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Introduction

Immunoassays that do not require electricity or specialized

Metal-Amplified Density Assays, (MADAs),
including a Density-Linked Immunosorbent
Assay (DeLISA)

Anand Bala Subramaniam,® Mathieu Gonidec,® Nathan D. Shapiro,?
Kayleigh M. Kresse® and George M. Whitesides*®*©

This paper reports the development of Metal-amplified Density Assays, or MADAs - a method of
conducting quantitative or multiplexed assays, including immunoassays, by using Magnetic Levitation
(Maglev) to measure metal-amplified changes in the density of beads labeled with biomolecules. The
binding of target analytes (i.e. proteins, antibodies, antigens) to complementary ligands immobilized on the
surface of the beads, followed by a chemical amplification of the binding in a form that results in a change
in the density of the beads (achieved by using gold nanoparticle-labeled biomolecules, and electroless
deposition of gold or silver), translates analyte binding events into changes in density measureable
using Maglev. A minimal model based on diffusion-limited growth of hemispherical nuclei on a surface
reproduces the dynamics of the assay. A MADA - when performed with antigens and antibodies - is called
a Density-Linked Immunosorbent Assay, or DeLISA. Two immunoassays provided a proof of principle: a
competitive quantification of the concentration of neomycin in whole milk, and a multiplexed detection of
antibodies against Hepatitis C virus NS3 protein and syphilis T. pallidum p47 protein in serum. MADAs,
including DelISAs, require, besides the requisite biomolecules and amplification reagents, minimal special-
ized equipment (two permanent magnets, a ruler or a capillary with calibrated length markings) and no
electrical power to obtain a quantitative readout of analyte concentration. With further development, the
method may be useful in resource-limited or point-of-care settings.

the improved Kkinetics of mass transport,® the ability to
multiplex,>®™" the ability to separate paramagnetic beads
with bound biomolecules magnetically,"*** and the develop-

equipment, that are capable of providing quantitative read-
outs, and that can detect multiple analytes in a single sample
(i.e. multiplexed assays), are among the objectives of the field
of point-of-care (POC) diagnostics." Low costs and simple pro-
cedures are especially important for assays intended for
resource-limited settings.>* Polymeric particles or beads, used
initially to improve the sensitivity of flocculation assays,* are
useful alternatives to macroscopic planar surfaces (e.g. micro-
titer plates) for immobilizing biomolecules for a number of
types of immunoassays.”® The high ratio of surface-to-volume,’

“ Department of Chemistry & Chemical Biology, Harvard University,

230 Mallinckrodt Bldg., 12 Oxford St., Cambridge, MA 02138, USA.

E-mail: gwhitesides@gmwgroup. harvard.edu; Tel: +1 617 495 9430

b Wyss Institute for Biologically Inspired Engineering, Harvard University,

230 Mallinckrodt Bldg., 12 Oxford St., Cambridge, MA 02138, USA

¢ The Kavli Institute for Bionano Science, Harvard University, 230 Mallinckrodt Bldg.,
12 Oxford St., Cambridge, MA 02138, USA

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
c4lc01161a

This journal is © The Royal Society of Chemistry 2015

ment of mechanisms to automate steps by using micro-
fluidics"*"® or centrifugation'® has led to successful commer-
cial adoption'’™® of bead-based assays, and to their
deployment in the field.>

Bead-based assays are typically read out by fluorimetry,®
chemiluminescence,* or colorimetry.>*>* These methods rely
on measuring the intensity of light, and require electronics
and signal processing to obtain a quantitative readout. Quali-
tative colorimetric readouts that use the naked eye are sub-
jective, and thus subject to error. They may also be biased
due to variations in the intensity or the quality of the ambi-
ent light.>" Alternatively, an electrochemical method, which
requires electrical power, can be used to read out a bead-
based assay quantitatively.>® A fundamentally new technique
of reading bead-based assays - one that provides an alterna-
tive to electrochemical methods, and that does not measure
the intensity of light - has the potential to be useful, espe-
cially if it offers a means of quantitation that does not
require electronics or electricity.
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This paper reports a bead-based assay — a Metal-amplified
Density Assay (MADA) - that is based on detecting a change
in the density of a bead; it is read by monitoring the levita-
tion height of polystyrene beads presenting biomolecules
(e.g. proteins, antigens, antibodies, or nucleic acids) on their
surfaces in a Magnetic Levitation (MagLev) device, following
a step in which analyte binding-events cause electroless
deposition of metal on the bead.

The MagLev device consists of two permanent magnets
arranged coaxially with like-poles facing.>* Due to opposing
buoyant and magnetic forces, diamagnetic beads - when
suspended in a paramagnetic solution in the MagLev device -
levitate at a static ‘levitation height’ against gravity.>*** The
binding of target analytes (i.e. proteins, antibodies, antigens)
to their cognate ligands immobilized on the surface of the
beads causes a change in density that is too small to be
detected conveniently. Chemical amplification of the binding
in a form that changes the density of the bead (achieved by
using gold nanoparticle-labeled proteins and electroless
deposition of gold or silver on these nanoparticles), translates
analyte binding events into measurable changes in the levita-
tion height of the bead. This change in levitation height (the
signal of the assay) depends on the concentration of analyte
that was present in the sample.

To understand the processes that lead to the changes in
density, we examined a model system comprising of gold-
labeled streptavidin (as analyte) and polystyrene beads with
biotin on their surfaces. A minimal mathematical model,
based on the diffusion-limited growth of independent hemi-
spherical nuclei (i.e. the gold nanoparticles) on a surface,
adequately described the kinetics of the change in density.
Measurements of the number of adsorbed gold-labeled
streptavidin molecules on the surfaces of the beads using
inductively-coupled plasma mass spectrometry (ICP-MS) con-
firmed matched the predictions of the minimal model. The
addition of free gold nanoparticles in solution modified the
kinetics of deposition of gold on the beads, and suggests a
design for these assays in which the results would be inde-
pendent of the time of development.

