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A  portable  immunosensor  coupled  to laser-induced  fluorescence  (LIF)  detection  system  has  been  suc-
cessfully  developed.  It was  applied  to the  quantitative  determination  of  specific  IgG  antibodies  against
Helicobacter  pylori  present  in  human  serum  samples.  This  system  is  a relevant  alternative  tool  for the diag-
nostic of peptic  ulcer  and  gastritis  diseases  produced  by  H. pylori,  which  are recognized  risk factors  for
the development  of  gastric  mucosa  associated  lymphoid  tissue  lymphoma  and  gastric  adenocarcinoma.
More  than  50%  of  the  population  has been  affected  by  H. pylori,  one  of  the  most  widespread  infections
around  the  world.

Our  proposed  system  combines  the  LIF  detection,  which  offers  great  sensibility  with  the  specificity
of  the  immunological  reactions  and  the  microfluidic  technology.  The  device  has  a  central  channel  (CC)
with  packed  H. pylori  antigen  immobilized  on 3-aminopropyl-modified  controlled  pore  glass  (AP-CPG).
mmunosensor
astric diseases

Antibodies  in  serum  samples  reacted  immunologically  with  the  immobilized  antigen  and  then,  they
were  determined  using  alkaline  phosphatase  (AP)  enzyme-labeled  second  antibodies  specific  to  human
IgG.  The  4-methylumbelliferyl  phosphate  (4-MUP),  employed  as  enzymatic  substrate,  was  converted  to
soluble  fluorescent  methylumbelliferone  by  AP,  and  this  fluorescent  product  was  finally  quantified  by  LIF
detection  system.  The  calculated  detection  limits  for LIF  detection  and  the  ELISA  procedure  were  0.17  and
2.1 U  mL−1, respectively,  and  the  within-  and  between-assay  coefficients  of  variation  were  below  5.1%.
. Introduction

Helicobacter pylori is a Gram-negative spiral-shaped bacterium
hich was first described by Warren and Marshall in 1983 [1,2].

his microorganism, classified as a class I carcinogen by the World
ealth Organization [3],  plays a causative role in the development
f gastritis (80–85%), peptic ulcer (10–15%), gastric adenocar-
inoma (1–2%) and mucosa associated lymphoid tissue (MALT)
ymphoma (<0.01%) [4–7]. More than 50% of the world’s popula-
ion have H. pylori in their upper gastrointestinal tract, making it
he most widespread infection in the world [8].

According to published articles, the prevalence of this rele-
ant infection has been associated with poor social and economic
evelopment [9,10];  low education level; poor hygiene practices
uring childhood; absence of sanitary drinking water; absence of

 sewage disposal facility during childhood and [11] inadequate

ood handling [12]. However, is important to take in account that
he severity of the gastric damage and the clinical outcome of
. pylori infection is a consequence of a combination of several
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factors, including host genetic, bacterial virulence, environmental
influence and lifestyle.

The transmission of H. pylori infection is still poorly understood,
but faecal–oral, oral–oral and gastro–oral are the most consensual
routes of transmission [13,14]. H. pylori infection is usually acquired
in childhood and it can persist for the lifetime of the host if it is not
treated [15].

The standard recommended treatment for the eradication of
this microorganism consist in the combination of a proton pump
inhibitor and two antibiotics, clarithromycin with either amoxi-
cillin or metronidazole [16]. For previously described therapy an
eradication rate of >90% has been reported [17]. However, the
widespread use of antibiotics has generated a relatively high failure
rate of about 20–40% of the patients [13,18] mainly due to antibi-
otic resistance [19], but also because the bacteria may be present
in a protective environment like the stomach mucosal [20].

Regarding to the diagnosis of H. pylori infection, invasive meth-
ods like endoscopy with biopsies for histology, culture, rapid urease
test and the noninvasive tests including serological tests and the
urea breath test have been reported [21,22]. Serological tests are

based on the detection of IgG antibodies against H.  pylori present
inhuman serum samples. This determination proved to be of con-
siderable value in the diagnosis of active H. pylori infection due to
the reliable correlation between the presence of this antibodies and

dx.doi.org/10.1016/j.snb.2012.04.026
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Fig. 1. (a) Schematic representation of the optical detection system. DPSS laser light was focused with a lens (1) onto the detection channel (2), which was held in place
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ith  a Plexiglas holder (3). Fluorescence emission (4) was  collected with a microsc
E65000-FL Scientific-grade Spectrometer. (b) Schematic representation of the mic

DA).  All measurements are given in millimeters.

astric mucosal colonization [23,24]. As mentioned above, one tool
or serologic diagnostic of H. pylori infection is the determination
f anti-H. pylori IgG antibodies, which is performed using enzyme
mmunoassay (EIA) in human serum samples to provide an early
iagnosis [25].

