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’ INTRODUCTION

Throughout the developing world, the cost of diagnosis is a
significant barrier to effective distribution of limited public health
resources. It is often difficult to reach sparsely populated regions
with either standard or sophisticated diagnostic equipment due
to the difficult terrain, intermittent availability of electricity and
clean water, and lack of a skilled workforce. To circumvent these
challenges, rapid diagnostic tests (RDTs) have been developed
for infectious diseases such as malaria that provide a self-
contained immunochromatic test delivering infectivity results
within 15�30min.1 Although RDTs perform well in a laboratory
setting, their reliance on the antibody�biomarker interaction
renders them thermally sensitive in subtropical regions of the
world. Recent performance testing conducted by the World
Health Organization (WHO) found that most commercially
available antibody-based malaria RDTs when exposed to higher
storage temperatures performed poorly at the recommended
lower limit of detection of 200 parasites/μL.2 Therefore, rapid
diagnostics based on thermally stable reagents would improve
their utility in applications where refrigeration is not available.

Because of their unique physical and chemical properties, gold
and silver nanoparticles (AuNPs and AgNPs, respectively) have
been used as diagnostic sensors.3�8 Both of these nanoparticles
exhibit a visible surface plasmon resonance induced by the

collective oscillation of electrons at their surfaces, giving them
their representative red and yellow colors in aqueous solutions.
Since the nanoparticles have a high surface area to volume ratio,
the plasmon frequency is sensitive to the dielectric nature of its
interface with the surrounding solution. As interparticle distances
between the NPs are reduced to less than the average particle
diameter (i.e., during aggregation), their surface plasmon bands
couple, resulting in visible red shifts in absorption.9 In addition,
only small aggregates containing 2�10 particles per cluster are
required to drastically shift the plasmon resonance.10,11

Another advantage of gold and silver substrates is their
reactivity toward thiolated ligands. This allows for the selective
functionalization of surface substrates, which can be tuned to
detect specific biological or synthetic targets. Surface substrates
also serve to stabilize these nanoparticles in a variety of physio-
logically relevant conditions.12 Mirkin et al. have previously
designed DNA recognition elements by conjugating comple-
mentary thiolated surface ligands (mercaptoalkyloligonucleo-
tides) onto different gold nanoparticles that hybridize upon
heating, inducing plasmon coupling of the nanoparticles.3
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ABSTRACT: An antibody-free diagnostic reagent has been
developed based on the aggregation-induced colorimetric
change of Ni(II)NTA-functionalized colloidal gold and silver
nanoparticles. This diagnostic strategy utilizes the high binding
affinity of histidine-rich proteins with Ni(II)NTA to capture
and cross-link the histidine-rich protein mimics with the silver
and gold nanoparticles. In model studies, the aggregation
behavior of the Ni(II)NTA nanoparticles was tested against
synthetic targets including charged poly(amino acid)s (histidine,
lysine, arginine, and aspartic acid) and mimics of Plasmodium
falciparum histidine-rich protein 2 (pfHRP-II). Aggregation of
the nanoparticle sensor was induced by all of the basic poly-
(amino acid)s including poly(L-histidine) within the pH range (5.5�9.0) tested, which is likely caused by the coordination between
the multivalent polymer target and Ni(II)NTA groups on multiple particles. The peptide mimics induced aggregation of the
nanoparticles only near their pKa’s with higher limits of detection. In addition, monomeric amino acids do not show any aggregation
behavior, suggesting that multiple target binding sites are necessary for aggregation. Long-term stability studies showed that gold but
not silver nanoparticles remained stable and exhibited similar aggregation behavior after 1 month of storage at room temperature
and 37 �C. These results suggest that Ni(II)NTA gold nanoparticles could be further investigated for use as a sensor to detect
histidine-rich proteins in biological samples.
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Recently, this technology has been applied to the detection of
single nucleotide polymorphisms.13 AuNPs functionalized with
small alkanethiols, cysteine, dithiolthreitol, and glutathione have
also been designed as colorimetric sensors against heavy metals
such as Hg(II), Pb(II), Ag(I), Cu(II), As(III), and As(IV) with
limits of detection in the nanomolar range.14�16 In addition,

ligand-functionalized AuNPs have been used as colorimetric
sensors of proteins.17,18

Ni(II) nitrilotriacetic acid (NTA) chelation has become a
widely adopted technology for the isolation and purification of
hexahistidine-tagged recombinant proteins.19�21 One advantage
of Ni(II)NTA chelation is its high affinity to histidine, with an
approximate dissociation constant (Kd) in the micromolar
range.22 Chelation occurs between the imidazole side chain of
histidine and one of the two available coordination sites of
Ni(II). Previously, several groups have designed Ni(II)NTA-
functionalized gold nanoparticles that selectively label pro-
teins with hexahistidine tags.7,23 Although these particles
utilized a 1:1 association between the target and the surface
ligand, targets containing multiple binding sites are expected
to localize multiple nanoparticles, inducing visibly detectable
plasmon shifts.