We use the description Density-Linked Immunosorbent
Assay, or DeLISA, when those assays are performed with anti-
gen and antibodies. As proof-of-concept experiments, we chose
two different immunoassay formats - a competitive immuno-
assay to quantify the concentration of neomycin (an amino-
glycoside antibiotic) in whole milk, and a multiplexed indirect
immunoassay (including a positive and negative control) to
detect antibodies against Hepatitis C virus NS3 protein and
syphilis T. pallidum p47 protein in serum.

Background

We have described Maglev in other papers.>**®> Finite-
element simulations based on the parameters (dimensions,
strength of the magnetic field, magnetic susceptibility of the
solution) of this device show that, to a good approximation,
the gradient of the magnetic field between the magnets is
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linear and the magnetic field is zero at the center of the
device.” In this configuration, eqn (1) describes the relation
between the density and the levitation height of the center of
volume of homogenous spherical objects (i.e. beads) in the
MagLev device.”**®

—h d?
b= (pbcad Pbuncr)g.uo - g 0
(%bead = Xouter )4Bo 2

In this equation, ppeaq (kg m™) and ppusrer (kg m™>) are the
densities of the bead and the buffer, ypeaq (Xbeaa ~ —1 X 107
for diamagnetic objects) and ypufter (Ybufrer ~ 1.8 X 10~* for
1.00 M MnCl, (ref. 24)) are the magnetic susceptibilities
(dimensionless) of the bead and the buffer, d (m) is the separa-
tion between the magnets, B, (T) is the magnitude of the mag-
netic field at the surface of the magnets, y, = 47 x 10> (N A% is
the magnetic permeability of free space, and g (m s72) is the
acceleration due to gravity.

We have used MagLev to measure the binding and release
of bovine carbonic anhydrase (BCA) to (aryl)sulfonamide
ligands on porous beads.’™** In one version of these assays,
BCA diffuses into the beads and binds to the immobilized
ligands. The accumulation of protein in the beads due to this
process results in a change in their density and levitation
height. Although the use of gel-immobilized ligands in Mag-
Lev provides a label-free method to detect the concentration
of protein in solution, the method worked best with small
(<60 kDa) proteins having high diffusion constants in the
pores of the beads, and required relatively long reaction
times (hours to days). These limitations made the method,
without modification, unsuitable for most applications of
immunoassay. In this paper, we use a chemical reaction on
the surface of non-porous beads to measure the concentra-
tion of proteins in solution. As we describe in the next sec-
tion, the general principles of DeLISA use some procedures
developed for existing immunoassays,”" and thus allow the
adoption of established protocols and reagents.

Results and discussion
Principles of Metal-amplified Density Assays (MADAs)

Fig. 1 shows schematically the principles of a Metal-amplified
Density Assay (MADA). Like other bead-based assays, MADAs
require that ligands be covalently immobilized on the surfaces
of the beads.>" The beads with bound ligands are then exposed
to a sample of interest (primary incubation). The cognate ana-
Iyte, if present in the sample, binds to the ligands on the beads.
To obtain analyte-dependent electroless deposition of metal
(typically gold, AuMADA, shown in main text, and silver,
AgMADA, shown in ESIf), a catalyst (metal nanoparticles,
e.g. gold nanoparticles) must be attached to the analyte
bound to the surface of the bead. For a DeLISA, this objective
is achieved after the primary incubation step by exposing the
beads to secondary antibodies conjugated to gold nano-
particles. We demonstrate this procedure using immunoassays,

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic illustrating the principles of a Metal-amplified Density Assay (MADA). Gold-labeled analyte in the sample bind to ligands
immobilized on the surface of the bead. The bead is placed in a developing buffer and then placed in a Maglev device. The gold nanoparticles
catalyze the deposition of metallic gold from solution, and causes the growth of the nanoparticles. The increase in the density of the bead
causes the bead to decrease in levitation height in the device. The rate of change of the levitation height of the beads should depend on the
number of gold-linked analytes that are bound to its surface. The schematics in the dotted rectangular box shows examples of MADA with
i) gold-labeled proteins binding to their ligand, ii) gold-labeled secondary antibodies bound to primary antibodies and antigens (a Density-Linked
Immunosorbent Assay, DeLISA), and iii) gold-labeled DNA bound to a DNA strand with a complementary sequence. We implemented, i) and

ii) in this paper.

but the same principles should apply to small molecules,
nucleic acids***” or sugars.*®

After the primary and secondary incubation steps, the
beads are then loaded into a capillary containing an aque-
ous solution of a paramagnetic salt (MnSO,) dissolved in a
commercial gold amplification solution (the developing
buffer). The gold amplification solution, which contains
gold ions, a reducing agent, and various proprietary stabi-
lizers, causes gold ions in solution to be reduced to elemen-
tal gold on the surface of the gold nanoparticles.** Gold and
silver amplification solutions are used, conventionally, to
increase the size, and hence the scattering cross-section, of
gold nanoparticle labels in tissue slices for optical and
electron microscopy,®® ™' and to conduct assays with optical
readouts.””** We reasoned that the deposition of elemental
gold onto the surface of a polymeric bead would also
increase the density of the bead.

The rate at which gold is deposited on the bead (and
hence the change in density and levitation height of the
bead) depends on the number of bound gold nano-
particles on the surface of the bead, and the kinetics of
the electroless deposition. This dependence allows a density-
based assay for the quantitation of a target analyte in the
sample.