Due to the prevalence of the H. pylori infection, the development
f a simple, rapid, accurate, and cost-effective diagnostic meth-
ds to achieve: ulcer healing, prevention of peptic ulcer recurrence
nd the reduction of the prevalence of gastric cancer in high-risk
opulations, becomes important [26].

The miniaturization of heterogeneous enzyme immunoassays
sing microfluidic technology [27] as platform represents an inter-
sting alternative tool, due to its advantages, such as high degree
f integration, remarkable sensitivity and low regent consumption
etween them [28].

With the aim to recognize the antibody/antigen binding event
nto microfluidic systems, different transduction pathway scan be
sed, anyway, laser-induced fluorescence (LIF) offers good sensitiv-

ty with low detection limits and provides the possibility of make
etections in very small sample volumes. In addition, the minia-
urization of the excitation source and the detection device has
ermitted that the whole device can be made easily portable [29].
or these features, LIF detection has become a particularly suitable
ool for the detection of several analytes on microfluidic devices in
ength scales of micrometers or smaller.

In the presented work, we established a LIF immunosensor
ncorporated into microfluidic analytical system for a rapid and
ensitive quantification of human serum IgG antibodies to H. pylori,
ased on the use of purified H. pylori antigen that was immobi-

ized on 3-aminopropyl-modified controlled pore glass (AP-CPG).
ntibodies in the serum samples were allowed to react immunolog-

cally with the antigen, and the bound antibodies were quantified
y alkaline phosphatase (AP) enzyme-labeled second antibodies
pecific to human IgG. 4-Methylumbelliferyl phosphate (4-MUP)
as converted to soluble fluorescent methylumbelliferone by AP

30,31] and it was quantified using LIF detection system. The
esponse obtained from the product of enzymatic reaction was  pro-
ortional to the activity of the enzyme and consequently, to the
mount of IgG antibodies to H. pylori antigen in serum.

. Materials and methods
.1. Reagents and solutions

All reagents used were of analytical reagent grade. 3-
minopropyl-modified controlled pore glass (AP-CPG; 1354 Å
jective (5), focused onto fiber optic collection bundle (6) and then detected with a
ic immunosensor. Central channel (CC), controlled pore glass (CPG), detection area

mean pore diameter, 19.7 m2 g−1 surface area) was  purchased
from Pure Biotech LLC, glutaraldehyde (25% aqueous solution) was
purchased from Merck, Darmstadt. 4-Methylumbelliferyl phos-
phate (4-MUP) and AP enzyme labeled second antibodies specific
tohuman-chain were purchased from Sigma Chemical (St. Louis,
MO,  USA). The Enzyme Immunoassay for the Quantitative Deter-
mination of IgG Class Antibodies to H. pylori was purchased from
EQUIPAR, Diagnostic (Rome, Italy) and was used in accordance with
the manufacturer’s instructions [32]. All buffer solutions were pre-
pared with Milli-Q water.

2.2. Instrumentation

The syringe pumps system (Baby Bee Syringe Pump, Bioana-
lytical Systems) was used for pumping, sample introduction, and
stopping flow.

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 spectro pho-
tometer.

The optical system was constructed using the procedure of
reference [33] with the following modifications. A 355 nm single-
frequency DPSS laser (Cobolt ZoukTM, USA) operated at 10 mW
served as the fluorescence excitation source. It was focused onto the
detection channel at 45◦ to the surface using a lens with a focal dis-
tance of 30 cm,  as shown in Fig. 1a. The relative fluorescence signal
of 4-MUP was measured using excitation at 355 nm and emission
at 440 nm.

The paths of the reflected beams were arranged, so that they
did not strike the capillary channels elsewhere, in order to avoid
photobleaching. The fluorescent radiation was  detected with the
optical axis of the assembly shown in Fig. 1a, perpendicular to the
plane of the device. Light was collected with a microscope objec-
tive (10:1, NA 0.30, working distance 6 mm,  PZO, Poland) mounted
on a microscope body (BIOLARL, PZO, Poland). A fiber optic col-
lection bundle was  mounted in a sealed housing at the exit of the
microscope which was  connected to QE65000-FL Scientific-grade
Spectrometer (Ocean Optics, Inc. USA). The entire assembly was

covered with a large box to eliminate the ambient light.

