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Abstract Renewed interest in capillary format immunoas-
says has lead to increasingly costly and complex approaches
to preparation and readout. This study describes a simple
multi-target method based on a capillary platform using horse-
radish peroxidase (HRP) labelled IgG to visualize an antibody
antigen complex. When goat-anti-human IgG was employed
as the probe and human IgG as target, the system allowed
detection of target to less than 1 ng/mL using a standard de-
tection approach. The capillaries were read visually or with a
commercial grade CCD camera. Multi-target detection was
demonstrated using a model system of rat-anti-mouse, goat-
anti-human and mouse-anti-rat IgG. These probes were
encoded to different locations in the capillary, providing a
simple inexpensive approach to achieve multi-target assays.

Keywords Diagnostic capillary - Immunological sandwich
assay - Multiplexing assay - Detection limitatioin -
Encoding immunoassay
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Introduction

Optical capillary format analytical systems and immunoassays
have attracted renewed interest in the literature where they have
been used to study proteins and divalent cations [1], multi-zone
analysis of pesticides [2], multiple hormones in human serum
[3], and screen for food pathogens [4, 5]. Further interest in the
technique is shown by reports of specialized methods for pat-
terning proteins to the inner surfaces of capillaries [6] and spe-
cialized readout of the capillaries [7]. As interest in the format
has increased, there has been a corresponding trend toward
increased cost and complexity. For example, capillaries have
been used as waveguides, read out with pulsed dye lasers, and
measured via chemiluminscent reporters [2, 3, 7, 8]. Other re-
lated methods include: a complementary metal oxide semicon-
ductor (CMOS) biochip based on capillary reactors to detect
pathogenic bacteria [9]; portable immunoassay systems based
on a flow-through capillary format [10]; capillary confined bead
arrays [11, 12]; and a variety of patents covering aspects of
capillary based assays [13]. Early work on glass capillary
immunosorbant assays provided a simple low-cost approach
to detecting biologically important targets such as digoxin
[14] or Herpes Simplex Virus [15]. This study, revisits the use
of capillaries as a simple, low-cost platform.

Trends in diagnostic assays are toward micro-volume sam-
ples miniaturization and integrated devices, multiplexing and
simple analysis [16—18] based primarily on two types of target
molecules: nucleic acids and antigens and their immune re-
sponse products [19-24]. Nucleic acids are detected by PCR
or bDNA methods which provide high sensitivity and selec-
tivity, but they are time-consuming and costly [19-21]. Im-
munological methods can provide more rapid analysis of an-
tibodies or antigens than nucleic acid-based analyses of serum
samples [13, 23, 24].

Enzyme-linked immunosorbent assays (ELISAs) are pow-
erful and widely used tools providing high sensitivity and
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selectivity [25, 26]. The 96-well format is a widely used plat-
form to carry out ELISAs; however, this format requires consid-
erable amounts of samples and reagents. Microarrays and bio-
chips can perform automated testing for multiple targets but high
cost limits the wide spread use of this technology. As a result, the
development of improved, low-cost, multi-target assay plat-
forms is still needed for clinical and research applications.

The aim of this paper is to present a multi-probe capillary
based ELISA method which could achieve one-patient-one-
capillary diagnosis with low sample consumption, short anal-
ysis time and simple operation. Probes are directly
immobilized on the surface of the capillary through a con-
trolled capillary action process leading to spatially encoded
areas specific for individual probes or standards along the
capillary. By using BSA blocked isolation, multiple assays
can be achieved in one capillary, followed by visual or com-
mercial grade digital camera readout.

Experiments
Reagents

Capillary tubes: Standard length (10 cm) glass capillary tubes
with diameters of 1000 um (SAMCO, VWR) were rinsed with
sulfuric acid (95 %) prior to use. Reagents: Goat anti-human IgG
(11011, Sigma) and human IgG (12511, Sigma), horseradish

Fig. 1 Preparation diagram of
capillary based immunoassay.
The solution will climb up along
the inner surface of the capillary
because of the capillary action
[18, 19]. The probe in the solution
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peroxidise (HRP) labelled goat anti-human IgG (A8667, Sig-
ma), 3,3,5,5,-tetramethylbenzidine (TMB) (T5525, Sigma),
PBS (P5368, Sigma), BSA (A7030, Sigma), Rat-anti-mouse
IgG (Serotech Ltd) and mouse-anti-rat IgG (Serotech Ltd) were
used as shown individual experiment. TMB was dissolved in
deionized H,O at the concentration of 0.15 mg/mL.