One of the principal targets for Plasmodium falciparummalaria
RDT’s is pfHRP-II, a 67 kDa protein dimer that contains
histidines assembled in multiple repeats of AHH (51 total) and
AHHAAD, which comprise∼85% of the total amino acids.24 It is
an attractive biomarker for current malarial rapid diagnostic tests
(RDTs) because 97% of the protein is released into the host’s
blood during red blood cell rupture.25 In vitro, pfHRP-II co-
ordinates as many as 15�17 heme molecules per dimer through
bis-histidine axial ligation.26 Ni(II) and Zn(II)NTA agarose
affinity columns have been used to selectively isolate pfHRP-II
from blood or serum samples containing human serum albumin,
transferrin,α2-macroglobulin, and histidine-rich glycoprotein.21,24

Consequently, pfHRP-II represents an attractive target for
Ni(II)NTA chelation within a complex biological mixture.

Although NTA ligands have been functionalized onto gold
and silver nanoparticles previously,5,7,23 their behavior in the
presence of histidine-rich targets has not been elucidated. Here
we report the facile synthesis of Ni(II)NTA gold and silver
nanoparticles by assembling a monolayer of a PEGylated NTA
thiol onto the surface of the metal particles. The functionalized
particles were characterized using transmission electron micro-
scopy (TEM), UV�vis spectroscopy, and dynamic light scattering
(DLS). Aggregation behavior of the Ni(II)NTA NPs was eval-
uated in the presence of a number of poly(amino acid)s and the
pfHRP-II mimics, pHRP-II and BNT-II, in a concentration- and
pH-dependent manner. The effects of long-term storage at
physiologically relevant temperatures on the aggregation behavior
of the particles are reported. In addition, the particle behavior in

Scheme 1. Synthesis of NTA-Thiol Ligand

Scheme 2. Modular Design and Construction of M(II)NTA NPs



15332 dx.doi.org/10.1021/la202937j |Langmuir 2011, 27, 15330–15339

Langmuir ARTICLE

the presence of common human serum proteins at physiological
concentrations was investigated.

’RESULTS

Ni(II)NTA-functionalized Au and Ag nanoparticles were
synthesized following modified procedures developed by Barton
et al.27 The NTA-thiol ligand (7) was synthesized (Scheme 1)
following modifications of Schmitt et al.28 and Tinazli et al.29

Surface functionalization of the Ag and Au nanoparticles was
performed by incubating particles overnight with purified NTA-
thiol ligand in water, allowing for efficient packing of the ligand
onto the surface of the particles (Scheme 2). After incubation, the

NPs were centrifuged and washed three times with buffer (0.1 M
HEPES buffer, pH 7.4) to remove any unreacted thiols. The NPs
were charged overnight with a solution of NiCl2. After purifica-
tion, the particles were characterized by UV�vis spectroscopy
and DLS and imaged with TEM (Figure 1 and Table 1). Both
particles show a minimal red shift (∼5 nm) in their surface
plasmon absorption, which is consistent with the dielectric
changes induced by the monolayer of Ni(II)NTA on their
surfaces.27,30 The Ni(II)NTA AuNPs have an average hydro-
dynamic diameter of 24.34 ( 0.74 nm and the Ni(II)NTA
AgNPs are 35.67 ( 0.38 nm, which is 4.6 and 6.03 nm larger
than the unfunctionalized stock particles. This particle size
increase is consistent with the addition of 7 to their res-
pective surfaces. TEM analysis revealed that the particles are
monodisperse, suggesting that they do not aggreagte during
preparation.

The aggregation behavior of the Ni(II)NTA NPs was exam-
ined in the presence of commercially available acidic and basic
poly(amino acid)s. At pH 7.4, the poly(amino acid)s poly(L-
histidine) (PLH), poly(L-arginine) (PLR), and poly(L-lysine)
(PLL), known to have affinity toward Ni(II)NTA, induced
aggregation of both the Au and AgNPs. Poly(aspartic acid)
(PLD) did not induce aggregation (see Supporting Information

Table 1. Physical Properties of Ni(II)NTA NPs

plasmon absorption peak

position (nm)

particle hydrodynamic diameter

(nm)

metal citrate NPs Ni(II)NTA shift citrate NPs Ni(II)NTA shift

Au 520 525 5 19.64 ( 0.25 24.24 ( 0.75 4.60

Ag 406 411 5 29.64 ( 1.33 35.67 ( 0.38 6.03

Figure 1. Characterization of Ni(II)NTA NPs. UV�vis spectrum of Ni(II)NTA Au (A) and AgNPs (B). TEM images of Ni(II)NTA Au (C) and
AgNPs (D).
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for PLR, PLL, and PLD titrations). Highlighted in Figure 2 are
UV�vis spectra, DLS profiles, and representative TEM images
for Ni(II)NTA NPs reacted with PLH over a concentration
range of 0�440 nM. UV�vis spectroscopy indicates a red shift
caused by PLH-induced cross-linking of the nanoparticles. Sig-
nificant peak broadening is observed for all concentrations, and
the absorption maximum shifts by ∼30 nm to 555 nm for the
highest concentrations for Ni(II)NTA AuNPs. The spectral
profile for Ni(II)NTA AgNPs in the presence of PLH indicates
a peak broadening shift of∼70 to∼480 nm. DLS measurements
indicated that the average hydrodynamic diameter of both the
gold and silver nanoparticle aggregates approached 500 nm as a
function of time and target concentration. TEM images further

confirm that the particles form large aggregates as a result of
Ni(II)NTA-PLH cross-linking.

