
Research Article

Chip-based immunoaffinity CE: Application
to the measurement of brain-derived
neurotrophic factor in skin biopsies

A chip-based immunoaffinity CE system has been employed to measure the concen-

trations of brain-derived neurotrophic factor in human skin biopsies, taken during atopic

inflammatory events. The device employs a replaceable immunoaffinity disk to which

capture antibodies have been chemically immobilized. Homogenates obtained from

micro-dissected human skin samples were injected into the system, where the analyte of

interest was captured in the immunoextraction port, thus allowing non-reactive materials

to be removed prior to analysis. The captured analyte was labeled in situ with a

red-emitting laser dye before being released from the capture antibody, separated by

electrophoresis, and the resolved peaks detected by online LIF. Comparison of this chip-

based system with conventional immunoassay demonstrated good correlation when

analyzing both standards and patient samples. The system was semi-automated resulting

in a CE analysis within 1.5 min and a total of circa 5 min. Intra- and inter-assay CV’s of

3.85 and 4.19 were achieved with circa 98.8% recovery of brain-derived neurotrophic

factor at a concentration of 100 pg/mL. The assay demonstrated clear differences

between clinical stages of atopic dermatitis in human patients and could run 10–15

samples per hour. This system holds the potential for being modified to be a portable unit

that could be used in clinics and other biomedical screening studies.
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1 Introduction

Neuropeptides and their role in regulating inflammatory

processes is becoming a topic of major interest in clinical

medicine. It has been established that substance P and

calcitonin-gene-related peptide are associated with inflam-

mation-associated pain [1–3]. Recently, the role of other

neuropeptides has been investigated, especially the neuro-

trophin family, of which brain-derived neurotrophic factor

(BDNF) belongs, and have been shown to play a role in

airway inflammation [4]. BDNF has been shown to occur in

high concentrations in several other lung inflammatory

conditions such as asthma and hypoxic lung injury, where it

altered nitric oxide production and airway hyper-reactivity

[5]. Further, it has been shown that dendritic accessory cells

of the immune system are able to produce BDNF following

stimulation with allergens and other mediators of inflam-

mation [6] and also that monocytes actively produce and

release neurotrophins, including BDNF, during allergic

episodes [7]. Serum concentrations of BDNF in patients

with atopic dermatitis have been shown to be elevated and

correlated with disease severity [8, 9].

Measurement of BDNF in skin biopsies of atopic

patients holds potential as a diagnostic aid provided corre-

lation with clinical assessment could be established.

Although serum concentrations of BDNF have shown

correlations with clinical assessment in patients with atopic

dermatitis [9], the evidence that BDNF is produced by

infiltrating cells would indicate that measurement of in situ
concentrations would better reflect the true situation. To

date little work has been performed on developing a quick,

reliable approach to the measurement of BDNF in skin

biopsies mainly due to the small amounts of tissues that are

available. A logical approach to this situation is the appli-

cation of microfluidics devices to the analysis of BDNF.

Previously, our group has combined microfluidics chips

with pre-analysis immunoaffinity selection [10] to measure
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inflammatory biomarkers in skin biopsies. Immobilized

antibodies act as concentrators, improving both the selec-

tivity and resolving power of the electrophoretic separation.

Immunoaffinity CE(ICE) can further be enhanced by using

LIF detection.

The potential of miniaturized analytical techniques is

expanding and the applications of techniques such as CE,

microchip-based CE and ICE in biomedical research are

beginning to become popular. This popularity is demon-

strated in a series of recent reviews [11–14]. In the present

study, we describe the development of a semiautomatic

chip-based ICE system with a pre-separation immunoaffi-

nity port and LIF detection. This system was used to

measure BDNF in human skin biopsies, using selected

micro-dissected tissue samples from allergic patients and

controls.

2 Materials and methods

2.1 Reagents

Recombinant BDNF and its reactive biotinylated antibody

were obtained from R&D Systems (Minneapolis, MN, USA).

