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ABSTRACT: We report a novel, low-resource malaria diagnostic platform
inspired by the coﬀee ring phenomenon, selective for Plasmodium falciparum
histidine-rich protein-II (Pf HRP-II), a biomarker indicative of the P. falciparum
parasite strain. In this diagnostic design, a recombinant HRP-II (rcHRP-II)
biomarker is sandwiched between 1 μm Ni(II)nitrilotriacetic acid (NTA) goldplated polystyrene microspheres (AuPS) and Ni(II)NTA-functionalized glass.
After rcHRP-II malaria biomarkers had reacted with Ni(II)NTA-functionalized
particles, a 1 μL volume of the particle−protein conjugate solution is deposited
onto a functionalized glass slide. Drop evaporation produces the radial ﬂow
characteristic of coﬀee ring formation, and particle−protein conjugates are
transported toward the drop edge, where, in the presence of rcHRP-II, particles
bind to the Ni(II)NTA-functionalized glass surface. After evaporation, a wash
with deionized water removes nonspeciﬁcally bound materials while
maintaining the integrity of the surface-coupled ring produced by the presence of the protein biomarker. The dynamic range
of this design was found to span 3 orders of magnitude, and rings are visible with the naked eye at protein concentrations as low
as 10 pM, 1 order of magnitude below the 100 pM Pf HRP-II threshold recommended by the World Health Organization. Key
enabling features of this design are the inert and robust gold nanoshell to reduce nonspeciﬁc interactions on the particle surface,
inclusion of a water wash step after drop evaporation to reduce nonspeciﬁc binding to the glass, a large diameter particle to
project a large two-dimensional viewable area after ring formation, and a low particle density to favor radial ﬂow toward the drop
edge and reduce vertical settling to the glass surface in the center of the drop. This robust, antibody-free assay oﬀers a simple user
interface and clinically relevant limits of biomarker detection, two critical features required for low-resource malaria detection.
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1. INTRODUCTION
Robust, inexpensive, and simple diagnostic tests have the
potential to improve the quality and eﬃcacy of healthcare in the
developing world. Unfortunately, appropriately designed
diagnostic tests are often neither available nor aﬀordable. Few
tests are optimized for use in low-resource settings where
minimal infrastructure, a wide range of environmental
conditions (e.g., temperature and humidity), and variable or
no access to electricity and clean water are common. For
malaria, a disease that threatens 40% of the world’s population
and kills more than 1 million people per year, antibody-based,
immunochromatographic rapid diagnostic tests (RDTs) have
been widely deployed for the detection of malarial infection.1−3
These devices provide results in as little as 15 min for the
detection of Plasmodium falciparum antigens such as aldolase,
lactate dehydrogenase (LDH), or Plasmodium falciparum
histidine-rich protein-II (Pf HRP-II). Although the primary
advantage of RDTs is an extremely simple user interface, a
comparative analysis of these strip tests performed under the
© 2014 American Chemical Society

