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Miniaturization of ligand binding assays may reduce
costs by decreasing reagent consumption, but it is less
apparent that miniaturized assays can simultaneously
exceed the sensitivity of macroscopic techniques by
analyte “harvesting” to exploit the total analyte mass
available in a sample. Capture reagents (avidin or anti-
bodies) immobilized in 200-mm diameter zones are
shown to substantially deplete analyte from a liquid
sample during a 1–3-h incubation, and the assays that
result sense the total analyte mass in a sample rather
than its concentration. Detection of as few as 105 mole-
cules of analyte per zone is possible by fluorescence
imaging in situ on the solid phase using a near-infrared
dye label. Single and multianalyte mass-sensing sand-
wich array assays of the IgG subclasses show the sensi-
tivity and specificity of ELISA methods but use less
than 1/100 the capture antibody required by the 96-well
plate format.

Reduction of size appears to offer many anticipated
advantages such as reduced costs, faster chemistry, and
equivalent or perhaps improved sensitivity. Our area of
interest is ligand binding assays in which the analyte is
quantified, directly or indirectly, on the basis of its specific
affinity for a chemically modified solid material. This
broad class includes hybridization assays for specific
DNA sequences, immunoassays using immobilized anti-
gen or antibody, and the receptor assays used in high
throughput screening of pharmaceuticals. In addition to
the benefits noted above, we will demonstrate a multiana-
lyte capability with all analytes exposed to the solid phase
simultaneously and measured simultaneously.

Our efforts in “scaling down” assay technologies began
in 1993 and arose out of a desire to maximize the useful
analytical signal from any given assay system. Specifi-

cally, our experiments indicated that direct laser-induced
fluorescence detection afforded greater dynamic range
and simplicity than many assay detection methods in-
volving enzyme amplification. Background fluorescence
from biologicals, which often limits the sensitivity of
direct fluorescence in the visible region, was largely
circumvented in our laboratory by the use of fluorophores
absorbing and emitting in the short wave near-infrared
region (NIR), where biologicals are more optically inert
(1). Sensitivity using laser-induced fluorescence in the
NIR was then limited principally by Raman scattering
from the solvent (generally water) and by the optical
considerations of achieving efficient excitation of a solu-
tion volume or solid phase having dimensions on the
order of 0.5–1 cm.

A solution to these problems was envisioned in the
placement of the entire solid phase “sorbent” for an assay
in a microscopic volume, which could be efficiently
probed by simple laser optics. Removing the solid phase
from the liquid environment and making our measure-
ments in the absence of liquid would then eliminate
solvent backgrounds. We anticipated, as have Ekins et al.
(2–4), that the background fluorescence or scattering
related to the solid phase itself would fall off as the
viewed sorbent area was reduced. However, our use of
the NIR largely reduces this background to the inevitable
Raman scattering, and our overriding concern was the
maximization of signal. To achieve this maximization, we
have developed methods for preparing microscopic sor-
bent zones in an effort to maximally perturb the sample
concentration by harvesting the entire analyte mass, to the
extent possible, onto the microscopic measurement re-
gion. In our assay regime, therefore, the microscopic
sorbent region acts as a sample concentration device.
Unlike the “ambient analyte” regime of Ekins et al. (2, 3)
that measures analyte concentration, our method detects
instead the analyte mass present in the applied liquid
volume. In theory, this mass assay regime would yield an
equivalent response to a 100-mL sample containing 10213

mol/L analyte or a 10-mL aliquot containing the same
analyte at 10212 mol/L. This presupposes equilibration of
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the capture reagent with the liquid bulk, which will be
addressed in Materials and Methods.

mass assay theory
Consider a thyroid-stimulating hormone assay performed
using the proposed “mass assay” method. Our typical
binding capacity in a single 200-mm sorbent zone is on the
order of 1010 analyte molecules (see Materials and Meth-
ods). If this zone were in contact with a 100-mL sample
volume, the effective “concentration” of sorbent would be
1.7 3 10210 mol/L. Note that this is 1–2 decades higher
than the 0.01 K21 dictated by “ambient analyte” theory,
because most optimized antibodies have K near 109 or
1010.

