion, our
method could be well suited for biomedical sensing and clinical
applications for diagnosis and prognosis of several kinds of
epithelial origin carcinomas.
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