auspices of the World Health Organization (WHO) showed
troubling variability in performance. In fact, of the 50 RDTs
that qualiﬁed for the study, only 10% met performance criteria
at the WHO’s recommended lower limit of detection, 200
parasites/μL, which corresponds to approximately 0.1−1 nM
Pf HRP-II in blood.1,4−6 The WHO concluded that variance in
manufacturing standards and the thermal sensitivity of
antibodies were the major causes for performance failure.7 As
a result, there is a signiﬁcant need for diagnostic platforms that
combine the simple user interface oﬀered by RDTs with stable
performance characteristics in those environments commonly
encountered in low-resource settings.
Many P. falciparum malaria RDT’s target Pf HRP-II, a 67 kDa
protein dimer that contains histidines organized in multiple
repeats of AHH and AHHAAD, which comprise 85% of the
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total amino acids.8 It is an appealing biomarker because 97% of
the protein is released into the host’s blood during red blood
cell rupture.9 We have recently reported a robust Ni(II)
nitrilotriacetic acid (NTA) gold nanoparticle (AuNP) sensor
speciﬁc for peptide mimics of Pf HRP-II.10 In the presence of
histidine-rich peptides, the aggregation of Ni(II)NTA AuNPs
occurs in as little as 10 min, providing a colorimetric response
due to plasmon band coupling.11−13 Although the Ni(II)NTA
AuNPs are speciﬁc toward histidine-rich proteins and false
positives are not observed in the presence of various
confounding proteins at their respective physiological concentrations, the assay sensitivity does not meet the necessary
thresholds to be eﬀective in the ﬁeld. In addition, a
spectrophotometer is required in the Ni(II)NTA AuNP assay
to distinguish subtle color changes induced by particle
aggregation. In contrast, the ability to concentrate and capture
the Pf HRP-II biomarker utilizing a robust Ni(II)NTA
recognition element in an evaporating drop would not only
increase assay sensitivity but also generate a colorimetric ring
indicative of the positive presence of the biomarker.
In this report, we describe the design of an antibody-free
format for a malaria test based on the everyday phenomenon
that forms coﬀee ring stains on a kitchen counter. As originally
described by Deegan and coworkers, evaporating colloidal
drops contain an outwardly directed radial ﬂow to replenish
solvent that evaporates at a greater rate from the edge of the
drop. These radial ﬂows transport materials in solution to the
periphery of the drop where they become concentrated and
form a characteristic ring pattern.14−16 Earlier studies have
shown that drying drops containing biological material form
patterns with possible applications for separations and
diagnostics.17−23 We have previously reported an assay design
that relies on the coﬀee ring phenomenon to generate a
colorimetric shift in the dried deposition pattern to distinguish
between a positive and negative test result.24 In this previous
study, magnetic particles (250 nm in diameter) and nonmagnetic green particles (1 μm in diameter), both surfacemodiﬁed with Ni(II)NTA, were shown to bind a poly-Lhistidine target, a mimic of the malaria biomarker, Pf HRP-II,
causing these two diﬀerent types of particles to form a
sandwich. When a drop of this solution was evaporated on plain
glass above a magnetic ﬁeld, these biomarker-induced particle
assemblies were immobilized in the center of the drop by the
magnetic ﬁeld, preventing the green particle from migrating to
the edge of the drop. Nonreactive red control particles (1 μm
diameter) in solution were transported by outwardly directed
radial ﬂow to the drop edge and formed a red ring under
ﬂuorescence. In the absence of the poly-L-histidine biomarker
mimic, both the red and green particles ﬂowed to the edge and
created a yellow ring under ﬂuorescence. Therefore, the
presence or absence of the biomarker mimic in a water sample
created a red or yellow ring upon evaporation of the sample
drop, respectively. This previous design has several shortcomings. First, the detection limit of approximately 200 nM
must be improved by approximately 3 orders of magnitude to
be clinically relevant for malaria detection. Secondly, the design
requires the use of a magnetic ﬁeld to separate particle types
during drop evaporation. Finally, the assay does not have a
means of eliminating background noise caused by other
components in a biological sample, for example red blood
cells, which may obstruct the interpretation of the test result.
In this investigation, a simpliﬁed enzyme-linked immunosorbent assay (ELISA) format overcomes many of the previous

obstacles by coupling particles to a functionalized glass surface
at the edge of an evaporating drop only in the presence of the
Pf HRP-II malaria biomarker. The design incorporates a unique
and robust Ni(II)NTA Au-plated polystyrene microsphere
(AuPS) platform and a simple water wash step after
evaporation to rinse nonspeciﬁc materials from the glass
surface, leaving behind a visibly detectable ring indicating a
positive test result. Scheme 1 outlines a proposed strategy for
Scheme 1. Proposed Strategy of Ring Formation for rcHRPII Detection Using Ni(II)NTA AuPSsa

