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Summary

Spherical gold nanoparticles and flat gold films are
prepared in which yeast iso-1-cytochrome c (Cyt c) is
covalently bound to the gold surface by a thiol group
in the cystein 102 residue. Upon exposure to solu-
tions of different pH, bound Cyt c unfolds at low pH
and refolds at high pH. This conformational change
causes measurable shifts in the color of the coated
nanoparticle solutions detected by UV-VIS absorption
spectroscopy and in the refractive index (RI) of the
flat gold films detected by surface plasmon reso-
nance (SPR) spectroscopy. Both experiments demon-
strate the same trend with pH, suggesting the use of
protein-covered gold nanoparticles as a simple color-
imetric sensor for conformational change.

Introduction

Conformational changes in proteins, which result from
the intrinsic flexibility of their structures, are of major
importance in understanding various biomolecular in-
teractions. Such changes have been studied by nuclear
magnetic resonance (NMR), X-ray diffraction, Fourier
transform infrared (FTIR) spectroscopy, and near-UV
circular dichroism (CD) [1–4]. Nevertheless, the need
exists to develop simple sensors that can detect con-
formational changes in proteins when the proteins are
exposed to different environments. The fact that pro-
teins immobilized at an interface often behave dif-
ferently from their counterparts in bulk solution is of
additional interest to researchers in this area [5]. We
report the use of a colloidal suspension of protein-cov-
ered gold nanoparticles for these purposes. Its absorp-
tion spectrum serves to measure the extent of confor-
mational change for different solution conditions.

Conformational change in cytochrome c has been
studied in the bulk phase [6, 7], and this protein is used
here as a representative case. In native states of cyto-
chrome c, the heme group in the protein is covalently
attached to the histidine (His) 18 residue and the methi-
onine (Met) 80 residue. A number of kinetic studies sug-
gest that under denaturing conditions the linkage of the
heme group to Met 80 dissociates and is replaced by
linkage to one of the other available histidine residues
[8, 9]. This ligation of the heme by the second histidine
is important in understanding the structural change or
function of the protein under denaturing conditions.
Godbole et al. [10, 11] studied the proton-mediated
heme ligation equilibrium of yeast iso-1-cytochrome c
*Correspondence: zare@stanford.edu
(cytochrome c from Saccharomyces cerevisiae; Cyt c,
Aldrich) under denaturing conditions. According to their
studies, the H+ ion protonates the nitrogen atom on his-
tidine in Cyt c, causing the bond between the histidine
nitrogen atom and the heme iron atom to break, which
leads to a marked change in the conformation of the
molecule. This conformational change of the protein at
an interface has not been studied, and the reversible
occurrence of the same phenomenon on a solid surface
may facilitate its further application as a sensor or a
switch. To test this possibility, we self-assembled Cyt c
on spherical gold nanoparticles and investigated the
pH-induced conformational change using a UV-VIS
spectrophotometer. We chose gold nanoparticles be-
cause they are simple to prepare, easy to control, and
cost effective. In addition, biomaterial-nanoparticle
conjugations have been well studied using their optical
and electronic properties [12–14].

SPR measurements of the refractive index (RI) at
each pH were compared to the corresponding color of
the Cyt c-coated nanoparticle solutions as represented
by the wavelength of maximum absorbance. The color
change of the nanoparticles with pH was found to
closely mimic the SPR data. This fact suggests that
protein-coated gold nanoparticles can be used to in-
vestigate the conformational change of proteins on a
solid-liquid interface. The optical properties of colloidal
nanoparticles have been used to explain the interac-
tions between particles based on the specificity of
complementary DNA strands [15–18] and to interpret
conformational change in an oligonucleotide [19] and
phase transition of a biopolymer [20]. To the best of our
knowledge, however, gold nanoparticles have not been
previously used to investigate the folding and unfolding
of proteins.

Results

Color Change of Protein-Coated Au Nanoparticles
To investigate the proton-mediated heme ligation of Cyt
c bound to Au nanoparticles, we prepared solutions of
gold nanoparticles and then coated them with optimal
levels of Cyt c as described in Experimental Pro-
cedures. After the gold nanoparticles were fully satu-
rated with Cyt c, the pH of the solution was varied from
10.1 to 4.0 by drop-wise addition of hydrochloric acid
(HCl, Fisher Scientific). This procedure was repeated
separately on solutions of bare gold particles. Figure
1 provides visual evidence for the effect of pH on the
nanoparticle solutions. The bare gold nanoparticle so-
lutions in Figure 1A show no change from the original
color, whereas the Cyt c-coated particles in Figure 1B
display obvious color variation around pH 6. Absorption
spectra were collected for each bare nanoparticle solu-
tion and each coated nanoparticle solution. The spectra
for the bare gold particle solutions show peaks with a
maximum absorbance at 525 nm regardless of the pH of
the solution, whereas the spectra for the coated nano-
particles have absorption peaks that shift from 528 nm
at high pH to 611 nm as the pH decreases to 4.0.
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Figure 1. Visual Evidence of the Effect of pH on a Gold Nanopar- T
ticle Solution f
(A) Color of Au nanoparticle solutions. o
(B) Color of Cyt c-coated nanoparticle solutions at different pHs p
right after mixing (before precipitation). The pH values for vials, r
reading from left to right, are 4.0, 5.0, 5.5, 6.2, 6.7, 7.2, 8.3, 9.2,

