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’ INTRODUCTION

Since the development of the first glucose sensors, electro-
chemical biosensors have gained popularity due to their low cost,
ease of use, and remarkable reproducibility.1 Electrochemical
biosensors have been utilized to detect a variety of biomolecules
including DNA, antibodies, enzymes, and proteins.2�14 Despite
their growing popularity, a number of challenges remain in
improving sensitivity.15 Many popular biosensors rely on the
measurement of changes in impedance that are caused by target
binding to the electrode surface. However, the changes in impedance
may be caused by factors unrelated to target binding, such as
variations in solution resistance and double layer capacitance. These
factors are difficult to analyze without performing a detailed
fitting of the data and having a complete understanding of all
system components; for example, interactions of the supporting
electrolyte with the analyte can alter both solution resistance and
double layer capacitance.16

A second class of electrochemical protein biosensors rely on a
decrease in current upon protein binding as the mechanism of
sensing.17�19 Sensors based on this type of negative feedback are
not ideal, because current loss (although most often due to
protein binding) could be due to degradation of the probe or
nonspecific protein binding, leading to an increased number of
false positives. Electrochemical biosensors that rely on other
mechanisms for detection, such as changes in the redox potential

upon protein binding, are, therefore, preferable. Several studies
utilize shifts in the redox potential upon protein binding.8,20 In
one such study, a potential shift of approximately 70 mV was
observed upon papain binding to a ferrocene�peptide con-
jugate.20 In another set of experiments, HIV-1 protease, HIV-1
integrase, and HIV-1 reverse transcriptase binding to a ferrocene�
peptide conjugate was monitored by a change in potential of
approximately 150 mV.8 Recently, nanomaterials have been
used to enhance the sensitivity of electrochemical biosensors;
however, the mechanism of this enhancement is not well
understood.15

An alternative approach to overcome the obstacle of low
sensitivity for protein biosensors is the use of metal complexes
that contain multiple protein binding ligands. It has been well-
established that multivalent interactions improve binding of
small molecules to their target proteins.21�23 For example, a
sialic acid/hemagglutinin conjugate is exploited by influenza
viruses to attach to host cells.21 The potential for fundamentally
improving electrochemical biosensors has led us to investigate
the effect of monovalent vs bivalent interactions of proteins
binding to redox-modified probes.
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ABSTRACT: Despite their popularity, electrochemical biosensors
often suffer from low sensitivity. One possible approach to overcome
low sensitivity in protein biosensors is to utilize multivalent li-
gand�receptor interactions. Controlling the spatial arrangement of
ligands on surfaces is another crucial aspect of electrochemical
biosensor design. We have synthesized and characterized five bioti-
nylated trinuclear ruthenium clusters as potential new biosensor
platforms: [Ru3O(OAc)6CO(4-BMP)(py)]0 (3), [Ru3O(OAc)6-
CO(4-BMP)2]

0 (4), [Ru3O(OAc)6L(4-BMP)(py)]+ (8), [Ru3O(OAc)6L(4-BMP)2]
+ (9), and [Ru3O(OAc)6L(py)2]

+ (10)
(OAc = acetate, 4-BMP = biotin aminomethylpyridine, py = pyridine, L = pyC16SH). HABA/avidin assays and isothermal titration
calorimetry were used to evaluate the avidin binding properties of 3 and 4. The binding constants were found to range from
(6.5�8.0)� 106 M�1. Intermolecular protein binding of 4 in solution was determined by native gel electrophoresis. QM, MM, and
MD calculations show the capability for the bivalent cluster, 4, to intramolecularly bind to avidin. Electrochemical measurements in
solution of 3a and 4a show shifts in E1/2 of �58 and �53 mV in the presence of avidin, respectively. Self-assembled monolayers
formed with 8�10 were investigated as a model biosensor system. Diluent/cluster ratio and composition were found to have a
significant effect on the ability of avidin to adequately bind to the cluster. Complexes 8 and 10 showed negligible changes in E1/2,
while complex 9 showed a shift in E1/2 of�43 mV upon avidin addition. These results suggest that multivalent interactions can have
a positive impact on the sensitivity of electrochemical protein biosensors.
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The biotin/avidin system was chosen as the model system for
this study due to strong noncovalent binding of the host�guest
complex (Kd = 10�15 M).24 Avidin has multiple ligand binding
sites (tetrameric glycoprotein) and is well-suited for studying the
effect of multivalent interactions on protein binding and electron
transfer phenomena. In addition, this system is known to be
stable to a wide range of pH and temperature.25 Other studies
have been carried out that show the binding affinity of both
solubilized and immobilized avidin is not affected during electro-
chemical experiments.26�28 The solid-state structure of avidin
has been determined crystallographically for a variety of bound
substrates, facilitating modeling studies.6,29�31

In previous work in our lab, biotinylated iron-cyano and
ruthenium-ammine complexes were used as redox modified
binding ligands for electrochemical characterization of avidin
binding.13 The current signal in the cyclic voltammograms (CVs)
decreased dramatically upon avidin addition and prevented the
measurement of electrochemical parameters of the protein-
bound species.13 The protein decreased the coupling between
the small, partially buried metal centers and the electrode by
insulating the electron transfer process. Slow diffusion of the
protein to the electrode further contributes to the signal loss. We
have shown spectroscopically that the nonpolar protein should
displace outer-sphere water molecules of themetal complex. This
reduces the dielectric constant of the surroundingmedium, and is
hypothesized to affect both the redox potential and the reorga-
nization energy of the complex.6 Adsorbing iron-cyano com-
plexes onto a monolayer resulted in shifts of �140 mV upon
protein binding. However, no electron transfer rate information
could be obtained due to low surface coverage and nonspecific
nature of the adsorption.6

In this work, we describe trinuclear ruthenium clusters as
electrochemical probes for ligand�receptor binding (Table 1).
These clusters offer several advantages over mononuclear
structures. First, the trinuclear ruthenium cluster core was
chosen because changes in the environment around one
metal center affect the electron transfer properties of other metal
centers.32�44 The clusters are large enough to protrude from the
avidin binding site, overcoming the decrease in coupling ob-
served in previous solution-based electrochemical measurements

using mononuclear metal complexes. Further, the clusters can be
readily incorporated into self-assembled alkanethiol monolayers
for biosensor applications that are not inhibited by diffusion.45�47

Finally, these clusters can be readily modified at all three ruthenium
sites, facilitating the investigation of monovalent vs bivalent
binding; it becomes unnecessary to synthesize ligands containing
two biotin moieties when using the trinuclear ruthenium cluster-
based system.

