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bstract

Microfluidic devices often rely on antibody–antigen interactions as a means of separating analytes of interest from sample matrices. Immunoassays
nd immunoaffinity separations performed in miniaturized formats offer selective target isolation with minimal reagent consumption and reduced
nalysis times. The introduction of biological fluids and other complicated matrices often requires sample pretreatment or system modifications for
ompatibility with small-scale devices. Miniaturization of external equipment facilitates the potential for portable use such as in patient point-of-

are settings. Microfluidic immunoaffinity systems including capillary and chip platforms have been assembled from basic instrument components
or fluid control, sample introduction, and detection. The current review focuses on the use of immunoaffinity separations in microfluidic devices
ith an emphasis on pump-based flow and biological sample analysis.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

The measurement of analytes from complex and limited
atrices is frequently required for analysis of biological sam-

les. There is an increasing need for analytical instrumentation
apable of minimal sample consumption and reduced analysis
imes, while providing selective separation of target com-
ounds from the sample matrix. The reduction of sample
equirements is advantageous for the analysis of scarce or valu-
ble biological test materials, including research, clinical, and
rchived samples [1]. Miniaturized analytical devices address
his requirement for reduced reagent consumption and fast
ime of analysis, while offering the potential for portability
nd patient point-of-care testing. Target analytes in biological
amples are often present in low concentrations relative to the
urrounding matrix components, necessitating effective sepa-
ation techniques. Immunoaffinity-based separation techniques
ave been used to separate analytes of interest from complex
iological samples based on the selective binding of antibod-
es to their respective antigens [1]. Immunoaffinity microfluidic
evices employing antibodies as immobilized ligands may be
pplied to capture and concentrate target analytes from small
olumes (micoliters and below) of biological matrices. The com-
ination of miniaturized instrumentation with immunoaffinity
eparation science allows for potentially rapid and selec-
ive isolation of low concentration analytes from biological
amples.

Immunoaffinity separations have been reviewed with respect
o their use in sample preparation/extraction [2,3], post-
olumn immunodetection [4], capillary electrophoresis [5,6],
icrofluidic immunosensors [7,8], and conventional scale

ffinity/immunoaffinity chromatography [9–11]. In the current
eview, recent literature will be discussed as it pertains to
mmunoaffinity separations, with small-scale biological sam-
le analysis using miniaturized instrumental components and
nvolving pumped-based systems with capillaries or microchips.
he term “microfluidics” will be used to describe the move-
ent of liquids through microchip channels or capillaries having

nternal dimensions less than 1 mm and the term “immunoaffin-
ty” will encompass flow-based immunoassays as well as
mmunoaffinity chromatography.

. Immunoaffinity background

.1. Antibodies

Antibodies are large glycoproteins produced in response to a
aterial identified as foreign by the body and immunoglobulin
(IgG) is the most commonly used antibody in immunoaffinity

echniques. IgG is approximately 150 kDa, consisting of four
olypeptides with two 25 kDa identical light chains and two
0 kDa identical glycosylated heavy chains [5]. Fig. 1 shows a
chematic of an antibody with common functional groups dia-

rammed. Disulfide bonds join light and heavy chains together,
s well as linking the two heavy chains to form the hinge area.
he fragment antigen binding (Fab) portion is located at the N-

erminus and contains a region of variable amino acid content

c
s
s

ig. 1. Antibody structure and functional groups for labeling or solid phase
ttachment. Light and heavy chains are indicated by the letters L and H, respec-
ively.

esponsible for antigen specificity. The fragment crystallizable
Fc) portion spans the C-terminus to the hinge region and main-
ains a constant amino acid sequence within the same class of
ntibody. Primary amines of lysine residues are located through-
ut the entire antibody and carbohydrate groups are mainly
ocated in the Fc region [12]. The carbohydrate residues and
rimary amines are targeted attachment sites for linking anti-
odies to solid supports or attaching labels for detection. Two
ypes of antibodies employed for immunoaffinity separations
re polyclonal and monoclonal. Polyclonal antibodies are nat-
ral antibodies from multiple cell lines that may bind different
ecognition sites or epitopes with varying strengths, whereas
onoclonal antibodies are produced from a single cell line and

ind to a single epitope with the same strength [10].

.2. Antibody immobilization

Immunoaffinity-based separations typically employ immo-
ilized antibodies as a stationary phase to capture antigens of
nterest from sample matrices. The unbound material is washed
o waste before an elution buffer is applied to dissociate the anti-
en for detection [12]. The heart of an immunoaffinity analysis
ystem is the separation column or channel, which consists of an
mmunosorbent of immobilized antibodies. The orientation of
he stationary antibodies is critical to the binding activity [10].
ig. 2 shows the possible orientations of an immobilized IgG on
solid support material. In (a), the antibody is attached through

he Fab section and both antigen-binding sites are unavailable.
n (b) the binding sites are partially available and in (c) the
ntibody is attached through the Fc region with both binding
ites fully available. Immobilization strategies that anchor the
ntibody with the Fab portions facing away from the stationary
upport result in a higher degree of active antibody per unit of
tationary support.
Antibodies may be attached directly to the walls of a capillary
olumn or microchip channel. Antibodies can also be linked to
olid phase supports and packed into columns or channels. Solid
upports may consist of particles or beads made from plastic,
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ig. 2. Effect of immobilized IgG on antigen recognition. Arrows indicate avail-
ble antigen binding sites.

ilica or glass, and magnetic materials [10,13,14]. The stationary
hase should possess the following characteristics [12,13,15]:

(a) Chemical stability,
b) Low nonspecific binding,

(c) Mechanical stability for favorable flow rates,
d) Sufficient surface area for antibody–antigen binding.

The choice of solid phase material and method of antibody
ttachment are important factors for developing an immunoaffin-
ty separation. A simple approach for antibody immobilization
s through direct attachment to a solid support. Antibodies may
e physically adsorbed to plastic chips or beads through non-
ovalent bonding [16,17] or free amine groups may be reacted
hrough activated surfaces. Immobilization of the antibodies by
irect adsorption or through primary amines results in a random
rientation and potentially lowered binding activity. This likely
esults from attachment of the antibody through the Fab arms,
hich can occur when linking antibodies to supports using free

mino groups. Carbohydrate groups of the Fc region can be oxi-
ized to aldehyde functional groups with periodate and reacted
ith hydrazide supports to give the proper orientation for anti-
en binding. Polyclonal antibodies are reported to have better
uccess binding antigen versus monoclonal antibodies after peri-
date oxidation [18]. This may be due to differences in the degree
f glycosylation between the two types of antibodies. Addition-
lly, Fab fragments produced from enzymatic cleavage of IgG
an be coupled through free sulfhydryl groups to chemically
odified supports. This method results in monovalent antibody

ragments with antigen receptors oriented toward the solution
nd away from the stationary support.

