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B
iologically active platforms prepared
by combining biomolecules with nano-
crystals that exhibit unique photophy-

sical properties have attracted much interest
in the past decade.1�8 Such hybrid platforms
offer a great potential for use in a variety of
biosensing and imaging applications.2,7,9�11

They require effective and controlled conju-
gation with chemical or biological vectors,
such as proteins, peptides, and nucleic
acids.2,7,9 A fewcoupling strategies havebeen
developed in the past few years to achieve
this goal, including covalent attachment via
carbodiimide, maleimide or click chemis-
try.7,12�14 A greatly promising strategy that
is rather simple to implement involves the
direct coordination between proteins or pep-
tides appended with a C- or N-terminal poly-
histidine sequence (Hisn tag) and metal-rich
inorganic nanoparticles. Such approach has

been applied to hydrophilic CdSe-ZnS core�
shell QDs, with a reported dissociation con-
stant of Kd

�1 = 1�10 nM.15 However, metal-
His driven self-assembly of protein onto QDs
is strongly dependent on the nature and
lateral extension of the ligands used to confer
water solubility to the nanocrystals.15�17

Expanding this conjugation scheme to
other metal-rich nanoparticles (NPs) would
be of great interest to researchers actively
seeking conjugation of biomolecules to var-
ious inorganic NPs. In particular, functiona-
lized noble-metal NPs would be ideally
suitable for such mode of self-assembly.
Among these systems gold and silver NPs
are very attractive, because of their inert
nature and size-tunable optical and elec-
tronic properties.18�20 Gold NPs (AuNPs)
have been intensively studied by numerous
groups, with the aim of developing active

* Address correspondence to
mattoussi@chem.fsu.edu.

Received for review August 27, 2013
and accepted October 17, 2013.

Published online
10.1021/nn404479h

ABSTRACT Coupling of polyhistidine-appended biomolecules to inorganic

nanocrystals driven by metal-affinity interactions is a greatly promising strategy

to form hybrid bioconjugates. It is simple to implement and can take advantage of

the fact that polyhistidine-appended proteins and peptides are routinely prepared

using well established molecular engineering techniques. A few groups have

shown its effectiveness for coupling proteins onto Zn- or Cd-rich semiconductor

quantum dots (QDs). Expanding this conjugation scheme to other metal-rich nanoparticles (NPs) such as AuNPs would be of great interest to researchers

actively seeking effective means for interfacing nanostructured materials with biology. In this report, we investigated the metal-affinity driven self-

assembly between AuNPs and two engineered proteins, a His7-appended maltose binding protein (MBP-His) and a fluorescent His6-terminated mCherry

protein. In particular, we investigated the influence of the capping ligand affinity to the nanoparticle surface, its density, and its lateral extension on the

AuNP-protein self-assembly. Affinity gel chromatography was used to test the AuNP-MPB-His7 self-assembly, while NP-to-mCherry-His6 binding was

evaluated using fluorescence measurements. We also assessed the kinetics of the self-assembly between AuNPs and proteins in solution, using time-

dependent changes in the energy transfer quenching of mCherry fluorescent proteins as they immobilize onto the AuNP surface. This allowed

determination of the dissociation rate constant, Kd
�1 ∼ 1�5 nM. Furthermore, a close comparison of the protein self-assembly onto AuNPs or QDs

provided additional insights into which parameters control the interactions between imidazoles and metal ions in these systems.

KEYWORDS: gold nanoparticles . luminescent quantum dots . polyhistidine . metal-affinity interactions . self-assembly . kinetics .
energy transfer . affinity chromatography
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platforms that have great potential for use in sensing
and therapy.19�24 In addition, AuNPs and clusters pro-
videefficientquenchers of organic dye andQDemission
when brought in close proximity.25�27 For instance,
AuNP-dye pairs have been used in assay design to sense
binding events and oligonucleotide hybridization based
on energy transfer interactions.25,28�30

Thus far, only a few groups have investigated the use
of imidazoles as means to drive ligation of biomole-
cules onto AuNPs.31,32 For example, Strouse, Logan,
and co-workers prepared 1.5 nm AuNPs stabilized
with bis(F-sulfonatephenyl)phenylphosphine (bSPP)
or triphenylphosphine (TPP), which were then cap-
exchanged with peptides appended with varying
length polyhistidine tags (peptide-Hisn, with n = 2, 6,
10). They used NMR and FT-IR spectroscopy to probe
the coordination of the histidine groups (in the
peptide) onto the AuNPs.31 They subsequently showed
that a His6-appended full size protein (human acidic
fibroblast growth factor, FGF1) can bind onto a Au
nanoparticle. More precisely, they probed the time-
dependent conformational changes of FGF1 mutant
during the self-assembly of the protein onto 1.5 nm
AuNPs passivated with compact zwitterionic peptide.32

NMR, though effective, often requires rather high re-
agent concentrations, because of its low sensitivity as a
spectroscopic technique. More recently, Krull and co-
workers reported that a substrate functionalized with
a poly(acrylic acid) (PAA) modified with a few imida-
zoles can permit capture and immobilization of citrate-
stabilized AuNPs, a process attributed to binding of
the imidazole groups to the NPs.33 In these examples,
the common feature was the use of weakly bound
ligands on the AuNPs prior to attempting the metal-
His coupling.
In this report, we investigate the metal-affinity co-

ordination of polyhistidine-appended proteins onto
AuNPs that have been prepared with distinctly differ-
ent ligands. We tuned the affinity of the ligand to the
NPs, its density, and its lateral extension, and tested the
importance of these parameters to the self-assembly
between AuNPs and polyhistidine-tagged proteins. We
systematically probed the self-assembly of AuNPs with
His7-appended maltose binding protein (MBP-His7)
and fluorescent His6-teminated mCherry protein. The
NPs were cappedwith a few sets of ligands that exhibit
distinctly different surface-affinities to the Au surface
(namely, citrate, lipoic acid (LA), LA-appended with a
zwitterion or a polyethylene glycol segment); for the
LA-based ligands we varied the ligand density and
lateral size. This allowed us to probe when metal-His
interactions with Au-rich NPs takes place and what
exactly controls those interactions. We used affinity
chromatography to test the AuNP-MPB-His7 self-as-
sembly, while NP-to-mCherry-His6 binding was tested
using energy transfer quenching. We found that the
His-conjugation can indeed be applied to AuNPs, with

strong binding rate constants. We also found that
because such coupling requires direct coordination
between the imidazole moieties and the Au-rich sur-
faces, several other parameters play important roles,
namely, ligand affinity to the NP surface, size, and
density.