We have synthesized a series of five biotinylated trinuclear
ruthenium clusters as shown in Schemes 1 and 2. These clusters
were designed to study the effect of monovalent vs bivalent
interactions on both protein binding and electron transfer
reactions. The ability of 3 and 4 to bind to avidin was analyzed
using 40-hydroxyazobenzene-2-carboxylic acid (HABA) assays.
Isothermal titration calorimetry was performed using 3 and 4 to
determine binding constants of the complexes with avidin.
Native gel electrophoresis was used to determine the mechanism
of avidin binding of 4. Modeling was performed for 4 to ascertain
the possibility of this cluster intramolecularly binding two
protomers of avidin simultaneously. Finally, electrochemistry of
3 and 4 in solution, and 8�10 with self-assembled mono-
layers, was performed to investigate the effect of monovalent
vs bivalent interactions on electron transfer for these two
systems.

’EXPERIMENTAL SECTION

Materials and Methods. RuCl3 3 xH2O was purchased from
Strem Chemicals (Newburyport, MA) and used without further puri-
fication. Carbon monoxide was purchased from Matheson Tri-Gas.
Dimethylformamide, chloroform, and methanol were purified on a
column of activated alumina under argon. Gold wire was purchased
from Alfa Aesar (Ward Hill, MA). Nanopure water was obtained using a
Millipore Q-Guard system equipped with a quantum Ex cartridge
(Billerica, MA). 4-Aminomethylpyridine was purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO) and was distilled prior to use.
All other reagents were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, MO) and were used without further purification. Mass spectra
were obtained on a Varian 1200L single-quadrupole electrospray mass
spectrometer. NMR spectra were obtained either on a Varian INOVA
spectrometer (500MHz) or a Bruker Avance III spectrometer (500MHz).
UV�visible absorption spectra were obtained on an Agilent 8453 spectro-
photometer (Foster City, CA). All measurements were carried out using
a quartz cuvette at room temperature. Electrochemical measurements
were performed in 150 mM pH 7 phosphate buffer containing 100 mM
NaCl using a CH Instruments 660A workstation and a standard cell with
three electrodes (gold working electrode, platinum wire counter elec-
trode, and Ag/AgCl reference electrode).
HABA/Avidin Assays. HABA/avidin reagent was purchased from

Sigma-Aldrich and was reconstituted with 10 mL water. The assay was
conducted according to the instructions provided by Sigma-Aldrich.
Details are provided in the Supporting Information.
Isothermal Titration Calorimetry. Isothermal titration calorim-

etry (ITC) was performed using a MicroCal iTC200 calorimeter
(Northampton, MA). For a typical experiment, the sample cell con-
tained 240 μL of a 6 μM avidin solution (24 μM protomer) in 150 mM
potassium phosphate buffer. The injection syringe was filled with 40 μL
of a 300 μM solution of the monobiotinylated cluster 3 and a 150 μM
solution of the bis-biotinylated cluster 4 in the same buffer. The
solutions of the ruthenium clusters were injected into the sample cell
in 1.5 μL aliquots every 120 s until saturation was observed. Data were fit
in Origin 7.0 using the One Sites Model to obtain enthalpies (ΔH),
entropies (ΔS), and binding constants (Ka).

Table 1. List of Synthesized Trinuclear Ruthenium Clusters
and Their Corresponding Number in This Papera

compound number

[Ru3O(OAc)6(CO)(MeOH)2]
0 1

[Ru3O(OAc)6(CO)(4-BMP)(MeOH)]0 2

[Ru3O(OAc)6(CO)(4-BMP)(py)]0 3

[Ru3O(OAc)6(H2O)(4-BMP)(py)]+ 3a

[Ru3O(OAc)6(CO)(4-BMP)2]
0 4

[Ru3O(OAc)6(H2O)(4-BMP)2]
+ 4a

[Ru3O(OAc)6(CO)(py)(MeOH)]0 5

[Ru3O(OAc)6(CO)(4-BMP)(pyC16SH)]0 6

[Ru3O(OAc)6(H2O)(4-BMP)(pyC16SH)]+ 6a

[Ru3O(OAc)6(CO)(py)(pyC16SH)]
0 7

[Ru3O(OAc)6(H2O)(py)(pyC16SH)]
+ 7a

[Ru3O(OAc)6(4-BMP)(py)(pyC16SH)]+ 8

[Ru3O(OAc)6(4-BMP)2(pyC16SH)]
+ 9

[Ru3O(OAc)6(py)2(pyC16SH)]
+ 10

a Synthetic details are given in the Supporting Information.
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Native Gel Electrophoresis. Native gel electrophoresis was
performed based on a procedure described by Gallagher.48 A 1 mm
gel containing 5% acrylamide was prepared by combining 3.3 mL of 30%
acrylamide/0.8% bisacrylamide, 12.7 mL of water, and 4.0 mL of
400 mM sodium phosphate buffer (pH 7.0). Polymerization was
initiated by the addition of 50 μL of 10% (w/v) ammonium persulfate

and 10 μL of N,N,N0,N0-tetramethylethylenediamine (TEMED). The gel
was allowed to polymerize overnight. Four solutions of avidin (5 mg/mL)
were prepared in 100 mM sodium phosphate buffer (pH 7.0). Four
equivalents of either 3 or biotin or two equivalents of 4 were added to a
protein solution and incubated overnight at room temperature. 80%
glycerol was then added to each solution to a total glycerol concentration

Scheme 1. Clusters Synthesized for Experiments in Solutiona

a Synthetic details are given in the Supporting Information.