Attachment of antibodies to secondary molecules has been

sed for optimizing antibody orientation and also providing a
rotective protein coat to the solid phase material. Bacterial cell
all proteins A and G are secondary molecules that selectively
ind many antibodies at the Fc region. These proteins maintain

c
f
f
g

econdary compounds such as Protein A/G and biotin/avidin or covalently
ttached through sulfrhydryl groups of Fab fragments.

ntibody binding at physiological pH, but will release antibodies
n weakly acidic conditions [9,10]. The straightforward coupling
f antibodies to protein A and G is an advantage, but the anti-
odies must be reapplied to the column. Multiple injections on
his type of column could consume large quantities of valuable
ntibodies; however, additional reactions may be performed to
ross-link protein A or G to the antibody for a less reversible
ttachment [10,17].

Avidin is a protein from egg white that has a high affinity
or the vitamin biotin (Ka = 1015/M), forming strong noncova-
ent bonds [19,20]. Streptavidin is a bacterial form of avidin
ith similar binding sites for biotin, but is also a form that has

ess nonspecific interaction with proteins. Unlike the antibody
inding of protein A or G, the streptavidin biotin bond is nearly
rreversible. Antibodies must be linked to biotin in order to react
ith streptavidin, but their activity is unlikely to be affected
ue to the small size of biotin (244 Da) [20]. Numerous biotin
erivatives for linkage to antibodies are available. Biotinylation
f antibodies may be achieved through primary amine groups
sing N-hydroxysuccinimide groups or through aldehydes using
hydrazide linker. The biotin hydrazide reagents will react with
xidized carbohydrates in the Fc region to form a hydrazone
ond. The use of hydrazine has the same advantage as using
rotein A or G, which is that antibody attachment does not
nterfere with antigen binding sites [17]. Biotinylation of anti-
odies through oxidized carbohydrates or sulfhydryl groups of
ab fragments have been shown to yield stationary supports
ith higher degrees of antibody activity when compared to sup-
orts from amino-biotinylated antibodies [16,18]. Alternatively,
any antibodies may be purchased biotinylated, although this

s most often via primary amine attachment. It should be noted
hat biotinylated IgG has been reported to display instability in
uman plasma after prolonged exposure (4 h incubation) [21].
ig. 3 shows a solid phase bead with antibodies attached by
ab sulfhydryl groups and secondary compounds. Protein A/G,
vidin/streptavidin, and secondary antibody-coated beads are

ommercially available in polystyrene and magnetic polystyrene
rom numerous vendors. Sources of activated supports suitable
or high performance immunoaffinity applications (i.e. silica or
lass) are shown in Table 1.
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Table 1
High-performance supports suitable for immobilizing antibodies through sec-
ondary compounds

Material Coating Vendor

Silica microspheres Avidin Kiskera

Silica microspheres Streptavidin Bangs Labsb

Kiskera

Polysciencesc

Silica microspheres Protein A or G Kiskera

Glass particles Streptavidin Xenopored

a www.kisker-biotec.com.
b
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www.bangslabs.com.
c www.polysciences.com.
d www.xenopore.com.

. Immunoaffinity separations

.1. Antibody–antigen complexes and immunoaffinity
hromatography

Antibody–antigen complexes form as the result of several
ntermolecular forces, the main four being:

. Hydrogen bonding;

. Coulombic, i.e. NH3
+ and COO−;

. Van der Waals;

. Hydrophobic interactions.

Collectively, these forces result in strong binding at physio-
ogical conditions [12,22]. In immunoaffinity chromatography,
t is desirable to elute the analyte quickly by dissociating the
ntibody–antigen complex without damaging the immobilized
ntibody. The sample containing the antigen is introduced to
he antibody in an application buffer with conditions to allow
or maximum binding. Application buffers are typically near
hysiological pH and salt concentrations and phosphate or
ris-based buffers are often used. During this antigen capture
tep, all nonreactive sample components are washed from the
eparation column. Recovery of the isolated antigen for detec-
ion is achieved by the application of an appropriate elution
uffer. Alternatively, detection of the antibody-bound antigen
ay occur directly on-chip or on-capillary; however, the anti-

en must still be dissociated if the system is intended to be
eusable.

The selection of an effective elution buffer can vary based
n the antigen under investigation and empirical tests are fre-
uently required [12,23]. The most commonly used scheme
nvolves lowering the pH of the running buffer down to 2 or
elow. Many solid supports such as silica can degrade when
xposed to sharp changes from neutral to acidic conditions.
rotein coatings such as protein A or streptavidin offer some
rotection in this regard [22]. Acidic elution buffers may lead

o poor antigen recovery in cases where the antibody–antigen
omplex is held together predominately with hydrophobic inter-
ctions. Chaotropic agents, such as thiocyanates, are also used
s elution buffers with less damaging effects to the station-

u
w
p
i

matogr. B  866 (2008) 14–25 17

ry phase compared to low pH acidic buffers [24]. Chaotropes
isturb the structure of water molecules and reduce hydropho-
ic interactions between proteins [25,26]. Other dissociation
eagents have been utilized, including ionic strength modifi-
ations, denaturants, and polarity-reducing organic modifiers
22,23].

With any elution scheme, a short step-wise or linear gradient
f the dissociating buffer may be introduced into the running
uffer. Step gradients have the potential of providing faster
ntigen dissociation and shorter analysis times versus linear gra-
ients [10]. The type of gradient may also have an effect on
he shape of the eluted antigen peak; it has been reported that
inear gradient elution produces sharper, more resolved peaks
ersus stepwise gradients [24]. For pH and chaotropic elution
uffers, linear gradients are also reported to be gentler on the
mmobilized antibody and support material [22,24].

Different modes of immunoaffinity separations using immo-
ilized antibody columns and microchips may be performed,
ncluding:

. Competitive,

. Noncompetitive,

. Direct capture.