fand 10.1.
s(C) Color of Cyt c-coated nanoparticle solutions at different pHs
tafter 24 hr (after precipitation).
b

i

The Cyt c-coated particles at low pH become more u
dilute over time and eventually precipitate after 24 hr. c
Those at a pH value of 6.2 or greater stay in solution g
for longer than one week (Figure 1C). Figure 2 presents l
transmission electron microscopy (TEM) images taken s
of Cyt c-coated particles from pH 4 and 10.1 solutions
after each solution has been allowed to stand for more T
than 24 hr. The Cyt c-coated particles from the pH 4 C
solution appear in a clump (Figure 2A), having appa- T

srently aggregated to a much greater extent than Cyt
 cribed using Mie scattering theory [21]. For a coated

Figure 2. TEM Pictures of Cyt c-Coated Nano-
particles

(A) Cyt c-coated nanoparticles in pH 4.
(B) Cyt c-coated nanoparticles in pH 10.2. The
Cyt c-coated nanoparticles remain monodis-
persed at high pH but aggregate and eventu-
ally precipitate at low pH.
-coated particles from the pH 10.1 solution, which
aintain a uniformly dispersed spherical shape (Fig-

re 2B).

PR Signal Change of Protein-Coated Au Films
or comparison, we designed a similar experimental
ystem with a Cyt c layer bound to an Au film and used
commercial SPR sensor (Spreeta, Texas Instruments,
allas, TX) to monitor changes of RIs in the protein

ayer as a function of the pH of the solution that flowed
ver the surface (described in Experimental Pro-
edures). The RIs for bare Au increase from 1.33304 to
.33316 with increasing pH while those for Cyt c-Au
ecrease from 1.33858 to 1.33810 as shown in Figure
A. The RI change for bare Au (circles in Figure 3A)
esults from the RI differences among the pH-controlled
olutions, which were set by either sodium hydroxide
NaOH, Mallinckrodt) or hydrochloric acid in deionized
ater. Assembly of the Cyt c layer under neutral pH
onditions results in an RI jump from 1.333 to 1.338. In
ddition, the RI difference at low pH versus high pH
or the assembled monolayer (squares in Figure 3A) is
nhanced 3.5 times more than the RI difference for bare
u (circles in Figure 3A), and the RI decreases with

ncreasing pH. These two trends strongly suggest con-
ormational changes in the protein layer and lend cre-
ence to the assumption that the pH-mediated heme

igation equilibrium occurs in Cyt c on an Au surface in
he same manner as in bulk solution.

The reversibility of the pH-driven RI change was
ested for the Cyt c-Au SPR surface. Solutions at pH 4
nd pH 10.7 were passed over the surface repeatedly.
he procedure was also performed on a bare Au sur-
ace for comparison. Figure 3B shows the SPR signal
btained from six sequential injections of solutions at
H 4 and pH 10.7. The observed changes were quite

eproducible, from which we conclude that Cyt c on Au
olds and unfolds reversibly as a function of pH. The
light decrease in RI seen after injection of pH 4 solu-
ion is thought to be caused by the interference of air
etween solution injections. The signal tail after each

njection of high pH solution indicates that the rate of
nfolding is faster than that of folding, perhaps be-
ause of the competition between the N-terminal amino
roup and a histidine for heme ligation [11]. Neverthe-

ess, the Cyt c molecules return perfectly to their folded
tate after each cycle.

heoretical Consideration about Conformational
hange of Cyt c on Au Surfaces
he optical properties of nanoparticles can be de-
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Figure 3. SPR Data for Both Bare Au and Cyt c-Au

(A) Refractive index (RI) measured on both bare Au (open circles) and
Cyt c-Au (solid squares). The RI for bare Au increases as pH increases
while that for Cyt c-Au decreases. The arrows point to the vertical
axis associated with each data set.
(B) Reversibility and reproducibility of the SPR signal of Cyt c bound
to Au. The conformational change of Cyt c on Au was reversible and
reproducible when the pH of the solution in contact with the gold film
was repeatedly varied from pH 4 to pH 10.7. Solid arrows and dotted
arrows represent injection times of pH 4 and pH 10.7 solutions,
respectively. The vertical axis on the left is for Cyt c bound to Au
whereas the vertical axis on the right is for bare Au.
nanoparticle, the extinction efficiency is expressed by