K 5

xVN

~ Abo 2 x) z (Ago 2 x)
(1)

Eq. 1 describes x, the number of molecules of antigen-
antibody complex present in a system of volume V at
equilibrium, assuming an affinity constant K, with Abo

and Ago moles of antibody and antigen, respectively,
present initially. The quantity N is Avogadro’s number.
Under ambient analyte conditions, the complex would
have little effect on the concentration in solution, and the
variable x can be dropped in the terms of the denomina-
tor. Assuming K 5 1010 liter mole21, a volume of 100 mL,
and 60 000 molecules of thyroid-stimulating hormone
available for assay (10215 mole liter21), 600 molecules
would be bound and provide signal. In the mass assay
method, Eq. 1 must be solved in the more general qua-
dratic form, which takes into account the effect of x on the
denominator. This calculation predicts that at equilib-
rium, roughly 38 000 molecules of analyte are bound,
.60% of the total analyte mass available. The absolute
fluorescence signal expected from the mass assay is 60
times that calculated from the guidelines proposed for
ambient analyte conditions. The theoretical advantage in
percent recovery is maintained at higher analyte concen-
trations, as indicated by comparison of the solid (mass
assay) and dashed (ambient analyte) lines computed in
Fig. 1.

Of course, these models and discussion are predicated
on the assumption that chemical equilibrium can be
reached in microscopic-scale ligand binding assays under
reasonable conditions. The formulation of thermody-
namic chemical activities in Eq. 1 using the total liquid
volume clearly ignores the kinetic diffusive barrier be-
tween the bulk solution and a microscopic sorbent region,
which must operate in any real system (5). Certainly the
mass assay method calls for the minimization of the assay
volume (by the avoidance of sample dilution) to facilitate
maximum harvest of analyte. The experiments described
in this report focus on determining the practical feasibility
of the mass assay methods using a simplified ligand
binding system (avidin and biotin) and the extension of
the mass sensing microarray format to single analyte

immunoassay of human IgG. Finally, a multianalyte array
assay of the four human IgG subclasses is demonstrated.

Materials and Methods

The highly specific binding of biotin by the protein avidin
was selected as an optimal ligand binding assay model
with binding affinity about 1015 liter mole21. For this
work, a deglycosylated commercial avidin preparation
(NeutrAvidin, Pierce Chemical Co.) was used, although
no statistically significant differences in binding capacity,
background, or sensitivity were observed when ordinary
streptavidin or avidin were substituted.

The fluorescent NIR dye chosen for this work, DBCY5,
is the dicarbocyanine analog of indocyanine green, syn-
thesized in-house. The dye was biotinylated by reaction of
its N-hydroxysuccinimidyl ester derivative, in excess,
with biotin hydrazide. The resulting biotin derivative has
an absorbance maximum near 670 nm, with fluorescence
emission occurring at 710 nm. The molar absorptivity in
aqueous solutions is 200 000, and the quantum efficiency
is ;20%. These spectral properties are essentially un-
changed from the unconjugated dye. Assessment of the
degree of biotinylation was performed by two methods.
The first involved incubating a single aliquot of the
product successively in several wells of a commercially
prepared avidin-coated microtiter plate (Pierce Chemical
Co.) and noting the residual fluorescence of the solution
after removal of all biotinylated material. In this manner,
it was determined that 70% of the NIR dye molecules in
the product were biotinylated. A second procedure in-
volved the conventional assay of biotin (6) using 4-hy-
droxyazobenzene-2-carboxylic acid (Pierce Chemical Co.)
to confirm the absence of unlabeled biotin residues that
would reduce sensitivity by blocking avidin sites.

Microscopic reagent zones were prepared by loading
the desired reagent solution into a previously disassem-
bled and ultrasonically cleaned printhead unit of a desk-

Fig. 1. Computed hypothetical thyroid-stimulating hormone assay

equilibria for “mass assay” (—–) and “ambient analyte assay” (- - - -)

regimes.

An antibody affinity of 10210 liter mole21 and a volume of 100 mL are assumed.

Mass assay assumes 1010 binding sites per 100 mL.
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top jet printer (Hewlett Packard ThinkJet). A 3“ 3 3” sheet
of precleaned polystyrene film (Whatman Inc.) having a
250-mm (1 mil) thickness was taped to tractor paper and
loaded into the printer. Film was precleaned by rinsing in
absolute methanol and drying, using an inert gas duster
of the type commonly sold for photographic use (Ken-
sington Microware, Ltd.). The volume dispensed on each
activation of a printer jet was determined by printing a
predetermined number of droplets of DBCY5 dye solu-
tion of known concentration onto film, then rinsing the
dye from the film with a known volume of methanol. The
fluorescence of the wash solution was then compared
with calibrator solutions of DBCY5 in methanol. By using
this method, the mean droplet volume was determined to
be 80 pL.