Scheme 2. Clusters Synthesized for Monolayer Experimentsa

a Synthetic details are given in the Supporting Information.
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(v/v) of 5%. Five microliters of each solution was loaded onto the gel.
Electrophoresis was performed toward the cathode in 100 mM sodium
phosphate buffer (pH 7.0) at a constant voltage of 80 V for 6 h at room
temperature using a Bio-Rad PowerPac 300 power supply in a Bio-Rad
Mini-Protean Tetra Cell. After electrophoresis, the gel was rinsed with
water and stained with Bio-Rad Bio-Safe Coomassie G-250 stain.
Monolayer Preparation. For self-assembled monolayer studies,

the working electrode was prepared by cutting a 6.5 cm length of 99.99%
gold wire (0.127mmdiameter, Alfa Aesar Premion). Two centimeters of
the wire was melted into a sphere using a Bunsen burner. Digital
microcalipers were used to measure the diameter of the sphere for
calculation of the electrode surface area. The spherical electrode was
electrochemically cleaned using dilute H2SO4, cycling the potential from
0 to 1.6 V until a constant current was observed. Following this cleaning
procedure, the electrode was rinsed with water and EtOH before being
submerged in the monolayer deposition solution.

Monolayers with clusters 8�10 were prepared as follows. Gold ball
electrodes were soaked in 5:1, 10:1, 20:1, and 40:1 diluent/cluster
solution in EtOH (2 mM total thiol) overnight. The diluent was either
HO(CH2)11SH or HO(CH2)16SH. The cluster was either 6 or 7.
Monolayers were rinsed copiously with EtOH followed by H2O. The
clusters on the monolayers were then electrochemically oxidized by
repeatedly cycling the potential between�0.6 and 0.8 V (vs Ag/AgCl) at
200 mV/s. Upon oxidation, the CO ligand of 6 and 7 becomes labile and
is replaced by H2O, forming the aquo clusters 6a and 7a.45�47 The
reaction was monitored by a decrease in the current of 6 or 7 at E1/2
∼650mV and an increase in the current of 6a and 7a at E1/2∼�100mV.
The process was determined to be complete when constant current was
observed for 6a and 7a (typically no longer than 30 min). An example
cyclic voltammogram for this procedure is presented in SI Figure S15.
The gold ball electrodes were then submerged in either 1 mM 4-BMP or
pyridine (in H2O) for 24 h to form the desired species 8�10.
Electrochemical Methods. Electrochemical experiments were

performed using a standard three-electrode setup with a Pt wire counter
electrode and a Ag/AgCl reference electrode. All potentials are reported
in reference to the Ag/AgCl electrode. All samples were purged with
nitrogen prior to performing electrochemical experiments. For solution
studies using the ruthenium clusters 3 and 4, a gold disk working
electrode was used. Prior to the solution experiments, the working
electrode was polished on 0.05 μm alumina and electrochemically
cleaned using dilute H2SO4, cycling the potential from 0 to 1.6 V until
a constant current was observed. In a typical experiment, measurements
were performed using 0.4 mM cluster in pH 7.0 PBS buffer containing
100 mM NaCl. Using a procedure similar to that described in the
previous section, potentials were cycled between �0.4 and 0.8 V (with
stirring) to oxidize the cluster, making the CO labile.49 This was done
until a constant current was observed for the newly formed aquo species
3a and 4a. The typical reaction took several hours to complete in
solution. Avidin binding studies were performed on the resulting aquo
complexes. Cyclic voltammetry was performed for a series of scan rates
ranging from 10 mV/s to 10 000 mV/s. CH Instruments 660A software
was used to determine E1/2 and peak currents. E1/2 is defined as
(Epc + Epa)/2. The clusters were incubated with an excess of avidin for
1 h. Cyclic voltammetric measurements were then repeated for the same
series of scan rates.

For electrochemical experiments using monolayers of 8�10, cyclic
voltammetric measurements were performed in pH 7.0 PBS buffer
containing 100 mM NaCl. For each diluent/cluster ratio, cyclic voltam-
metry was performed employing a series of scan rates. For monolayers
with a C16 diluent, scan rates from 0.001 V/s to 100 V/s were
performed. For monolayers with a C11 diluent, scan rates from
0.01 V/s to 2500 V/s were performed. Tafel plots were generated as
described elsewhere in order to determine electron transfer rate
parameters.4 To determine the uncompensated solution resistance,

alternating current impedance measurements were performed. After the
initial electrochemical experiments, the electrodes were submerged in a
30 μMavidin solution at 37 �Covernight to maximize protein binding to
the cluster. After avidin binding, the electrochemical experiments were
repeated, and Tafel plots were generated to determine electron transfer
rate parameters.
Modeling. Quantum Mechanical (QM) and Molecular Mechan-

ical (MM) Calculations. The [Ru3O(OAc)6(CO)(4-BMP)2]
0 cluster

was constructed by modifying the available crystal structure of
[Ru3O(OAc)6(CO)(mbpy)2]

2+ (mbpy = N-methyl-4,40-dimethylbi-
pyridinium ion) and appending the biotin arms.50 In order to evaluate
the atomic charges and the force constants, a quantum mechanical
(QM) calculation was carried out to optimize the geometry of the
cluster. Calculations were performed using the Jaguar 7.7 package
implemented in Schrodinger 9.1.51 DFT calculations were performed
with the B3LYP hybrid functional together with the 6-31++G** basis set
for all atoms except the ruthenium.52,53 Ruthenium atoms were treated
with an ECP basis of TVZ quality, splitting off themost diffuse s, p, and d
primitive in the standard LANL2DZ contraction.54,55 The cluster
geometry was fully optimized and the CHelpG charges were calculated
using a radius of 2.34 Å for ruthenium.56

All the force field calculations were performed in MacroModel 9.8
using the OPLS2005 force field. The bonding between themetal and the
ligand was established using the method proposed by Brandt et al.54 The
bond, angle, torsional, and other parameters were obtained by using
standard Norrby Liljefors techniques.57

Docking of the Cluster to Biotin Binding Sites in Avidin. The dimeric
biotin-bound crystal structure of avidin (1AVD.pdb) was obtained from
the Research Collaboratory for Structural Bioinformatics Protein Data
Bank and was used for the docking studies.58 The Crysin crystal-
lographic tool implemented in the Sybyl interface was utilized to
generate the tetramer using appropriate unit cell parameters obtained
from the crystallographic data.59 Of the four monomers of the avidin
tetramer, the two monomers with similar orientations of the biotin
binding pocket (i.e., adjacent monomers between which the trinuclear
ruthenium cluster could act as a bridge between binding sites) were
selected for the docking study.