RESULTS AND DISCUSSION

One of our motivations is to explore the versatility
of the conjugate self-assembly promoted by metal-
affinity driven interactions between the surface of
inorganic nanocrystals and polyhistidine-tagged bio-
molecules. Indeed we and others have shown that
polyhistidine-tagged proteins and peptides can tightly
self-assemble onto CdSe and ZnS-overcoated QDs.34�37

Those studies have also shown that such conjuga-
tion requires direct access of the histidine tag to the
metal-richQD surfaces. This has limited implementation
of this strategy only to QDs capped with compact
ligands, namely, DHLA and zwitterion-modified DHLA
ligands.38�40 For example, conjugation of His-tagged-
proteins (globular in nature) onto DHLA-PEG-capped
QDs was found to be highly inefficient because of the
steric hindrance imposed by the PEG coating.15 How-
ever, introduction of a long flexible linker between the
His-tag and protein allowed the use of nanocrystals
capped with PEGylated ligands.41 Conjugation of pep-
tide-His was applied to both DHLA- and DHLA-PEG-
capped-QDs because of the peptide more extended
conformation.15 However, application of such conjuga-
tion to other inorganic nanocrystals was very limited in
scope. For example, conjugation to AuNPs was reported
by two groups, and only NPs originally functionalized
with weakly bound ligands (namely, citrate, bis(F-
sulfonatephenyl)phenylphosphine, bSPP, or triphenyl-
phosphine, TPP) were used.31,33

In this study, we would like to prove that metal-
affinity driven self-assembly can effectively be applied
to AuNPs, and gain further insights into what controls
such self-assembly as applied to AuNPs and ZnS-over-
coated QDs. In particular, we would like to delineate
the importance of ligand affinity to themetal surface of
the nanoparticles, its nature, size, and density to the
effectiveness of the metal-His interactions in general.
One important issue we will try to address can be
formulated as follows: How does the specific nature of
the capping ligands affect the His-mediated binding?
Do the imidazole groups driving the coupling of the
biomolecules compete with the ligand for coordina-
tion to the metal surface of the NPs, or interactions
occur independent of the ligandused? For this we used
AuNPs and QDs capped with a similar set of ligands,
namely, lipoic acid and lipoic acid appended with
either a zwitterion or a short polyethylene glycol
segment (LA, LA-ZW and LA-PEG). The QDs were
prepared in hydrophobic media, via hot injection
techniques, and transferred to buffer media using a
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photoligation strategy with LA-ZW and LA-PEG, as
previously described.40,42 Conversely, the AuNPs were
prepared in aqueous phase using NaBH4-reduction,
where in situ reduction of the Au precursor, growth,
and functionalization with the ligands can be
achieved.43,44 In addition to tuning the NP size, this
route allowed control over the ligand density on the
final NPs. We prepared 5 nm AuNPs using Au-to-ligand
molar ratio of 90:1 (excess metal ions), and a growth
period of 3 h.43 The as-preparedNPs have sparse ligand
coverage (i.e., are “partially passivated”). However,
an additional passivation step, originally introduced
to increase coverage of the NP surface and enhance
colloidal stability,43 can be used to vary the final ligand
density on the nanoparticles. The latter was gradually
varied by increasing the amount of ligands added in

the extra passivation step, using final molar ratios of
90:1, 50:1, 25:1, 5:1, 2:1, and 1:1. For instance, LA-ZW-
AuNPs prepared with final molar ratios of 5:1, 2:1,
and 1:1 will be referred to as “passivated”, while
those prepared with higher ratios will be referred to
as “partially passivated” (Figure 1A). We applied this
strategy to prepare LA-, LA-ZW- and LA-PEG750-OCH3-
capped AuNPs. We also prepared 5 nm citrate-AuNPs
and used them as control materials. The UV�vis ab-
sorption spectra of the LA-, LA-ZW-, LA-PEG- and
citrate-stabilized AuNPs show a typical plasmonic peak
with narrow plasmon bandwidth, centered at 520 nm
(Figure 1B). The structure of the AuNPswas also charac-
terized by transmission electronic microscopy (TEM).
Typicalmedium and highmagnified TEM images of the
AuNPs stabilized with LA-ZW collected after synthesis

Figure 1. (A) Schematic representation of the one phase growth of AuNPs using LA-ZW ligand. (B) UV�vis absorption
spectrumof 5 nmAuNPs cappedwith LA-ZW; the Au:ligandmolar ratio used for the synthesis was 90:1. (C) TEM images of the
AuNPs prepared above using LA-ZW.
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and purification are shown in Figure 1C. Images show
homogeneous nanoparticles with an average diameter
of 5 ( 0.5 nm.

Self-Assembly of MBP-His7 onto AuNPs. The first test of
AuNP-to-protein self-assembly relied on affinity chro-
matography and probed the competition between the
binding of MBP to an amylose gel and to its substrate,
maltose, in solution. Following an incubation time
of 45 min at 4 �C, the AuNP and MBP-His7 mixture
was loaded onto a column filled with amylose gel,
and using the natural pinkish color of the AuNPs, we

tracked when binding to the column followed by
release with added maltose takes place and when it
does not; here, the protein allowed specific interaction
of the conjugate with the amylose gel while the AuNPs
provided a visual means for tracking their localization.
Figure 2 shows that binding to amylose, as indicated
by the buildup of a pinkish band on the top of the
column(s), takes place only when AuNPs partially
passivated with the LA-modified ligands are used.
The band stays intact after several washes with buffer,
but is easily eluted when a few milliliters of 20 mM