This journal is © The Royal Society of Chemistry 2015

A Gold Metal-amplified Density Assay, AUMADA, for
streptavidin as a validation of principle

To test the concept of a MADA, we designed a model assay that
quantified the concentration of gold-labeled streptavidin in a
buffer solution using electroless deposition of gold. We used
polystyrene beads with biotin covalently immobilized on their
surface. We chose this model system because: i) the reagents
were commercially available and well-characterized, ii) the
binding of gold-labeled streptavidin to antibodies conjugated
with biotin is a standard mechanism of detection in many
immunoassays,* iii) the binding of biotin to streptavidin in
solution is well-characterized,”>” and the binding of biotin
to streptavidin-modified surfaces has been studied.**>° The
dissociation constant for biotin and streptavidin in solution is
Kq ~ 107" M%; this reaction is generally considered a good
model for irreversible binding. On a surface, binding is
claimed to be less favorable - conjugation of streptavidin
with fluorophores, DNA, or solid surfaces increases the Ky by
about 4-5 orders of magnitude.*®* In contrast, antibodies
have K, that range from 10° M™ to 107> M".*" Thus, the
dissociation constant of the gold-labeled streptavidin is close
to that expected for a tight-binding antigen-antibody pair.
Antibodies with appropriate K4 are selected for heteroge-
neous immunoassays, as part of the design of the assay, to

Lab Chip, 2015, 15, 1009-1022 | 1011
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ensure that the antibodies do not desorb significantly during
wash steps. Generally, antibodies with K4 above 10™® M™ are
unsuitable for immunoassay,>* due to the rapid unbinding of
the antibodies during wash steps.

Fig. 2A shows time-lapse photographs of a single bead in
the developing buffer in the MagLev device. The bead
had previously been exposed to a buffer solution containing
3000 pM gold-labeled streptavidin (see Materials and methods
for the detailed procedure). The bead, which was initially
colorless, turned black, and then golden, and decreased in

View Article Online
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levitation height before reaching the bottom of the capillary
after 21 minutes. The change in levitation height of the
bead corresponded to an increase in the density of the bead
from 1.050 g cm™ to over 1.055 g cm . A bead previously
exposed to a 30 pM solution of gold-labeled streptavidin also
changed color and decreased in levitation height. The
decrease in levitation height, however, was slower (Fig. 2B): at
21 minutes its levitation height was 27 mm and after one hour
its levitation height was 7 mm, i.e. 3 mm above the bottom of
the capillary.

A 3000 pM Gold-labeled Streptavidin
35 1.0497
25 I-1.0507
£
= 20 1.0516 §
= 3
=2 2.
T 15 10526 =
S ' Q
o [e)
® 3
£ 10 1.0536 ~*
[0}
-
5 1.0546
0 1.0555
0 9 18 27 36 45 57
B 35 30 MGoId—Iagelg, Streptavidin 1.0497
25 = 1.0507
£
E 5 10516 §
< | >
[<) @,
] <
- 15 1.0526 @
o [9)
3 :)
£ 10 1.0536
[0]
-
5 1.0546

1.0555

36 45 57

Time (minutes)

Fig. 2 A MADA to detect the concentration of gold-labeled streptavidin. A) Time lapse images of a biotin-labeled polystyrene bead in the develop-
ing buffer in the MagLev device. The bead was previously exposed to a sample containing 3000 pM of gold-labeled streptavidin. The bead, which
was initially colorless, changed color and decreased in levitation height, reaching the bottom of the capillary at 21 minutes. B) A bead that was pre-
viously exposed to 30 pM of gold-labeled streptavidin was still 3 mm above the bottom of the capillary after 1 hour in the developing buffer. The
white substance at the bottom of the capillaries was Tacky Wax that was used to seal the capillaries. C) SEM images of the surface of the bead
(exposed to 3000 pM gold-labeled streptavidin) at t = 0, 30, and 60 minutes. The gold nanoparticles, which were initially too small to be observed,
grew and formed an almost continuous film of gold at 1 hour. Scale bar 500 nm.
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The change in the color of the beads is characteristic of
the growth of the nanoparticles on the surfaces of the beads.
The appearance of the beads in reflection depends of the
ratio of their scattering cross-section and their optical den-
sity in the visible spectrum. Despite their strong optical den-
sity in the visible spectrum, the initial 10 nm gold nano-
particles immobilized on the polymeric beads have a small
scattering cross-section, and therefore have a small albedo,
which makes them nearly undetectable with the naked eye
(hence the beads appear colorless). As they grow in size,
they maintain a high optical density in the visible and their
cross-section increases which makes the beads appear
darker and darker. After some time, a continuous film is
formed that does not significantly absorb in the visible and
the scattering of the gold-covered beads is reminiscent of
that of bulk gold (i.e. the beads appear golden).

Scanning electron micrographs of the surface of a bead
exposed to 3000 pM of gold-labeled streptavidin at 0, 30 and
60 minutes confirmed that the nanoparticles on the surfaces
of the beads, which were not visible prior to amplification,
increased in size and eventually coalesced to form a film
(Fig. 2C). Both these observations confirm that the amount of
gold that was deposited on the surface of the bead increased
with time in the developing buffer.

Fig. 3A shows the evolution with time of the levitation
height of the beads exposed to 3000 pM, 300 pM, 30 pM,
and 3 pM of gold-labeled streptavidin. The rate of change of
the levitation height of the beads depended on the con-
centration of the gold-labeled streptavidin in solution. This
dependence is seen clearly in the dose-response plot in Fig. 3B
which shows the levitation height of beads (averaged over seven
replicates) plotted against the concentration of gold-labeled
streptavidin in the samples, at 30 and 60 minutes.

A model for MADA

The decrease in levitation height of the beads is due to
the increase in their density. In the developing buffer, the
10 nm diameter gold nanoparticles that are adsorbed on
the surface of the bead - due to analyte binding events - grow
in size with time as gold deposits (Fig. 4A). As they
increase in size, they eventually touch and form a continu-
ous film on the surface of the bead (Fig. 4A). The electro-
chemical deposition of metal from solution onto an elec-
trode has been studied extensively.”’>* The initial stages
of the process of deposition is typically modeled as the
nucleation and growth of hemispherical nanoparticles
(nuclei) on the electrode surface. The kinetics of deposition
and growth in an electroless deposition system, such as in a
MADA, is expected to be more complicated since the surfaces
of the nanoparticles serve as both anode and cathode and
as a catalyst for the deposition.>® Chemicals such as stabi-
lizers and growth modulators likely further complicate the
System.39'55’56

Eqn (2) describes the rate of deposition of metal, dm/dt
(kg s™), on a flat (electrode) surface of area S (m?) due to the

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Change in levitation height of the beads as a function of gold-
labeled streptavidin. A) Plots of the levitation height of the beads
exposed to 3000 pM (m, filled squares), 300 pM (O, open squares),
30 pM (e, filled circles) and 3 pM (O, open circles) of gold-labeled
streptavidin versus time. The black continuous lines are guides to the
eyes. B) Dose-response plot of the levitation height of beads (averaged
over seven replicates) against the concentration of gold-labeled
streptavidin in the samples, at 30 (e, filled circles) and 60 minutes
(0, open circles). The dashed and solid lines are guides to the eye. The
dashed horizontal line indicates the height of the wax plug at the bot-
tom of the capillary on which the beads come to rest.