The FlexiDock docking tool for protein/ligand pairs in the Sybyl
interface was used for docking of the ruthenium cluster into the biotin
binding sites of the two avidin monomers.59 FlexiDock works in torsional
space, keeping the bond lengths and angles constant while allowing the
amino acid residues that interact with the ligand to be flexible during the
docking process. Using a genetic algorithm (GA), FlexiDock generated
many different docked poses for the [Ru3O(OAc)6(CO)(4-BMP)2]

0

cluster. Three minimum energy conformations of the cluster with avidin
were selected for further study.

Molecular Dynamics (MD) Simulations.Molecular dynamics (MD)
simulations were carried out using the three minimum energy con-
formations of 4 with avidin (generated from docking studies) using the
modified OPLS2005 force field in MacroModel 9.8.60 The OPLS2005
force field was modified by incorporating new atom type, vdw type, and
polarities of bonds. The earlier computed stretch, bend, and torsion
parameters (from QM) were used and the corresponding files were
modified. In the MacroModel dynamic panel, stochastic dynamics were
chosen as it includes random forces that simulate the buffering of a
system by solvent molecules. To constrain the bond lengths to the
original value, the SHAKE option was selected. The simulations were
carried out for all the complexes of 4with avidin at 300 Kwith a time step
of 1.5 fs and equilibration time of 1 ps. MD simulations were run for 5 ns,
recording the energy and trajectory information. Out of the three
minimum energy conformations generated from docking studies, only
one showed all the critical interactions of biotin with the ligand binding
domain of avidin (Figure 1). System equilibriumwas reached within 5 ns
(SI Figure S1).
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’RESULTS AND DISCUSSION

Clusters of the formula [Ru3O(OAc)6(CO)LL0] were suc-
cessfully synthesized, where L, L0 = pyridine, 4-BMP, or pyC16SH
(Schemes 1 and 2). These intermediate CO complexes facilitate
the purification of the clusters by minimizing the number of
products that can be generated. Simplifying the mixture resulting
from direct substitution of pyridine onto the cluster ultimately
results in higher yields. The CO complexes 3 and 4 were
subsequently electrochemically converted to aquo complexes
for solution measurements of avidin binding. The CO complexes
6 and 7 were used to form self-assembled monolayers on gold
and subsequently electrochemically converted to aquo species 6a
and 7a. 6a and 7a were then reacted with pyridine or 4-BMP to
form 8�10 for monolayer studies of avidin binding.
HABA/Avidin Assays. Upon addition of 3 and 4 to the

HABA/avidin solution, the absorbance at 500 nm was observed
to decrease. This behavior indicates that these complexes dis-
place HABA (4-hydroxyazobenzene-2-carboxylic acid, Kd = 5 �
10�6 M) and bind to avidin in its place.61,62 Figure 2 shows the
absorption titration curves for 3 and 4.
According to the plot for 3, the equivalence point is approxi-

mately 4.5 biotin molecules per avidin. Theoretically, the equiva-
lence point should be 4.0, as avidin is tetrameric, and 3 contains
a single biotin moiety. An equivalence point of 4.5 suggests
that 3 binds to avidin with an affinity similar to that of HABA
(Figure 2). A slight excess of the biotinylated cluster must be
added to the solution to shift the equilibrium enough so that all of
the HABA becomes displaced in favor of the trinuclear ruthe-
nium cluster. Steric hindrance is one possible reason for 3 having
a binding affinity similar to that of HABA. If 4 equiv of 3 binds to
avidin, two clusters must be brought within close proximity to
each other for binding to occur in two adjacent binding pockets
of the same protein.

The absorption titration curve for 4 shows an equivalence
point of 2.1 biotin molecules per avidin. Since 4 is bivalent, the
theoretical equivalence point is 2.0, assuming that the two biotin
moieties are far enough apart to bind two protomers of avidin
simultaneously. This type of bivalent binding could occur two
ways: (i) intramolecular binding between two sites of the same
protein or (ii) intermolecular binding between protomers on two
different proteins. Previous work by Green and co-workers has
shown that, with 23 methylene bond lengths between the acid
carbonyls of a bivalent biotinylated compound, intramolecular
binding occurs. In addition, when there are 12 methylene bond
lengths between the acid carbonyls, intermolecular binding
between protomers on two different proteins occurs.63,64 The
distance between the two biotin acid carbonyls in 4 is approxi-
mately the equivalent of 16 methylene bond lengths. This value
lies in between the two systems studied by Green and co-workers
for intra- vs intermolecular binding. Based only on this compar-
ison, it is unclear if inter- or intramolecular binding is occurring in
our bivalent system. To further investigate the avidin binding
properties of 3 and 4, isothermal titration calorimetry was
performed to determine the binding constants, as well as ΔG,
ΔH, and ΔS.
Isothermal Titration Calorimetry. Isothermal titration calo-

rimetry (ITC) of 3 and 4 was used to determine the binding
constants and other thermodynamic parameters of avidin bind-
ing. Data were fit in Origin 7.0, and the best fits for all data were
obtained using the One Sites Model. Results are summarized in
Table 2. Representative ITC data are shown in SI Figures S2�S4.
Biotin is known to bind to avidin with a binding constant of

1015 M�1.24 For a more accurate comparison of our cluster
binding constants to avidin, ITC was performed for the ligand
4-BMP. As has been previously shown, conversion of the
terminal acid of biotin to an amide decreases the binding affinity

Figure 2. Absorption titration curves fromHABA/avidin assays of 3 (left) and 4 (right). The equivalence points of 4.5 for 3 and 2.1 for 4 are close to the
expected values indicating that the trinuclear ruthenium clusters bind to avidin.