Poly(amino acid)-induced aggregation of Ni(II)NTA NP also
demonstrated a pH dependence over a range of pH 4 to pH 9.
Aggregationof thenanoparticleswas detected spectrophotometrically
for PLH, PLL, and PLR at all pH’s for AgNPs and below 9.0 for
AuNPs. Again, PLD showed no aggregation, regardless of the
pH (Supporting Information). Figure 3a demonstrates the
aggregation behavior of the Ni(II)NTA NPs in the presence
of PLH (200 nM) at variable pH (4�10). The % aggregation
reported is calculated by taking the ratio of two selected
wavelengths (A600/A525 for Au and A520/A411 for Ag) and
normalizing the highest ratio value to 100. Titrations with PLH

Figure 2. Aggregation of Ni(II)NTA AuNPs (left) and AgNPs (right) induced by poly(L-histidine) (PLH). UV�vis of Ni(II)NTA Au (A) and AgNPs
(B) in the presence of 0�440 nM PLH. DLS particle hydrodynamic diameter profiles of Ni(II)NTA Au (C) and AgNPs (D). Representative TEM
images of Ni(II)NTA AuNPs (E) and AgNPs (F) in the presence of 110 nM PLH. Note that further aggregation has occurred during the preparation of
the samples onto the TEM grid.
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were also conducted at selected pH’s (5.5, 7.4, and 9.0) to
determine the limit of detection of aggregation (Figure 3B,C).
The limit of detection for aggregation at pH 5.5 was 32.6 nM
for Ni(II)NTA AuNPs and 27.4 nM for Ni(II)NTA AgNPs
(Table 2).

To understand how the gold and silver sensors interact with a
biologically relevant sample, the particles were tested for aggre-
gation behavior in the presence of two peptide mimics of the
malarial protein pfHRP-II. pHRP-II is a 27 amino acid linear
peptide containing the antigenic repeat (AHHAHHAAD)3

targeted by many RDT’s. BNT-II is a functional dendrimeric
mimic of pfHRP-II previously synthesized by Ziegler and co-
workers.31 This peptide contains 4 branched repeats of
(AHHAHHAAD)2, which provides 16 heme binding motifs
(a proposed natural substrate) and a more realistic 310-helical
structure as seen for pfHRP-II in the presence of heme.26 Much
like PLH, both mimics induced aggregation of the nanoparticles
at pH’s below 6.5; however, no particle aggregation was observed
at neutral pH or higher (Figure 4). Titrations of themimic targets
at pH 5.5 revealed that the limit of detection of pHRP-II is
620 and 490 nM for Au and AgNPs, respectively. With the more
realistic biological mimic BNT-II, the limit of detection is
improved to 190 nM for Ni(II)NTA AuNPs and 100 nM for
Ni(II)NTA AgNPs (Table 2).

In complex biological mixtures such as human blood or saliva,
proteins such as transferrin (TF), histidine-rich glycoprotein
(HRG), human serum albumin (HSA), and α-2 macroglobulin
(α2) are at high concentrations and could act as interferents to
the aggregation assay by inducing nonspecific aggregation.
Physiological concentrations of these proteins were incubated
with the Ni(II)NTA NPs at pH 5.5, and no aggregation was
observed. UV�vis difference spectral profiles of Ni(II)NTANPs
in the presence of the protein targets indicated a slight 2 nm shift
for Au and 5 nm shift for Ag of the plasmon absorption without
any significant peak broadening (Figure 5). This is in stark
contrast to particles reacted with the histidine-rich targets, which
showed dramatic shifts in their plasmon absorption to longer
wavelengths. In addition, the presence of physiological concen-
trations of HSA during titrations of BNT-II had little if any effect
on the aggregation behavior of the particles (Supporting In-
formation) under a variety of reagent and target concentrations,
save for at the lowest concentrations of particles.

The long-term stability of the particles was evaluated by
storing the particles at room temperature and 37 �C for several
weeks before reacting with PLH. After 4 weeks of storage, the
Ni(II)NTA AuNPs showed no indication of storage-induced
aggregation and similar aggregation behavior in the presence of
PLH, suggesting that these particles are stable throughout the
study (Figure 6). In contrast, Ni(II)NTA AgNPs lost most of
their aggregation behavior after 2 weeks of storage independent
of temperature. These results suggest that Ni(II)NTAAuNPs are
significantly more stable than Ni(II)NTA AgNPs.