a

(A) A solution of Ni(II)NTA AuPSs is reacted with rcHRP-II,
inducing cross-linking between particles, and ultimately aggregation.
(B) A small volume of this particle−protein aggregate solution is
deposited onto a Ni(II)NTA-functionalized glass slide (left) and
allowed to dry. The right panel shows that evaporation occurs the
most rapidly at the edge of the drop (red arrows), so that ﬂuid from
the center of the drop migrates to the edge to compensate for the
sudden evaporative loss. As a result, a surface tension gradient is
created, hereby pulling the particle−protein conjugates toward the
edge and forming a ring. (C) After the drop fully dries, the glass is
washed with deionized water, and the integrity of the ring is
maintained because the rcHRP-II is sandwiched between the
Ni(II)NTA-functionalized glass and Ni(II)NTA-functionalized
AuNPs, mimicking an enzyme-linked immunosorbent assay. The left
panel is a side view upon washing the glass, elucidating the
coordination of the histidine residues on rcHRP-II to Ni(II)NTA on
the glass. The right panel is a top view, displaying a ring elicited by the
formation of aggregated Ni(II)NTA AuPSs.

ring formation in the presence of the malaria biomarker, where
recombinant HRP-II (rcHRP-II) is ﬁrst reacted and sandwiched between Ni(II)NTA AuPSs in solution (Scheme 1A).
Next, this biomarker−particle conjugate solution is deposited
onto a Ni(II)NTA-functionalized glass slide and allowed to
evaporate, where the natural radial ﬂow transports the particles
to the drop edge, elucidating a ring (Scheme 1B). The ﬁnal
water rinse step after evaporation maintains the integrity of the
ring in the presence of rcHRP-II, whereas nonspeciﬁc materials
are washed away from the surface. After being rinsed, the
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before suspension in 1 mL of DI H2O to achieve a particle
concentration of 1 pM.
Synthesis of Ni(II)NTA AuPSs. To achieve a Ni(II)NTA
recognition platform, 5 mM thiol-dPEG4-acid was mixed with 5 mM
of a modular, thiolated NTA ligand that was previously synthesized in
our lab.10 To the 1 pM Au-plated polystyrene suspension was added
10 μL (100 μM total ligand) of the ligand solution and the mixture
incubated overnight. Three washes were performed by centrifuging the
particles at 1200g for 5 min and resuspending in 3 mL of water. The
NTA-functionalized particles were suspended in 1 mL of 0.1 M CHES
buﬀer (pH 9.0), and 100 μM NiCl2·6H2O was added. The particles
were incubated overnight and subsequently washed four times at
1200g for 5 min with water.
Quantifying Gold Concentrations on AuPSs. To quantify the
average gold concentration on each polystyrene particle, 100 μL
aliquots of 1 pM suspensions of AuNP-seeded polystyrene particles
and NH2-terminated polystyrene spheres were treated with 400 μL of
8 mM KCN and agitated for 15 min. Next the particles were
centrifuged at 16100g for 5 min, and the supernatant was decanted and
ﬁnally ﬁltered through a 0.22 μm ﬁlter. The UV spectrum of the
K[Au(CN)2] complex has known extinction coeﬃcients at 204, 211,
230, and 240 nm.30,31 To quantify the average gold concentration on
each AuPS, a 50 μL aliquot of a 1 pM suspension of AuPSs was treated
with 450 μL of 8 mM KCN and agitated for 15 min. Next the particles
were centrifuged at 16100g for 5 min, and the supernatant was then
decanted and ﬁltered through a 0.22 μm ﬁlter. The UV spectrum of
the K[Au(CN)2] complex was then measured with an Agilent 8453
spectrophotometer.
Dynamic Laser Light Scattering Assays with Ni(II)NTA
AuPSs. A 90 μL aliquot of 1 pM Ni(II)NTA AuPSs suspended in
0.1 M MES buﬀer containing 125 mM imidazole and 0.02% Tween 20
(pH 5.5) was reacted against 10 μL of a protein solution for 15 min.
Afterward, size distribution proﬁles of the particles were taken; an
average hydrodynamic particle diameter was conferred.
Ring Assays with Ni(II)NTA AuPSs. Ni(II)NTA AuPS (1 pM)
containing 0.02% Tween 20 were reacted against varying concentrations of rcHRP-II and GST for 15 min at pH 5.5. Afterward, 1%
glycerol was added to the solution, and a 1 μL suspension of the
microsphere−protein conjugate was pipetted onto a Ni(II)NTA glass
slide and allowed to evaporate for 1 h, yielding a total assay time of 75
min. Afterward, the glass slides were rinsed thoroughly with water, and
the glass was subsequently imaged with Image Pro Plus (version 7).
Ring Image Analysis. The distribution of the Ni(II)NTA particle
aggregates in evaporated droplets is analyzed using Image Pro Plus
(version 7) processing software by representing the AuNPs within the
image as positive pixel density or signal intensity. Background noise is
determined by measuring intensity in four predeﬁned areas of interest
(AOI) at the corner of each image. Signal intensity is measured with
two concentric, predeﬁned AOIs: an outer AOI that includes the entire
drop and an inner AOI centered inside the drop. After background
noise is subtracted, the ring annulus intensity is calculated by
subtracting the inner AOI from the outer AOI. The signal, deﬁned as
the presence of a ring, is calculated by dividing the ring annulus
intensity by the ring annulus intensity of the blanks. Signal values are
normalized so a value of 1 corresponds to minimal ring formation.