Figure 1. Energy minimized structure of 4 intramolecularly bound to two adjacent protomers of avidin. The A and D subunits are shown. All critical
hydrogen bond interactions between the biotin moieties and avidin are maintained (left).
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by approximately 7 orders of magnitude.65 The binding constant
for 3was found to be 8.0� 106 M�1, a little more than 1 order of
magnitude smaller than 4-BMP. This result is not surprising
given the increased steric bulk of the large trinuclear ruthenium
cluster as compared to 4-BMP alone. In addition, once one
cluster is bound, it may be possible for the pyridine ligand of 3 to
partially block access of the nearby binding pocket to another
ligand, further decreasing the ability of a second cluster to bind in
the adjacent binding site. Notably, the binding constants re-
ported by Barker et al. for biotinylated iron(II) tetracyano
complexes with avidin are smaller than the binding constant
observed here for 4-BMP, but larger than that for 3.6 This trend is
as expected since themononuclear complexes analyzed by Barker
et al. are more sterically hindered than 4-BMP, but less sterically
hindered than 3.
The binding constant for 4 was observed to be similar to, but

slightly less than 3, despite having two binding ligands. For an
intramolecular binding mechanism, one possible explanation is
that, after the first biotin of the cluster binds in one binding site, it
is sterically inhibited for the second biotin and the protein to
adopt the conformations needed for binding to the adjacent
protomer. For an intermolecular binding mechanism, the steric
hindrance encountered by two proteins being forced into close
proximity with each other would be the likely cause for the
observation of a smaller binding constant for 4 as compared to 3.
For all compounds studied, binding to avidin was exothermic.

The largest enthalpy was observed for the bivalent cluster 4. It is
energetically more favorable for the hydrophobic biotin moieties
to be bound in the hydrophobic pocket of avidin than to be in
aqueous solution. The smaller enthalpy observed for 3 is likely
due to it being energetically unfavorable to have two large
trinuclear ruthenium clusters in close proximity to one another
when they are bound to two adjacent protomers.
Binding is entropically favorable for the monovalent cluster 3;

however, the binding of the bivalent cluster 4 is not an entropi-
cally favorable process. It is known that protein binding involves
processes that both increase and decrease the entropy of the
system.66,67 The loss of water from the binding pocket of the
protein increases entropy (desolvation entropy). The loss in
rotational degrees of freedom for the binding ligand decreases
entropy (conformational entropy).66,67 The total desolvation
entropy should be similar for both complexes. When 3 binds to
avidin, there is a loss of conformational entropy for the biotin
moieties of the cluster. However, although somewhat sterically
hindered, the metal cluster portion of the complex is still free to
rotate, resulting in larger conformational entropy. The large,
monovalent cluster may additionally disrupt the structure of the
protein distal to the binding site, increasing conformational entropy
of the protein. These two phenomena overcome the loss in con-
formational entropy for the biotin moieties of the complex upon
protein binding. Consequently, for 3, the loss of conformational
entropy is less than the desolvation entropy resulting in an overall
increase in entropy (favorable) upon binding.

For the bivalent cluster, 4, binding both biotin moieties at the
same time restricts the conformational degrees of freedom
available to the metal portion of the cluster. If intramolecular
binding is occurring, the structure of the protein distal to the
binding site will not be as disrupted as for monovalent cluster
binding. Therefore, for the bivalent system, the unfavorable loss
of conformational entropy is more than the desolvation entropy,
resulting in an overall decrease in entropy (unfavorable) upon
binding.
Both the enthalpy and entropy contribute to the overall Gibbs

free energy of binding. As is often the case at room temperature,
the enthalpy contributes more than the entropy to the overall
Gibbs free energy change associated with protein binding. It is no
surprise that for a biotin/avidin-based system there is a large
driving force for binding; thus, all binding events are spontaneous
at room temperature. Somewhat surprising, however, is that, due
to the entropic contribution, the bivalent cluster, 4, has a smaller
driving force for binding than the corresponding monovalent
cluster, 3. Given this unexpected result, native gel electrophoresis
was performed to further determine the mechanism of binding of
4 to avidin in solution.
Native Gel Electrophoresis. Native gel electrophoresis was

performed to determine the mechanism of binding of the
bivalent cluster, 4, to avidin in solution. This technique is
dependent upon both the protein charge and size. Addition of the
neutral cluster will not change the charge and, relative to the size
of the avidin tetramer, the size of the protein complex will not
differ significantly. Thus, the migration of a complex of 3 with
avidin is not expected to differ significantly from the migration of
native avidin. If intramolecular binding is thepredominantmechanism,
a complex of 4 with avidin should migrate at the same rate as
native avidin and a complex of 3 with avidin. If intermolecular
binding is the predominant mechanism, a complex of 4 with
avidin should migrate more slowly than native avidin and a
complex of 3 with avidin.
As expected, the mobility of a conjugate of 3 with avidin was

the same as that of native avidin. However, native gel electro-
phoresis showed that the mobility of a conjugate of 4 with avidin
was less than that of native avidin (see SI Figure S5). This result
indicates that, under the conditions of this experiment, inter-
molecular binding predominates in solution, where multiple
proteins are linked together by the bivalent cluster. Given these
results, QM, MM, and MD calculations were carried out for 4 to
better understand the possibility of intramolecular binding of the
bivalent cluster to avidin in cases where intermolecular binding is
prevented. Of particular interest is how intramolecular binding
may be favored on a monolayer with a low cluster concentration.
Modeling.QM,MM, andMD calculations show that complex

4 is capable of binding to two adjacent protomers of avidin as
shown in Figure 1. The biotin moieties bind to the expected
binding sites in both protomers as previously characterized.31