0
1E-12

diffusion-limited growth of N surface-adsorbed hemispherical
nuclei (nanoparticles) per unit area (number m™>) with an
initial radius, 7 = 0 (m) at ¢ = 0 (s).>">*

dm SC, .
(Tr;l: tl/zl (1-¢"") 2)

In this equation, C; is a constant that depends on experi-

mental conditions and 7 = is the ‘characteristic time’

NnkD
of the process, D is the diffusion coefficient (m* s™), and k is
a unitless numerical constant (see ESI{ for full discussion
and derivation). Integrating eqn (2) with respect to time gives

the mass of gold deposited on the bead, ie. m(t)= Lj(ii—mdt .
t

This integral is readily solved numerically for all ¢.

Lab Chip, 2015, 15, 1009-1022 | 1013
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Fig. 4 Model of a MADA. A) Schematic of the three growth regimes of the gold nanoparticles on the surface of the bead in the developing buffer.
When t < 7 (regime 1), the nanoparticles are far apart and the mass of gold on the bead, m « Nt*2. When t ~ t (regime 2) m can be obtained
by integrating eqn (2) numerically. When t > ¢ (regime 3) the gold has fused to form a continuous layer; m o t*2. B) Plot of the levitation height,
h (Fig. 3A) versus rescaled time, x = t3/2. The black lines are linear fits to the data. C) Table showing the concentration of free gold-labeled
streptavidin that the beads were exposed to ([yl), the coefficients of the linear fit, and the values of the coefficient of determination, R The fits are
good, indicating that the MADA can be modeled in the regime where t < 7. The two leftmost columns report the ratio of the slope relative to the
slope for the 3000 pM line, and the ratio of the number of nanoparticles on the surface of the beads relative to the number of nanoparticles for
beads exposed to 3000 pM of gold-labeled streptavidin. The values are in good agreement.

Simplified analytical expressions of eqn (2), obtained by
considering limiting cases, provide physical insight. We
divided the process of the growth of the nanoparticles on the
surface of the bead into three regimes. When ¢ < 7 (regime 1),
the nanoparticles are sufficiently far apart that they grow inde-
pendently of each other (i.e. the nanoparticles do not know that
they are surrounded by neighbors on the surface). When ¢ ~ ¢
(regime 2) the nanoparticles have grown to a size that their
growth rate is influenced by their neighbors, which are also
consuming reactants. When ¢ > t (regime 3) the nanoparticles
have coalesced to form a continuous layer. In regime 1, eqn (2)

simplifies to dm/dt:gz‘”2 and m(f) « t*?

T

. In regime 3,

and m(t) o t"% There is no

eqn (2) simplifies to dm/dt = 5G
t

1/2

closed-form expression for m(¢) in regime 2. Note that the tran-
sition from regime 1 to the other regimes is controlled by the
characteristic time, z. Since 7 o« 1/N, a higher density of
adsorbed nanoparticles on the surface results in an earlier tran-
sition from regime 1 to the other regimes.

Substituting the expression for m(f) in regime 1 into
eqn (1) and collecting the constants leads to a (relatively)
simple expression for the change in levitation height of the
bead as function of time

S

h(t)= QN;:” +@, (3)
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4(7Cbead - lbuffer)Boz 2

In eqn (3), ; is the surface-to-volume ratio of the bead,

M is the molar mass (kg mol™) of the metal and ¢ (mol m™)
is the concentration of reactants. Inspecting eqn (3) the
levitation height, 7 is linearly related to the surface-to-volume
ratio, everything else being equal, the use of beads with
higher surface-to-volume ratio should lead to a change in
levitation height in the developing buffer that is greater
than when beads with a lower surface to volume ratio
are employed.

Fig. 4B shows the levitation height of the beads plotted
versus the rescaled time, t*2. The continuous black lines are
linear regressions to the rescaled data. Fig. 4C shows a table
with the equations for the linear regression and the coeffi-
cient of determination, R>. The linear fits are generally good,
with the exception of the beads that were exposed to
3000 pM solution of gold-labeled streptavidin. We presume
that N was sufficiently high in this case that the system trans-
itioned to regime 2 or 3 during the course of the experiment.

This journal is © The Royal Society of Chemistry 2015
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Since the experiments were carried out under similar con-
ditions, the ratio of the slopes of the lines should correspond
to the ratio of the number of nanoparticles, N, that
were adsorbed on the surface of the beads (eqn (3)). We used
ICP-MS to measure quantitatively the amount of metallic gold
on the beads (Fig. S1f). ICP-MS is sufficiently sensitive to
detect the presence of gold on the beads due to the binding
of gold-labeled proteins®”*® prior to amplification. This
exquisite sensitivity allowed us to obtain the binding iso-
therm of gold-labeled streptavidin to the biotin-labeled beads
(i.e. N vs. [free gold-labeled streptavidin]). Fig. S21 shows the
equilibrium binding of gold-labeled streptavidin to the sur-
face of the biotin-labeled beads versus the concentration of
free gold-labeled streptavidin. Each datum is an average of
seven beads. We assumed that due to sterics, there is one
available streptavidin molecule per gold nanoparticle, we
obtain a dissociation constant, Kq = 1.3 x 107'* M™* (we can
also use the average number of streptavidin molecules on the
gold nanoparticles specified by the manufacturer ~6.5. In
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that case, we find Kg = 8.0 x 107*° M), This value compares
favorably with measurements of the surface binding of biotin
to streptavidin modified surfaces’®*® in other systems. The
ratio of the number of gold nanoparticles adsorbed on the
surfaces of the beads obtained through ICP-MS, N/N;3o00 pm
agrees with the ratio of the slopes from the linear regression,
m/Mzo00 pm (Fig. 4C).