Figure 2. Affinity chromatography test of AuNP-MBP-His7 self-assembly: binding onto amylose column and release with
added maltose. The AuNPs are capped with either LA-ZW (A) or LA-PEG750-OCH3 (B) and were originally prepared using
Au:ligandmolar ratio of 90:1, followed by an extra passivation stepwith different amounts of ligand to reach a final Au:ligand
ratio of 90:1, 50:1, 25:1, 5:1, 2:1, and 1:1. Panels from top to bottom correspond to AuNPs with increasing ligand density. No
binding to amylosewasmeasured formixtures of proteinswith NPs preparedwith Au:LA-ZW= 5:1, 2:1, and 1:1 or with Au:LA-
PEG = 25:1, 5:1, 2:1, and 1:1. (C) Test using a mixture of citrate-AuNPs and MBP-His7, confirming conjugate formation.
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D-(þ)-maltose solution are added. This indicates that
AuNP-MBP-His7 self-assembly has taken place for these
NPs. Figure 2 also shows that upon increasing the
number of ligands per AuNP (increased passivation),
binding to the gel column is decreased until com-
pletely prevented. For thosemixtures the pinkish band
never builds up andmaterials are fully displaced during
the washing step. Overall, we found that binding to
amylose and release bymaltose takes place for partially
passivated AuNPs with compact LA-ZW ligands (i.e.,
using a final Au-to-ligand molar ratio of 90:1, 50:1, and
25:1). Conversely, passivated AuNPs, prepared with a
final Au-to-ligand molar ratio of 5:1, 2:1, and 1:1 do not
bind to the column, indicating that AuNP-to-MBP-His7
self-assembly has not taken place (Figure 2A).

Self-assembly onto PEGylated-AuNPs is even more
sensitive to the amount of ligands used. For instance,
NPs that were partially passivated using a final Au:
ligand ratio of 90:1 exhibit the signatures of conjugate
formation with binding onto the amylose column and
release with added maltose (Figure 2B). However, for
Au:ligand ratio of 50:1, the binding was found to be
partial, while for Au:ligand ratio of 25:1 or lower, the
NPs were rapidly eluted after loading onto the column,
indicating absence of AuNP-MBP-His7 conjugate for-
mation. To discard the possibility that excess free
ligands in the medium may be interfering with the
conjugation for dispersions of fully passivated NPs
(e.g., a final Au:LA-ZW = 1:1), we applied 6 rounds of
purification using a membrane filtration device to
those dispersions, before mixing with MBP. None of
these mixtures exhibited binding onto the amylose
column (data not shown).

AuNPs grown in the presence of lipoic acid overall
showed similar behavior to that observed for LA-ZW-
capped NPs, where biologically active conjugates were
formed only for partially passivated NPs (i.e., prepared
with Au:ligand ratio exceeding 25:1, data not shown).
Nonetheless, these dispersions exhibited a minor
difference: we found that for MBP-His mixed with
fully passivated LA-AuNPs a very small fraction of the
loaded AuNPs bound to the column andwas release by
maltose; most of the pink solution of AuNPs readily
eluted upon loading onto the column (see Supporting
Information Figure 1S). We attribute this to potential
electrostatic interactions between the protein and
carboxy groups on the NPs.

We also tested the self-assembly of MBP-His onto
LA-ZW-AuNPs prepared via ligand exchange starting
with 5-nm citrate-capped NPs. Following ligand ex-
change, the dispersion was divided into separate
aliquots, and each was further purified from excess
free ligands using varying rounds of concentration/
dilution using a membrane filtration device (with a
molecular weight 50 kDaMw cutoff), to allow varying
degrees of free ligand removal from the dispersions;
the number of rounds varied from one aliquot to

another. The AuNPs were tested for their ability
to bind to MBP-His7 using the above amylose affin-
ity chromatography. No self-assembly between
MBP and these LA-ZW-AuNPs (prepared via ligand
exchange) was observed for any of those aliquots
(Figure 3).

When citrate-stabilized AuNPs were used, self-
assembly withMBP-His7 readily took place, as indicated
by the tight immobilization onto the amylose column
followed by release with maltose (see Figure 2C).

Self-Assembly of MBP-His7 onto LA-ZW-Capped QDs. To
complement the above experiments, we prepared
CdSe-ZnS QDs using high temperature reduction in
coordinating solvents following procedures described
in the literature.45�49 These QDswere photoligatedwith
excess of LA-ZW ligands, as described in our recent
reports.42 The hydrophilic QDdispersion (stock solution)
was divided in four separate aliquots, and each one

Figure 3. Side-by-side affinity chromatography tests/assays
(binding to amylose and release with maltose) applied to
AuNPs (left panel) and luminescent QDs (right panel) after
successive purifications from excess free ligands; the nano-
crystals were mixed with MBP-His7 (NP-to-MBP-His7 molar
ratio = 1:10). The LA-ZW-AuNPs were prepared via cap
exchange starting with citrate-stabilized AuNPs, while the
QDs were photoligated with LA-ZW. Numbers of purifica-
tions using a 50 kDa membrane filtration device are shown.
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was subjected to a few rounds of purification using a
membrane filtration device as done for LA-ZW-capped
AuNPs above. Each of these dispersions was thenmixed
with 10 equiv of MBP-His7, left to incubate for 45 min at
4 �C, and then subjected to the affinity chromatography
test using amylose gel. The results are summarized in
Figure 3. Clearly, the MBP-His7 bind to all CdSe-ZnS QD
dispersions photoligated with LA-ZW ligand, regardless
of how many rounds of membrane filtrations have
been applied to the dispersion. This indicates that
metal-His coordination applies to fully passivated QDs,
and it is not affected by the degree of excess “free”
ligand potentially present in the dispersion when QDs
are used.