Qext =
8rp(em)1/2

l

Im × ( (e2− em)(e1 + 2e2) + f(e1− e2)(em + 2e2)
(e2 + 2em)(e1 + 2e2) + f(2e2− 2em)(e1− e2)), (1)

where �1, �2, and �m are the complex dielectric functions
of the particle core, the surface coating, and the me-
dium, respectively, and f, r, and λ represent the fraction
of the total particle volume occupied by the core, the
particle radius, and the wavelength of the incident light,
respectively. The calculation of Qext for the coated nano-
particles requires information about the dielectric con-
stants of the Cyt c layer (�2) at each wavelength of inci-
dent light. Unfortunately, this information is difficult to
determine and therefore is known for only a few materi-
als. Moreover, the pH-induced conformational change of
the protein complicates estimation of these parame-
ters. Instead, we interpreted the phenomenon with an-
gle-resolved SPR data obtained after coating the pro-
tein on an Au film.

We prepared the Au surface and measured angle-
resolved SPR signals for different pH values as de-
scribed in Experimental Procedures. The squares, cir-
cles, and triangles in Figure 4 represent experimental
angle-resolved SPR data from the Cyt c-Au surface at
pH 4, pH 7, and pH 10.7, respectively. The inset in Fig-
ure 4 magnifies the SPR data near the SPR angles (min-
imum R/R0) as a function of pH. On the basis of the
experimental data, the dielectric constant and thick-
ness of the Cyt c monolayer were calculated for the
three different pHs using a theory described elsewhere
[22, 23]. For the multilayer model employed here, n rep-
resents the layer number, which is given the value of 0,
1, 2, 3, or 4 for the SF10 prism, Cr binder layer, Au layer,
Cyt c layer, and solution at a fixed pH. For each layer,
the layer thickness is denoted by dn and the real and
imaginary parts of the dielectric constant are denoted
by �#n and �$n, respectively. The optical properties of
layers 0, 1, and 2 were obtained from the literature [24],
and that of the fourth layer was calculated from the RI
data of each pH solution (circles in Figure 3A). Using
these parameters as an initial starting condition, d1, d2,
d3, �2#, �2$, �3#, and �3$ were calculated by optimizing
the simulated line fits to the experimental data with an
iteration method in Winspall (Fresnel equation solver,
MPIP, Germany). Figure 4 shows curves fitted to the
experimental data under each condition, and the esti-
mated parameters are listed in Table 1. The calculated
thicknesses, d1 and d2, agree well with the quartz crys-
tal microbalance (QCM) data (1 nm for Cr, 50 nm for
Au). The thickness of the Cyt c layer, d , is larger at low
Figure 4. Experimental Angle-Resolved SPR Signals for Three Dif-
ferent pH Conditions

Solid squares, open circles, and open triangles are for pH 4, pH 7, and
pH 10.7, respectively. The best fitting simulation data for obtaining
dielectric constants and thickness of the Cyt c layer is represented
by a solid line for pH 4, a dashed line for pH 7, and a dotted line for
pH 10.7. The inset shows a magnified portion of this figure over the
range from 67°C to 71.5°C.
3
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Table 1. Dielectric Constant and Thickness of Each Layer Calculated for Three Different pH Values

pH �0 �1# �1$ �2# �2$ �3# �3$ �4 d1(nm) d2(nm) d3(nm)

4.0 1.4309 0.8352 1.7770 1.00 50.71 3.18
7.0 2.9687 −6.8992 30.3456 −10.2773 ± 0.1697 1.2766 ± 0.1864 1.3334 1.0797 1.7772 1.00 50.77 2.58
10.7 1.4006 1.5041 1.7774 1.00 50.76 2.36
pH than at high pH. The increase is about 1 nm, which c
lsupports the proton-mediated heme ligation equilib-
frium of Cyt c attached to the Au surface. In addition
tto the change in thickness, the imaginary part of the
ddielectric constant, �3$, decreases. This behavior sug-
tgests indirectly that the increase of d3 dilutes the con-
acentration of the layer. This observation again supports
Cthe contention that Cyt c on the Au surface unfolds as
pthe pH decreases. This same phenomenon is expected
sto occur in Cyt c assembled on Au nanoparticles.
o
aDiscussion
p
iA surface plasmon (SP) is a collective excitation of the
Relectrons at the interface between a conductor and an
(insulator. Absorption of light by the SPs of small met-
aallic particles accounts for the colorful appearance of
csuspensions of these particles, and the color is af-
afected by the size and the extent of aggregation of the
oparticles [25–27]. Both the attachment of Cyt c on Au
lnanoparticles and the conformational change of the
aprotein attached on Au are expected to affect SPs,
twhich should result in color changes in the solutions.
aThe maximum absorbance wavelength (λmax) for the Au
Cnanoparticle solution at pH 11.0 is 525 nm, and the λmax mfor the Cyt c-coated nanoparticle solution at pH 11.0 is
n528 nm, a 3 nm increase. This difference arises from
tthe presence of the w2.5 nm-thick Cyt c layer, which