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.).
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used to prepare the 4-MUP solution. Finally, 5 �L of substrate solu-
tion (2.5 mM 4-MUP in DEA buffer, pH 9.6) was injected into the
carrier stream at a flow rate of 2 �L min−1, and the enzymatic prod-
uct was  measured by LIF.

Table 1
Summary of optimum conditions for IgG anti-H. pylori antibodies
fluoroimmunosensor.

Sequence Condition Time (min)

Blocking solution 3% skim milk (PBS, pH 7.2)
2.0 �L min−1

5

Washing buffer Flow rate: 2.0 �L min−1 (PBS,
pH 7.2)

2

Serum samples Diluted 100-fold 2.0 �L min−1 5
Washing buffer Flow rate: 2.0 �L min−1 (PBS,

pH 7.2)
4

Enzyme conjugated AP-conjugated (dilution of
1/2000) 2.0 �L min−1

5

Washing buffer Flow rate: 2.0 �L min−1 (PBS,
pH 7.2)

4

Fig. 2. Schematic representat

.3. Preparation of the H. pylori antigens

The antigens were prepared from a sonicated H. pylori culture
train. The H. pylori were grown on blood agar plates at 37 ◦C for

 days and then harvested, washed, and resuspended in 0.01 M
hosphate-buffered saline (PBS, pH 7.2). This preparation was sub-

ected to sonication. The sonic amplitude level was set at 20%, and
he machine was operated using four cycles of 60 s regulated alter-
atively. The sonicated preparation was centrifuged at 1000 × g for
0 min, and the supernatant was stored in the 0.01 M PBS (pH 7.2),
t −20 ◦C between uses.

.4. Immobilization of purified antigen of H. pylori on AP-CPG

To carry out the process of modification, 1 mg  of AP-CPG was
llowed to react with 1 mL  of an aqueous solution of 5% (w/w)
lutaraldehyde in 0.20 M CO3

2−/HCO3
− buffer at pH 10.00 (for 2 h

t room temperature). After three washes with 0.10 M phosphate
uffer of pH 7.00, 100 �g mL−1 of H. pylori antigen solution was
oupled to the residual aldehyde groups overnight at 5 ◦C. The
mmobilized antigens preparation was finally washed three times

ith phosphate buffer (pH 7.00) and stored in the same buffer at
◦C. The immobilized H. pylori preparation was perfectly stable for
t least 1 month.

.5. Design of microfluidic immunosensor system

Fig. 1b shows a schematic representation of the design
f our microfluidic immunosensor which was fabricated using
ommercially available 3.5 mm thick polymethyl-methacrylate
PMMA) sheets. PMMA  sheets were cut into plates measuring
0.0 mm × 50.0 mm (width × length) to form microchip substrates.
he microfluidic pattern was designed and then it was  sent to
he laser scriber for direct machining on PMMA  substrate. Once
he microfluidic channels were formed, the device was thermally
ealed by action of the temperature. The PMMA  channel plate
nd the PMMA cover sheets were sandwiched between two  glass
lates (of the same dimensions), clamped together using laboratory
lamps, and placed in a convection oven for 10 min  at 110 ◦C. The
onded chip was then allowed to cool slowly and the clamps were
emoved.

The final device has a CC and accessory channels with diameters

f 100 �m.  In the CC of the device, H. pylori antigen-AP-CPG was
acked and then kept in a fixed previous position of the detection
one because of the CC diameter’s reduction of 100–30 �m,  which
voids the loss of this modified support.
 the immunological reaction.

2.6. Detection procedure

The developed method was  based on the principle of a hetero-
geneous non-competitive fluorescence immunoassay (Fig. 2). The
carrier buffer was 0.01 M PBS, pH 7.2. The immunological proce-
dure was as follows: unspecific binding was blocked by a 5-min
treatment at room temperature with 3% skim milk in a 0.01 M
phosphate-buffer saline (PBS) pH 7.2 at flow rate of 2.0 �L min−1

and then it was rinsed with 0.01 M PBS (pH 7.2) for 5 min  at a flow
rate of 2.0 �L min−1. After that, serum sample, firstly diluted 100
fold with 0.01 M PBS (pH 7.2), was injected into the PBS carrier
stream at flow rate of 2.0 �L min−1 for 5 min. Consequently IgG
anti-H. pylori antibodies present in it reacted with H. pylori anti-
gen on the surface of the support (H. pylori antigen-AP-CPG). Then
the device was  washed with 0.01 M PBS (pH 7.2) at a flow rate of
2.0 �L min−1 for 5 min  to remove the exes of sample. Bound anti-
bodies were quantified using alkaline phosphatase enzyme-labeled
second antibodies specific to human IgG (dilution of 1/1.000 in
0.01 M PBS, pH 7.2) injected at flow rate of 2.0 �L min−1 for 5 min.
Then, the microfluidic system was washed with 0.01 M PBS (pH 7.2)
for 4 min  (Table 1).