protein biomarker remains sandwiched between the Ni(II)NTA-functionalized particles and glass slide, elucidating a ring
of particles (Scheme 1C). The results presented in this report
demonstrate detection of the recombinant malaria biomarker at
a clinically relevant limit of detection without the need for an
external magnetic ﬁeld.

2. EXPERIMENTAL SECTION
Materials and Reagents. Ni(II)NTA-functionalized glass was
purchased from Xenopore. Amine-terminated polystyrene spheres (1.1
μm) were purchased from Life Technologies Corp. Recombinant P.
falciparum histidine-rich protein-II containing a glutathione S-transferase (GST) fusion tag was obtained from CTK Biotech. Human
serum albumin (HSA), GST, and α2-macroglobulin (A2M) were
purchased from Sigma-Aldrich. Thiol-dPEG4-acid was purchased from
Quanta Biodesign. N-Cyclohexyl-2-aminoethanesulfonic acid (CHES)
and 2-(N-morpholino)ethanesulfonic acid (MES) buﬀers were
purchased from Sigma. All other reagents are of analytical grade and
used as received from either Sigma-Aldrich or Fisher Scientiﬁc.
Ultrapure water with a resistivity of >18 MΩ cm was used for all
experiments.
Instrumentation. Transmission electron microscopy (TEM)
images were captured using a Phillips CM20 microscope at 200 kV.
Size distributions of suspended particles were determined by dynamic
laser scattering (DLS) using a Malvern Nano Zetasizer. Spectral
characterization was performed on either an Agilent 8453 UV−vis
spectrophotometer or a Bio-Tek Synergy H4 plate reader. Ring images
were captured with a 2× objective on a Nikon TE2000U inverted
microscope with a charge-coupled device (CCD) camera (Hamamatsu
Photonics, model C7780-20).
Synthesis of THPC-Functionalized AuNP Seeds. Tetrakis(hydroxymethyl)phosphonium chloride (THPC)-functionalized
AuNPs (2−4 nm) were synthesized in a 100 mL round bottom
ﬂask by combining 500 μL of 1 M NaOH and 1 mL of 0.95% (v/v)
THPC with 45 mL of deionized (DI) H2O. To the vigorously stirred
solution was rapidly added 10 mL of 5 mM HAuCl4, changing the
color from clear to dark brown in seconds. The solution was stirred for
an additional 1 min, and the pH was decreased to 5.5 with
concentrated hydrochloric acid.
Synthesis of Au-Plated Polystyrene Microspheres (AuPSs).
The plating of gold nanoshells, ﬁrst pioneered by Halas et al., has been
subsequently modiﬁed to accommodate 1 μm polystyrene
spheres.25−29 A seed-mediated adsorption onto polystyrene was
achieved by combining a 5 mL solution of stock THPC-functionalized
AuNPs (pH 5.5) with a 25 μL stock solution (45 pM) of washed
amine-terminated polystyrene microspheres. After being stirred
vigorously for 24 h, the solution was centrifuged at 1200g (3400
rpm) for 10 min. The polystyrene spheres were washed by decanting
the AuNP supernatant and suspending in 5 mL of H2O. This process
was repeated four additional times, in which the ﬁnal volume of the
AuNP-seeded polystyrene particle suspension was 25 μL in H2O. To
achieve a uniform gold nanoshell encompassing the polystyrene
microsphere, an electroless plating solution was ﬁrst prepared
separately by dissolving 50 mg of K2CO3 in 185 mL of DI H2O and
stirring for 5 min. Next, 15 mL of 5 mM HAuCl4 was added to the
solution, and stirring was ceased. Over the course of 30 min, the
solution turned from light yellow to clear, indicating the reduction of
Au(III) to Au(I). This solution was aged overnight in the dark to
prevent photocatalytic reduction of Au(I) to Au(0). In a conical tube,
25 μL of the AuNP-seeded polystyrene spheres was suspended in 5
mL of the aged electroless plating solution before the addition of 10
μL of 37% formaldehyde to promote the reduction of Au(I) onto the
AuNPs adsorbed to polystyrene. This solution was vortexed for 2 min
and subsequently turned black, indicating the plating of a thin gold
nanoshell encompassing the polystyrene. Next, the 5 mL of solution
was centrifuged for 5 min at 1200g. The supernatant was then
decanted, and the Au-plated particles were suspended in 3 mL of DI
H2O. The centrifugation process was repeated three additional times