Self-Assembly of mCherry-His6 onto AuNPs. In the second
test we took advantage of the fluorescent nature of
mCherry and confirmed NP-protein conjugation using
energy transfer-induced quenching of the protein
emission when it self-assembles onto the AuNPs.
We combined steady-state and time-resolved fluores-
cence measurements to evaluate the mCherry PL
quenching when mixed with the various configura-
tions of AuNPs tested above. Figure 4 shows the
progression of the steady-state PL spectra collected
from dispersions of AuNPs mixed with mCherry at
several protein-to-NP molar ratios using partially pas-
sivated AuNPs with a final Au:LA-ZW = 90:1 (Figure 4A),
passivated AuNPs with a final Au:LA-ZW = 1:1

Figure 4. (A and B) PL spectra of mCherry after mixing with partially passivated and passivated LA-ZW-AuNPs, respectively.
(C) Control experiment showing the PL spectra collected from mCherry alone at the molar ratios used. (D) Plots of the
quenching efficiency versus mCherry-to-AuNP molar ratio extracted from data shown in (A) for partially passivated LA-ZW-
AuNPs and in (B) for fully passivated LA-ZW-AuNPs. (E) Time-resolved fluorescence decay profiles of mCherry alone (b),
mCherrymixedwithpassivated (() andpartially-passivated LA-ZW-AuNPs (2), respectively. ThemCherry-to-AuNPmolar ratio
used was 1:1. (F) Cumulative plots of the quenching efficiency versusmCherry-to-AuNPmolar ratio for citrate-capped AuNPs.
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(Figure 4B), and control solutions of mCherry alone at
the corresponding molar concentrations (no AuNPs,
Figure 4C). Figure 4D shows a plot of the compiled
quenching efficiency, E, vs mCherry-to-AuNP ratio
extracted from the fluorescence data using the
expression:

E ¼ 1� FDA
FD

(1)

where FDA and FD designate the PL intensity measured
for mCherry mixed with AuNP and mCherry alone,
respectively. Pronounced changes in the mCherry PL
are measured only upon mixing mCherry with either
partially passivated AuNPs (i.e., LA, LA-ZW or LA-PEG-
capped), or citrate-stabilized NPs (Figure 4). In compar-
ison, smaller losses are measured for mCherry mixed
with fully passivated AuNPs; additional data collected
using LA-PEG-AuNPs are provided in the Supporting
Information (Figure S2). The time-resolved decay pro-
files shown in Figure 4E confirm the steady-state data
and show that a significant decrease in the mCherry
excited-state lifetime was measured only upon mixing
mCherry with partially passivated LA-ZW-AuNPs or
citrate-stabilized NPs. No decrease in mCherry lifetime
was measured for mixtures of mCherry with fully
passivated AuNPs. Our primary goal here is to show
that steady-state and time-resolved PL data confirm
that proximity-driven energy transfer quenching of
mCherry occurs only when self-assembly takes place,
as anticipated. A detailed analysis of the intricacies
involved in the energy transfer process for these
assemblies is beyond the scope of this report. They
may be discussed in future studies.

Kinetics of mCherry-His6 Self-Assembly onto AuNPs. In these
experiments, we monitored the kinetics of the AuNP-
mCherry-His6 conjugate formation in solution by track-
ing the time-dependent changes in the mCherry fluo-
rescence emission immediately after reagent mixing.
For this we used partially passivated LA-, LA-ZW- and
LA-PEG-AuNPs and citrate-stabilized AuNPs. This pro-
vided amolecular characterization of themetal-affinity-
driven assembly between the AuNPs andmCherry-His6.
We followed the rationales used in our previous report
to extract an estimate for the apparent binding rate
constant (kapp).

15 We applied a first-order bimolecular
reaction analysis to assess the kinetics of protein binding
on the AuNP surfaces, where we maintained the pro-
tein-to-AuNP molar ratio fixed at 1:1 and probe the
time-dependent changes in the mCherry PL for disper-
sions with nanoparticle concentrations ranging from 1 to
60 nM.15

Since we limit our experimental conditions to a
small NP-to-protein ratio, the system at equilibrium is
far from saturation. One can thus assume that the
binding events of two distinct proteins on a NP are es-
sentially independent, i.e., AuNP-(mCherry)nþmCherry=
AuNP-(mCherry)nþ1, where AuNP-(mCherry)n and

AuNP-(mCherry)nþ1 designate a NP bound to n and
n þ 1 proteins, respectively (see scheme in Figure 5).
At such small ratios, we can also assume that the
binding and dissociation rates do not depend on n.
This implies that the concentration of bound proteins
follows a monoexponential decay until equilibrium
is reached. As the number of self-assembled AuNP-
mCherry-His6 conjugates in the solution increases,
the overall PL of mCherry progressively decreases
due to energy transfer quenching induced by the
proximal AuNPs. Thus, the kinetics of AuNP-protein
self-assembly becomes more rapid when the reagent
concentrations are increased. Within the framework
of a first-order bimolecular reaction, we can express
the time-dependent concentration of boundmCherry
(BmC) proteins onto a AuNP with an expression of the
form:15

[BmC](t) ¼ [mC]0 � (1� exp(�kappt)) (2)

where [mC]0 designates the initial mCherry concen-
tration and kapp is the apparent binding rate. Thus, for
the above experimental conditions the mCherry PL
decay can be fit to an exponential decay function of
the form:

PLmC(t) ¼ PLmCj0�Δ(PLmC)� (1� exp(�kappt)) (3)

Here PLmC|0 designates the initial PL signal (prior to
mixing) and Δ(PLmC) corresponds to the overall drop
in protein emission from the initial time until satura-
tion is reached. Figure 5A shows the time-dependent
PL changeofmCherry followingmixingwith theAuNPs.
Data show that the PL decay is faster for higher reagent
concentrations, as anticipated from the above model.
Fitting the data to eq 3 provides values for kapp at
each AuNP concentration. A plot of these values shows
a linear increase of kapp with protein concentration
(Figure 5B), in agreement with the dependence of kapp
vs reagent concentration expected from the first-order
bimolecular reaction analysis model in eq 4:15,50

kapp ¼ kon[mC]þ koff (4)

From the above data we extract values for the dissocia-
tion rate, koff (intercept at the origin) and theassociation
rate, kon (slope). These can be used to extract ameasure
for the equilibrium/dissociation constant 1/Kd (defined
as 1/Kd = koff/kon); the latter designates the concentra-
tion at which half of the available binding sites are
occupied. The value for Kd

�1 extracted from the above
experimental data for mCherry-to-AuNP interactions
is ∼5 nM.