Procedure

Goat anti-human IgG, rat-anti-human IgG and mouse-anti-
human IgG were diluted in PBS to a concentration of 10 pg/
mL and used as probes. To bind the probes, the capillary was
placed into the probe solution and the solution allowed to rise
to a specific location by capillary action. The capillary was
then placed horizontally at 37 °C for 4 h followed by a PBST
(PBS buffer with 0.05 % Tween 20) rinse. A 1 % BSA solution
was applied to block the unoccupied sites on the inner surface
of the capillary and further rinsed with PBST. This process was
repeated for each probe location for multi-probe studies. De-
tails of the capillary preparation are illustrated in Fig. 1. The
probe immobilized capillary tubes were then ready for use.
To standardize the assay, human IgG was diluted in PBS
and used as a target. The probe immobilized capillary was put
into the solution containing human IgG, placed horizontally at
37 °C for 30 min, and then rinsed several times with PBS.
HRP labelled anti-human IgG (in PBS, 1:12,000 dilution) was
applied to the capillary incubated for 30 min. at 37 °C and
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followed by PBS rinse. Finally, solutions of 1 % H,0, and
0.1 mg/mL TMB were mixed just before the measurement and
used to fill the capillary tubes before incubating horizontally at
room temperature for 5 min.

Readout

Capillaries were photographed with a consumer grade CCD
camera (P71, Sony, Japan) 5 min after loading the H,O, -
TMB solution. Images were analysed using /mage.J (Version
1.37v, Wayne Rasband, National Instututes of Health, http://
rsb.info.nih.gov/ij) by separating the color channels within the
image and using the red channel.

Results and Discussion

Format 1: Single Proble Capillary Assay

The simplest capillary bound assay consists of a single probe
(anti-human IgG) immobilized throughout the capillary and

0 20 40 60 80 100
Position (mm)

Fig. 2 Single target capillary based immunoassays. Control experiments
of capillary based immunoassay (4) and the absorbance value for each
capillary (B). Capillary (a) BSA+ HRP-anti-human IgG; capillary (b)
Probe (anti-human IgG)+BSA+HRP-anti-human IgG; capillary (c)
Probe (anti-human IgG)+BSA+ target (Human IgG, 10 pg/mL)+HRP-
anti-human IgG. TMB was enzyme substrate

visualized relative to a control (Fig. 2). A capillary without
any probe but blocked with BSA did not change colour when
treated with TMB and H,O, following treatment with human
IgG and HRP labelled anti-human IgG solution (Fig. 2a, cap-
illary a). The capillary immobilized with probe (anti-human
IgG) and blocked with BSA and treated with HRP labelled
anti-human IgG did not change colour without being exposed
to a target (human IgG) solution (Fig. 2a, capillary b). The

Abs.

1 " 1 n 1 " 1 L 1 n 1 L
-3 2 -1 0 1 2 3
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Fig. 3 Dose response study of capillary immunoassay. a Series target
concentration tests of capillary based immunoassay. A set of capillaries
were immobilized with goat anti-human IgG as probe and exposed to
varying concentrations of target human IgG: 40 pg/mL (/), 10 pg/mL
(2), 1 ug/mL (3), 0.5 pg/mL (4), 100 ng/mL (5), 10 ng/mL (6), 1 ng/mL
(7) and (8), 0 ng/mL (9). TMB substrate concentrations were 0.1 mg/mL
for (/) to (7), and 2.0 mg/mL for (8). All other conditions were the same.
b Working curve of absorbance vs. concentration
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capillary changed colour when reacted with TMB and H,0,
after being treated in sequence with Probe (anti-human IgG),
BSA (to block non-specific binding), target (Human IgG) and
HRP-anti-human IgG (Fig. 2a, c). The absorbance of the pos-
itive capillary is significantly higher than the blank and control
(Fig.2b). This experiment proved the capillary was a suitable
matrix to carry out assays in a simple format driven by capil-
lary action.