Both reagents were reconstituted to stock solutions of

1 mg/mL in 100 mM phosphate buffer, pH 7.4. Carbonyldii-

midazole and streptavidin were purchased from Pierce

Biotechnology (Rockford, IL, USA). All other chemicals

were purchased from Acros Chemicals (Fisher Scientific,

Pittsburgh, PA, USA). Immediately prior to use, all

solutions were passed through 0.2 mm NC filters (Millipore,

Bedford, MA, USA) to remove particulate impurities.

2.2 Standards and patient samples

The stock solution of BDNF was diluted in 100 mM

phosphate buffer, pH 7.4, and used to construct calibration

curves for calculating the concentrations of BDNF present

in the patient biopsy samples. Additionally, these standards

were used to determine the LOD and saturation parameters

of the system.

Skin biopsies were collected from patients diagnosed

with atopic dermatitis to nickel at the Allergy Clinic of the

George Washington University Hospital, Washington, DC,

USA. These patients were broken into three groups: 20

patients with severe allergic skin lesions, 20 patients with

moderate allergic lesions and 20 patients with mild allergic

lesions. Additionally, a further group of non-allergic, normal

subjects were collected. All patients and controls were 25–40

years of age. Consent to use the samples were obtained from

all subjects and no name indicators were assigned to any

samples as required by the hospital institutional review

board.

In this study, it was decided to continue to use frozen

sections of the patient biopsies rather than formalin-fixed

tissue as previous experience had demonstrated that

formalin, which is a routine fixative in pathology depart-

ments, cross-links proteins thus greatly reducing their

availability to the capture antibodies. Previously, we had

discovered that formalin-fixed tissue was unsuitable for the

recovery of inflammatory cytokines from skin biopsies and

thus choose to continue to use frozen sections as previously

described [10].

All samples were prepared for ICE analysis by micro-

dissection as previously described [10]. Six micrometer

frozen sections from each biopsy were air-dried on glass

microscope slides and stained with a 0.01% aqueous solu-

tion of cotton blue, to aid in morphological identification.

Tissue areas containing either cellular-infiltration or normal

tissue taken 2 mm and 10 mm from the lesion were

dissected using an Eppendorf Micro-dissector (Eppendorf

North America, Westbury, NY, USA) equipped with an

oscillating micro-chisel. This was moved around the area of

interest to leave an island of tissue surrounded by a circle of

clear glass, which was extracted by placing 100 mL of warm

(221C) 100 mM phosphate buffer, pH 7.4, containing

0.1% v/v Brij 35 detergent and 1 mM of leupeptin over the

sample, using the Micro-dissector’s micropipette. The fluid

was recovered with the micropipette and clarified by passage

through a 100 kDa cut-off ultramicro Spin Con dialyzer (The

Nest Group, Southborough, MA, USA) to remove extra-

neous macromolecules prior to analysis. Measurement of

the total protein content of each sample was performed by

direct spectrophotometry at 280/260 nm using a NanoDrop

ND-100 micro-spectrophotometer (NanoDrop Technologies,

Wilmington, DE, USA) using a molar absorption coefficient

of ten as recommended by Pierce Biotechnology [15]. Each

sample was then adjusted to a protein concentration of

1 mg/mL in 100 mM phosphate buffer/0.1% Brij 35, pH 7.4

prior to analysis.

2.3 Instrumentation

The ICE analyses were performed on a Micralyne mTK

microfluidic electrophoresis system (Micralyne, Edmonton,

Alberta Canada). This instrument was equipped with four

dual-channel 6 kV power boards and an integrated 635 nm,

8 mW red diode laser. Detection was achieved by an epi-

illumination microscope equipped with a Hamamatsu

H5773-03 photomultiplier tube and a 16-bit data acquisition

board. In the present studies, the instrument was equipped

with four platinum electrodes plus a custom-designed chip

stage that accepted standard T3530 CE chips from Micronit

Microfluidics BV (Enschede, The Netherlands). This chip

had a double T injection, channels that were 50 mm wide

and 20 mm deep, and a separation channel length of 35 mm.