3. RESULTS
Synthesis of AuPSs. The microparticle synthesis begins
with a seed-mediated approach by ﬁrst electrostatically
adsorbing 2−4 nm THPC-functionalized AuNPs onto amineterminated polystyrene microspheres, followed by reducing
Au(I) onto the adsorbed AuNPs with the reducing agent,
formaldehyde (Scheme 2). The subsequent oxidation and
dehydrogenation of formaldehyde are facilitated in the presence
of a catalytic metal such as gold,32 so that the product is a
tailored, thin gold nanoshell encompassing the polystyrene.
When the amine-terminated polystyrene spheres react with
THPC-functionalized AuNPs, the color of the solution changes
6259

dx.doi.org/10.1021/am501452k | ACS Appl. Mater. Interfaces 2014, 6, 6257−6263

ACS Applied Materials & Interfaces

Research Article

Scheme 2. Synthesis of Ni(II)NTA AuPSs

slightly from bright to dark yellow, and TEM images display the
THPC-functionalized AuNP seeds adsorbed to the surface of
the amine-terminated microspheres (Figure 1A,B). AuNP-

Figure 2. Activity and speciﬁcity of Ni(II)NTA AuPSs. TEM images of
Ni(II)NTA AuPSs (A) before and (B) after addition of 1 μM rcHRPII. (C) Dynamic laser light scattering size distribution proﬁles of
Ni(II)NTA AuPSs in the presence of various confounding proteins at
their respective physiological concentrations. (D) Titrations of rcHRPII in addition to confounding proteins as measured by dynamic laser
light scattering.

rcHRP-II and the particles, as shown by TEM images and
dynamic laser light scattering experiments (Figure 2B−D).
Dynamic laser light scattering also validates the speciﬁcity of
the molecular recognition interface toward the biomarker, as a
shift in the size distribution of the Ni(II)NTA AuPSs is
insigniﬁcant when they react at the physiological concentrations
of HSA (40 mg/mL) and α2-macroglobulin (A2M, 2 mg/mL)
(Figure 2C,D). Controls against the fusion protein, glutathione
S-transferase (GST), showed no aggregation, highlighting the
speciﬁcity of the Ni(II)NTA molecular recognition element
toward the biomarker.
Ring Assays with a 1.1 μm Ni(II)NTA AuPS Platform.
Subsequently, the Ni(II)NTA AuPSs are evaluated in the coﬀee
ring assay. After incubation of the Ni(II)NTA AuPSs with
rcHRP-II for 15 min, the particle−protein conjugate solution is
spotted onto a Ni(II)NTA-functionalized glass slide, and the
drop edge is pinned to the glass surface via topographical and
chemical heterogeneities. As the extent of evaporation is
greatest at the drop edge, solution from the middle of the drop
migrates toward the contact line to compensate for the rapid
ﬂuid loss. Suspended Ni(II)NTA AuPS−protein conjugates
ﬂow radially toward the drop edge and accumulate at the
contact line, as shown by images of a drop of particles at
diﬀerent time points during evaporation (Supporting Information). When rcHRP-II is present, the particles are captured by
the functionalized glass surface. Rinsing the glass slide with
deionized water after depositing and evaporating 1 μL of a
AuPS−protein conjugate solution washes away nonspeciﬁc
binding on the surface. At 10 nM rcHRP-II, the integrity of the
ring is maintained via conjugate coupling to the Ni(II)NTA