The experimental apparatus used to measure fluores-
cence from the printed zones is shown in Fig. 2. Briefly,
imaging detection of fluorescence from the microscopic
zones was done using a Peltier cooled charge coupled
device camera (Princeton Instruments, Inc.) coupled to a
36.5 microscope objective (Melles Griot) and appropriate
excitation and emission filters (Omega Optical filter set
XF-48) to detect isotropic emissions from the film. Eva-
nescent wave excitation of fluorescence from the printed
zones was realized by launching filtered emissions at 670
nm from a GaAlAs diode laser (Lasiris, Inc.) into the film
using a prism coupler of our own design. Quantitative
analysis of the resulting 16-bit image data was performed
using an automated macro driving the intrinsic functions
available in a commercial software package (ImagePro
3.0, Media Cybernetics, Inc.).

An assessment of the sensitivity and reproducibility of
the printing and measurement processes was made by
printing calibrator solutions of native DBCY5 dye, then
constructing dose–response curves from the reduced im-
age data. As shown by Fig. 3, the imaging system has a
mass detection limit of ;105 DBCY5 molecules per
printed zone. Volumetric precision of the inkjet printer is

such that 1 SD about the mean of spot intensities in a
nine-spot array is ;6%. The limit of detection is imposed
by a background that is a combination of residual, spuri-
ous, long wavelength emissions from the diode laser and
Raman scattering from the polystyrene film.

Arrays of immobilized avidin spots were prepared by
printing a solution of 1 g/L NeutrAvidin in buffered
solution. This concentration is higher than what is typi-
cally used for the coating of microtiter plate wells but is
understandable on the basis of the very different volume-
to-surface area characteristics presented by the micro-
scopic experimental scale. The printed spots dry within
30 s of deposition, leaving a visible solid residue that
permits visible examination of the array and gross verifi-
cation of printer function. For noncovalent immobiliza-
tion, a 50 mmol/L carbonate buffer at pH 8.2 was used for
printing. For covalent immobilization, the buffer was 50
mmol/L phosphate-buffered saline at pH 7.4. Covalent
immobilization was achieved by derivatization of Neutr-
Avidin with a commercial photolabile linker moiety. After
printing of this NeutrAvidin-linker conjugate, covalent
immobilization was obtained by exposing the dry printed
arrays to light from a UV source (Dymax 2000EC) for 3
min. Subsequent experience with dry avidin arrays has
indicated that these materials are stable under refriger-
ated vacuum desiccation for at least 6 months.

Immediately before use, printed arrays were washed to
remove any loosely bound avidin. This washing was
accomplished with PBS/T, a 2 mL/L solution of Tween 20
in phosphate-buffered saline, pH 7.4. Assay of biotin-
DBCY5 was then performed by incubating printed arrays
with various volumes and concentrations of DBCY5-
biotin conjugate diluted in PBS/T. Incubation times were
varied from 30 min to 24 h, using a microtiter plate shaker
(Lab Line, Inc.) or rotating wheel (Glas-Col), depending
on the sample volume under study. After the incubation,
the PBS/T wash was repeated to remove free DBCY5

Fig. 2. Schematic diagram of experimental apparatus for the evanes-

cent wave excitation and fluorescence imaging detection of microar-

rays printed on flexible polystyrene film.

Fig. 3. Imaging detection of DBCY5 dye printed using solutions of

known concentration allows determination of precision and detection

limits.

Inset shows a typical charge coupled device image of a microarray.
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and/or loosely bound DBCY5-biotin. A final rinse in
deionized water was performed to remove buffer salts
from the film before drying. The arrays were then dried
using an inert gas duster (Kensington Microware, Ltd.)
and imaged within 1 h.