The relative fluorescence signal, which corresponded to the
IgG specific H. pylori antibodies-alkaline phosphatase enzyme-
labeled second antibodies complex was  measured ‘in-situ’ in the
immune-microfluidic device. 4-MUP fluorescence was measured
using excitation at 355 nm and emission at 440 nm.  DEA  buffer
(100 mM diethanolamine, 50 mM KCl, 1 mM MgCl2, pH 9.6) was
Substrate 2.5 mM 4-MUP in a DEA buffer,
pH 9.6

1

LIF detection Excitation wavelength: 355 nm
Emission wavelength: 440 nm

2
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Fig. 3. Effect of flow rate analyzing a 100 U mL−1 H. pylori-specific antibodies stan-
d
t
b

3

3

f

3

t
a
i
u
w

3

p
[
d
a
p
t
fl
3
r
T

a
T
r
s
1

3

i
c
s
a

Fig. 4. Effect of sample size for a standard of 100 U mL−1 H. pylori-specific antibodies.
2.5  mM of 4-MUP in DEA buffer, pH 9.6 were injected into the carrier stream at a flow
ard  at different flow rates. 2.5 mM of 4-MUP in DEA buffer pH 9.6 were injected into

he  carrier stream at different flow rates, and the enzymatic product was measured
y  LIF using excitation wavelength 355 nm and emission wavelength 440 nm.

. Results and discussion

.1. Immunosensor optimization

Systematic studies of relevant parameters that affect the per-
ormance of immunological reactions were performed.

.2. Concentration of immobilized H. pylori antigen

One of the most important parameter was the antigen concen-
ration employed to the immobilization procedure. The amount of
ntigen is an important factor, due to it affects the sensitivity of the
mmunoassay. For this study, the Horseradish peroxidase (HRP) sat-
ration method was used. The optimum value of H. pylori antigen
as 100 �g mL−1.

.3. Flow rate and sample volume

Other factor studied was the flow rate, which affects the dis-
ersion of the analytes and the yield of the immunological reaction
34]. Pressure-driven flow is one the most widely used mode of fluid
elivery for microfluidic immunosensor. In our case the immunore-
ctants were injected into the microfluidic sensor with a syringe
ump system. This parameter was optimized by studying the rela-
ive fluorescence obtained for a standard of 100 U mL−1 at different
ow rates between 1 and 15 �L min−1 (Fig. 3). Flow rates from 1 to

 �L min−1 had a little effect over signals obtained, when the flow
ate exceeded 4 �L min−1, the relative fluorescence was reduced.
hen, the flow rate used was 2 �L min−1.

Another optimized parameter was the sample size, which was
nalyzed using a standard of 100 U mL−1, in a range of 1–20 �L.
he relative fluorescence increased linearly when the sample size
ises from 1 to 10 �L. Insignificant differences were observed when
ample size was greater than 10 �L (Fig. 4). Then, a sample size of
0 �L was used.

.4. Optimum pH values

The influence of pH on the antigen–antibody binding, the

mmunosensor regeneration and the enzymatic response were
arried out varying the pH value of: carrier solution, desorption
olution, and substrate solution within a range of 6.5–7.5, 2.0–3.0
nd 8–10 respectively. The optimum pH range of antigen–antibody
rate  of 2 �L min−1, and the enzymatic product was measured by LIF using excitation
wavelength 355 nm and emission wavelength 440 nm.  Each value of current is based
on  five determinations.

binding was 7.0–7.4 in PBS solution, the optimum pH value for des-
orption solution was 2.0 and the rate of enzymatic response showed
a maximum value of activity at pH 9.6.

3.5. Substrate concentration

An evaluation of the effect of 4-MUP concentration over the
enzymatic response was  carried out in a range of 0.1–5.0 mM.  The
optimal 4-MUP concentration found was 2.5 mM.  This concentra-
tion was then used.

3.6. Analytical performance

The proposed method was  applied in the quantification of anti-
H. pylori IgG antibodies concentration in 22 serum human samples
under the conditions described above, and the relative fluorescence
response of the enzymatic product is proportional to the concen-
tration of anti-H. pylori specific IgG antibodies in serum samples of
infected patients.