Changing the dynamics of an AuMADA by adding free gold
nanoparticles in solution

One goal of immunoassays is to obtain a readout that is
independent of time after an initial (ideally short) period of
development. This feature is particularly valuable in the field,
or in busy settings where careful control over developing
times might be difficult. Current assays often have strict time
limits within which the assay must be read,? and the MADA,
due to the time-dependent deposition of metal, also has simi-
lar limitations.
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Fig. 5 Addition of free gold nanoparticles to the developing buffer to modify the dynamics of MADA. Time lapse images of polystyrene beads
with biotin on their surfaces in the developing buffer in the MaglLev device. The beads were previously exposed to a sample containing
3000 pM of gold-labeled streptavidin. A) The developing buffer contained 1 x 10'® 20 nm gold nanoparticles mL™. B) The developing buffer
contained 2 x 10'° 20 nm gold nanoparticles mL™. The black arrow indicates the brownish gold sediment of free gold particles.
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We hypothesized that AuMADA might be made less depen-
dent on time by adding free gold nanoparticles in the devel-
oping buffer. These free nanoparticles would compete for
gold ions in the solution, and serve as sinks for unreduced
metal ions. Once all the gold ions are depleted from the
developing buffer, the levitation height of the beads should
stop changing. Fig. 5A and B shows the evolution of the levi-
tation height of beads that had been previously exposed to

A) Competetive Assay

No free neomycin in milk

High concentration of
free neomycin in milk
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3000 pM of gold-labeled streptavidin (similar to the bead in
Fig. 2A). The developing buffer in Fig. 5A was doped to a final
concentration of 1 x 10" gold nanoparticles mL™" and
the buffer in Fig. 5B was doped to 2 x 10'® 20 nm diameter
gold nanoparticles mL ™. As expected, with larger concentra-
tions of free nanoparticles in solution, the change in levita-
tion height slowed after a shorter time (Fig. 5B). The levita-
tion height of the bead, however, does not stop changing

B) Indirect Assay
Syphilis and HepC positive serum
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Fig. 6 Schematic of the two immunoassay formats that we implemented with DeLISA. A) A competitive immunoassay for the antibiotic neomycin.
B) A multiplexed indirect immunoassay. We drew the schematic to illustrate the case of serum that was positive for syphilis and for Hepatitis C.
The surface of the bead was functionalized with HCV-NS3 protein and thus only binds anti-HCV NS3 proteins specifically.
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completely, at least within the timescale of a 2 hour experi-
ment. We attribute these observations to residual low concen-
trations of reactants that continue the deposition process on
the surfaces of the beads. For example, free gold nano-
particles that increase in size sufficiently that they sediment
to the bottom of the capillary (black arrow in Fig. 5A) effec-
tively stop acting as sinks. Further optimization of the proce-
dure demonstrated here, which would require a study of the
interaction between free and surface-bound gold nanoparticle
catalysts and the concentrations of various reactants on the
kinetics of electroless deposition, could eventually lead to the
development of time-independent assays. Such a study is
beyond the scope of this work.

Density-linked Immunosorbent Assays, DeLISAs

In the next two sections, we demonstrate AuMADAs applied
to the binding of antigens and antibodies (immunoassays),
i.e. DeLISAs. Fig. 6A and B shows schematically the steps of
the two immunoassays that we implemented. Both these
assays are heterogeneous immunoassays, and thus have brief
wash steps to remove unbound and non-specifically bound
antibodies after the incubation steps.” Modifications of
assay procedures, for example by using a gold-labeled analyte
(a homogenous immunoassay format),”" might eliminate the
necessity for washing. Like other heterogeneous immuno-
assays, improper or excessive washing can decrease the final
signal®! of these assays.

The first assay was a quantitative competitive assay for the
concentration of the small molecule antibiotic neomycin (an
aminoglycoside) in milk (Fig. 6A). In this assay, the antigen
was neomycin, the primary antibody was a monoclonal
mouse anti-neomycin immunoglobulin G (IgG), and the sec-
ondary antibody was a polyclonal goat anti-mouse-IgG conju-
gated to 10 nm diameter gold nanoparticles. In a competitive
immunoassay for neomycin, a fixed concentration of mouse
anti-neomycin IgG was added to the samples of milk before
the addition of polystyrene beads with neomycin on their sur-
faces. Free neomycin, if present in the milk, binds to the
anti-neomycin IgG, and thus reduces the amount of anti-
neomycin antibody available for binding to the neomycin on
the surfaces of the beads. The higher the concentration of
free neomycin in the sample of milk, the less anti-neomycin
IgG is available to bind to the neomycin on the beads. Hence,
the strength of the signal that is generated from the bound
molecules on the beads correlates inversely with the concen-
tration of free neomycin in the sample of milk, that is a sam-
ple with no neomycin will generate the strongest signal, and
samples with higher concentrations of neomycin will gener-
ate weaker signals.