Similarly, since the self-assembly of a AuNPwith one,
two, or three proteins is independent and the quench-
ing involves one-to-one interactions at equilibrium, an
expression of the dissociation constant can be written
as 1/Kd = [mC]0[AuNP]/[BmC]. Further manipulation of
this relation can provide an expression relating the PL
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drop, ΔPLmC, to the total mCherry concentration in the
medium of the form:15

Δ(PLmC)
PLmCj0

� [mC]0
K �1
d þ [mC]0

(5)

This implies that the data shown in Figure 5C can be
exploited to extract another estimate for Kd

�1 for
the self-assembly of AuNP and mCherry promoted
by metal-His interactions. Given the fact that the

experimental curve rapidly reaches saturation, a data

fit using this expression provides an upper limit for the

dissociation constant Kd
�1 e 0.3 nM; this value is

smaller than the one extracted from the exponential

fit to the time-dependent decay of the mCherry emis-

sion (Figure 5A).
The solution self-assembly of mCherry-His6 onto

citrate-stabilized AuNPs showed a similar trend, but

Figure 5. (Top) Schematic representation of the kinetics driving the NP-to-mCherry self-assembly. (A) Representative time-
traces of mCherry PL decay after mixing with partially passivated LA-ZW-AuNPs (arrow at t = 50 s indicates the mixing of
mCherry and AuNPs), normalized to its level at t = 0. Lines are fits using eq 3. (B) Apparent binding rate as a function of
mCherry concentration; line is a fit to eq 4. (C) Concentration-dependent relative PL loss uponbindingwith AuNPs; solid line is
a fit using eq 5. (D) Control experiment showing representative time-traces of mCherry PL alone (b) andmCherry mixed with
fully passivated (() andpartially passivated (2) LA-ZW-AuNPs; the concentration in this control experimentwas equal to 5 nM.
The samples were excited at 587 nm, and signal was collected at 610 nm.
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kinetics were substantially faster than what was seen
for the self-assembly onto partially passivated LA-ZW-
AuNPs (shown in Figure 5A). Data shown in Figure 6
indicate that the PL decay reached its asymptotic limit
within a few second of mixing, and that the relative PL
drop reached saturation at nearly all concentrations
used. Here too only an upper limit for the dissociation
constant can be extracted from the PL drop and eq 5
(Kd

�1 < 0.1 nM).
We should note that the dissociation constant

measured for the present mCherry-His and AuNP is
overall comparable (i.e., same order of magnitude) to
the one measured for the self-assembly of MBP-His5,11
onto DHLA-QDs (Kd

�1 ∼ 1 nM).15 Because Kd
�1 is

defined as the ratio between koff and kon, this implies
that smaller Kd

�1 correspond to faster reaction and vice
versa. Figure 5D shows a control experiment where the
time-dependent PL measurement of the mCherry and
mCherry mixed with fully passivated LA-ZW-AuNPs.
Following the initial small drop in themCherry PL signal,
the measured intensity stayed constant over the full
500 s of monitoring. The absence of time-dependent
decay implies that mCherry mixed with passivated
AuNPs do not self-assemble on the NPs. The immediate
drop in the protein signal can be attributed to solution
phase-quenching. This is in agreementwith the lifetime
data collected above. Overall, these results show that
conjugation takes place only for partially passivated
and that the progression toward binding equilibrium
depends strongly on the concentration of His-mCherry
andAuNPs in the solution, with faster kinetics for higher
concentration.

The above set of data combinedproves unequivocally
that self-assembly of biomolecules facilitated by metal-
His coordination onto AuNPs can be implemented. It
also confirms that the self-assembly involves direct
interactions between the imidazole groups and the
metal-rich surface of the NPs, as was shown for the
binding of protein-His or His-modified polymers onto

ZnS-overcoated QDs.15,51 However, His-coordination
onto AuNPs differs from that on QDs in a few aspects.
With gold, only partially passivated (i.e., sparsely covered)
NPs interact with the proteins, evenwhen smaller ligands
(LA or LA-ZW) are used (Figure 2). This implies that these
interactions require the availability of unoccupied surface
sites on the AuNPs. The ability to implement this metal-
affinity self-assembly on AuNPs also depends on the size
of the ligandused,with evenweaker passivation required
for NPs capped with LA-PEG ligands than for their
zwitterion-capped counterparts (Figure 2). For instance,
NPs prepared usingAu:LA-ZW ratios down to 25:1 bind to
protein-His, while PEGylated ligands limit protein interac-
tions to NPs prepared with Au:LA-PEG750 larger than 50:1
(Figure 2). Fully passivated LA-, LA-ZW-, or LA-PEG-AuNPs
do not interact with His-appended proteins even after
several rounds of purification (Figures 2 and 3). Finally,
self-assembly onto citrate-stabilized AuNPs can be im-
plemented with as prepared dispersions, indicating that
citrate groups being very small and weakly bound to the
NP surface do not interfere with the metal-His coordina-
tion. In comparison, metal-His driven self-assembly of
proteins can be implemented with CdSe-ZnS QDs that
are fully “passivated” with zwitterion ligands (i.e., com-
pact), but cannotbe implementedwithQDsphotoligated
with LA-PEG750 (data not shown).