A Harvard ‘‘11’’ syringe pump (Harvard Apparatus,

Holliston, MA, USA) was connected via an automatic

injection valve (Upchurch Scientific, Oak Harbor, WA,

USA) fitted with a calibrated 200 nL loop to port 1 of the

chip (Fig. 1A). This was achieved by placing poly-ether-

ether-ketone tubing (20 mm id, 360 mm od – Upchurch
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Scientific) into port 1 (Fig. 1A), alongside the electrode

using a modified F-123 Nanoport nut fitting (Upchurch

Scientific), which was used for sample injection and port

washing. Control of the entire system was achieved by a PC,

running Microsoft Windows XP with a compiled LabView

interface (National Instruments, Austin, TX, USA).

To facilitate sample and reagent loading in addition to

ensuring tight port plugging Upchurch F-121H nuts

(Upchurch Scientific) were placed in all of the ports using a

poly-ether-ether-ketone cover plate (Fig. 1C).

2.4 Preparation of the immunoaffinity inserts

The immunoaffinity insert was prepared by a modification of

the techniques previously described [10]. Briefly, 2 mm diameter

disks were punched from AP40 glass fiber filters (Millipore) and

soaked in 10% v/v aqueous 3-aminopropyl-triethoxysilane for

10 min then heated at 1001C for 60 min and cooled to room

temperature. Fresh silane was applied and the process was

repeated four times. The disks were then placed into 10 mM

hydrochloric acid, incubated for 60 min at 100 C, washed twice

in distilled water and finally incubated in a solution of 1 mg/mL

carbonyldiimidazole dissolved in formamide for 6 h at room

temperature. Prior to immobilization of the antibody the disks

were washed five times in formamide and then placed in a 1 mg/

mL solution of streptavidin dissolved in 100 mM phosphate

buffer, pH 7.4 and incubated overnight on a rotary plate mixer

at room temperature. The excess or non-bound streptavidin was

removed by extensive washing of the phosphate buffer and

excess carbodiimide side chains blocked by a further incubation

in 200 mM Tris-HCl buffer, pH 9.0.

2.5 ICE measurement of BDNF

The CE-immunoassay program together with separation

and analysis steps was programmed into the LabView

interface sequence, which then controlled the sample

injection, flushing, labeling, elution, separation and detec-

tion. Basically, the entire system was primed with running

buffer (100 mM phosphate/0.1% Brij 35 buffer, pH 7.4)

before the pump was programmed to introduce a 200 nL

sample into the immunoaffinity port (port 1) at a flow rate of

400 mL/min. Following a 1 min incubation, during which

the immunoaffinity port extracted the appropriate analyte,

port 1 was flushed to remove non-reactive materials by

passing 0.5 mL of buffer from port 1 to port 2. Laser dye

(200 nL) was pumped into port 1 and allowed to react with

the bound analytes for 1 min before being flushed out of the

system in a similar manner as previously described. The

bound analyte were recovered by introducing 200 nL of

100 mM phosphate buffer, pH 1.0 into port 1 and allowing

the mixture to remain in port 1 for 1 min before applying a

6 kV potential between ports 1 and 4 for 2 min. Online

detection was achieved by focusing the detector at a point

0.5 cm from port 4. In this assay system, port 3 was not used

and was blocked using an Upchurch P411 headless plug. All

of the assays were run at room temperature and the

concentrations of each separated peak calculated from a

calibration curve constructed from known amounts of

BDNF run under identical separation conditions. No

internal standards were added to any of the samples.

2.6 Validation

The ICE measurements were validated by using split

samples; the second sample being tested by a commercially

available ELISA(R&D Systems) run according to the

manufacturer’s instructions.

3 Results

3.1 Characteristics of the system

A complete cycle of the chip was ca. 5 min during which

BDNF was reliably captured, labeled, recovered, separated

and measured. A typical electropherogram produced by the

Figure 1. The ICE chip. (A) A diagrammatic representation of the
ICE chip illustrating the port designations used in Section 2.5,
the separation channel and the position of the detector; (B)
photograph of the chip; (C) a photograph of the top template
used for attaching the electrodes.
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ICE immunoassay is shown in Fig. 2, representing recovery

and detection of a 100 pg standard of recombinant BDNF.