Immunoassay of the human IgG subclasses was per-
formed using biotinylated monoclonal antibodies (clones
HP-6091, HP-6014, HP-6050, HP6025, and HP-6047, Sigma
Chemical Co.) by a protocol derived from that of Hamil-
ton et al. (7). Antibody arrays were generated either by
incubation of avidin printed arrays with an excess of
biotinylated capture antibody or by direct jet printing of
antibody to form multianalyte arrays. The arrays were
then washed and blocked with a 5 g/L solution of bovine
serum albumin in PBS and incubated for 30 min to 24 h
with 50 mL of solution containing human myeloma pro-
teins (Sigma Chemical Co.) diluted in 1 g/L bovine serum
albumin. Arrays were then washed and incubated for 1 h
with polyclonal mouse anti-human IgG (Jackson Immu-
noresearch) labeled with ;2.8 DBCY5 molecules per
antibody. Finally, the arrays were washed, dried, and
imaged as done in the avidin/biotin system.

Results and Discussion

Fig. 4A shows typical dose–response curve results ob-
tained by titration of nine-spot avidin arrays with four
different fixed volumes of DBCY5-biotin solution pre-
pared by serial dilution. The mean charge coupled device
pixel intensity computed from the imaged fluorescent
spots tracks dye-biotin concentration in the quantitative
manner expected from conventional binding assays. The
data in Fig. 4A reflect 1 h incubation time; although signal
was observed to increase with incubation times from 30
min to 3 h, signals after 15 h of incubation were found to
be only slightly higher than after 3 h. Sensitivity did not
improve past 1 h of incubation time. A standard incuba-
tion time of 1 h was adopted in the avidin-biotin work.

In the mass sensing microassay format, maximization
of signal is achieved by maximizing the functional analyte
binding capacity per unit area. Dose–response curves
from noncovalently immobilized avidin arrays exhibit a
relatively low density of binding sites relative to covalent
attachment (Fig. 4A). Noncovalent immobilization was
also found to be susceptible to desorption and loss of
capture reagent during wash steps with surfactant (2
mL/L Tween 20) present. These results have led to the
abandonment of noncovalent attachment in favor of co-
valent immobilization methods. By using covalent immo-
bilization, signal losses in wash steps have been found to
be unimportant, and we believe that retention of bound
analyte on the printed arrays is facilitated by the high
local concentration of binding sites experienced by bound
species (8, 9).

Atomic force microscopy (AFM) of an immobilized
avidin spot after washing indicates that the covalent
printed array spots have an irregular topology extending
up to 200 nm vertically from the surface of the film.

Integration of the AFM topology data indicates that the
dry residue composing one “spot” has a volume on the
order of 6 3 10211 cm3, placing an upper limit on the mass
of avidin of roughly 190 pg/spot, assuming each avidin
molecule occupies 6 nm3 in the dry matrix (10). Because
;100 pg of avidin was deposited per spot in the AFM
study (100 pL of 1 g/L solution), the AFM experiments
indicate that most of the avidin mass actually printed is
covalently incorporated into the spot “structure”. The
printed avidin spots in the AFM study were titrated with
DBCY5-biotin solutions of known concentration and
found to have a binding capacity on the order of 109

dye-biotin molecules per spot, equivalent to roughly 100
pg of avidin per spot, assuming one binding site per
avidin molecule. This result, together with the AFM data,
implies that between one and two active sites are present
per avidin molecule after printing and immobilization.
(Note that the signal levels in Fig. 3 result from higher
laser power and cannot be used to quantify binding
capacity by comparison with Fig. 4.)

If the printed volume is increased from 100 pL to 1 nL,
the spot diameter roughly doubles to 200 mm. Titration of
these larger spots with DBCY5-biotin then indicates a
functional binding capacity on the order of 1010 dye-biotin
molecules bound per printed spot, or roughly 3500

Fig. 4. DBCY5-biotin dose response.

(A) Dose–response data for DBCY5-biotin incubated with printed avidin microar-

rays. Data show dependence on the volume of the sample, which was varied

from 5 mL (l) to 500 mL (f) to 150 mL (F). Noncovalent adsorption of avidin to

polystyrene film yields low signals (‚). (B) When the data from A for 5 mL (l),

500 mL (f), and 150 mL (F) sample volumes are plotted vs DBCY5-biotin mass

present, the dependence of signal on analyte mass, rather than concentration,

is apparent. This result indicates that analyte “harvesting” is taking place.
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ng/cm2, assuming one binding site active per avidin
molecule. This binding site density is roughly 20 times
higher than the 130–150 ng/cm2 typically specified for
commercial avidin-coated polystyrene microtiter plates,
probably because of the complex topology of the printed
spots.