The 4-BMP ligands are stabilized by several hydrogen bonding
pairs that are observed in native avidin�biotin. Namely, hydrogen

Table 2. Isothermal Titration Calorimetry Data of Avidin Binding to 3 and 4 at 25 �C

compound K (M�1) ΔG (kcal/mol)a ΔH (kcal/mol) ΔS (cal/mol/deg)

4-BMP 1.1 � 108 �11.0 �16.7 �19.2

[Ru3O(OAc)6(CO)(4-BMP)(py)]0 8.0 � 106 �9.5 �8.1 4.6

[Ru3O(OAc)6(CO)(4-BMP)2]
0 6.5 � 106 �9.3 �18.0 �29.2

aCalculated from ΔH and ΔS at 298 K.
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bonds are observed between the ureido ring of biotin and N12,
S16, Y33, T35, T77, and N118 of avidin. S73 and S75 bond with
the carbonyl of the amide bond.
While several biotinylated-transition metal complexes have

been synthesized, only three others have been structurally
characterized bound to avidin, two of these by crystallographic
analysis.6,68�70 The majority of the bound trinuclear ruthenium
cluster lies near a hydrophilic portion of the protein while a
smaller portion of it is exposed to the hydrophobic part of the
protein surface bridging between two avidin protomers. Our
model further shows there is no major reorganization of the
avidin backbone to accommodate the intramolecularly bound
cluster, indicating that this type of binding should be stable. We
hypothesized that the changing environment around the tri-
nuclear ruthenium cluster after protein binding would have an
observable effect on the electrochemical properties of 4 bound to
avidin.
Solution Electrochemistry. In previous work using small,

mononuclear metal complexes, a significant loss in current was
observed in cyclic voltammograms after avidin binding.13 A
decrease in electronic coupling due to the insulating properties
of the protein was determined to be one of the causes for this
phenomenon. It was hypothesized that coupling with the elec-
trode (and therefore the observed current) could be improved by
using larger, trinuclear ruthenium clusters as electrochemical
probes. These species would allow us to see changes in electro-
chemical parameters upon avidin binding, caused by the different
environment surrounding the metal complex. Specifically, the
nonpolar protein should displace water molecules from the
cluster, reducing the dielectric constant of the surrounding
medium, affecting both the redox potential and the reorganiza-
tion energy of the cluster.
For each experiment, approximately 0.4mM solutions of 3 and

4 in pH 7 PBS were used. First, these complexes were electro-
chemically converted, through loss of the COmoiety, to the aquo
species 3a and 4a as described in the Experimental Section. The
cyclic voltammetry (CV) data for 3a and 4a are summarized in
Table 3 and a representative voltammogram is shown in Figure 3.
The observed E1/2 values are similar to those reported in the
literature for similar trinuclear ruthenium clusters.44,50,71�78ΔEp
(Ea� Ec) was observed to be, on average, 65 mV for each cluster
studied, indicative of a reversible electrochemical couple.79 The
current ratio of (ia/ic) was typically approximately 0.7.
After performing cyclic voltammetry for a series of scan rates

to ensure a well-behaved system, excess avidin was added to the
solution. Binding was allowed to occur for 1 h. After avidin
addition, cyclic voltammetric experiments were repeated. As was
observed in previous experiments using [Ru(NH3)5(4-BMP)]2+

and [Ru(NH3)5(4-DMP)]2+, a decrease in current was observed
(Figure 3).13 However, unlike our previously reported examples,
the current signal did not entirely diminish. Using trinuclear
ruthenium clusters, we achieved the goal of maintaining coupling

with the electrode after avidin binding, allowing electrochemical
measurements to be made upon protein binding.
Reversible electrochemistry was observed for 3a and 4a after

avidin binding with ia/ic of 1.1 and 0.9, respectively. ΔEp was
observed to be 64 mV and 73 mV. Shifts in E1/2 upon protein
binding are summarized in Table 3. E1/2 of 3a was found to
shift�58 mV, and E1/2 of 4a was observed to shift�53 mV. The
negative direction of each shift indicates that the oxidized form of
the cluster is more stable when bound to avidin.6 It is possible
that this is due to the ruthenium cluster portion of these
complexes sitting near a hydrophilic portion of avidin. The
similarity of the shifts for the monovalent and bivalent systems
is likely due to the intermolecular protein binding mechanism
observed in solution. Given this mechanism, it is unlikely that the
monovalent and bivalent clusters experience significantly differ-
ent environments from each other when bound to the protein.
To investigate a system in which intermolecular binding is less
likely and diffusion limitations are removed, experiments were
performed with the clusters incorporated into a self-assembled
monolayer.
Monolayer Electrochemistry. In addition to decreased elec-

tronic coupling, a second possible reason for the significant
decrease in current upon protein binding as observed in previous
work is slow diffusion of the protein to and from the electrode.13

A system in which the metal complex is covalently attached to an
alkanethiol monolayer can overcome these diffusion limitations.
Determination of the electron transfer rate is facilitated by
avoiding diffusion limitations. We expected to see a difference
in shifts of E1/2 upon protein binding for the monovalent and
bivalent systems. This difference would be caused by the
possibility of intramolecular binding for the bivalent system
due to spatial and diffusion limitations preventing intermolecular
binding for the surface-confined cluster at low cluster surface
concentrations. Furthermore, the different environment sur-
rounding the metal complex upon protein binding was expected
to change the rate of electron transfer.
Clusters 8�10were generated on the monolayer from 6 and 7

using cyclic voltammetry to form 6a and 7a. This process was followed
by soaking the monolayer in a 1 mM solution of pyridine or 4-BMP
to attach the desired ligand, forming 8�10 (Scheme 3).45�47 For
all systems studied, the plot of ip vs scan rate of the CV data was
linear, as expected for the electrochemistry of a redox species on a

Table 3. Solution Electrochemical Data before and after
Avidin Bindinga

compound

E1/2
(mV)

E1/2 with

avidin (mV)

ΔE1/2
(mV)

[Ru3O(OAc)6(H2O)(4-BMP)(py)]+ �54 �112 �58

[Ru3O(OAc)6(H2O)(4-BMP)2]
+ �32 �85 �53

a Potentials are reported vs Ag/AgCl at a scan rate of 500 mV/s.