Figure 1. Characterization of AuPSs upon addition of AuNP seeds and
Au plating. TEM images of (A) an amine-terminated polystyrene
sphere, (B) the surface of a polystyrene sphere with adsorbed 2−4 nm
AuNPs, and (C) Au-plated polystyrene spheres (AuPSs). The insets at
the bottom left of each panel show the color of a 1 pM aliquot of each
type of microsphere.

seeded polystyrene spheres then undergo an electroless plating
deposition in the presence of AuOH, where TEM images reveal
a thin gold nanoshell encompassing the polystyrene (Figure
1C). There is an average of 8.3 × 108 total Au atoms/particle,
as determined by UV−vis spectroscopy, equating to an average
density of 1.49 g/mL and an average particle settling velocity of
3.2 × 10−5 cm/s (Supporting Information).
Aggregation Assays with Ni(II)NTA AuPSs. The
modular thiol-peg-Ni(II)NTA ligand provides an ideal,
validated recognition element to create the particle−biomarker
capture interface.10 Upon functionalization with this Ni(II)NTA recognition element, the particles are stable and
monodisperse, as shown by TEM images (Figure 2A). When
the Ni(II)NTA AuPSs are reacted with rcHRP-II at pH 5.5,
signiﬁcant aggregation is ﬁrst observed at high rcHRP-II
concentrations via Ni(II)−histidine cross-linking between
6260
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Figure 3. Ni(II)NTA AuPS ring assay for detection of rcHRP-II. (A) A 1 pM solution of Ni(II)NTA AuPSs containing 0.02% Tween and 1%
glycerol is reacted with 10 nM rcHRP-II, and a 1 μL drop is deposited on a Ni(II)NTA-functionalized glass slide. After 1 h, the slide is rinsed
thoroughly with deionized water. The top image shows the drop before washing, while the bottom image shows the drop after washing in the
presence of the rcHRP-II biomarker. The black bar is 1 mm. (B) Logarithmic titration of rcHRP-II using the conditions described above. The images
show an example of the rings after washing.

4. DISCUSSION
This simple antibody-free design originally inspired by the
coﬀee ring phenomenon overcomes many of the obstacles
associated with existing RDTs by manipulating the molecular
recognition interface for optimal speciﬁcity and improved
sensitivity. The ring assay simpliﬁes an ELISA by eliciting a
chromogenic response from concentrated polystyrene microspheres. In our low-resource design, a ring of Ni(II)NTA
AuPSs sandwich a rcHRP-II malarial biomarker with Ni(II)NTA-functionalized glass via Ni(II)−histidine coordination.
Most importantly, the integration of a water wash step after
drop evaporation signiﬁcantly reduces nonspeciﬁc binding to
the glass surface but maintains the integrity of the strong
Ni(II)−histidine coordination in the presence of the biomarker.
This assay detects biomarker concentrations over the operational range of malaria diagnostics (0.1−1 nM rcHRP-II)
recommended by the WHO, and rings are even visible with the
naked eye at 10 pM rcHRP-II. This 10 pM viewable limit of
detection is 1 order of magnitude below the WHO’s lower
recommended threshold concentration, so that our format
possesses utility diagnosing malaria in asymptomatic patients.
In the high-concentration regime, the assay’s ring signal
decreases because of particle aggregation and gravitational
vertical settling to the center of the drop.33 However, it has
been determined that for adults and children infected with
uncomplicated and severe malaria, the median concentration of
Pf HRP-II found in blood is between 1 and 10 nM,5,34,35 which
is the most sensitive regime of our assay.
To achieve a detection limit below 0.1 nM Pf HRP-II using a
microﬂuidic ring assay, an aqueous polystyrene microsphere is a
desirable particle platform because of the high degree of
uniformity, the low density, and the large particle surface area.
The low density of the spherical, monodisperse particle favors
ring formation, while the large surface area creates a viewable
two-dimensional ring that provides the assay’s signal. A
spherical, monodisperse bead also provides reproducible and
predictable particle ﬂow in evaporating drops, so the assay can
be easily tuned and manipulated. In addition, coating the
polystyrene particle in a gold nanoshell to promote facile thiolbased ligand functionalization oﬀers a robust interface, which
can withstand the extreme conditions encountered in lowresource areas. Finally, this inert gold nanoshell minimizes
nonspeciﬁc interactions and validates the integrity of our