The titration curves obtained from these 200-mm spots
show dependence on the volume of the dye-biotin solu-
tion present during the 1 h incubation (Fig. 4A). As the
volume of dye solution in contact with the arrays is
increased from 150 mL to 500 mL to 5 mL, the titration
curve appears to shift to the left along the dye-biotin
concentration axis, toward lower concentrations. This
effect results from the larger number of dye-biotin mole-
cules available to the printed spots, at any one concentra-
tion, as the volume of the “sample” is increased. If the
same data are plotted as a function of the total analyte
mass present, rather than concentration, the data for all
three volumes are found to agree to within the SD about
the mean pixel image intensity of the nine spots in each
array (Fig. 4B). The printed avidin arrays respond to
analyte mass, not to concentration, because they have
sufficient affinity and binding capacity to markedly de-
plete the solution of dye-biotin, without regard to the
sample volume, under the experimental conditions. The
functional detection limit for DBCY5-biotin can be arbi-
trarily defined as the dye-biotin concentration that yields
a mean spot fluorescence intensity in a nine-spot array at
least 3 SDs above the mean of a “blank” array incubated
for 3 h with standard PBS/T solution. In the standard 1-h
incubation, this functional detection limit is encountered
when the initial dye-biotin solution provides a mass on
the order of 106 molecules of dye-biotin per spot (Fig. 5).
As in the dye printing experiment (Fig. 3), the sensitivity
limitation is imposed by the spectroscopic background
characteristic of the instrumentation used.

If the number of avidin spots is varied in a mass-

sensing array, the law of mass action would imply that the
density of analyte bound per spot should vary inversely
with the number of spots present. When fewer spots are
printed per array, the total analyte mass present during
incubation is collected onto fewer spots, leading to in-
creased signal from any one spot. Fig. 6 shows experimen-
tal results from 3-h incubations in which 100-mL aliquots
of 10211 mol/L DBCY5-biotin solution were in contact
with arrays having 1, 9, 25, 49, or 70 spots. Also shown on
the plot is the signal predicted by quadratic solution of the
mass action law, assuming an affinity constant for avidin
of 1015 mol/L21, a binding capacity of 1010 biotin-dye
molecules per spot, and a mean fluorescence image inten-
sity of 104 at binding site saturation (compare Fig. 4B). The
experiment confirms the mass-sensitive nature of the
avidin arrays and also indicates that the 3-h incubation
gives results comparable with those expected based on
thermodynamic considerations alone. Microscopic diffu-
sive transport of biotin-DBCY5 from bulk solution to the
printed spots is apparently rapid enough for practical
microarray assays to operate in a mass-sensing regime
while using conventional incubation times on the order of
1-3 h.

assay of human IgG3
The avidin-biotin system described was extended to the
assay of human IgG3 by incubation of standard printed
avidin arrays with an excess of biotinylated HP-6050
monoclonal antibody specific for the IgG3 subclass, using
the assay protocol described in Materials and Methods. Fig.
7 shows dose–response curves resulting from assay of
50-mL aliquots of human myeloma proteins (kappa chain).
Subclass-specific response to IgG3 was observed, based
on negative control experiments using solutions of human
myeloma proteins of different subclasses (an IgG4-nega-
tive control is shown in Fig. 7). Fig. 7 indicates that a 24-h
sample incubation yields insignificant signal gains over a
2-h incubation. Use of a 1-h incubation (not shown) gives

Fig. 5. Dose–response characteristics of the IgG3 assay (l, 2-h

incubation) and avidin-biotin system (f, 1-h incubation), plotted

against mass units.

The nonspecific binding amount (zzzz) limits the immunoassay sensitivity, but

maximum signals are comparable in the two systems.

Fig. 6. Reducing the number of spots per array while holding the

dye-biotin concentration constant at 10211 mol/L (l) gives increasing

signal and further evidence of harvesting.