Figure 3. Solution CV data for 4 (black). Upon oxidation, the carbonyl
is lost from 4 (E1/2 ∼ 650 mV) and 4a is formed (E1/2 ∼ �100 mV).
Upon avidin addition (red), a shift in E1/2 of�53 mV is observed along
with a slight decrease in current.
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monolayer. Therefore, it can be inferred that the monolayers are
well-packed (SI Figure S7�S14).4 In addition, at low scan rates,
the anodic and cathodic peak separation, ΔEp, is small, <15 mV,
as expected for a well-behaved monolayer.4,80 E1/2 values of the
trinuclear ruthenium clusters were similar to those observed for
analogous complexes reported in the literature.44,50,71�78 A
representative CV is shown in Figure 4 for the bivalent cluster, 9.
The ratio of diluent hydroxyalkanethiol to cluster-alkanethiol

was found to have a significant impact on protein binding at the
monolayer surface. Using 9 and a C16 diluent, a series of monolayers
with varying diluent/cluster concentrations (5:1, 10:1, 20:1, and
40:1) was tested. As shown in Table 4, in general, as the diluent/
cluster ratio increased, the change in the observed E1/2 upon pro-
tein binding increased. The shift in E1/2 observed for the 5:1 ratio
was �11 mV compared with �23 mV for the 20:1 ratio. The
shifts in E1/2 observed for both the 20:1 and 40:1 ratios were the
same within experimental error. This result is indicative of a
greater percentage of the clusters on the surface being bound by
avidin for monolayers containing a higher percentage of diluent
hydoxyalkanethiol. Based on these results, we hypothesize that, if
the cluster concentration on the monolayer is too high, steric

interactions between proteins would prevent each cluster on the
surface from binding to avidin.81�83 This crowding of protein on
the surface of the monolayer would result in smaller observable
changes in ET parameters, as many of the clusters remain
unbound. In light of these results, in order to maximize the
signal-to-noise ratio between the faradaic and nonfaradaic cur-
rents while at the same time maximizing the changes in electro-
chemical parameters upon protein binding, a 20:1 diluent/cluster
ratio was chosen for all subsequent experiments.
Based on literature, we hypothesized that using a diluent

alkanethiol the same length as that attached to the trinuclear
ruthenium cluster may hinder avidin from binding strongly to the
clusters on the surface due to steric interactions with the
monolayer in the third dimension.84 To test this hypothesis, a
shorter, C11 diluent hydroxyalkanethiol was used to prepare the
monolayer. Using a 20:1 diluent/cluster ratio to form the
monolayer incorporating HO(CH2)11SH as the diluent, a shift
in E1/2 of �43 mV upon protein binding was observed
(Figure 4). This shift is similar in magnitude to shifts observed
upon addition of protein to ferrocene�peptide conjugates
attached to a monolayer.8,20 From this study, it was determined
that the C11 hydroxyalkanethiol, shorter than the C16 alka-
nethiol ligand of the cluster, lessens the steric hindrance of
protein binding at the surface of the monolayer, as this archi-
tecture results in larger observable electrochemical shifts upon
protein binding. As in solution, the shift to more negative

Scheme 3. Electrochemical Oxidation of 6 in a HO(CH2)11SH Monolayer to Synthesize 9a

aUpon oxidation, the CO of 6 becomes labile and is replaced by a solvent molecule to form 6a. Submerging the monolayer in a solution containing
4-BMP allows for the synthesis of 9.

Figure 4. Ratio of 20:1 diluent HO(CH2)11SH to cluster 9 allows for
adequate protein binding to the surface of the monolayer. This binding
event is evidenced by a shift of �43 mV from the original monolayer
(black) after avidin addition (red).

Table 4. Electrochemical Data for a Monolayer Cluster
Concentration Study Using [Ru3O(OAc)6(4-BMP)2-
(4-AMP-CO(CH2)15SH)]+a

ratio of diluent

to cluster E1/2 (mV)

E1/2 with

avidin (mV) ΔE1/2 (mV) kET (s�1)

5:1 C16/C16 �50 �62 �11 0.3

10:1 C16/C16 �46 �46 0 0.4

20:1 C16/C16 �39 �62 �23 0.4

40:1 C16/C16 �58 �81 �23 0.3

10:1 C11/C16 �67 �95 �28 60

20:1 C11/C16 �65 �108 �43 75
a Potentials are reported vs Ag/AgCl.
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potentials upon avidin addition is indicative of the oxidized form of
the cluster becoming more stable in the environment of avidin.6

To show that the shift in E1/2 was due to protein binding,
a control system was employed in which a monolayer was
formed using 20:1 diluent/cluster, where the diluent was HO-
(CH2)11SH and the cluster was 10. Since the bis-pyridine cluster
does not contain an avidin binding ligand, no avidin binding
should occur. After submerging the monolayer in a solution of
30 μM avidin at 37 �C overnight to maximize any potential protein
interactions with the cluster or the monolayer, cyclic voltamme-
try was performed. No change in E1/2 was observed, indicating
that the binding of avidin to the cluster was the cause for the
observed shift using 9 (SI Figure S12). However, in the voltam-
mogram it can be seen that there is some decrease in current after
avidin addition. The likely cause for this decrease in current is
nonspecific binding of avidin to the monolayer. Further evidence
that nonspecific binding is the cause of this current decrease is the
lack of a decrease in current after incubation of a monolayer
containing 10 in H2O at 37 �C overnight (see SI Figure S13). As
has been observed for other protein-based electrochemical
systems, addition of protein decreases the observed faradaic
current relative to the case where no protein is present.13,85,86