A competition assay may be employed, where sample antigen
nd a labeled antigen of known concentration compete for lim-
ted antibody binding sites. The amount of labeled antigen bound
o the antibody will decrease with increasing amounts of sample
ntigen. A competitive assay is commonly used for smaller uni-
alent antigens [27]. A noncompetitive sandwich immunoassay
equires two antibodies with affinity for the antigen. The first
ntibody is immobilized to capture the antigen and a second,
abeled antibody is added before or after injection of the sam-
le. The dual antibody system offers a higher selectivity, but
equires that the antigen be large enough to bind two antibod-
es through distinct epitopes. The sandwich assay format may
lso take more time to perform due to two antibody-binding
teps [27]. The most straightforward approach is a direct cap-
ure assay. In this technique, the sample is injected onto the
mmunoaffinity column and the antigen binds to the antibody in
eutral buffer. The antigen is often prelabeled (i.e. with a fluo-
escent conjugate) to improve detectability of low concentration
amples [10]. The unbound material is pumped to waste and then
he elution buffer is applied to dissociate the antigen for mea-
urement. This results in a large initial chromatographic peak
orresponding to the unbound material and excess label. The
ntigen peak will be a sharper, purified second peak. An inher-
nt advantage is there is no need to purify the labeled analyte
rior to analysis. An example of a typical direct capture for-
at immunoaffinity chromatogram is shown in Fig. 4. A 250 nL

njection of human parathyroid hormone (111 nM in phosphate
uffer containing 0.1% human serum albumin) labeled with a
aser dye was separated on a 0.175 mm × 19 mm capillary col-

mn and detected with a 650 nm diode laser LIF detector. Elution
as achieved with a step gradient from a pH 7.0, 100 mM phos-
hate application buffer to a 2.5 M NaSCN elution buffer. The
nstrumentation used has been described elsewhere [28].

http://www.kisker-biotec.com/
http://www.bangslabs.com/
http://www.polysciences.com/
http://www.xenopore.com/
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Fig. 4. Typical immunoaffinity chromatogram. The first off-scale peak corre-
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ponds to nonreactive material washing off the column during the antigen capture
tep. After application of a dissociation buffer, the antigen is eluted as the second
eak. Conditions are described in the text.

.2. Working lifetime of immunoaffinity devices

The working lifetime of immunoaffinity systems is impor-
ant where repeat analysis is desired. Reducing the amount of

aterial required to repeatedly prepare separation devices is an
dvantage considering the associated high costs of immunoassay
eagents. Column and microchip lifetimes are often reported in
erms of cycles, representing sample injection, elution, and/or
egeneration. The useful lifetime is related to degradation of
ssay performance or loss of binding activity and dependent
pon running/storage conditions of the system. The sample
atrix, flow rate, elution conditions, and operating and storage

emperature all affect the system’s life expectancy. Nonspecific
atrix components from repeat sample injections and incom-

lete elution can accumulate in the system [23] and cause
ncreased pressure [29]. The immobilized antibody may be dam-
ged or removed from the stationary support in the presence
f high flow and pressure [24]. Flow rate also affects antigen
ecovery, as slower flows allow more time for antibody–antigen
eactions. Harsh elution buffers may damage antibodies since the
argeted forces holding antibody–antigen complexes together
re the same as those responsible for maintaining the tertiary
tructure and binding ability of the antibody [22]. Yang et al.
30] reported that 150 cycles were possible for microfluidic
hips using 10 mM glycine–HCl at pH 2.0 for elution. Addi-
ionally, the temperature of the immunoaffinity device can affect
he performance and refrigerated (4 ◦C) conditions are reported
o extend active life. Immunoaffinity column lifetimes of up to
00 cycles have been reported for columns both stored [13],
nd stored/operated [1] at refrigerated temperatures; although
00–250 cycles have also been reported for columns operated
t room temperature [29].

.3. Biological samples and complex matrices
Complex sample matrices require extensive sample prepa-
ation to become compatible with microfluidic systems and
mall-scale instrument components [31]. Biological samples for
linical and research purposes are problematic for microfluidic

a
m
c
a

romatogr. B  866 (2008) 14–25

evices due to nonspecific binding of biomolecules, particu-
arly proteins. Nonspecific adsorption to surfaces of capillary
ubing and microchip materials, including stationary supports,
an lead to increased system pressures and obstruction of small
imension flow paths. Immunoaffinity separations are adversely
ffected by nonspecific binding of biomolecules, which can
ause higher background signals [32]. Blood proteins have
een reported to quench fluorescently labeled antigens upon
inding. Hatch et al. [33] have reported spiking iophenoxate
nto human whole-blood samples to preferentially bind serum
lbumin and reduce this quenching effect. Syringe filtration
f human plasma has also been reported for sample pretreat-
ent prior to immunoaffinity chromatography [29]. Filtration

emoves particulate matter that can clog pores of retaining frits
r connecting tubing. Molecular weight cutoff filters (MWCO)
ave been employed for removing proteins and macromolecules
rom biological samples that could interfere with immunoaffin-
ty separations [34]. These filters are available in centrifugal
evices capable of processing small volumes of fluid. Filter
election is based upon the molecular weight of the target anti-
en; compounds of a larger molecular weight are retained on
he filter and the desired analyte passes through to the filtrate.
iological fluids have been diluted in buffers prior to introduc-

ion into microfluidic devices to minimize matrix effects. The
otal protein content of samples has been adjusted to a constant
mount to better control fluorescent labeling reactions [34,35].
his type of normalization maintains consistent reaction condi-

ions for conjugation reactions that are dependent on the amount
f excess reagents. For example, a fluorescent dye that reacts
ith primary amines would potentially label all protein material
resent in a biological sample, requiring large concentrations of
xcess dye.

Capillary columns and connecting tubing for microfluidic
evices are often made of fused-silica and polyetheretherketone
PEEK). Salim et al. [36] have studied the effects of nonspe-
ific protein binding on glass capillaries, fused-silica tubing,
nd PEEK tubing, noting the latter two as common microfluidic
ransfer lines. Adsorption of the human blood plasma protein
brinogen was monitored by an enzyme-linked immunosorbent
ssay (ELISA) using an anti-fibrinogen antibody conjugated to
orseradish peroxidase (HRP). The ELISA reagents were intro-
uced into capillaries of each material after incubation with
brinogen and flushed into microplate wells for measurement. It
as determined that in addition to glass capillaries, PEEK tub-

ng and fused-silica capillaries exhibited significant amounts of
brinogen adsorption. The use of these materials in microfluidic

mmunoaffinity devices may contribute to nonspecific binding.
oreover, targeted antigens that are protein in nature may also

ind to transfer tubing prior to separation, resulting in a loss of
etectable analyte.