Comparison with an equilibrium model (m) indicates that marked “harvesting” is

not precluded by kinetic limitations.
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the same amount of sensitivity but a decrease in maxi-
mum signal. Although the performance of the 1-h incu-
bation would be tolerable in a practical assay, a standard
2-h incubation was adopted arbitrarily. The detection
limit for IgG3 (arbitrarily defined as the interpolated IgG
concentration at which image density of the spots in the
array is 3 SDs greater than a blank experiment) was ;15
mg/L, a concentration providing about 3 3 108 molecules
of IgG3 per array spot. A conventional ELISA plate assay

(7) has been reported to have a sensitivity of 2 mg/L,
using a monoclonal antibody having an 8-fold higher
affinity (7) for IgG3 (clone HP-6047). On the basis of
equilibrium considerations, a microarray IgG3 assay us-
ing the higher affinity antibody should demonstrate sen-
sitivity comparable with the ELISA, despite the use of
direct fluorescence. We attribute this amount of sensitiv-
ity to the harvesting of analyte mass from bulk solution,
concentrating the analyte on the printed spots to a degree
that removes the need for an enzyme/substrate amplifi-
cation system and permits use of the simpler direct
fluorescence labeling. The limit of detection in the IgG3
assay is imposed by immunochemical nonspecific bind-
ing, which is observed to occur only to the printed spots
rather than the blocked, untreated polystyrene areas be-
tween the arrays. The nonspecific binding background
signal is ;100 times the instrumental detection limit
observed for the avidin-biotin system (Fig. 5), implying
that the microarray technique is capable of detecting 106

molecules/spot if the nonspecific binding were to be
reduced to the amount encountered in the avidin-biotin
system.

The maximum signals observed in the IgG3 dose–
response data are comparable with those measured in the
dye-biotin system (Fig. 5). Apparently any steric con-
straints that limit the access of antibody reagents to the
avidin binding sites are offset by the use of multiple
fluorescent labels on the polyclonal probe antibody. The
IgG3 and avidin/biotin dose–response data also have
similar shape when plotted vs total number of analyte

Fig. 7. Dose–response curves for IgG3 microarray assay using sample

incubation times of 2 h (E) and 24 h (M).

Specificity is observed for the IgG3 subclass relative to a control experiment (2-h

incubation) with IgG4-class myeloma (F). A 1-h incubation yields the same

signals at IgG3 concentrations below 100 mg/L but falls off to a maximum signal

of 3000 at the highest IgG3 concentrations.

Fig. 8. Raw image data from the

four-analyte human IgG sub-

class assay.

Numbers beside each microarray row

indicate the expected concentration

of each subclass in the four-compo-

nent myeloma mixture assayed in a

given image.
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molecules per well, neglecting the nonspecific binding
amount of the assay. This agreement is consistent with the
operation of the immunoassay in the mass-sensing re-
gime, despite the reduced affinity of the assay (108 liter
mole21 )as compared with the avidin/biotin system.

multianalyte immunoassay of the four human
IgG subclasses
Extension of the IgG3 assay to a multianalyte array assay
of all four human IgG subclasses was performed by jet
printing of a 1 g/L monoclonal antibody solution to form
arrays in which each row of 200-mm spots recognize a
different IgG subclass. Each spot was generated using 1
nL of solution. Eight different mixtures of human my-
eloma proteins from each subclass were prepared in PBS
solution with 5 g/L bovine serum albumin and assayed
using the same protocol developed for assay of IgG3 (2-h
incubation). The mixtures assayed included pseudo-ran-
dom combinations of myeloma concentrations between 10
mg/L and 10 mg/L, as well as mixtures in which one
subclass was not present. After the sample incubation and
washing, the DBCY5-labeled polyclonal mouse anti-hu-
man IgG reagent was then used to develop signals from
all four assays simultaneously. The image data for the
four-analyte array (Fig. 8) show qualitative dependence
between spot intensity along each row and the expected
concentration of the appropriate myeloma subclass in the
50-mL IgG mixture aliquots assayed. (Note that Fig. 8 is a
“negative image” in which the brightest image areas
appear dark in the figure.) Quantitative image processing
of the multianalyte data yields the results shown in Fig. 9.
For each IgG subclass, the mean spot fluorescence density
computed across each array row is plotted against the
myeloma protein concentration in the mixtures. Data
from spots specific for the appropriate IgG subclass
concentration (“filled” points) show the expected dose–
response dependence of signal on myeloma concentra-
tion. Detection limits may be crudely estimated from
these dose–response data and appear to be similar to the
15 mg/L observed in the single-component IgG3 assay.