’DISCUSSION

The unique physical and chemical properties of gold and silver
nanoparticles make them powerful reagents for possible low-
resource point of care diagnostics. Both particles have high molar
extinction coefficients of their surface plasmon resonance ab-
sorption (3.64� 108M�1 cm�1 for Au and 8.6� 109M�1 cm�1

for Ag), which allows for spectrophotometric detection of these

Figure 3. Aggregation response of Ni(II)NTA NPs for poly
(L-histidine) at variable pH. (A) Aggregation of the particles in the
presence of 200 nM PLH at variable pH. (B) Aggregation of Ni(II)NTA
AuNPs induced by PLH at variable concentrations of PLH at selected
pH’s. (C) Aggregation ofNi(II)NTAAgNPs induced by PLH at variable
concentrations of PLH at selected pH’s. The % aggregation values
reported are calculated by normalizing the highest ratio of A600/A525 for
Au and A520/A411 for Ag and normalizing to 100.

Table 2. Limits of Detection for the Histidine-Rich Targets
Investigated in This Study

Ni(II)NTA AuNPs Ni(II)NTA AgNPs

limit of

detection (nM)

95% confidence

intervals (nM)

limit of

detection (nM)

95% confidence

intervals (nM)

PLH 33 25�39 27 17�36

pHRP-II 620 570�660 490 360�610

BNT-II 190 160�213 100 37�160



15335 dx.doi.org/10.1021/la202937j |Langmuir 2011, 27, 15330–15339

Langmuir ARTICLE

monodisperse particles in the picomolar range. Further, the energy
gap of the plasmon band in these particles can increase as aggrega-
tion occurs, resulting in a visible red shift in the absorption, which
is spectrophotometrically and visibly detectable. This allows for the
detection of targets which induce cross-linking of the particles in the
nanomolar range of sensitivity.

The key to utilizing such nanoparticles is to endow them with
significant selectivity through surface ligand design. The use of a

Ni(II)NTA surface ligand was inspired by nickel affinity chro-
matography of His-tagged proteins and the realization that
pfHRP-II is nothing if not a naturally occurring His-tagged
protein. For this study, a modular synthetic NTA ligand was
designed to include a module for surface functionalization in
a well-ordered monolayer, a module to minimize binding of
nonspecific interferents, and one to specifically target histidine-
rich proteins. The use of a modified alkanethiol ligand provides

Figure 4. Aggregation behavior of Ni(NTA) NPs in the presence of biological mimic targets of the malaria parasite protein pfHRP-II. Aggregation of
(A) Ni(II)NTA AuNPs and (B) AgNPs in the presence of 2 μM pHRP-II and 500 nM BNT-II at variable pH. Titration of targets with Ni(II)NTA (C)
AuNPs and (D) AgNPs at pH 5.5 at variable target concentration. (E) Photographic images of aggregated Ni(II)NTA NPs in the presence of mimics.

Figure 5. UV�vis profiles of Ni(II)NTA (A) AuNPs and (B) AgNPs in the presence of several potential serum protein interferents.
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the functionality to coordinate to the Au and Ag surface,32 while
providing a well-ordered packing layer near the NP surface.
A poly(ethylene glycol) (PEG) spacer provides a shield between
the biological target and NP surface, thus reducing nonspecific
interactions between the two.12 The NTA moiety is attached
adjacent to the PEG spacer. To complete the recognition
element, Ni(II) is used to charge the chelate to provide the
necessary affinity to histidine targets.22

A number of factors influence the aggregation behavior of the
nanoparticles. These include the affinity of the coordinating
ligand to theNi(II), the pKa of the potential coordinatingmoiety,
electrostatics, hydrogen bonding, and the size of the aggregating
target molecule. In this study, a systematic investigation of single
amino acids, poly(amino acid)s, and malaria biomarker epitope
mimics were used to investigate the aggregation behavior of the
Ni(II)NTA Au and AgNPs. A series of acidic and basic monomeric
amino acids, including histidine, were incubated with the Ni(II)-
charged particles at pH 5.5, 7.4, and 9.0 (Supporting Information).
No aggregation behavior was observed for any of the single amino
acids across the entire pH range, consistent with the simple
coordinative saturation of the Ni(II) binding site. Previous
work conducted by Bae et al. showed that 3�5 nm metal-free
(uncharged)NTA-NPs did aggregate in the presence ofmonomeric
histidine at pH 9, presumably through hydrogen bonding and
electrostatic interactions.5 When Ni(II) was titrated into their
reactions, the aggregation was inhibited. Thus, those single amino
acids coordinating to Ni(II) simply saturate the coordination sites
on the nanoparticle, resulting in no cross-linked aggregation.