Microfluidic chips are commonly made from polymeric
aterials that are mechanically and chemically stable, as well

s inexpensive to manufacture. Materials such as polystyrene

nd poly(dimethylsiloxane) (PDMS) are popular polymers for
icrofluidics, but have an inherent disadvantage of nonspe-

ific protein binding [37,38]. The surfaces of these devices
re often modified to reduce their hydrophobic nature, which
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using the tissue for flow promotion. Examples of representa-
tive pumping mechanisms and separation devices are given in
Table 2.

Table 2
Types of pump-based flow for immunoaffinity devices

Flow control Separation device Ref.

Syringe pumps Packed fused-silica capillary [1]
Packed PEEK/fused-silica capillary [28]
PDMS/glass channel [73]

Peristaltic pumps PEEK capillary/stainless steel [50]
M.C. Peoples, H.T. Karnes / J.

s believed to be involved in the nonspecific interaction of
iomolecules. Sibrani et al. [37] have reported the use of phos-
holipid polymers to modify PDMS microchip channels for
educed nonspecific protein adsorption. Human serum albumin
onjugated with fluorescein isothiocyanate (FITC) was incu-
ated in the PDMS channels, washed, and the channel-bound
lbumin conjugate measured with fluorescence microscopy.
he polymer modification contained hydrophilic phosphoryl-
holine groups, which reduced nonspecific adsorption of the
lbumin and also facilitated sample loading versus unmod-
fied PDMS. A similar study involved coating poly(methyl

ethacrylate) (PMMA) microchannels with phospholipid poly-
ers to reduce nonspecific interactions [39]. In this study,
ITC-bovine serum albumin (BSA) was shown to be bound

o unmodified PMMA microchannels, but this binding was
ignificantly reduced when incubated with the phospholipid-
oated surface. Additionally, human serum and rabbit plasma
ere incubated on the modified PMMA substrates and scan-
ing electron microscopy images showed minimized nonspecific
dsorption. The authors note that high water content of phospho-
ipid polymers helps prevent hydrophobic interactions between
iomolecules and the substrate. A microfluidic immunoassay
or glucagon has been demonstrated using antibodies anchored
o mobile polymer chains of poly(ethylene glycol) (PEG)
crylate [40]. The polymer chain was reported to reduce non-
pecific binding of proteins to the substrate materials and also
ncrease accessibility by extending the antibody into the sam-
le solution. A detection limit of 1 × 10−13 M was reported for
lucagon in phosphate buffered saline and no blocking steps
ere required. However, the sensitivity was decreased 53%

nd 66% for assays in 20% plasma and 20% whole blood,
espectively.

Protein solutions and surfactants have been employed in
mmunoassays as blocking reagents to prevent nonspecific bind-
ng of proteins and matrix components [41,42]. Proteins such
s BSA or casein are typically added as incubation steps in
tatic assays and allowed to react with the microfluidic surface
efore being removed with wash steps [32,41]. In flow-based
ssays such as immunoaffinity chromatography, surfactants may
e added to the application and elution mobile phase buffers
o reduce nonspecific binding. Nonionic surfactants commonly
sed include Triton, Tween, and Brij, which are all effective
n reducing hydrophobic protein aggregation and adsorption to
olid support materials [41,43].

. Microfluidic immunoaffinity instrumentation

The ideal lab-on-a-chip system is a microfluidic device that
llows complete analysis, from sample introduction to detection,
ll on-chip [44]. As discussed previously, biological samples
ay require extensive pretreatment before introduction into
microfluidic system. Additionally, fluid manipulation and

etection are often performed by off-chip external equipment

31]. Miniaturized instrument components facilitate microflu-
dic analyses and may fit onto mobile laboratory carts for
otential point-of-care applications. Instrumentation used in
he construction and operation of pump-based immunoaffin-

C
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ty microfluidic devices typically involves fluid control,
ample introduction, separation columns or channels, and
etectors.

.1. Pumping systems and mixers

Immunoaffinity separations for capillary electrophoresis
nd capillary electrochromatography involve the use of elec-
rokinetic flow and have been reviewed elsewhere [6,45,46].
low-based immunoassays and immunoaffinity chromatogra-
hy in microfluidic platforms use pumps to push or pull liquids
hrough the device. Syringe pumps [47,48] and peristaltic pumps
49,50] are frequently used to generate flow and introduce
eagents. These pumps are available in micro-formats capable
f �L/min to nL/min flow rates. Simple or disposable systems
ay require only one pump to deliver antigens into a cap-

ure/detection zone with an application buffer. When antigen
lution or regeneration of the microfluidic device is desired, a
econd buffer or elution solvent is introduced. A single syringe
ump, for example, would require the syringe to be changed
id-run for antigen elution. Simple step gradients can be gener-

ted using a switching valve connected to two buffer reservoirs
nd a single pump; however, flexible linear gradients require two
umping sources and a mixing device [24]. Mixing of buffers
ccurs in tees or microfluidic chips with branching channels.
radient mixers are placed in-line between the pumps and the

eparation column or channel. Dual syringe pumps [28] and
icrodialysis pumps [1] have been successfully used to pro-

uce immunoaffinity gradients with microfluidic mixing chips.
apillary action has also been applied for immunoassay fluid
ovement in microchannels [51]. Devices employing capillary

ction forces do not require external pumping equipment or
ower to generate flow and are therefore well suited for portable
pplications. Capillary flow is manipulated by the shape of the
ow path and the hydrophobic/hydrophilic character of the sur-
ace [52]. Wolf et al. [51] have described a microfluidic system
sing capillary action force to perform a C-reactive protein sand-
ich immunoassay on polymer substrates. A capillary pump was

reated by setting a piece of clean room paper over the exit chan-
els. A flow rate of approximately 0.6 �L/min was achieved
Fused-silica capillary chip [49]

apillary action PDMS/PMMA channel [52]
PDMS/silicon channel [51]
Glass capillary [67]
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.2. Sample introduction

The analysis of limited biological samples often involves
rocessing a small volume of material and sample introduc-
ion into microfluidic devices requires instrumentation capable
f sub-microliter injections. Manual injection valves suitable
or micro- and nanoliter volumes of fluid may be fitted with
aboratory-constructed sample loops on a capillary scale. PEEK
nd fused-silica capillary tubing can be cut to desired lengths
orresponding to loop volumes based on the calculation for the
olume of a cylinder. The chief limitation with manual injectors
s limited automation and throughput; however, many clinical
nd point-of-care tests only require testing small numbers of
amples. Microsyringes may be used to transfer samples to wells
r ports of microchips and syringe pumps have been applied as
ell. Sato et al. have described a syringe pump connected to a
icrochip outlet hole with a capillary to pull samples from the

nlet into the reaction region [47]. As commercial autosamplers
or liquid chromatography become miniaturized (i.e. nano-LC),
icrofluidic immunoaffinity separations will benefit from a

igher degree of automation and increased throughput.