glass surface (Figure 3A). In the presence of rcHRP-II, the
polystyrene spheres exhibit ring formation over a titration range
of 3 orders of magnitude of the target biomarker (Figure 3B).
The titration of rcHRP-II with Ni(II)NTA AuPSs exhibits an
optical detection limit of 10 pM rcHRP-II. The assay signal
intensity increases linearly after 10 pM rcHRP-II before
saturating between 100 pM and 10 nM. In the highconcentration regime of the assay, 100 nM rcHRP-II
concentrations aggregate the particles, so that the protein−
particle conjugates settle vertically (6.0 × 10−5 cm/s) to the
center of the drop rather than radially ﬂowing toward the edge
upon drop deposition. Upon being washed, the large aggregates
are displaced, as there is not enough particle surface area
contact with the Ni(II)NTA glass to coordinate the particle−
protein conjugates to the surface, resulting in faint rings. Image
processing further allows for quantitation and validation of the
assay, as indicated by a titration curve between 10 pM and 10
nM rcHRP-II (Figure 4). The fusion protein, GST, is used to

Figure 4. Analysis of ring formation from the titration of rcHRP-II
with Ni(II)NTA AuPSs. (A) Ring signal generated by subtracting the
intensity of the inner circularly dotted annulus from the outer dashed
annulus with respect to the minimal mean background (four dashed
corner circles). The solid ring in the image is an example of
concentrated Ni(II)NTA AuPSs in a ring in the presence of rcHRP-II
after washing. (B) Compiled signal intensity generated from the
diﬀerence between the dotted annulus inside the ring with from the
dashed outer annulus with respect to the minimal mean background
signal.

control for nonspeciﬁc interactions. Particle aggregation does
not occur in the presence of GST, and the ring signal generated
upon reactions with GST does not exceed the background
noise.
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previously explored Ni(II)NTA AuNP molecular recognition
interface.10
The introduction of the additives, Tween and glycerol,
enhances particle stability, reproducible particle ﬂow, and the
signal-to-noise ratio. It has been previously demonstrated that
the incorporation of surfactants and polymers into particle
droplet suspensions can promote and prevent ring formation
during drop evaporation.36−38 Manipulating such factors leads
to improved ring reproducibility and robustness by controlling
the rate of evaporation and blocking nonspeciﬁc substrate
binding. In this format, incorporating 0.02% Tween 20 into the
particle suspension maintains particle stability, while aiding in
contact line pinning during drop evaporation for reproducible
ring sizes. Additionally, the incorporation of 1% glycerol not
only promotes speciﬁc Ni(II)−histidine coordination to the
glass but also provides adequate blocking on the functionalized
glass surface to limit nonspeciﬁc binding. In contrast to an
ELISA in which proteins are often used to block nonspeciﬁc
sites, our assay takes advantage of the robust hydrogen bonding
network of glycerol and/or water as a blocking agent, further
modifying this assay for use in low-resource areas. Finally, the
viscous nature of glycerol reduces the rate of evaporation to
optimize the kinetics of transport of the particle to the drop
edge for an increased signal.
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