To investigate the sensitivity of the capillary bound assay,
further experiments were carried out while changing the target
(human IgG) concentration (Fig.3a). Capillaries treated with
solutions containing varying amounts of target IgG (1 ng/mL
to 40 pg/mL) exhibited a positive visually detected response
(Fig. 3a, capillaries 1 to 8) proportional to a target concentra-
tion. Using digital camara detection, the working curve of
concentration and absorbance (Fig. 3b) indicated a detection
limit of ~1 ng/mL. The observed sensitivity of this assay is
sufficient to detect typical concentrations of many known tar-
get molecules in blood [27-29].

Format 2: Multi-probe capillary Assay

A multi-zone assay was constructed such that a probe was
immobilized to three different zones within the capillary, sep-
arated by blank regions produced by BSA blocking (Fig. 4).
Three zones were produced in the capillary by immobilizing
goat-anti-human IgG in three bands separated by BSA to tar-
get human IgG and detected with HRP-labelled anti-human
IgG. The results indicated that all three bands successfully

reported the presence of target and these bands were separated
by the blank zones (Fig.5a, Capillary a) relative to a control
capillary (Fig. 5a, Capillary b) and the absorbance of the pos-
itive zones were higher than that of the control capillary
(Fig. 5b). The zones were still detectable after an observation
period of 30 min, although the blue solute slightly diffused. In
theory, the number of encoded bands will depend on the
length of capillary, the distance between encoding and
blocking bands, and the rate of diffusion. These results indi-
cate that probe bands can be readily produced to create a
multi-zone assay and that these bands may be used to encode
multiple targets or to provide a standard series within the
capillary.

To study the specificity of the multi-probe assay, three dif-
ferent probes encoded capillary (Fig. 6a, Capillary b) was
developed consisting of rat-anti-mouse IgG, goat-anti-human
IgG and mouse-anti-rat IgG to zones 1, 2, and 3, respectively,
as shown in Fig. 4b. Another capillary was encoded with goat
anti-human IgG at three different zones (zones 1, 2, and 3) and
used as a control (Fig. 6a, Capillary a). A third capillary was
not encoded with any probe but was blocked with BSA only
and used as a negative control (Fig. 6a, Capillary c). Human
IgG in PBS was applied as target and followed by treatment
with HRP labelled anti-human IgG and substrate. Results
(Fig. 6a) clearly show that the “Capillary a” demonstrated
three reaction zones, while “Capillary b” only the correspond-
ing zone responded to the respective antigens, i.e., anti-human
IgG. The absorbance of the positive zone in “capillary b”
exceeded those of the negative zones (Fig. 6b) indicating that

AT [ 1

Probe1 Probe2

Probe3 e

Capillary

ROI0RO000VY00 Bev00 b0y ;“A‘_‘;‘l‘.‘l_,;j‘k_f;‘,Ai‘_‘;A‘:Av.‘ il v‘v::‘, il uu Wkl

Y Probe1 (Rat-anti-mouse IgG)

| BSA

Probes Y Probe2(Goat-anti-human IgG)

@ Human IgG ¥. HRP labeled anti-human IgG

Probe3 (Mouse-anti-rat IgG)

Fig. 4 Schematic of a multiprobe capillary immunoassay. Probes are immobilized to different bands within the capillary and separated by the blank
bands blocked with BSA (a); the probes capture the targets and the reporter to give out the position of a positive band (b)
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Fig. 5 Multi-zone capillary assay. a The appearance of positive (a) and
control (b) capillaries after the reaction with HRP substrate. Probe 1=
probe 2=probe3=goat-anti-human IgG; human IgG was target for
detection; the control capillary was not immobilized with probe; other
conditions were the same. b The absorbance measurements along the
length of each capillary

only the anti-human IgG probe captured the target human IgG
while the rat-anti-human and mouse-anti-rat IgG did not react
with the target. The results obtained from this model system
indicate that a similar strategy could be used to diagnose mul-
tiple disease targets. This capability could be used to detect
multiple serotypes as well as multiple antigens or their im-
mune responses.