15 We should note that
excess free ligands in dispersions of QDs photoligated
with LA-ZW is drastically reduced during the phase
transfer step, since ligand exchange is also combined
with precipitation of the LA-ZW-capped QDs leaving
excess free ligands in the solution; they can then be
discarded along with the decanted solvent.42 When
metal-His coordination on the AuNPs is permitted,
namely for partially passivated NPs, the dissociation
constant is overall comparable to that reported for
MBP-His5 self-assembly onto DHLA-QDs.15

So, what causes the difference in protein-His self-
assembly between the two nanocrystal surfaces, and
why does the nature of the metal surface play such

Figure 6. (A) Representative time-traces of mCherry PL decay after mixing with citrate-capped AuNPs normalized to its level
at t = 0; the arrow at t = 50 s points to reagent mixing. The mCherry and AuNP concentration were varied from 1 to 60 nM
(molar ratio was fixed at 1). (B) Concentration-dependent relative PL drop of mCherry upon binding with citrate-stabilized
AuNPs; the line is drawn for guidance.
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an important role? We attribute the above results to
differences in the nature and strength of the ligand
affinity to the gold versus semiconducting surfaces of
the nanocrystals. Because the metal-histidine driven
binding involves direct coordination on the NP sur-
faces, the imidazole groups must compete with the
capping ligands for coordination on the same metal
sites. Their ability to access that surface depends on the
density of ligands, their sizes, and more importantly,
how strongly do those ligands bind to the NP surfaces.
Au-thiol coordination is very strong. It is stronger than
that of imidazole to Au, and in several instances it has
been referred to as covalent bond.52 Thus, the ability
of the imidazole groups to displace or rearrange the
density of the bidentate LA-based ligands on the AuNP
surface, so that protein can find free enough surface
sites to self-assemble on the NP, is limited (Figure 7B).
This would allow metal-His self-assembly as a strategy
to be applicable only to AuNPs that are partially (or
sparsely) capped with LA-ZW ligands, as schematically
represented in Figure 7A. Ligands with larger lateral
extension such as LA-PEG would require NPs with
even less coverage, as the PEG segments would pro-
vide additional shielding of the surfaces (Figure 2).
In comparison, citrate molecules are small, and their-
coordination on the NP surface is weak. This permits
easy direct access of the imidazole to the NP surfaces,
facilitating the self-assembly of His-tagged proteins
and peptides onto the AuNPs (Figure 2C).31,33 Conver-
sely, the affinity of thiol groups to ZnS-overcoated QDs
is weaker than that of thiol-to-Au. This will permit more

effective competition of the imidazole with the ligands
for coordination onto the QD surface, when close
approach is permitted. Thus, when QDs photoligated
with LA-ZW ligands are incubated with His-tagged
biomolecules, the polyhistidine tail can easily reach
the metal-rich surface and induce a rearrangement
of the ligand density on the surface, thus permitting
self-assembly on the QDs as shown in Figure 3 and
schematically represented in Figure 7C. QDs photoli-
gated with LA-PEG ligands present a thicker capping
shell, which prevents the imidazoles from reaching the
nanocrystal surface, thus preventing the self-assembly
of globular proteins onto the nanocrystals.15,17 Poly-
histidine-tagged peptides being less cumbersome can
weave through the PEG shell and allow direct access of
the imidazole groups to the QD surface, thus promot-
ing QD-peptide conjugation using DHLA-, DHLA-ZW-,
and DHLA-PEG-capped QDs.53,54 Our proposed ratio-
nale is supported by the hard/soft acid/base (HSAB)
theory as described in Pearson's report,55 where hard-
to-hard and soft-to-soft combinations of molecules
or ions bind strongly, because of the polarizability of
electron cloud. Here, Au1þ and RS1� ions are classified
as soft acid and soft base, while the Zn2þ and imidazole
are considered as borderline acid and base, respec-
tively. Therefore, the Au1þ ions should exhibit much
higher affinity to RS1� than imidazole groups, while
Zn2þwould exhibit similar affinities to imidazole and to
RS1� groups. This would explain the ability of a poly-
histidine tag to competitively rearrange the density of
DHLA-based ligands on the QDs. This rationale agrees

Figure 7. Schematic representation of the mechanistics controlling the interactions involved and competition between the
affinity of the ligand-to-NP versus that of imidazole to the NP surface. Configurations involving the self-assembly (or lack) of
His-protein to AuNPs and Zn-rich QDs uponmixingwith (A) partially passivated AuNPs, (B) fully passivated AuNPs, (C) citrate-
AuNPs, and (D) CdSe-ZnS core�shell QDs photoligated with LA-ZW ligands.

A
RTIC

LE



ALDEEK ET AL. VOL. 7 ’ NO. 11 ’ 10197–10210 ’ 2013

www.acsnano.org

10207

with the finding of a recent study by Häkkinen and
co-workers who summarized a number of DFT compu-
tations of Au�S complexes and concluded that these
complexes canbe reorganized in ring-like, crown-like, or
helical structures. They took into consideration the sp3

hybridization of the sulfur, where two of the four S(sp3)
hybrid orbitals essentially form “covalent bonds” with
the Au(6s) electrons.52 This would imply that the strong
interactions between Au1þ ions and the dithiol-present-
ing ligands produce “rigid” ligand arrangement on the
NPs, and limit access of theHis-tag to theAuNP surfaces.

CONCLUSION

We have presented a molecular characterization of
the self-assembly driven by metal-affinity interactions
between AuNPs and two proteins expressing an
N-terminus polyhistidine tag: maltose binding protein
(MBP-His7) and the fluorescent mCherry protein
(mCherry-His6). In particular, using affinity chromato-
graphy combined with energy transfer we explored
the effects of varying the nature, size, density, and
affinity of the capping ligands on the self-assembly.
We found that protein self-assembly onto AuNPs can
only be achieved if theNPswere either partially capped
with thiol-terminated (strong binding) ligands or

stabilized with weakly binding cap such as citrate
groups. AuNPs fully passivated with lipoic acid-
modified ligands do not permit self-assembly, a result
attributed to the high affinity thiol-to-Au coordination.
Coordination using thiol group provides a “rigid”
ligand attachment onto the nanoparticle, which pre-
vents the imidazoles to compete for coordination to
the surface sites. Conversely, with Zn-rich QD surfaces,
weaker ligand binding combined with stronger affinity
of the imidazoles to the QD can induce a rearrange-
ment of the ligands on the surface, permitting QD-
protein-His self-assembly, albeit with only short/com-
pact ligands (e.g., LA and LA-ZW).
Our data clearly showed that the polyhistidine bind-

ing to partially passivated LA-ZW-and LA-PEG-AuNPs
or citrate-stabilized NPs is strong with a typical dis-
sociation constant Kd

�1 ∼ 1�5 nM. This investigation
permitted us to develop a fundamental understanding
of what drives and controls suchmetal-His interactions
as applied to AuNPs and QDs. Finally, these assemblies
of AuNP-protein conjugates with control over the
valence and orientation of the proteins on the NP
surfaces will be greatly useful in a wide range of
applications including in vitro protein assays, targeting,
and imaging.