A linear calibration curve to predict the concentration of
H. pylori-specific IgG antibodies in serum was produced within
the range of 0–100 U mL−1. The linear regression equation was
RFU = 2.834 + 5.263 × CH. pylori, with the linear regression coefficient
r = 0.998. The coefficient of variation (CV) for the determination
of 20 U mL−1 H. pylori-specific antibody was below 3.2% (six repli-
cates).

The ELISA procedure was  also carried out following the manu-
facturer’s protocol [32], absorbance changes were plotted against
the corresponding H. pylori-specific IgG antibody concentration and
a calibration curve was constructed. The linear regression equation
was A = 0.137 + 0.029 × CH. pylori, with the linear relation coefficient
r = 0.995, the CV for the determination of 20 U mL−1 H. pylori specific
antibodies was  4.7% (six replicates).

The detection limit (DL) was considered to be the concentration
that gives a signal three times the standard deviation (SD) of the
blank. For LIF detection and EIA procedure the DLs were 0.17 and
2.1 U mL−1, respectively. This result shows that LIF detection was
more sensitive than spectrophotometric method.
The precision of the proposed method was carried out with con-
trol serum at 20, 50 and 100 U mL−1 H. pylori specific antibody
concentrations. The within-assay precision was tested with five
measurements in the same run for each serum. These series of
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Table 2
Within-assay precision (five measurements in the same run for each control serum)
and between-assay precision (five measurements for each control serum, repeated
for three consecutive days).

aControl sera (U mL−1) Within-assay Between-assay

Mean CV (%) Mean CV (%)

20 20.7 3.7 21.0 3.2
50  49.7 1.5 49.5 4.3
100  101.3 2.9 98.8 3.7
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a U mL−1 H. pylori specific antibodies.

nalyzes were repeated for three consecutive days in order to esti-
ate the between-assay precision. The obtained results are shown

n Table 2. The H. pylori assay showed good precision; the CV within-
ssay values were below 3.2% and the between-assay values were
elow 5%. The accuracy was tested with a dilution test. It was  per-
ormed with 100 U mL−1 H. pylori specific antibodies control sera
Fig. 5). The life-time of the immunosensor was about 30 continu-
us working days, and it allowed a sample speed about 2 samples
−1.

The microfluidic system with LIF detection was compared with
 commercial spectrophotometric system for the quantification
f H. pylori specific IgG antibody in serum samples. The slopes
btained were reasonably close to 1, indicating high correspon-
ence between the two methods (Fig. 6).

Our group had previously developed bioanalytical sensors for
he electrochemical determination of H. pylori specific IgG anti-
odies in human serum samples [35–38],  in comparison, the new
icrofluidic device was based on LIF detection system with incor-

orated optics fibers. Moreover, the achieved DL and the employed
ample volume (10 �L) were lower than that obtained by the
ensors previously reported [35–38].  In addition, no clean-up of
he detection system was needed between analyzes in compar-
son to electrochemical detectors, which make an improvement
n time consuming analysis, reproducibility and lifetime of the
mmunosensor. The advantages above mentioned for our system,
ombined with its portability and adaptability make our system an
ttractive and adequate tool to accomplish automated analysis in

ealth references centers.

ig. 5. Dilution test results for 100 U mL−1 H. pylori-specific antibodies. 2.5 mM of
-MUP in DEA buffer, pH 9.6 were injected into the carrier stream at a flow rate
f  2 �L min−1, and the enzymatic product was measured by LIF using excitation
avelength 355 nm and emission wavelength 440 nm.  Each value of current is based

n  five determinations. Each value of RFU is based on five determinations.
Fig. 6. Correlation between proposed method and commercial photometric assays.

4. Conclusion

This article describes the design, development, and application
of a microfluidic immunosensor coupled to LIF detection for the
quantitative determination of specific IgG antibodies present in
serum samples of patients with H. pylori infection.

Our developed system combines: the high sensitivity of LIF
detection and the inherent properties of optical fibers, such as the
chemical inertness of the surface, high transmission, flexibility and
low cost, with microfluidic technology features as reduction in liq-
uid volumes required for sampling, fluid transfer, and washing of
sensor surfaces, which translates into a more rapid manipulations,
lower power requirements, and increased portability of the device.

This biosensor shows major advantages over previously devel-
oped bioanalytical sensors for the determination of H. pylori specific
IgG antibodies in serum samples, namely better sensitivity pro-
vided reaction-detection integration, which is faster, required
minimal sample handling and no clean-up of the detection system
was required or needed.

The obtained results employing our system showed that it has
significant potential for performing bioanalytical analysis aimed
at the determination of low concentrations of several analytes in
relevant fields.
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