The second assay was a multiplexed indirect immunoassay
for antibodies against syphilis and Hepatitis C (HepC) in
serum (Fig. 6B). The antigens were Treponema pallidum p47
protein on polystyrene beads (which were colored blue), and
Hepatitis C virus NS3 protein on polystyrene beads (which
were colored pink). These experiments include two controls:
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Fig. 7 A DelLISA for neomycin in whole milk. Seven beads were exposed
to samples of milk that were spiked with various concentrations of
neomycin. A) Photographs of the levitation height of the beads after
30 minutes in the developing buffer. The left image is of beads exposed
to a sample containing O ppb and the right image is of beads exposed to
a sample containing 500 ppb of neomycin. The black arrows and the
dashed rectangular boxes are guides to the eye showing the location of
the beads. B) Plot of the levitation height versus the concentration of
neomycin in the samples of milk at 30 minutes. The beads exposed to
samples with no antibiotic residues and residues below the MRL
(concentration marked with a dashed vertical line in the plots) have sunk
below the beads exposed to samples with antibiotic residues above the
MRL. The dotted horizontal line is a guide that shows the average
levitation height of all these beads at the beginning of the development
period. C, D) At 60 minutes, the milk sample at the MRL can be
distinguished from the samples that exceed the MRL, while beads
exposed to the milk samples with a high concentration of neomycin did
not change levitation height.
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Fig. 8 Multiplexed immunoassay for syphilis and Hepatitis C (HepC). Beads exposed to samples containing antibodies against the immobilized
antigens on the respective beads caused the beads to decrease in levitation height. A) Configuration of the beads in the MaglLev device
immediately after placement in the developing buffer. After 30 minutes of development, B) only the yellow negative control bead decreased in
levitation height for the beads exposed to sample 1 which was negative for both syphilis and HepC, C) the pink and yellow beads decreased in
levitation height for the beads exposed to sample 2 which was positive for HepC, D) the pink, blue and yellow beads decreased in levitation height
for the beads exposed to sample 3 which was positive for both syphilis and HepC. The red beads were negative controls which should not (and
did not) change in levitation height for all samples. The dashed black circles are guides to the eye showing the location of the beads. Note that the
coloring of the bead disrupts the optical appearance (e.g. the apparent color, by eye) of the gold that is deposited on the surface.

bovine serum albumin (BSA) on polystyrene beads (which
were colored red) as a negative control, and human IgG on
polystyrene beads (which were colored yellow) as a positive
control. The primary antibodies were the targeted analytes
assayed in the human serum. In a sample of serum, they con-
sist of polyclonal antibodies with a range of avidities and
affinities.>" The secondary antibody was polyclonal goat anti-
human IgG (y-chain specific) conjugated to 10 nm gold nano-
particles. The presence of the primary antibody is - in the
absence of non-specific adsorption - required for binding of
the gold-labeled secondary antibody to the beads. Thus, in
this assay, the signal (i.e. the electroless deposition of gold
and the change in levitation height) correlates positively with
the concentration of primary antibody in a sample of serum.

A quantitative competitive DeLISA for neomycin residues
in whole milk

We chose this particular assay since, i) quantitation of antibi-
otic residues is important in the milk industry, and tables of

Maximum Residue Limits (MRL) in milk are published,>**°

1018 | Lab Chip, 2015, 15, 1009-1022

ii) the assay must work on whole milk, which is a complex
suspension of proteins, lipids and sugars, and iii) the anti-
gen-antibody pair had been optimized by the manufacturer
for ELISA. The MRL for neomycin in milk is 500 ppb.>**°

Fig. 7A shows a photograph of seven beads that were
exposed to a sample of milk containing no neomycin (left),
and a sample of milk spiked with 500 ppb of neomycin
(right), after 30 minutes in the developing buffer. Fig. 6A
shows the steps of the assay; the details are in the materials
and methods section. To reduce the amount of reagents con-
sumed, and to allow parallelization, we loaded the beads into
cylindrical capillaries with an inner diameter of 1 mm. Since
we performed a competitive assay, we expected an inverse
relationship between the levitation height and concentration
of free antibiotic in the milk. Indeed, beads that were
exposed to the antibiotic-free milk had a levitation height of
27 mm, while the beads exposed to the sample with 500 ppb
of neomycin levitated at 35 mm (that is, they did not change
levitation height). Fig. 7B shows a plot of the levitation height
of beads exposed to a range of neomycin concentrations. At
30 minutes, milk samples with residues above the MRL can

This journal is © The Royal Society of Chemistry 2015
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be distinguished from samples with residues below the MRL.
The sample of milk that was at the MRL could not be distin-
guished from those that were above the MRL. After a further
30 minutes in the levitation buffer (i.e. after a total time of
60 minutes), the beads decreased in levitation height further
(Fig. 7C) and the sample of milk that was at the MRL could
be distinguished from the samples with antibiotic residues
above the limit (Fig. 7D).

A multiplexed indirect DeLISA for syphilis and Hepatitis C
(HepC) in blood serum

Bead-based assays are particularly suited for multiplexing.
Immobilizing different antigens onto distinguishable beads
allows the simultaneous detection of many different disease
targets from a single sample.>'*

Fig. 8 shows photographs of a set of the red, pink, blue,
and yellow beads exposed to two simulated diseased serum
samples and one simulated normal serum sample. The steps
for carrying out the assays are shown schematically in Fig. 6B
and provided in detail in the materials and methods section.
Sample 1, the normal sample, was negative for HepC and
syphilis. Sample 2 was positive for HepC and sample 3 was
positive for both HepC and syphilis. Fig. 8A shows the config-
uration of the beads at the start of the developing period.
Each of the colored beads levitated at approximately the
same height in the capillaries. Fig. 8B-D shows beads after
30 minutes in the developing buffer. We observed that for
the set of beads that were exposed to sample 1, only the
yellow bead (human IgG, positive control) decreased in levita-
tion height (Fig. 8B). For the beads exposed to sample 2, the
pink (HCV NS3) and yellow bead (human IgG) decreased in
levitation height (Fig. 8C). For beads exposed to sample 3,
the pink (HCV NS3), blue (T. pallidum p47) and yellow
(human IgG) beads changed levitation height (Fig. 8D). As
expected, the red beads (BSA) which served as negative con-
trols did not change levitation height for all the assays. Thus,
the beads only changed levitation height when their cognate
antibody was present in the serum sample. The positive and
negative controls assured that the assay conditions were
appropriate and served as an additional check that the depo-
sition of gold and the change in levitation height were spe-
cific to the presence of the disease antibodies in the samples.