The Ni(II)NTA NPs were then reacted with a variety of
commercially available poly(amino acid)s known to have an
affinity to Ni(II)NTA. Consistent with the idea that multivalent
targets induce the required cross-links for aggregation, each of
the basic poly(amino acid) ligands induced aggregation of the
nanoparticles at each of the pH’s tested, while poly(L-aspartic
acid) (PLD) did not. It is likely that the multivalent carboxylic
acids outcompete NTA for binding of the Ni(II) ion and subse-
quently leach it from the nanoparticle, much like EDTA stripsNi(II)
from an Ni(II)NTA agarose column.22 As aggregation could be
inhibited above pH 7 by high concentrations of imidazole (data not
shown), these poly(amino acid)s likely serve as coordinative cross-
links between nanoparticles. In contrast, a different behavior was
observed for the protein mimics of malaria.

When the smaller malaria mimics, pHRP-II and BNT-II, were
reacted with Ni(II)NTA NPs, the aggregation behavior of the
NPs was very sensitive to the pH of the solution. Indeed, BNT-II

and pHRP-II only induced aggregation at pH’s below 6, showing
a marked decrease in aggregation at pH’s higher than the pKa of
histidine. The large ∼8000 MW amino acid PLH polymer
induced aggregation of the particles throughout the pH range
tested. This difference suggests that the smaller, globular mimics
are aggregating through a mechanism different than only simple
coordinative cross-linking. At the pKa of histidine, 50% of the
imidazole rings are deprotonated and available to coordinate the
Ni(II) within the functionalized NP’s. The other 50% are
protonated and available for the formation of hydrogen bonds
to deprotonated histidines on other mimic molecules or electro-
static cross-links. The resulting composite is likely an aggregate of
mimics coordinated to the Ni(II) of the NPs and cross-linked to
other target mimic molecules through hydrogen-bonding and
electrostatic interactions. Similar pH-dependent assembly of
multivalent histidine-coated nanoparticles has been previously
observed.33 At higher pH, the small peptide mimics simply
saturatively coordinate the Ni(II) sites covering the nanoparti-
cles, effectively blocking aggregation. Unlike the larger amino
acid polymers, the small size of these mimics prevents particle�
particle cross-links due to repulsive particle�particle forces.
Consequently, little aggregation is seen above pH 6.

A requirement for the ultimate application of these function-
alized nanoparticles in diagnostic assays is that nonspecific
interactions between the nanoparticles and other components
found in a complex biological matrix do not induce aggregation.
Current RDTs for malaria target pfHRP-II in either whole blood
or saliva from an infected patient.1Within such complexmixtures
are proteins (e.g., HRG, TF, HSA, and α2) which are known to
have some affinity to M(II)NTA columns at neutral pH.24 For
example, HRG is a 75 kDa protein (507 amino acids) found in
relatively high concentrations in human serum (100�200 μg/
mL).34 Of the six domains that make up the HRG protein, only
the 60 amino acid region of the histidine-rich region (HRR)
contains tandem repeats of histidine.35 Within this region, there
are conserved repeats of GHHPH, which serve as Zn2+ and heme
binding domains. Much like pfHRP-II, HRG has been readily
purified from serum using Ni(II)NTA agarose affinity chromato-
graphy.36 However, the experimental evidence suggests that neither
HRGnorHSA induces aggregation of the particles at pH 5.5, where
aggregation was observed for the pfHRP-II mimics. In the case of
HRG, the localization of the histidine-rich site concentrated in a
single protein domain, as opposed to the complete distribution of
such sites in pfHRP-II, limits possible cross-linked driven particle
aggregation. Furthermore, at low pH, these control proteins will
be protonated, thereby reducing their ability to coordinate with
Ni(II)NTA. Similarly, the negative control HSA protein did not
induce aggregation of the nanoparticles. In addition, aggregation
of the particles with target was readily observed in solutions
containing physiological concentrations of HSA, suggesting that
HSA has minimal interaction with the particles. Ni(II)NTAAu and
AgNPs achieved optimum aggregation upon BNT-II exposure in
the presence of varying concentrations of HSA. Aggregation of
particles at physiological concentrations of HSA with varying
concentrations of BNT-II also revealed that the limit of detection
for Au and AgNPs did not significantly change. Finally, both Au and
AgNPs underwent aggregation at different particle concentrations,
further suggesting HSA does not block target-induced aggregation
(Supporting Information).