.3. Separation column or channel

Capillary columns or microchip channels serve as the reaction
rea for immunoaffinity microfluidic separations. Resolution of
he unbound peak and antigen peaks in immunoaffinity chro-
atography is controlled by the elution step, not necessarily the

olumn dimensions [53]. Immunoaffinity columns are therefore
menable to miniaturization as long as the separation zone is
arge enough to provide adequate antigen binding capacity. For
linical samples, a 50:1 ratio of capture antibody to potential
ntigen amount has been suggested for efficient binding [34].

Separation capillaries and channels may be open with
ntibodies attached to the inner surfaces or packed with an
mmunosorbent such as beads. The use of reduced-dimension
pen channels or packed bead beds has inherent advantages
ver conventional scale immunoassay platforms. Compared to
icrotiter wells commonly used in immunoassays, the reactive

urface area to solution volume ratio is larger and diffusion dis-
ances are reduced in capillaries and microchannels [54]. These
ffects are more pronounced when beds of packed microbeads
re used for antigen capture in microfluidics [44,55]. Increasing
he reactive binding surface and reducing the internal volume
equired for antibody–antigen recognition enables the concen-
ration of dilute antigens in small sample volumes [55,56]. In
ow-through systems, sample volumes greater than the volume
f the packed bed may be injected and eluted in a concen-
rated, smaller volume. The increased reactive surface area
nd reduced diffusion distances in immunoaffinity microfluidics
esult in a faster time of analysis versus conventional immunoas-
ay techniques [44]. For example, the analysis time of human
mmunoglobulin A on a polystyrene bead-packed microchip was

educed to 1/90 of the time needed for an immunoassay in a
icroplate [57].
Capillary columns used in microfluidic immunoaffinity sep-

rations have been constructed from fused-silica [49,58,59],

i
p
b
d
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EEK [36], and PEEK-coated fused-silica (PEEKsil) [28].
hese materials are commercially available in a variety of inter-
al and outer diameters and may be cut to desired lengths.
etaining frits are required for bead-based separations and have
een made by heat annealing silica particles to form porous
lass frits [1,59]. Alternatively, capillary-scale stainless steel
rits may be purchased and attached to micro-column end fit-
ings [28]. Capillary columns made from monolithic stationary
upports do not require the use of retaining frits [58] and offer
educed backpressures with fast mass transfer properties [60].
used-silica capillaries have been used for the direct attachment
f antibodies to the inner walls of the column [48,49]. Open
apillary tubes would have less back pressure in pump-based
ystems versus packed capillaries and could be operated at faster
ow rates.

Increasing the flow rate in immunoaffinity separations may
esult in incomplete antibody–antigen reactions; however, it
s not always possible or necessary to reach equilibrium of
ntibody–antigen binding in microfluidic systems. Wolf et al.
51] have noted that the binding step can be optimized by pick-
ng the time that produces a sufficiently measured response. In
ow-through devices, this means choosing the fastest flow rate

hat still allows enough antigen binding to provide a desired
ignal.

Microfluidic immunoaffinity separations have been per-
ormed on chips made from silicon, glass, and polymeric
aterials, such as PDMS, PMMA, and polystyrene [37,44].
DMS has been most commonly used [7,37], but as discussed
reviously requires surface treatments or blocking steps to
nhibit high nonspecific protein interactions. Microchips may
ontain antibodies immobilized to the surface of the substrate or
o beads packed in channels. Antibody Fab fragments have been
irectly attached to ports of glass chips for immunoaffinity-CE
f neuropeptides [34] and cytokines [61] in clinical samples.
eads are retained in microchips by creating weirs or physi-
al barriers to trap beads that are larger than the outlet channel
55,56]. Magnetic beads do not require alterations of chan-
el dimensions and are instead held in place by use of an
xternal magnet [44,55]. In the bead-based chips, the station-
ry support is typically back flushed from the weirs [62] or
he magnetic field is removed [14] to release the beads and
euse the device. Although this eliminates the need for regen-
ration of the immunoaffinity solid phase, the beads must be
eapplied with each sample, which may consume valuable
aterials.
Capillaries and chips that use beads for antibody–antigen

eactions must be packed to form separation zones. Positive pres-
ure is often applied via syringe pumps to pack slurries of beads
nto microfluidic devices [62], although high pressures may lead
o damage of the immobilized antibody [22]. Negative pressure
ay also be used for packing bead solutions using vacuum or

yringe pumps to pull the slurry from the end of the column or
hannel [28,47,63]. Slurries of beads may also be introduced

nto columns by a series of injections under positive or negative
ressure [64,65]. Packed beds using magnetic beads are made
y pumping or pulling the beads past a magnet located at the
esired location of the capillary or chip [14].
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.3.1. Open systems
Antibodies may be attached to internal walls of capillaries

r channels by direct adsorption or through functional group
odifications. For example, an “immunostack” of reagents was

ormed in the channels of plastic chips by first directly adsorb-
ng C-reactive protein from human serum [66]. The blocking
uffer, primary antibody, and secondary detection antibody
ere then added sequentially. This procedure was simple and

ook 25 min to complete versus several hours for an ELISA
f the same antigen. Open glass capillaries were used to per-
orm sandwich immunoassays of myocardial proteins in diluted
uman plasma [67]. The capture antibodies were immobilized
o silane or silane/glutaraldehyde-modified capillaries and the
ffects of sonication were studied. The silane surface treatment
f the internal walls was enhanced by sonication, although the
ntibody–antigen-binding step was negatively affected.