Conclusions

In this study, a low cost, sensitive, multi-probe capillary based
immunoassay has been demonstrated in a set of model sys-
tems. In this method, the probe immobilized capillary
achieved good detection limits and was capable of detecting
multiple targets. The method has a number of advantages: the
required materials are relatively inexpensive compared to
PCR and microarrays and had a similar level of sensitivity to
dye laser excited fluorescence detection [2]. Reagent

0 20 40 60 80 100
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Fig. 6 Multi-zone multiprobe immunoassay. a Image of three capillaries:
(@) Probe 1=probe 2=probe 3=Goat-anti-human IgG; (b) probe 1=Rat-
anti-mouse IgG, probe 2=Goat-anti-human IgG, probe 3=Mouse-anti-rat
1gG; (c) control. All the capillaries were blocked by BSA and the human
IgG in PBS was target at the concentration of 0.1 pg/mL. TMB was the
substrate. Other conditions were the same. b The absorb value of capillary
aand b

consumption is low and visual or consumer grade digital cam-
era detection represents a low cost alternative to ELISA plate
readers. As previously demonstrated [15]. the capillary proce-
dure may allow simple point of care diagnosis and based on
the current work multiple targets can be detected. Preparation
of the tubes is simple, does not require photochemical pattern-
ing [6] and should be readily scalable for manufacturing.
Coated capillaries could be produced by pumping antibody
solutions through long capillary sections, these sections could
then be cut and assembled into made-to-order diagnostic cap-
illaries. The high surface to volume ratio of the capillary is
advantageous for rapid development of the assay [15]. While
conventional ELISA reagents were used in the current study,
other reporting methods could be adopted which allow the
assays to store: quantum dots, fluorophores, and magnetic
particles. As such, this study has demonstrated a portable,
simplified muti-probe alternative to more costly systems re-
ported in the literature.

@ Springer



568

J Fluoresc (2015) 25:563-568

References

10.

11.

12.

13.

14.

. Henares TG, Takaishi M, Yoshida N, Terabe S, Mizutani F, Sekizawa

R, Hisamoto H (2007) Integration of multianalyte sensing functions
on a capillary-assembled microchip: Simultaneous determination of
ion concentrations and enzymatic activities by a “drop-and-sip” tech-
nique. Anal Chem 79:908-915

. Mastichiadis C, Kakabakos SE, Christofidis I, Koupparis MA,

Willetts C, Misiakos K (2002) Simultaneous determination of pesti-
cides using a four-band disposable optical capillary immunosensor.
Anal Chem 74:6064-6072

. Petrou PS, Kakabakos SE, Christofidis I, Argitis P, Misiakos K (2002)

Multi-analyte capillary immunosensor for the determination of hor-
mones in human serum samples. Biosen Bioelectron 17:261-268

. CzajkaJ, Batt CA (1996) Development of a solid-phase fluorescence

immunoassay for the detection of Salmonella in raw ground turkey. J
Food Prot 59:922-927

. Czajka J, Batt CA (1996) A solid phase fluorescent capillary immu-

noassay for the detection of Escherichia coli O157:H7 in ground beef
and apple cider. J Appl Bacteriol 81:601-607

. Balakirev MY, Porte S, Vernaz-Gris M, Berger M, Arie JP, Fouque B,

Chatelain F (2005) Photochemical patterning of biological molecules
inside a glass capillary. Anal Chem 77:5474-5479

. Zhu PX, Shelton DR, Karns JS, Sundaram A, Li SH, Amstutz P, Tang

CM (2005) Detection of water-borne E-coli O157 using the integrat-
ing waveguide biosensor. Biosens Bioelectron 21:678-683

. Torabi F, Far HRM, Danielsson B, Khayyami M (2007)

Development of a plasma panel test for detection of human myocar-
dial proteins by capillary immunoassay. Biosens Bioelectron 22:
1218-1223

. Song JM, Vo-Dinh T (2004) Miniature biochip system for detection

of Escherichia coli O157: H7 based on antibody-immobilized capil-
lary reactors and enzyme-linked immunosorbent assay. Anal Chim
Acta 507:115-121

Yacoub-George E, Koch S, Drost S, Wolf H (2000) A portable flow-
through system for enzyme immunoassays. Am Clin Lab 19:18-19
Noda H, Kohara Y, Okano K, Kambara H (2003) Automated bead
alignment apparatus using a single bead capturing technique for fab-
rication of a miniaturized bead-based DNA probe array. Anal Chem
75:3250-3255

Kohara Y (2003) Hybridization reaction kinetics of DNA probes on
beads arrayed in a capillary enhanced by turbulent flow. Anal Chem
75:3079-3085

Cao YC, Xiao-Feng H, Xiao-Xia Z et al (2006) Preparation of Au
coated polystyrene beads and their application in an immunoassay. J
Immunol Methods 317:163-170