One of the primary advantages of using metal chelation-based
molecular recognition is the avoidance of thermally sensitive
reagents such as antibodies. Ni(II)NTA AuNPs stored for a

Figure 6. Storage stability of Ni(II)NTA NPs. Both the Au and Ag
nanoparticles were incubated at variable temperatures in 0.1 M HEPES
buffer pH 7.4 with 0.025% Tween 20 for multiple weeks prior to
reactions with PLH.
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month suspended in 0.1 M HEPES buffer pH 7.4 with 0.025%
Tween 20 either at room temperature or at 37 �C exhibited no
change in their spectral profile over time, suggesting that the
particles are thermally stable. In addition, their aggregation
behavior in the presence of PLH was very similar throughout
the thermal time study. In contrast, Ni(II)NTAAgNPs under the
same storage conditions appeared to be destabilized after 2 weeks
of storage independent of storage conditions. The instability of
the Ni(II)NTA AgNPs over extended periods of time can be
attributed to several factors. Silver nanoparticles are more
susceptible to oxidation at all temperatures in comparison to
gold nanoparticles, therefore limiting their shelf life.37 Further,
the self-assembly of alkylthiolates onto silver surfaces is sig-
nificantly different in comparison to gold. Surface plasmon
Raman spectroscopy and ab initio calculations demonstrate that
alkylthiolates assemble nearly perpendicular to the silver sur-
face, while alkylthiolates assemble ∼30� to the normal onto gold
surfaces. As a result, monolayers on gold not only take advantage
of more efficient packing via van der Waals interactions, but
the subsequent S�C bond is less strained.38 Therefore, only
Ni(II)NTA AuNPs demonstrate the potential thermal and
storage stability required for further development in global health
applications.

’CONCLUSION

Herein, we have highlighted the ease of preparation and use of
Ni(II)NTA NPs as a colorimetric diagnostic for histidine-rich
proteins. The selectivity and specificity of the Ni(II)NTA con-
struct toward histidine-rich targets were demonstrated over a
wide variety of conditions. These particles aggregate in the
presence of poly(L-histidine) and malaria biomarker pfHRP-II
mimics, making them potential colorimetric reagents for malaria
RDT’s. Furthermore, human serum proteins do not induce
aggregation of the particles at low pH, suggesting that the
Ni(II)NTA NPs could be further developed to detect pfHRP-
II in human serum or saliva. A final advantage of the Ni(II)NTA
AuNP system is that it demonstrates excellent thermal stability at
environmentally relevant conditions over time.

One of the goals of this aggregation reagent is to develop a
thermally stabile assay component that circumvents the chal-
lenges associated with current lateral flow rapid diagnostic tests.
Although promising, the proposed reagent currently detects
pfHRP-II mimics 1 order of magnitude above the World Health
Organization’s recommended sensitivity of a 2000 parasites/μL
parasitemia. These parasite loads correspond to an approximate
pfHRP-II concentration near 1 nM.39�42 Even though the
current format does not achieve the detection limits needed for
a field ready diagnostic, the modularity of the system allows for
modifications that will lead to improved sensitivity.

Currently, studies are being performed to investigate the
impact of particle size, mixed ligand compositions on the
nanoparticle surface, structure of the NTA thiol ligand, and
different metal centers (i.e., Co(II), Zn(II), etc.) on the speci-
ficity and sensitivity of the system. In addition, sample processing
technologies are concurrently being developed to purify and
concentrate antigens from complex biological mixtures, such as
plasma and whole blood. Together, this processing technology
could be coupled with the colorimetric reagent to detect pfHRP-II
fromwhole blood in a simple and self-contained diagnostic for use
in the developing world.

’EXPERIMENTAL SECTION

Reagents. Au and AgNPs were purchased from Ted Pella Inc. All
peptide reagents were purchased fromAapptec Inc. Antibodies for HRG
characterization were purchased from Abcam Inc. Western blotting
reagents were purchased from Invitrogen Inc. All other reagents were
purchased from Fisher Scientific Inc. or Sigma-Aldrich Inc. and used
without modification.
Synthesis of Ni(II)NTASilverNanoparticles (AgNPs).A 115 pM

solution of citrate-capped silver nanoparticles was incubated with 10 μM
of 7 overnight at room temperature. The particles were then centrifuged
(20 min, 5000g) and washed three times with 0.1 M HEPES buffer with
0.25%Tween-20 (pH 7.4). Next, the silver nanoparticles were incubated
in a 10 μM NiCl2 3 6H2O solution overnight at room temperature to
coordinate Ni(II) to 7. The particles underwent three additional
centrifuge purification cycles (20 min, 5000g), in which they were
resuspended in 0.1 M HEPES with 0.025% Tween-20. For the pH studies,
the particles were resuspended in 0.1 MMES buffer (pH 5.5) with 0.025%
Tween-20 or 0.1MCHESbuffer (pH9.0) with 0.025%Tween-20. The final
particle concentration for all studies was adjusted to∼100 pM, as confirmed
by UV�vis spectrophotometry.
Synthesis of NiNTA AuNPs. A 2.3 nM solution of citrate-

stabilized AuNPs (15 nm) was incubated with 0.2 mMNTA-thiol ligand
overnight at room temperature. After the initial loading period, the
resulting solution was centrifuged (45 min, 7200g) to remove the
unreacted thiols and washed three times with 0.1 M HEPES buffer
(pH 7.4) with 0.25%Tween-20. The resuspended particles were charged
withNi(II) upon the addition of 0.2mMNiCl2 and incubated overnight.
Next, the particles were centrifuged and washed three additional times
with the final suspension buffer (0.1 M HEPES, 0.025% Tween 20)
before storage or use. For the pH studies, the final suspension buffer for
pH 5.5 was 0.1 MMES buffer, 0.025% Tween 20 and for pH 9.0 was 0.1
M CHES buffer, 0.025% Tween 20.
Characterization of Ni(II)NTA NPs. All particles synthesized in