Evidence for subclass specificity is seen in the lack of
systematic correlation between myeloma concentration
and measured fluorescence image density observed in the
“open” points plotted in Fig. 9. These points show data
from microarray rows plotted vs myeloma concentrations
for the incorrect (nonmatching) subclasses. Multilinear
regression on the multianalyte array data indicates that
any cross-reactivity between the assays is sufficiently
small as to be obscured by the spot-to-spot variability
within the columns. This error is currently 10–15% of the
mean intensity in one row (1 SD) owing to mechanical
difficulties encountered in the jet printing of multiple
antibodies. The low amount of cross-reactivity indicates
that antibody specificity can be retained despite the rigors
of jet printing and drying. Stability of dry-printed multi-
analyte arrays has been shown to be dependent on the
particular antibodies immobilized but has been demon-

Fig. 9. (A–D) Signals from the IgG1 (f)-, IgG2 (F)-, IgG3 (l)-, and IgG4

(Œ)-specific spots in each image are plotted vs the expected myeloma

concentrations in the corresponding well.

(F) Fluorescence from subclass-specific microarray spots that “match” the

subclass plotted on the x-axis. (E) Spots not specific for the plotted myeloma

subclass.
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strated to exceed 1 month if arrays are stored in a
refrigerated vacuum desiccator and coated with a com-
mercial immunoassay stabilizer preparation (StableCoat,
SurModics, Inc.).

That this multianalyte array assay senses the available
mass of each analyte rather than its concentration can be
shown by preparation of microarrays containing spots
specific for IgG3 and IgG4, with some arrays also contain-
ing a third monoclonal recognizing both IgG3 and IgG4
(clone HP6017). These experiments demonstrate intraar-
ray competition, with the IgG3 and IgG4 signals being
reduced, relative to controls, in the presence of the spots
recognizing “total” IgG. This effect would not be seen if
the sample solution in contact with the array were not
being depleted of analyte and confirms that signals in the
multianalyte array assay are being enhanced by “harvest-
ing” and concentration of the analyte on the printed spots.
Intraarray competition must be taken into account in
mass-sensing multianalyte arrays designed to sense total
IgG in addition to the subclasses.

Although the mass-sensing microarray assay format
provides a high density of binding sites, the extremely
small scales involved lead to an overall decrease in the
mass of antibody required per test. Approximately 1 ng of
antibody is deposited per spot in the printed arrays,
compared with the 100 ng typically immobilized in one
well of a 96-well microtiter plate. The actual savings in
reagent may be even greater than this because as much as
200–300 ng of antibody are often added per well during
(noncovalent) plate coating to yield a “securely” bound
antibody mass of 100 ng/well. This potential cost savings
may be important in many applications.

Jet-printed spots of reagent having diameters of 100–200
mm can be prepared using solutions of avidin or antibod-
ies that retain specificity and affinity for their targets.
When binding site density is maximized and binding sites
are present in excess, the spots can effectively deplete
analyte from bulk solution to yield high local analyte
concentration on the printed spot. This harvesting of
analytes maximizes signal to background ratios and per-
mits the detection of 105 or fewer analyte molecules by
direct fluorescent labeling, without resort to enzyme
amplification. In this regime, the detected signal depends
on the total analyte mass in a sample, rather than its
concentration. Once analyte molecules are bound by the
microarray, they are quite resistant to loss during wash
steps. A simple immunoassay of IgG3 using the mass-
sensing microarray approach has demonstrated sensitiv-
ity equal to a conventional ELISA plate assay and has

been extended to a simultaneous multianalyte assay of the
four human IgG subclasses in a single 50-mL sample
aliquot. Detection limits of the microarray assay are
consistent with the published sensitivity of conventional
plate assays using similar immunoreagents and protocols,
despite the fact that the microarray approach requires less
than 1/100 the antibody mass of conventional microtiter
plate assays using coated wells.

We thank Robert C. Dunn of the Chemistry Department at
the University of Kansas for providing AFM data for the
printed spots; we also thank David Wallace, Paul Watson,
and Patrick Cooley at MicroFab, Inc. for jet printing of
microarray materials; Gene Shen at Beckman Coulter for
synthesis of the near infrared fluorescent dye and its
conjugates; and Tom Stachelek of Beckman Coulter for
experimental work leading to design of the prism coupler
apparatus.
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