Conclusions

Current bead-based assays are read out using colorimetry,
fluorimetry,”* chemiluminescence, and electrochemistry.*’
MagLev, along with a combination of gold-labeled proteins
and electroless deposition of metal, allows a density-based
readout of bead-based assays. In MagLev, the change in den-
sity of the beads translates quantitatively to a change in levi-
tation height. The method thus does not require instruments
with moving parts, or a source of power to obtain a quantita-
tive readout. The metal-amplified density assay (MADA) is
compatible with conventional immunoassay formats such as
competitive assays and indirect assays, can be multiplexed,

This journal is © The Royal Society of Chemistry 2015
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can be performed on complex fluids, and can potentially be
made time-insensitive. Although we have not attempted to
optimize the performance of the assay, DeLISA, at its current
level of development, is sufficiently sensitive and specific to
detect clinically relevant concentrations of antibodies in stan-
dardized serum samples. Clinical samples from patients
would likely present greater variability.

DeLISA, like other bead-based assays, has three advan-
tages over typical plate-based assays. i) It requires a small vol-
ume of reagents and sample. ii) The high ratio of surface
area to volume allows short (<1 h) incubation times. iii)
Multiplexing can be carried out by using distinguishable (for
example, differently colored) beads. DeLISA at its present
level of development also has several limitations. i) The assay
still requires multiple steps, including washing steps, to
obtain a result. ii) The gold amplification reagents and pro-
cesses might be sensitive to large variations in temperature
or to other factors (such as decomposition at tropical temper-
atures, T > 35 °C). We have not characterized these sensitivi-
ties. Use of antibodies with higher avidity and specificity, and
incorporation of centrifugation’® or other automation*'®
may circumvent some of these limitations.

Materials and methods

Materials

Manganese(n) sulfate monohydrate (United States Pharmaco-
peia (USP) grade), biotin-labeled bovine serum albumin (BSA),
sucrose (molecular biology grade), neomycin sulfate (USP refer-
ence standard), goat anti-mouse immunoglobulin G (IgG) con-
jugated to 10 nm gold nanoparticles, and goat anti-human IgG
(y-chain specific) conjugated to 10 nm gold nanoparticles were
purchased from Sigma-Aldrich. Neomycin-conjugated BSA and
monoclonal murine anti-neomycin antibodies were purchased
from Silver Lake Research Corp (Monrovia, CA). Virotrol Syphi-
lis Total (single level control), Virotrol 1 (single level control),
and Viroclear (single level control) were purchased from Bio-
Rad Clinical Diagnostics (Hercules, CA). Monodisperse polysty-
rene beads (PS) cross-linked with divinylbenzene (600 pm
mean diameter, C.V. 5%) were purchased from Polysciences
Inc. Streptavidin conjugated to 10 nm gold nanoparticles was
purchased from Cytodiagnostics. GoldEnhance/LM gold ampli-
fication solution was purchased from Nanoprobes. Treponema
pallidum p47 full-length protein (ab51323, Lot GR141137-1),
Hepatitis C Virus NS3 protein (ab49022, Lot GR20412-3) were
purchased from AbCam (Cambridge, MA). Human IgG was pur-
chased from Arista Biologicals (Allentown, PA). Trace-analysis
grade concentrated hydrochloric acid (37%, OmniTrace) and
nitric acid (70%) were purchased from EMD Millipore. We
purchased 20 nm gold nanoparticles from British Biocell
International (BBI). Square glass capillaries with an inner
diameter of 2 mm were purchased from VitroCom, 1 mm
inner diameter untreated micro-hematocrit polycarbonate
capillaries (SafeCrit) were purchased from VWR. Certified
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antibiotic-free organic whole milk (Shaw Farm Dairy, Dracut,
MA) was purchased from a local store.

Procedure for dyeing the polystyrene beads

For the multiplex assay, we dyed the colorless polystyrene
beads to allow visual discrimination of the various disease
targets. Four milligrams of dye (Sudan Red, Reactive Blue,
Alazarin Yellow, or Fat Brown) was dissolved in 1.5 mL of
10:1 toluene:ethanol. After ten minutes, the dye solutions
were passed through cotton filters to remove any remaining
particulates. Approximately 300 mg of polystyrene beads were
then added to the dye solution and gently rocked for one hour.
The beads were then thoroughly rinsed with ethanol and dried
in vacuo for at least four hours (typically overnight).

Functionalization and covalent grafting of proteins onto
polystyrene beads

To functionalize the polystyrene beads with carboxylic
groups, we oxidized them with a dilute solution of potassium
permanganate and sulfuric acid in water.® We stress that
mixing concentrated aqueous solutions of potassium permanga-
nate with concentrated aqueous solution of sulfuric acid is
highly hazardous.®® In contrast, handling dilute solutions of
those same reagents has not been reported to be a source of
hazard. For those reasons, we first prepared a dilute aqueous
solution of sulfuric acid (1.2 N, 1/30 dilution, 10 mL) to
which we slowly added potassium permanganate (5 w/V%)
with constant stirring, thus avoiding variations in the concen-
tration of permanganate in the reaction mixture. The polysty-
rene beads (200 mg) were suspended in this mixture (10 mL),
which was maintained at 60 °C for 30 minutes in a water
bath. During the course of the reaction, the surface of the
polystyrene beads was partially oxidized to yield surface car-
boxylic groups, while potassium permanganate was reduced
to insoluble brown manganese(v) dioxide which deposited
on the surface of the carboxylated beads. We then washed
the beads by vortexing in 6 N hydrochloric acid (10 mL) to
dissolve this brown manganese oxide layer. We repeated the
washing step until the final solution was colorless (typically
5-6 times).