this study were characterized by TEM using a Phillips CM20 micro-
scope. Size distribution of the particles were determined by dynamic
laser scattering (DLS) using a Malvern Nano ZS. Spectral characteriza-
tion was performed on either an Agilent 8453 UV�vis spectrometer or a
Bio-Tek Synergy HT plate reader.
Synthesis of ProteinMimics.All peptides were synthesized using

standard FMOC solid phase synthesis methods using an Apex 396
peptide synthesizer (Aapptec). BNT-II was synthesized using previously
established methods using a MAP resin containing four branches.31 All
linear peptides were synthesized using a Rink amide resin. The
N-terminus of each peptide was acylated using DCM:acetic anhydride
(1:1). Cleavage was performed by treating the functionalized resins with
Reagent R (90:5:3:2 TFA:thioanisole:anisole:EDT) and precipitating
the peptides in cold ether. Purification was performed using a reverse-
phaseHPLC (Waters Prep LC4000) with aWaters 2487 dual wavelength
detector and C18 column. The purified products were characterized
using MALDI-TOF and tested for activity against a rapid diagnostic test
specific for pfHRP-II (Malaria Antigen P.f, Standard Diagnostics, Inc.).
Purification of Histidine-Rich Glycoprotein (HRG). Human

HRG was purified from plasma (Valley Biomedical) by Ni(II)NTA
(Qiagen) affinity chromatography. Plasma (45 mL) was loaded onto a
pre-equilibrated column of Ni(II)NTA resin (5 mL) and incubated at
4 �C overnight with shaking. This reaction mixture contained 50 mM
imidazole during incubation. After incubation, the resin was washed with
10 column volumes of 50 mM phosphate buffer, pH 8.0, with 500 mM
NaCl and 50 mM imidazole. Next, the proteins were eluted using a
gradient of imidazole up to 500 mM. After pooling fractions containing
HRG, they were concentrated using Amicon centrifuge filtration units
(30 kDa MW cutoff) and washed with 0.1 M HEPES, pH 7.4. The
concentration of the protein was determined using the Bradford assay.
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Confirmation of the product was determined by SDS-PAGE using a
4�10% Bis-Tris gel.
Western Blot of HRG. Western blotting was also performed by

running HRG on SDS-PAGE and subsequently transferring to a PVDF
membrane (Invitrogen). The membrane was then blocked with 5%
skimmed milk in 10 mM Tris, 0.15 M NaCl, pH 7.4, 0.1% Tween 20
(TBST) overnight at 4 �C. Next, a 1:1000 dilution of HRG rabbit
primary antibody (Abcam) was added and incubated for 1 h at room
temperature. After washing 5 times with TBST, the membrane was
incubated with 0.5 μg/mL HRP conjugated secondary anti-rabbit IgG
antibody for 1 h. After subsequent washes with TBST, the image was
developed using the ECL system (Invitrogen).
Titration Assays. Aggregation behavior of Ni(II)NTA NPs was

performed by titrating various amounts of targets with the particles.
Briefly, targets were added to the NPs (Au, 2.75 nM; Ag, 0.1 nM) and
incubated for 15 min while being monitored by UV�vis and/or DLS.
Note: preliminary studies were performed using a checkerboard assay to
determine the optimal nanoparticle concentration for this study.
Synthesis of NTA-Thiol Ligand. Synthesis of the NTA-thiol

ligand 7 is summarized in Scheme 2. It follows procedures developed
by Schmitt et al.28 and Tinazli et al.29 Briefly, 11-mercaptoundecanoic
acid (1) was protected by treatment with zinc acetate to yield 11-
acetylsulfanylundecanonic acid (2). Next, 2 was coupled to triethylene
glycol using DCC coupling chemistry in DCM to afford 3. The terminal
alcohol of 3was then activated with carbonyldiimidazole (CDI) in DCM
to generate the imidazolid intermediate 5. After purification, 5 was
nucleophilically attacked with the NTA lysine moiety 4 synthesized
using the method developed by Schmitt et al.43 to yield the protected
NTA product 6. Final deprotection of the NTA-thiol ligand 7 was
achieved with hydrazine acetate in DMF. Total yield under these
conditions was 44.7%.
S-Acetyl-MUA (2). 11-Mercaptoundecanoic acid (MUA) (5.00 g,