Fused-silica capillary columns (250 �m internal diameter
i.d.)) have been modified with glutaraldehyde for the immo-
ilization of anti-E. coli O157:H7 antibodies [48]. A sandwich
mmunoassay was demonstrated using a syringe pump to deliver
eagents and off-line absorbance detection of an enzymatic reac-
ion product was employed. A separate sandwich immunoassay
or E. coli O157:H7 was performed in 530 �m i.d. fused-silica
apillaries using fluorescence detection [68]. The capture anti-
ody was immobilized to the internal capillary wall through a
rotein A modification and covalently anchored with dimethyl
imelidate. The detection antibodies were conjugated to 250 nm
iposomes that encapsulated a fluorescent dye. Once the sand-
ich complex was formed, a detergent was added to lyse the
ound liposome and release the dye for detection.

.3.2. Packed systems
Microfluidic chips and capillaries are frequently packed

ith solid particles that have been modified with immobilized
ntibodies or antigens. Polystyrene beads coated with anti-C-
eactive protein have been used in a PDMS chip for a competitive
hromatographic immunoassay [63]. The beads were held in a
hamber by a frit structure and a 20-fold amplification of the
uorescence signal was achieved compared to the assay with-
ut beads. Polystyrene beads trapped in weirs of a PDMS chip
ere demonstrated for a sandwich immunoassay of tacrolimus
ith on-chip fluorescence detection [69]. The assay was per-

ormed using a single channel and took 15 min to complete
ersus 2–4 h for commercial systems. It should be noted that
icrochip time was for one sample and the commercial systems
ere capable of processing 24–48 samples. Malmstadt et al.

70] have reported a temperature-responsive stationary phase in
oly(ethylene terephthalate) (PET) channels for a competitive
mmunoassay of digoxin. Biotinylated antibodies were immobi-
ized to streptavidin anchored to the beads through a biotin-PEG
inkage. The beads were also coated with a temperature sen-
itive polymer, poly (N-isopropylacrylamide) (PNIPAAm). A
ydrophilic-to-hydrophobic phase transition of the polymer

ccurs at temperatures above the lower critical solution temper-
ture (about 28 ◦C). The temperature of the microfluidic device
as maintained at 33–37 ◦C, which caused aggregation of the
eads and adhesion to the channel walls. When the tempera-

w
f
c
v
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ure was adjusted below 28 ◦C the beads were no longer in a
ydrophobic phase and were released for fluorescence measure-
ent of the bound antigen. The advantages of the reversible

mmobilized beads were that one device platform could be
eused multiple times and different antigens could be assayed
y applying different immobilized antibody beads.

A direct capture microfluidic immunoaffinity chromatogra-
hy system was demonstrated for the analysis of substance P in
uman plasma, serum, urine, cerebral spinal fluid, tissue lymph,
nd cell lysates [1]. Biotinylated antibodies were attached to
lass beads and packed into 12 mm long fused-silica capillaries
ith a 50 �m internal diameter. A dual syringe microdialysis
ump was used to deliver buffers and only 50 nL injection vol-
mes were required. HPLC microcolumns were reported for
ast separations of fluorescein and BSA using a packed bed
f immunoaffinity beads sandwiched between layers of diol-
onded silica [64]. Although the size of the columns was 2.1 mm
.d. × 1.0 cm, the length of active stationary support used in
he study varied from 60 �m to 1.1 mm. A competitive chro-

atographic immunoassay of BSA required only 5–25 s for
ignal measurement. In a similar study by the same research
roup, affinity microcolumns were demonstrated using mono-
ithic disks as the stationary support [71]. Anti-FITC antibodies
mmobilized on a 4.5 mm i.d. × 0.95 mm monolithic support
ere used to measure fluorescein in phosphate buffer. A 95%

xtraction of fluorescein was achieved when the residence time
n the column was 100 ms using a flow rate of 3 mL/min.
he authors note that nonspecific binding could be reduced

n small-scale columns that employ relatively high flow rates.
he monolithic columns also exhibited lower backpressures and
reater stability to higher flow rates versus the silica bead-packed
andwich microcolumns.

Monolithic supports in 250 �m i.d. × 10 cm fused-silica
apillaries were reported for immunoaffinity separation of
uorescein with laser-induced fluorescence detection [58].
he antigen was concentrated prior to detection by apply-

ng 150 column bed volumes of an aqueous solution and
luted with 20% methanol in a neutral buffer. Affinity micro-
olumns in PDMS channels have been demonstrated for
imultaneous on-column measurement of multiple analytes [65].
ffinity receptors included immobilized fluorescein-labeled

nti-carninoembryonic antigen, FLAG peptide, and biotin. The
uorescence resonance energy transfer of the receptor beads to
ound analytes was measured. Glass receptor beads were packed
nto 600 �m segments separated by uncoated beads to form
pproximately 5.4 mm columns. The columns were mounted
ertically and scanned up and down with a laser so that each
nalyte segment provided a distinct signal.

.3.3. Magnetic systems
Magnetic particles may be modified with immunoaffinity lig-

nds and used as solid supports that are manipulated by placing a
agnet near channels or capillaries. Paramagnetic beads coated

ith streptavidin were used to demonstrate a flow immunoassay

or inerleukin-5 and parathyroid hormone [14]. The beads were
onjugated with biotinylated primary antibodies and pulled by
acuum into 50 �m i.d. fused-silica capillaries. A rare earth mag-
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et placed near the capillary allowed the beads to form a partially
acked bed. The packed bed did not cross the entire capillary,
hich resulted in lower pressure and potentially higher flow

ates versus a densely packed bed. Magnetic beads have also
een employed for mixing in microfluidic devices. Herrmann
t al. [72] have reported the use of streptavidin magnetic beads
n a stop-flow ELISA for anti-streptavidin antibodies on PDMS
hips. The beads served not only as a reactive stationary sup-
ort, but also as an internal mixing element. A rare earth magnet
as used to trap the beads in the reaction chamber to form a

oose bed. During the stop-flow incubation period, the magnet
as moved back and forth along the channel to mix reagents and

mprove the reaction.
Hahn et al. [73] have demonstrated a novel magnetophoretic

mmunoassay for human IgE in a PDMS-based microflu-
dic chip. The antigen, dust mite allergen, was conjugated to
.6 �m microbeads and used to capture allergen-specific human
gE. A sandwich complex was formed by adding 9 nm super-
aramagnetic particles conjugated with anti-human IgG. The
uperparamagnetic particle-microbead sandwich was pumped
hrough a microchannel parallel to a nickel microstructure
nder external magnetic field. The deflection velocity of the
icrobeads to the nickel was measured with a charge cou-

led device (CCD) camera on an inverted microscope. The
icrobead velocity (�m/s) was proportional to the amount of

uperparamagnetic particles and thus the IgE. For two dust mites,
ermatophagoides farinae and D. pteronyssinus, the detection

imits of IgE in human serum were 565 and 268 fM, respectively.