EXPERIMENTAL PROCEDURES

Reagents. Tetrachloroauric(III) acid trihydrate (HAuCl4 3 3H2O)
(99.9%), ((-R-lipoic acid) (LA), poly(ethyleneglycol)methyl ether
(Mw ∼ 750), methanesulfonyl chloride (99.7%), triphenylphos-
phine (99%), 4-(N,N-dimethylamino)pyridine (99%) (DMAP),
triethylamine (Et3N), sodium borohydride (NaBH4), sodium cit-
rate tribasic dihydrate (C6H5Na3O7 3 2H2O), N,N-dicylohexylcar-
bodiimide (DCC), NaOH, KOH, NaHCO3, organic solvents (THF,
CHCl3, etc), and salts (such as NaCl, Na2SO4) were purchased
from Sigma Chemicals (St. Louis, MO). Sodium azide (99%),
N,N-dimethyl-1,3-propanediamine (99%), and1,3-propanesultone
(99%)werepurchased fromAlfa Aesar (WardHill, MA). Deuterated
solvents were purchased from Cambridge Isotope Laboratories
(Andover, MA). The chemicals and solvents were used as pur-
chased unless otherwise specified. Column purification chroma-
tography was performed using silica gel (60 Å, 230�400 mesh,
from Bodman Industries, Aston, PA). PD10 columns were pur-
chased from GE Healthcare (Piscataway, NJ).

Instrumentation. The optical absorption measurements were
carried out using a Shimadzu UV�vis absorption spectropho-
tometer (UV 2450 model from Shimadzu). The emission spectra
were collected on a Fluorolog-3 spectrometer (HORIBA Jobin
Yvon, Inc., Edison, NJ) equipped with a PMT detector. Samples
for transmission electron microscopy (TEM) were prepared by
drop casting a dispersion of AuNPs onto a fine mesh Cu grid
(400 mesh) coated on a holey carbon film and letting it dry;
images were collected using a JEOI-2010, 200 kV instrument.

Synthesis of Polyethylene Glycol- and Zwitterion-Modified Lipoic Acid
Ligands. We used two sets of lipoic acid (LA)-modified ligands:
LA-PEG750-OCH3, which contains a short PEGmoiety (Mw = 750)
and a terminal methyl ether group, and a more compact
zwitterion-modified LA (LA-ZW). They have been synthesized,
purified, and characterized following the protocols detailed
in previous reports.40,56�59 The ligands were characterized
using 1H NMR, FT-IR spectroscopy and mass spectrometry
techniques.

One Phase Growth of Lipoic Acid-, Lipoic Acid-PEG- and Lipoic Acid-
Zwitterion-Capped AuNPs. The growth reaction relied on the re-
duction of Au(III) using sodium borohydride in the presence of
the oxidized form of the ligands, LA, LA-ZW, or LA-PEG750-OCH3,
following the rationales described in the literature.43,44 In a
typical reaction, 12 μL of 1.5 mM ligand solution was first dis-
solved in 5 mL of deionized water, followed by the addition of
32 μL of 50 mM stock solution of HAuCl4 3 3H2O in water; this
corresponds to Au:ligand molar ratio ∼90:1.43 The mixture was
stirred for 30 min, and then 45 μL of 290 mM NaBH4 solution in
water was added dropwise with vigorous stirring. The reaction
mixture was then left stirring for 3 h at room temperature. For
the extra passivation step, additional amounts of LA, LA-ZW, or
LA-PEG750-OCH3 ligands were added to the AuNP solution
and further stirred for 3 h; the final Au-to-ligand ratios used,
including passivation, were 90:1, 50:1, 25:1, 5:1, 2:1, and 1:1.
The dispersions were purified from free reagents (excess free
ligands and precursor) by applying three cycles of centrifugation/
filtration using a membrane filtration device (Millipore) with a
molecular weight cutoff of 50 kDa. The resulting dispersions were
stored at room temperature until further use.We shouldnote that
because LA was insoluble in pure water, a stock solution of the
ligand in methanol (at 1.5 mM) was first prepared. Then, 12 μL of
this solutionwas used to carry out the growth reaction inwater as
described above.

Growth of Citrate-Stabilized AuNPs. For this, citrate-stabilized
5 nm AuNPs were first grown following rationales reported in
the literature.60,61 Briefly, 250 μL of 50 mM aqueous solution
of HAuCl4 3 3H2O was added to 50 mL of water. After stirring for
∼1 min, 1 mL of a 38.8 mM sodium citrate solution in water was
added. In parallel, 100 μL of 200 mM NaBH4 was mixed with
900 μL of 38.8 mM sodium citrate solution and rapidly injected
in the above flask containing Au precursor and ligands.
The reaction mixture was stirred for an additional 2 h and then
purified using amembrane filtration device (Millipore) as above.

Preparation of LA-ZW-Functionalized AuNPs via Ligand Exchange.
Citrate-stabilized AuNPs prepared above were purified and
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mixed with 800 equiv of LA-ZW ligands, the solution pH was
adjusted to pH 10, and then themixture was left stirring for 24 h
at room temperature. Then, the AuNP dispersions were sub-
jected to further purification (to remove excess free ligands) by
applying one, two, or three rounds of concentration/dilution
using a membrane filtration device (with a cutoffMw = 50 kDa),
as described in the main text above. Estimates of the NP
concentration were determined using the extinction coef-
ficient ε520 = 1.10 � 107 M�1 cm�1 for 5 nm AuNPs (Sigma
Aldrich).43