21.75 mmol, Sigma, 95%) (1) was dissolved in DCM (60 mL) and
AcOH (60 mL). Subsequently, Zn (10 g) was added to the reaction
mixture and incubated for 15 min. The reaction mixture was then cooled
to 0 �C prior to the addition of 30 mL of acetyl chloride (425 mmol).
After 2 h of incubation, the reaction mixture was warmed to room
temperature, and the reaction solution was separated from the Zn by
filtration. Next, the organic solution was washed twice with chilled 0.1M
HCl, and the solvent was evaporated. The crude product was purified by
silica chromatography. TLC: Rf = 0.54 (ethyl acetate). Yield 5.25 g
(88%). 1H NMR (CDCl3): δ: 2.83 (t, 2H), 2.32 (t, 2H), 2.30 (s, 3H),
1.5�1.62 (m, 4H), 1.2�1.4 (m, 12H).
S-Acetyl-MUA-PEG-OH (3). To a solution of 2 in DCM (5.25 g, 20.2

mmol), triethylene glycol (27.5 mL, 20.6 mmol) and DMAP (0.52 g,
4.26 mmol) were added, followed by the addition of DCC (5.51 g, 26.7
mmol). The reaction mixture was stirred overnight. The reaction
mixture was then filtered to remove any urea, and the organic solution
was washed with 0.1 MHCl. The aqueous layer was extracted once with
DCM. The combined organic phases were dried over Na2SO4, and the
solvent was evaporated. The crude product 3 was purified by chroma-
tography using ethyl acetate as the elutent. TLC: Rf = 0.49 (ethyl
acetate). Yield 5.7 g (72%). 1H NMR (CDCl3): δ: 4.22 (T, 2H),
3.6�3.75 (m, 10H), 2.86 (t, 2H), 2.32 (t, 2H), 2.31 (s, 3H), 1.5�1.62
(m, 4H), 1.2�1.4 (m, 12H).
S-Acetyl-MUA-PEG-imidazolide (4). To a 20 mL solution of 3 in

DCM (2.85 g, 7.27 mmol), 2.35 g of carbonyldiimidazolide (CDI, 14.5
mmol) was added and incubated for 4 h. The imidazolide product 4 was
then purified by silica column chromatography using first a gradient of
50:50 hexane:ethyl acetate followed by ethyl acetate. Yield 3.00 g
(84.7%). TLC: Rf = 0.57 (ethyl acetate). 1H NMR (CDCl3) δ: 8.30
(s, 1H), 7.60 (d, 1H), 7.06 (d, 1H), 4.57 (t, 2H), 4.17 (t, 2H), 3.85
(t, 2H), 3.6�3.7 (m, 6H), 2.84 (t, 2H), 2.30 (t, 2H), 2.29 (s, 3H),
1.5�1.62 (m, 4H), 1.2�1.4 (m, 12H). MS: 487 (ESI+) (MH+).

S-Acetyl-MUA-PEG-NTA (6). Nα,Nα-Methylcarboxy-L-lysine (1.4 g,
5.34 mmol), synthesized according the method of Schmitt et al.,43 was
dissolved in 15 mL of water, and the pH was adjusted to 10 with
concentrated NaOH. This solution was mixed with 650mg (1.33 mmol)
of 4 in 15 mL of DMF and incubated overnight. The reaction was
quenched with 15 mL of water, and the aqueous solution was extracted
three times with ethyl acetate. The aqueous phase was then acidified to
pH 1.5 with 0.1 M HCl and extracted four times with ethyl acetate. The
combined organic fractions were washed with saturated sodium chloride
and dried over anhydrous Na2SO4. Finally, the organic solvent was
removed by vacuum. Yield 970 mg (quant). 1H NMR (MeOD) δ: 4.19
(t, 2H), 4.15 (t, 2H), 3.5�3.8 (m, 13H), 3.11 (t, 2H), 3.07 (m, 2H), 2.85
(t, 2H), 2.32 (t, 2H), 2.29 (s, 3H), 1.5�1.62 (m, 8H), 1.2�1.4
(m, 14H). MS: 681 (ESI+) (MH+Na+), 703 (ESI+) (MH+2Na+).

MUA-PEG-NTA (7).Hydrazine acetate (140mg, 1.5 mmol) was added
to a 100 mg (0.15 mmol) solution of 6 in DMF under nitrogen. The
reaction mixture was mixed overnight, and the solvent was evaporated.
The crude product 7 was resuspended in water and acidified until a
precipitate formed (pH = 1.5). The precipitated product was then
extracted three times using ethyl acetate. The combined organic
fractions were dried using anhydrous sodium sulfate, and the solvent
was evaporated. The final product was then resuspended in water and
lyophilized overnight. Yield 79.6 mg (83.2%). 1H NMR (D2O) δ: 4.19
(t, 2H), 4.13 (t, 2H), 3.5�3.8 (m, 13H), 3.11 (t, 2H), 3.06 (m, 2H), 2.67
(t, 1H), 2.48 (t, 2H), 2.32 (t, 2H), 1.5�1.65 (m, 8H), 1.2�1.4 (m, 14H).
MS: 637 (ESI�) (M�), 639 (ESI+) (MH+), 661 (ESI+) (MH+Na+).
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