Protein studies on the immunoaffinity disk indicated that

approximately 4.1 ng of antibody could be reliably immobi-

lized on a 2 mm disk and that the LOD of the disk was 20 fg

as determined by running dilutions of a BDNF standard

through the system until no further signal was detected.

Saturation was determined in a similar manner by applying

increasing BDNF concentrations to the immunoaffinity disk

until no further increase could be detected – the saturation

was calculated to be 2.9 ng/mL. Recovery of BDNF from

spiked normal human tissue extract was shown to be 97.1%

at a concentration of 10 pg and 98.8% for BDNF at a

concentration of 100 pg. Intra and inter-assay CVs were

calculated from data obtained by applying a 100 pg standard

for five repetitive runs on five separate days and demon-

strated an intra-assay CV of 3.85% and inter-assay CV of

4.19%. Each batch of immunoaffinity disks was subjected to

quality control studies in order to guarantee batch-to-batch

uniformity. Disks were discarded when the performance of

five randomly selected disks failed a 5% loss of selectivity or

recovery.

3.2 Comparison with commercial immunoassays

Comparison of the ICE immunoassay was made to a

commercial high-sensitivity immunoassay kit, with an esti-

mated LOD of ca. 0.5 pg/mL. This comparison demonstrated a

high degree of agreement as shown in Fig. 3, by a least-squares

linear regression analysis of the results obtained by the two

assays when measuring BDNF standards at 10, 50, 100, 200,

400, 800 and 1600 pg. This analysis was performed using the

linear regression module of the Prism 4 software program

(GraphPad Software, San Diego, CA, USA). Likewise, a similar

high degree of agreement was seen when split patient samples

were run by the same assays (slope 5 0.9693+0.0068 with an r2

value of 0.977).

3.3 Measurement of BDNF in patient and control

groups

Examination of the micro-dissected biopsy samples taken from

the patient and control groups demonstrated the ability of the

chip-based system to distinguish between the different patient

and control groups (Fig. 4). Baseline concentrations of BDNF

(less than 20 pg/mg protein) were found in the normal controls,

whereas the patient groups demonstrated elevated concentra-

tions of the analyte ranging from 89.8+10.8 pg/mg extracted

protein in the mild group to 260+36.4 pg/mg extracted protein in

the moderate group and 651.4+97.6 pg/mg extracted protein in

the severe group. In the patient groups, ICE analysis was able to

distinguish not only differences in the severity of the lesions but

could also detect different patterns in analyte concentrations at

different sampling sites. Within the lesion site, BDNF

concentrations were found to be highest with a gradual

reduction at sites taken from areas distant from the lesion

itself (Fig. 4). These diminishing concentrations of BDNF

indicate that the analyte of interest is being produced locally by

the infiltrating cells and emphasizes the importance of

measuring BDNF in situ. These data also indicate that sampling

taken a short distance from the lesion could potentially be a

better baseline measurement in comparison to normal tissues.

Examination of sequential biopsies taken from the same

lesion, of a patient undergoing a severe reaction, over time

demonstrated that the concentration of BDNF became

elevated over a 12 h period, reaching concentrations of

650.4+21.8 pg/mg extracted protein then becoming stabilized

for the next 12 h (Fig. 5). Comparison of the ICE findings

with classical histopathology of the same biopsies showed a

close correlation with the degree of cellular-infiltration

corresponding to the concentrations of BDNF measured in

Figure 2. Typical electropherogram produced by running a
100 pg sample of BDNF in normal human tissue extract. Peak 1
is BDNF and peak 2 represents free dye, which was always
present and indicates inadequate flushing of port 1 following
analyte labeling. Running parameters are as described in
Section 2.5.

Figure 3. Comparison between the ICE system and a commer-
cial ELISA immunoassay illustrating the linear regression
analysis of BDNF in normal human tissue extract. The slope =
0.9972+0.0032 with an r2 value of 0.999.
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the tissue. However, ICE analysis including micro-dissec-

tion was achieved within the same day, whereas classical

histopathology took several days to complete. Even when

frozen sections were used in both assessments, ICE still

proved to be the more rapid of the two techniques. Further,

ICE was able to give a quantitative measurement of the

tissue resident BDNF.