Expression and Purification of Polyhistidine-Tagged Maltose Binding
Protein: MBP-His7. Protein expression was carried out using a
pMalE3 plasmid engineered to express a maltose binding
protein (MBP) sequence with a seven-histidine tag (His7)
MHHHHHHHSTS- at the N-terminus.62 This plasmid was pro-
vided by Timothy A. Cross's laboratory at the Florida State
University. The plasmid was transformed into Escherichia coli
bacterial cells (BL21 strain, from Analytical Core Facility, Florida
State University), plated on LB/Ampicillin Petri dish, and left
overnight at 37 �C. Single colonies were plucked from the plates
and dispersed into Luria�Bertani (LB) media to start overnight
cultures at 37 �C while shacking at 200 rpm. Then, the saturated
culture was inoculated in LB media using a volume ratio of
culture-to-LB of 1:100. When the OD600 reached 0.6, MBP
expression was induced by the addition of 0.4 mM isopropyl
β-D-1-thiogalactopyranoside (Fisher Scientific). After 6 h of
induction, the culture was harvested in binding buffer (25 mM
Tris-HCl, pH 8.0, 500 mM NaCl, 10 mM imidazole) and lysed
using a microfluidizer. The lysate was centrifuged for 15 min at
15 000 rpm, and the polyhistidine-tagged protein in the super-
natant was purified using a high-capacity nickel-IMAC resin
(Fisher Scientific) in binding buffer containing 250 mM imida-
zole. Fractions were concentrated using a membrane filtration
device (Centricon-Millipore Amicon-Ultra-15 Centrifugal Filter
Units, cutoff Mw = 10 kDa). The obtained protein was then
purified using anion exchange HPLC (MonoQ, GE Healthcare,
Piscataway, NJ). The purified proteins were diafiltrated into PBS
buffer (10 mM sodium phosphate, 137 mM NaCl, 2 mM KCl,
pH 7.4) using Centricon units and stored at 4 �C.

Expression and Purification of Polyhistidine-Tagged mCherry Fluores-
cent Protein: mCherry-His6. The mCherry-His6 protein was derived
from pBAD plasmid provided by Mike Davidson's laboratory at
the National High Magnetic Field Laboratory (NHMFL, Florida
State University). This plasmid was expressed in TOP10 compe-
tent strain (Escherichia coli), and the expression was induced
with 0.2% L-arabinose. The polyhistidine sequence appended
to N-terminus of the mCherry was used for protein purification
using a high-capacity nickel-IMAC resin (Fisher Scientific). The
purification and the characterization steps are similar to those
described above for the MBP-His7.

Self-Assembly of AuNP-Protein-His Conjugates. Different sample
configurations were prepared and tested. In a typical sample
preparation, 5 μL of His-tagged protein (80 μM stock solution of
MBP-His7 ormCherry-His6) was first added to an eppendorf tube
containing 95 μL of PBS buffer. In a separate tube, 50 μL of a
stock solution of AuNPs (0.8 μM) was diluted in PBS buffer to a
total volume of 100 μL. The contents of the tubes were mixed
gently and left to incubate at 4 �C for 45 min. The molar ratio of
AuNP-to-MBP-His7 was maintained at 1:10 in all cases, while
the ratio for AuNP-to-mCherry-His6 was varied from 1:2 to 1:10.
The concentrations of both proteins were determined using the
extinction coefficients: 71000 M�1 cm�1 at 587 nm for mCherry
and 35870 M�1 cm�1 at 280 nm for MBP, respectively.63,64 The
dispersions of AuNP-mCherry assemblies were used to investi-
gate the effects of AuNP fluorescent quenching of mCherry
emission and its dependence on the conjugate valence. Binding
of MBP-His7 onto the AuNPs relied on a visual assay based on
the specific binding of MBP to amylose (in a gel column loaded
with amylose), followed by release with soluble maltose. Briefly,
1.5�2 mL of amylose stock gel was loaded onto a 10 mL
capacity column and washed three times with 10 mL of PBS
buffer. The AuNP and MPB-His7 mixture was then loaded onto
the column and washed with PBS buffer pH = 7.4 (4 times, 5 mL
each). When AuNP-MPB-His7 conjugates are formed in the
solution, a pink colored band, promoted by the binding of

MBP in the conjugate, builds up on the top of the column; the
band is not affected by multiple washes with buffer. Adding
5 mL of a 20 mM solution of D-(þ)-maltose to the column
progressively displaced the pink band (AuNP-MBP conjugates),
which was collected and further characterized. When AuNP to
MBP-His7 conjugation does not take place, the pink solution of
the AuNPs immediately eluted after loading onto the amylose
column.

Kinetics of AuNPs-mCherry Self-Assembly in Solution. Monitoring
the kinetics of the self-assembly between partially passivated
LA-, LA-ZW-, LA-PEG-capped, and citrate-capped AuNPs and
mCherry-His6 in solution was carried out following the rationales
we previously detailed for the self-assembly of Cy5-labeledMBP-
His5 onto DHLA-capped QDs.15 Here the protein itself provided
the necessary absorption and emission signatures. Briefly, vary-
ing amounts of mCherry-His6 were dispersed in 10 mM phos-
phate buffer solution (pH = 7.4) at concentrations ranging from
1 to 60 nM. For each concentration, the dispersion was loaded
in a quartz cuvette (optical path = 5 mm), the sample excited at
the absorption maximum of the mCherry at 587 nm, and the
time-progression of the mCherry PL (at the maximum 610 nm
window) was collected using a Fluorolog-3 spectrometer. More
precisely, following an initial acquisitionperiodof the PL signal of
∼50 s from the pure protein solution (without AuNPs), to ensure
that mCherry PL signal was stable, the AuNPs were added (at a
fixedmCherry-to-AuNPmolar ratio of 1)mixed, and a series of 2 s
signal acquisitions was collected over a period of 450 s. This
allowed a continuous monitoring of the self-assembly kinetics,
where changes in the mCherry quenching induced by the
bound AuNP provided a time-dependent progression of the
self-assembly. As the number of self-assembled AuNP-mCherry
conjugates in the sample increased, the ensemble mCherry PL
systematically decreased due to energy transfer quenching.
The kinetic of AuNP-mCherry self-assembly became more rapid
by increasing the reagent concentrations in the sample. Analysis
of these kinetics data provided values for the apparent binding
rate, kapp, versus concentration, which were further exploited to
extract an estimate for the dissociation constant, Kd

�1, for these
AuNP-mCherry assemblies.
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