.3.4. Devices for multiple assays
Some biomedical applications require the measurement of

any analytes from a single small volume of sample. The anal-
sis of multiple analytes or multiple samples simultaneously
y microfluidic immunoaffinity devices requires more complex
ystem designs. These typically involve the use of multiple reac-
ion channels or capillary columns. For example, 30 fused-silica
olumns were connected in series to analyze multiple analytes
rom a single 10 �L human serum sample [59]. Each capillary
as packed with antibody-coated glass beads corresponding to
specific antigen for a direct capture assay. The antigens were
uorescently labeled and detected on-column by laser-induced
uorescence (LIF). In another study, four samples were simul-

aneously assayed for interferon using glass chips containing
ranching channels packed with antibody-coated polystyrene
eads [47]. A similar eight-channel system has been developed
n PDMS chips for parallel ELISA using a magnetic bead sep-
ration [72]. The branching channels and columns connected
n series have the advantage of using a single pumping sys-
em to deliver reagents and samples. A unique system for the
nalysis of biological warfare agents has been developed by
ombing antibody-coated capillary columns with chips [49].
used-silica capillary columns were glued into grooves of a
olymer chip to create ten separate channels. Ten simultaneous

andwich immunoassays for one antigen each and multiplexed
andwich immunoassays for three antigens were demonstrated
n aqueous solutions. Microperistaltic pumps and a multianode-
hotomultiplier array were used for fluid control and detection

p
f
s
t
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n each of the channels. Immunosensors have also been reported
or monitoring multiple antigens using three [74] or four [75]
istinct antibody bands in a single plastic capillary.

.4. Detection

Detectors for microfluidic systems must be capable of provid-
ng sensitive measurements in low volumes and small physical
imensions are a significant advantage. Common detection
ethods for microfluidic immunoaffinity separations include
uorescence and LIF, electrochemical detection, and chemilu-
inescence [7]. Labeling of the antigen or a secondary antibody

s often performed to enhance the detectable signal [7,10].
nzyme labels have been used in microfluidic immunoaffin-

ty systems with absorbance [48], fluorescence [69,72], and
hemiluminescence [66,67] detection. Table 3 lists some rep-
esentative detection methods for microfluidic immunoaffinity
eparations.

Immunoaffinity devices involve directly measuring the
ntibody-bound antigen on the solid support or in a moving liq-
id after elution occurs. On-chip measurements typically require
ocusing detectors onto a small, transparent detection zone.
used-silica capillaries can be made into flow cells by burning
ff the polyimide coating and connecting to the outlet of chips
r capillary columns [28,58]. Square capillaries are available
n 50, 75, and 100 �m internal diameters (Polymicro Technolo-
ies, Phoenix, AZ) and may be used to construct low-volume
ow cells. On-column detection zones for fused-silica capillar-

es have been created by removing the outer coating [14,59].
hen the detection zone is made of packed beads, background

catter may be problematic in optical measurements. Alterna-
ively, offline sample fractions have been collected post-system
nd measured using absorbance [48] or fluorescence [70] spec-
rophotometers.

Fluorescence and LIF are the most commonly used meth-
ds of detection and can be measured by simple instrumentation
ncluding an excitation source, microscope, and photomultiplier
ube (PMT) or CCD [7,76,77]. Laser-induced fluorescence is a
ighly sensitive technique, well suited for analyzing analytes in
mall volumes of fluid in capillary or chip formats [78]. Diode
asers are compact, stable, and inexpensive [79], and are more
ompatible with portable microfluidic devices than larger lasers,
uch as gas lasers [76]. The analysis of biological matrices by
isible diode LIF is advantageous because of the minimal bio-
ogical sample background exhibited in the far-red (>620 nm)
pectrum [80]. Since most sample antigens do not fluoresce in
he far-red region of the spectrum, derivatization of functional
roups with fluorochrome labels is often required [81]. Amine-
eactive dyes excitable by lasers may be used to readily label
rotein antigens, antibodies, or peptides for immunoaffinity sep-
rations.

Chemiluminescence detection is increasingly being applied
o microfluidic immunoassays and offers the potential for

ortable field use or point-of-care devices. Light is generated
rom the chemiluminescent reaction itself and therefore no light
ources are required as in fluorescent techniques. In addition
o the low background signal, power requirements and external



M.C. Peoples, H.T. Karnes / J. Chromatogr. B  866 (2008) 14–25 23

Table 3
Detection methods used in microfluidic immunoaffinity separations

Detection Antigen Matrix Sensitivitya Ref.

Absorbance E. coli O157:H7 Buffer 5.0 × 102 cfu/mL (LLOQ) [48]

Fluorescence C-reactive protein Human plasma 30 ng/mL [51]
C-reactive protein Buffer 1.4 nM [63]
Anti-streptavidin Antibodies Buffer 0.1 pg/mL (LLOQ) [72]

Laser-induced fluorescence Substance P Unclear <500 fg/mL [1]
Fluorescein Aqueous 0.1 nM [58]
Cholera toxin Unclear ∼210 pM [38]
Naproxen Human plasma or buffer 5 ng/mL [35]

Chemiluminescence Myoglobin Human plasma diluted 1:8 in buffer
containing 12.5% plasma

1.2 ng/mL [67]
Creatine kinase mb 0.6 ng/mL
Troponin I 5.6 ng/mL
Fatty acid-binding protein 4 ng/mL
Staphylococcal enferotoxins Aqueous 0.1 ng/mL [49]
C-reactive protein Human serum 100 ng/mL [66]

Surface plasmon resonance Interleukin-8 Buffer 2.5 pM [30]
B-type natriuretic peptide Human saliva 184 pM
Phenytoin Buffer 5 pg/mL (LLOQ) [83]

Buffer 75 nM (LLOQ) [84]

Thermal lens microscope Carcinoembryonic antigen Human serum ∼0.03 ng/mL [62]
Interferon-� Buffer ∼0.01 ng/mL [47]

Electrochemical Human �-fetoprotein Buffer 0.1 ng [87]
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LOQ refers to the lowest reported level of calibration.
a Sensitivity reported as limit of detection (LOD), unless noted otherwise.

quipment are reduced, making miniaturization more feasible
82]. Bhattacharyya and Klapperich [66] have reported chemi-
uminescence detection for C-reactive protein in human serum
sing cyclic polyolefin chips. Secondary antibodies labeled with
orseradish peroxidase were exposed to luminol as a substrate
n the presence of hydrogen peroxide and the chemiluminscence
ight was measured on either photographic film or using a com-

ercial imaging device. The assay provided detection limits
f 100 ng/mL in serum using the imaging device. Although no
uantitative data was given, the use of photographic film shows
otential for point-of-care applications by reducing the amount
f external equipment required for analysis. The instrumenta-
ion needed to measure chemiluminescent signals has also been

iniaturized. A photodiode chip was used to measure several
ardiac proteins in diluted human plasma based on the reac-
ion of HRP-conjugated secondary antibodies with luminol [67].

multi-channel immunodetector was reported for a sandwich
ssay of biological agents using a portable chip system contain-
ng a multianode-photomultiplier array to measure the response
f HRP-labeled secondary antibodies [49].