Healey K, Chandler HM, Cox JC, Hurrell JGR (1983) A rapid semi
quantitative capillary enzyme-immunoassay for digoxin. Clin Chim
Acta 134:51-58

. Shekarchi IC, Fuccillo DA, Strouse R, Sever JL (1987) Capillary

enzyme-immunoassay for rapid detection of Herpes-Simplex Virus
in clinical specimens. J Clin Microbiol 25:320-322

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Cao YC, Liu TC, Hua XF, Zhu XX, Wang HQ, Huang ZL, Zhao YD,
Liu MX, Luo QM (2006) Quantum dot optical encoded polystyrene
beads for DNA detection. J Biomed Optics 11:054025

Chen XW, Wang JH (2007) The miniaturization of bioanalytical as-
says and sample pretreatments by exploiting meso-fluidic lab-on-
valve configurations: a review. Anal Chim Acta 602:173—180
Koehler J, Vajjhala S, Coyne C, Flynn T, Pezzuto M, Williams M,
Levine L (2002) A prototype microfluidic platform for miniaturiza-
tion and automation of serial dilution and dose-response assays.
Assay Drug Dev Technol 1:91-96

Quezada EM, Kane CM (2007) In vitro studies of initiation of repli-
cation by the HCV RNA dependent RNA polymerase NS5B and the
impact of NS5A. Faseb J 21:A282

Sizmann D, Boeck C, Boelter J, Fischer D, Miethke M, Nicolaus S,
Zadak M, Babiel R (2007) Fully automated quantification of hepatitis
C virus (HCV) RNA in human plasma and human serum by the
COBAS (R) AmpliPrep/COBAS (TM) TagMan (R) System. J Clin
Virol 38:326-333

Osman F, Leutenegger C, Golino D, Rowhani A (2007) Real-time
RT-PCR (TagMan (R)) assays for the detection of Grapevine Leafroll
associated viruses 1-5 and 9. J Virol Methods 141:22-29

Galy O, Petit MA, Benjelloun S, Chevallier P, Chevallier M,
Srivatanakul P, Karalak A, Carreira C, Lyandrat N, Essaid A, Trepo
C, Hainaut P, Chemin I (2007) Efficient hepatitis C antigen
immunohistological staining in sections of normal, cirrhotic and tu-
moral liver using a new monoclonal antibody directed against serum-
derived HCV E2 glycoproteins. Cancer Lett 248:81-88

Bastiani E, Benedetti F, Berti F, Carnpaner P, Donadel E, Montagna
M, Regazzi M, Rinaldi S, Savoini A, Venturini R (2007)
Development and evaluation of an immunoassay for the monitoring
of the anti-HIV drug amprenavir. J Immunol Methods 325:35-41
Bimpson A, MacLean A, Cameron S, Carman W (2006) Replacing
HCYV antibody testing with detection by real time PCR. J Clin Virol
36:832

Leyva A, Franco A, Gonzalez T, Sanchez JC, Lopez I, Geada D,
Hernandez N, Montanes M, Delgado I, Valdes R (2007) A rapid
and sensitive ELISA to quantify an HBsAg specific monoclonal an-
tibody and a plant-derived antibody during their downstream purifi-
cation process. Biologicals 35:19-25

Gross J, Moller R, Henke W, Hoesel W (2006) Detection of anti-EPO
antibodies in human sera by a bridging ELISA is much more sensi-
tive when coating biotinylated thEPO to streptavidin rather than
using direct coating of thEPO. J Immunol Methods 313:176—182
Forns X, Costa J (2006) HCV virological assessment. J Hepatol 44:
S35-S39

Vassalle C, Mercuri A, Masini S, Antongiovanni S, Pilo A, Cantini F,
Zucchelli GC (2004) External quality assurance program in anti-
HCV serological detection: an Italian experience. Immuno-Anal
Biolog Special 19:235-238

Weiner SM, Berg T, Berthold H, Weber S, Peters T, Blum HE, Hopf
U, Peter HH (1998) A clinical and virological study of hepatitis C
virus-related cryoglobulinemia in Germany. J Hepatol 29:375-384



	A Capillary Based Chemiluminscent Multi-Target Immunoassay
	Abstract
	Introduction
	Experiments
	Reagents
	Procedure
	Readout

	Results and Discussion
	Format 1: Single Proble Capillary Assay
	Format 2: Multi-probe capillary Assay

	Conclusions
	References