The explanation for this phenomenon is that the protein on
the surface of themonolayer blocks free diffusion of the counterions
to and from the redox species.85 Since it is more difficult for
counterions to diffuse to the redox center to balance the charge,
electron transfer is hindered and a decrease in current is
observed. To minimize nonspecific interactions, future studies
will utilize poly(ethylene glycol) (PEG) terminated diluent
alkanethiols. PEG terminated diluents have previously been
shown to prevent nonspecific binding of protein to monolayer
surfaces.87 These experiments provide additional evidence that
nonspecific protein binding confounds biosensors that are based
on detecting decreases in current. Biosensors that rely on a
change in redox potential are therefore advantageous over those
that rely on negative feedback.
Electron Transfer Parameters. Using Laviron analysis of

generated Tafel plots for the C16 diluent system, the rate of
electron transfer was observed to be approximately 0.5 s�1

(SI Figures S7�S10).4 This value is similar to previously reported
literature values of 1 s�1 for comparable systems.80,88,89 For the
C11 diluent system, based on analysis of Tafel plots, the rate of
electron transfer was observed to be approximately 75 s�1

(Figure 5). This value is an intermediate between literature values
reported for a C16 system and a C11 system (1000 s�1).80,88

This intermediate value is believed to be due, in part, to through-
space electron transfer between the cluster-alkanethiol and

adjacent diluent alkanethiols. The C16 linker is flexible enough
to allow the cluster to reach the shorterC11diluent, providing a shorter
tunneling pathway to the electrode. The through-space component to
this mechanism results in a rate slower than that observed for a C11
system but faster than that observed for a C16 system.
Despite changes in E1/2 upon avidin addition to the mono-

layer, Tafel plot analysis using the Laviron method showed no
observable changes in both the rate of electron transfer (kET) and
the reorganization energy (λ) for 9 (Figure 5).4,90 The Tafel
plots of the monolayer, before and after protein binding, overlay
each other. There was no discernible change in curvature and the
y-intercept of the graph, which indicates nomeasurable change in
λ and kET, respectively.

4 A possible reason for an unobservable
change in λ and kET in the cluster-based system is the metal-
centered nature of the +1/0 redox reaction for the trinuclear
ruthenium cluster system.91 The electrons are delocalized only
on the metal cluster. Delocalization does not extend to the
binding ligands. Since there is lack of electron density on the
binding ligands of the cluster, protein binding is less likely to
affect λ and kET of the electron transfer process than in a system
where electron density is delocalized to the binding ligands.
We hypothesize that the observed shift in E1/2 upon protein

binding to 9 is due more to a change in the Gibbs free energy
associated with the electron transfer process than to a change in
reorganization energy. The shift to more negative potentials
upon avidin addition is indicative of the oxidized form of the
cluster becoming more stable in the environment of avidin.
Modeling showed that the ruthenium cluster portion of these
complexes is near a hydrophilic portion of avidin, making the
neutral, reduced state less stable.
Using the optimized diluent/cluster ratio and composition for

monolayer formation as determined for 9, monolayers were
formed with 20:1 diluent/cluster where the diluent was HO-
(CH2)11SH and the cluster was the monovalent complex, 8.
Cyclic voltammetry was performed for a series of scan rates, and
Tafel plot analysis was performed. Values for E1/2 and kET were
similar to those observed for 9 (Table 5). As was observed pre-
viously, no observable change was observed in electron transfer
rate and reorganization energy upon avidin addition. However,
unlike the bivalent system, only small changes were observed for
E1/2 upon avidin binding (SI Figure S14). If intramolecular
protein binding is occurring for the bivalent monolayer system, 9
would be more buried in the protein than 8 would be with its
monovalent interaction, resulting in larger changes in E1/2 upon
protein binding. This result suggests that the bivalent interaction
of 9 has a positive impact on the sensitivity of the monolayer
system as compared to the monovalent interaction of 8.

Figure 5. Tafel plot of electrochemistry of 9 before (blue diamonds)
and after (red squares) 30 μM avidin soak overnight at 37 �C. Upon
avidin addition, no observable change in the y-intercept (k0) and curva-
ture (λ) was observed.

Table 5. Monolayer Electrochemical Data before and after
Avidin Binding for Monolayers Formed Using a Ratio of 20:1
Diluent HO(CH2)11SH to Clustera

compound E1/2 (mV)

E1/2 with

avidin (mV) ΔE1/2 (mV) kET (s�1)

[Ru3O(OAc)6(4-BMP)

(py)(pyC16SH)]+
�46 �52 �6 60

[Ru3O(OAc)6(4-BMP)2
(pyC16SH)]+

�65 �108 �43 75

[Ru3O(OAc)6(py)2
(pyC16SH)]+

�76 �76 0 60

a Potentials are reported vs Ag/AgCl.
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’CONCLUSIONS

Several biotinylated trinuclear ruthenium clusters were
synthesized to test the effect of monovalent vs bivalent interac-
tions on protein binding and electron transfer rates of surface-
modified monolayers. Using HABA/avidin assays, 3 and 4 were
shown to bind to avidin. Binding constants as measured by ITC
were found to be (6.5�8.0) � 106 M�1. Native gel electropho-
resis showed an intermolecular binding mechanism in solution
for 4. This bindingmode is the likely cause for the similar shifts in
E1/2 observed for 3 and 4 upon avidin addition. The size of the
cluster allowed electronic coupling with the electrode to be
maintained after protein binding, lessening the insulating effect
of the protein experienced by small metal complexes in solution
upon protein binding. Modeling studies indicated that it is
possible for intramolecular binding to occur when intermolecular
binding is inhibited. Clusters were synthesized with alkanethiols
for the formation of self-assembled monolayers, facilitating
detailed electrochemical analysis. For surface-bound clusters,
optimization of diluent/cluster ratio and composition was ne-
cessary to obtain maximum protein binding. Negligible change in
E1/2 was observed after avidin addition to 8 and 10. A change in
E1/2 of�43 mV was observed after avidin addition to 9 showing
that the bivalent interaction has a positive impact on sensitivity to
protein binding for the monolayer system. Future work will focus
on modifications to the cluster system, tuning electron transfer
parameters to further enhance electrochemical changes upon
protein binding. These new probes will be explored as sensitive
electrochemical protein biosensors.
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