Electrochemical detection has also been applied in microflu-
dics, with amperometric methods reported as the most common
7,77]. The instrumentation used is simple to miniaturize and
nexpensive; however, the electrodes may be difficult to control
n reduced dimensions and the system may require shielding
7,77,83]. Cyclic voltammetry has been applied to affinity sep-

rations using gold electrodes on a polymer substrate [52]. The
ensing surface was comprised of gold electrodes modified with
mmobilized biotin or ferritin as models. HRP-conjugated strep-
avidin or HRP-conjugated anti-IgG were introduced into the

t
t
T
t

evice to form complexes with biotin or anti-ferritin/ferritin,
espectively. Adding 4-chloro-1-naphthol to the HRP conju-
ates resulted in an enzyme-catalyzed precipitation reaction
nd the insoluble products were measured. Lim and Matsunaga
50] have reported the use of ferrocene-conjugated IgG for

flow immunoassay of human chorionic gonadotropin with
lectrochemical detection. Antibody–antigen complexes were
eparated from unreacted ferrocene-labeled antibodies by an
nline cation exchange column. Current from the ferrocene label
as measured by pumping the samples into a three-electrode
ow cell. The authors note that in addition to the simplicity of

he assay, the time of analysis is reduced versus other electro-
hemical immunoassays because no enzyme-catalyzed reactions
ere necessary.
Surface plasmon resonance (SPR) detectors for immunoaffin-

ty separations offer an alternative technology that is well-suited
or detection on microfluidic platforms. SPR measurements are
ased upon changes in optical properties on the surface of chips
oated with immobilized ligands, such as antibodies. The bind-
ng of associated antigens and formation of an immunocomplex
auses changes in the refractive index and shifts the SPR angle
30]. SPR is a fast, simple technique and does not require the
se of labeled reagents [83,84]. A commercial SPR system was
sed to perform a sandwich immunoassay of interleukin-8 (IL-8)
n human saliva in microfluidic channels [30]. A capture anti-
ody immobilized on the surface of the sensor chip was exposed

o the antigen and secondary antibody, sequentially. A detec-
ion limit of 184 pM was reported for IL-8 in centrifuged saliva.
o reduce nonspecific interactions on the carboxymethyl dex-

ran surface of the sensor, carboxymethyl dextran sodium salt
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as added to samples prior to analysis. Nonspecific adsorption
f biomolecules to the sensor surface in SPR is problematic
ince the technique responds to refractive index changes pro-
uced by specific or nonspecific binding [83]. Kurita et al.
83] have reported that heating of human serum was necessary
o reduce nonspecific interference with an SPR immunoassay
or B-type natriuretic peptide (BNP). Antibodies labeled with
cetylcholine esterase were exposed to acetylthiocholine, which
roduced thiocholine. The thiocholine was then pumped to a
old film sensor for measurement. Plasma diluted 1:10 contained
seudocholinesterase and caused large amounts of thiocholine
roduction. Heat treatment of the plasma inactivated the esterase
nd allowed recovery of BNP from 10 pg/mL to 100 ng/mL in
iluted plasma.

Other detection methods have been used for microfluidic
mmunoaffinity separations. Thermal lens microscopy (TLM),
hich is a technique based on detection of heat generated
y the absorption of light [85], has been reported for chip-
ased immunoassays. Colloidal gold has been used as a label
or TLM to detect human IgA [57], carcinoembryonic anti-
en [62], and interferon [47] in polystyrene bead-packed
hannels. The use of mass spectrometry (MS) has been
eported for micro-immunoaffinity chromatography of various
mino acids [86]. Stereo-selective antibodies were immobi-
ized to silica beads packed in PEEK columns and used
or isocratic chiral separations. Direct analysis of antigens
n immunoaffinity chromatography commonly involves non-
olatile buffers, such as phosphate, which are not compatible
ith MS analysis. An ammonium bicarbonate buffer was
sed that had the advantages of neutral buffering capac-
ty for antibody–antigen reactions and volatility for MS
etection.

. Conclusions

Microfluidic devices are capable of performing a wide range
f analytical functions with low reagent and sample require-
ents. Miniaturization of analytical instrumentation towards

ortable platforms is beneficial for point-of-care testing or other
eld applications. The combination of immunoaffinity sepa-
ation techniques with microfluidic systems offers selective
easurement of target analytes based on antibody–antigen inter-

ctions. Specific compounds of interest may be isolated from
imited sample sources and immunoaffinity concentration facil-
tates measurement of trace levels.

Research in clinical and biomedical fields commonly requires
nalysis of complex biological matrices. Directly introducing
iological material in to a microfluidic system may result in
nwanted nonspecific binding of proteins or other compounds.
uch of the published work reviewed here has been conducted

n aqueous systems and may not be easily transferable to real
iologic samples. Sample pretreatment, buffer additives, and
odifications of device surfaces are frequently required to make
iological samples compatible with small-scale instrumenta-
ion. Some published works have demonstrated application to
eal samples by analyte quantification in diluted real matrix.
he corresponding effect on the lower limit of quantification in
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[
[
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ndiluted samples should be understood by those who attempt
o reproduce this work.

Microfluidic chips and capillary systems using immunoaffin-
ty separations range from simple to elegant in design. Many of
hese systems are based on pressure-driven fluid control and are
ssembled from several external miniaturized and conventional
cale components, including components for sample introduc-
ion and detection. Compared to immunoassays performed in

icroplates, microfluidic immunoaffinity devices provide the
otential for faster analysis times and reduced sample size.
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