We then proceeded with grafting the proteins of interest
(a BSA-biotin conjugate for the MADA for gold-labeled
streptavidin, a BSA-neomycin conjugate for the quantita-
tive detection of neomycin in milk, and the proteins
Treponema pallidum p47, Hepatitis C NS3, BSA, and human
IgG for the multiplex immunoassays) following the proce-
dure from the technical note from Bangs Labs.*® Briefly,
we washed the beads twice with 10 mL of 200 mM
2-(N-morpholino)ethanesulfonic acid (MES) buffer at pH 6.0,
and resuspended them in 10 mL of the same. We added 1-cyclo-
hexyl-3-(2-morpholinoethyl) ~ carbodiimide = metho-p-toluene-
sulfonate (100 mg) while mixing and allowed the mixture to
react at room temperature for 15 minutes with continuous
mixing. We then washed the beads with a 50 mM borate
buffer at pH 8.3 (2 x 10 mL) and resuspended them in 10 mL
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of the same. We added an aqueous solution of the proteins of
interest (200 uL of the stock solutions containing 1 mg mL™ of
protein) to this suspension, and incubated it at room tempera-
ture for 4 hours with constant mixing. We then washed the
beads with phosphate-buffered saline (PBS) and allowed the
beads to react with a solution containing 0.05 w/V% of BSA
(to reduce non-specific adsorption of protein onto the surface
of the beads) in 10 mL of a 40 mM aqueous solution of hydrox-
ylamine (to react with the remaining activated carboxylic acids
on the beads) at room temperature with continuous mixing for
30 minutes. Finally, we washed the protein-functionalized
beads with PBS (3 x 10 mL) and stored the functionalized beads
in PBS containing 0.05 w/V% of BSA.

Procedure for the AuMADA for gold-labeled streptavidin

We transferred seven polystyrene beads with biotin immo-
bilized on their surfaces to a vial containing 100 pL of
gold-labeled streptavidin of different concentrations. We
incubated the beads for 30 minutes in the solution. The gold-
labeled streptavidin solution was decanted, and the beads
washed briefly with 100 pL of deionized water. This proce-
dure was sufficient to remove non-specifically bound gold-
labeled streptavidin while still minimizing the desorption of
bound protein from the surface. The beads were immediately
placed in fresh developing buffer and loaded into square
glass capillaries with dimensions 35 x 2 x 2 mm through cap-
illary action (i.e. the liquid containing the bead spontane-
ously entered the capillary when the hydrophilic capillaries
were contacted with the developing buffer). The buffer
was prepared by mixing equal parts of the four components
of the gold enhancing solution before adding 300 mM
manganese(u) sulfate and 600 mM sucrose (to adjust the den-
sity of the solution). We sealed both end of the capillaries
with Tacky Wax (Bard's Products, Inc.) and placed them into
a MagLev device and visualized the change in density of the
beads by taking sequential photographs with a Nikon Digital
Camera equipped with a macrolens.

Procedure for the quantitative competitive immunoassay for
neomycin in milk

We prepared milk samples spiked with neomycin by making
a stock solution of neomycin in 10 mL of whole organic certi-
fied antibiotic-free milk at a concentration of 10 000 ppb. We
then diluted this stock solution with milk to 1000 ppb, and
serially diluted the 1000 ppb solution to obtain a range of
neomycin concentrations from 250 ppb to 1000 ppb. The
MRL of neomycin is 500 ppb, and samples with concentra-
tions far from this value are not relevant practically. We
performed the competitive assay by following the manufac-
turer's (Silver Lake Research) protocol with minor modifica-
tions. Briefly, we diluted the monoclonal murine anti-
neomycin antibodies 1:1500 times in PBS from the stock
obtained from the manufacturer. We added 25 pL of the
milk sample and 25 pL of the diluted antibody to an
Eppendorf tube. We added seven beads functionalized with a

This journal is © The Royal Society of Chemistry 2015
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BSA-neomycin conjugate to the Eppendorf tube and incu-
bated for 30 minutes at room temperature. We removed the
milk sample from the Eppendorf, added 100 pL of PBS and
agitated the beads gently for less than 1 min before removing
the buffer with a pipette. We then added 50 puL of 10 nm
gold-labeled goat anti-mouse-IgG that was diluted 1:100
times in PBS as recommended by the manufacturer. We incu-
bated the mixture for 30 minutes at room temperature. We
removed the gold-labeled antibody, and washed the beads
briefly by adding 100 pL of deionized water, and immediately
transferred the beads (with a minimal amount of liquid) into
an Eppendorf with developing buffer. We loaded the beads
into capillaries through capillary action and placed them in
the MagLev device.

Procedure for preparing simulated diseased and normal
serum samples

Antibody concentrations can often vary widely from patient
to patient and also depends strongly on the progression of
the disease.>" To ensure that we were assaying for clinically
relevant concentrations, we obtained certified human serum
diagnostic standards from the Clinical Diagnostics Division of
Biorad. These standards are used to calibrate commercially
available immunoassays. For sample 1, we used 100 pL of
ViroClear. For sample 2 we used 100 puL of Virotrol 1. For
sample 3 we combined 50 pL Virotrol 1, and 50 pL of Virotrol
Syphilis Total to mimic serum of an individual co-infected
with syphilis and Hepatitis C. The procedure that we used for
performing the multiplexed indirect assay is shown schemati-
cally in Fig. 6B. After 15 minutes, the serum samples were
removed with a pipette, and 100 uL of PBS buffer was added
and discarded right away. This step removed any remaining
sample from the supernatant and removed any non-
specifically bound antibodies from the surface of the beads.
The beads were then exposed to gold-labeled goat anti-human
IgG, and incubated for 15 minutes. The beads were trans-
ferred into 100 uL of deionized water and then immediately
into the developing buffer and loaded into individual
capillaries.

Preparation of the samples for ICP-MS analysis

A dilute solution of aqua regia was prepared by mixing trace
analysis grade nitric acid, hydrochloric acid and MilliQ water
in a 1:3:2 ratio. Seven beads exposed to samples of differing
concentrations of gold-labeled streptavidin were placed in
0.87 mL of freshly prepared dilute aqua regia for 20 minutes.
To each sample, we added 50 pL of a 1000 ppb solution of
bismuth (prepared by a dilution of a 1000 ppm ICP grade
standard, which was prepared by dissolving high purity bis-
muth metal in 5% nitric acid) in MilliQ water to serve as an
internal standard. We diluted our samples to a total volume
of 5 mL with MilliQ water before analyzing the samples with
ICP-MS. To obtain a calibration curve we also conducted
ICP-MS measurements on serially diluted gold standards
(ICP grade) from (0.01-10 000 ppb).

This journal is © The Royal Society of Chemistry 2015
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