4 Discussion

The development and application of chip-based devices to

biomedical research has greatly escalated in the past few

years [16–22]. This popularity is mainly due to the decreased

sample and reagent consumption offered by these devices in

addition to the often extremely short analytical times.

Microfluidic devices have been shown to be capable of

measuring multiple analytes in a matter of minutes using

samples as low as 200 nL in size [10], especially when CE is

employed as the analytical tool. Basic CE, whether in

standard or chip formats, can be greatly enhanced by

marrying the separation to a number of high sensitivity

detectors such as LIF detectors or mass spectrometers. Chip-

based CE can also be enhanced by the addition of pre-

separation concentrators such as affinity or immunoaffinity

devices. In fact, such devices can be integrated into the CE

system to produce affinity (ACE) [23–28] or ICE [10, 19,

29–33] such as that described in this article. The advantage

of this addition is that the affinity or immunoaffinity ligands

act as selective capture devices, thus acting as pre-analytical

concentrators [13, 19, 34, 35]. In particular, when handling

complex biological matrices, the employment of pre-

analytical immunoaffinity extraction greatly enhances the

efficiency of the separation procedure by actively selecting

the analytes of interest and extracting them from the

biological matrix. This in turn allows for shorter separation

channels due to the reduced or lack of interference from

extraneous molecules. In the present study, the immunoaf-

finity port extracted the analyte of interest, BDNF, from the

complex matrix of tissue homogenate. Provided the

specificity of the antibody is carefully checked and

introduced into the analytical system in excess, one is

assured that the majority of the desired analyte will be

successfully extracted and released into the analytical section

of the CE.

ICE holds several advantages over conventional plate-based

immunoassays in that it requires extremely small samples, thus

reducing the amounts of patient materials required for analysis

(200 nL versus 50 mL). Additionally, the immobilized antibodies

can be regenerated up to 200 times, which further reduces costs

and variability in the assay. The use of a replaceable immu-

noaffinity disk further reduces the assay costs as the glass chip

can be used for an extended period of time. ICE also employs a

single capture antibody, which is preferable when the analytes

of interest contain a single reactive epitope. In such cases, ICE

can be performed normally while immunoassays require

alterations in procedure in order to perform competition assays.

In comparison with ELISA, ICE can be used to analyze multiple

analytes in the same sample [10, 22, 38], whereas ELISA usually

measures a single analyte per sample. However, new develop-

ments in ELISA hold the potential for multi-analyte analysis. A

further refinement of ICE is that it is a two-dimension assay as

Figure 4. Concentrations of BDNF in the subject and control
groups measured by ICE at 18 h post-initial onset of the reaction.
The black filled bars represent the amount of BDNF measured
within the lesion, while the unfilled bars represent the back-
ground amounts of BDNF measured in tissue taken 5 mm from
the periphery of the lesion. The gray filled bars represent the
amount of background BDNF measured in tissue taken 10 mm
from the periphery of the lesion. All values are the mean7SEM.

Figure 5. Sequential ICE electropherograms of BDNF concentra-
tions present in biopsies taken at different time points in a
patient with severe atopic dermatitis illustrating the concentra-
tions of detectable BDNF over time. Analysis conditions are as
described in Section 2.5.
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opposed to the single dimension of most immunoassays. ICE

employs immunoaffinity capture in one dimension and elec-

trophoresis in the other, thus helping to reduce the incidence of

non-specific reactions and false positive; the electrophoretic

phase separating the immunoaffinity bound materials and

checking on selectivity [13].

ICE and chip-based ICE can be applied to many differ-

ent analyses provided that suitable, specific antibodies

exist that can be employed as immunoaffinity capture

agents. To date, ICE has been applied to the analyses of a

number of important biomedical analytes [36] including

inflammatory biomarkers found in the cerebral spinal fluid

of head injury patients [37] and for the measurement

of hormones in human body fluids [38]. Additionally,

both the Guzman and our groups have applied chip-based

ICE to the measurement of the anti-inflammatory drug,

naproxene [19, 39].
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