creates an effective increase in the size of the nanopar-
f

ticles. Changes in the layer thickness arising from pH-
s

driven conformational change are on the order of 0.8 f
nm (see Table 1), and thus conformational changes in o
protein-coated nanoparticles are expected to appear 7
as changes smaller than 3 nm in the absorption wave- t
length. However, Cyt c-coated Au nanoparticle solu- l
tions exhibit obvious color changes of nearly 80 nm, as p
shown in Figure 1B, and this big difference is ac- A
counted for by particle aggregation. a

Particle aggregation is seen as a red shift in the color t
of a Au nanoparticle solution arising from the formation f
of absorption bands in the extinction spectrum at long l
wavelengths. These absorption bands are caused by s
electric dipole-dipole interaction and coupling between p
plasmons of neighboring particles inside the aggre- r
gates, provided that the interparticle distance inside a
the aggregate is smaller than the particle diameter. Fig- a
ures 1C and 2 show the particle aggregation for this p
study. Interestingly, only Cyt c-coated particles in fully l
unfolded regions (low pH) precipitate. The Cyt c sam- p
ples in intermediate regions and native-like regions h
(high pH), as well as uncoated Au nanoparticles in all t
regions, retain their original color even after a week. f
The unfolding of Cyt c is likely to cause the formation p
of a network between Cyt c-coated particles located a

aclose together. Reversibility studies performed on Cyt
-coated particles support this conclusion. Immobi-
ized Cyt c on an Au film demonstrated reversible con-
ormational change as shown in Figure 3B. However,
he Cyt c-coated nanoparticles did not exhibit the same
egree of reversibility. When the pH of a sample solu-
ion was repeatedly changed between 10.7 and 4.0 on
short time scale (approximately once per minute), the
yt c-coated particle solution changed from red at high
H to blue at low pH for three repetitions. However, for
ubsequent pH changes, the solution color at high pH
nly partially returned to its original red color, retaining
slight blue character. Absorption data for these sam-
les show a λmax of 528 nm at high pH for the first

teration that shifts gradually to 577 nm for the fifth.
eversibility experiments performed at long time scales

1 day or longer) show no color change after the initial
djustment to pH 4.0. This result indicates that the pre-
ipitated particles form networks that do not dissoci-
te, even under high pH conditions. The exact causes
f the aggregation have not been established, but they

ikely involve hydrophobic interaction, in the same way
s was observed for elastin bound to gold nanopar-
icles [20]. Nevertheless, we can interpret this behavior
s demonstrating that the unfolding and refolding of
yt c attached to the Au particle is reversible but is
oderated by the irreversible formation of a bonded

etwork between the unfolded Cyt c-coated Au par-
icles.

Normalized λmax values taken from absorption data
or the Cyt c-coated nanoparticle solutions are pre-
ented in Figure 5, along with RI data for the Cyt c-Au
ilm. The SPR signal closely follows the color change
f the protein-coated Au nanoparticles except near pH
. This deviation results from the overlap of the absorp-
ion peak of small aggregate clusters and the peak from
one particles remaining in solution in the intermediate
H region. At high pH, proteins on both the Au film and
u nanoparticles are in a folded state and they do not
ggregate. In this pH region, the two data sets follow
he same line. Near pH 7, particle aggregation by un-
olded proteins on nanoparticles starts to occur but
one particles dominate in the solution. Since the ab-
orption peak for lone particles overlaps the absorption
eak from the aggregated particles in this region, the

ecorded λmax value remains close to the lone particle
bsorption peak value. As the pH decreases and more
ggregate clusters form, the aggregate absorbance
eak increases in intensity and shifts into high wave-

engths while the absorption peak diminishes for lone
articles. Near pH 6, the aggregate absorption peak
as shifted far enough into the high wavelength region
hat it is distinguishable as a separate peak but is never
ully resolved. Here, absorption data again closely ap-
roach the RI data. At low pH, where the proteins are
ll in their unfolded state, the RI and absorption data
gain flatten out.
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Figure 5. Comparison of the SPR Signal from Cyt c Bound to a Flat
Gold Surface with the Wavelength of Maximum Absorption, λmax, in
the Visible Spectrum of Cyt c-Coated Nanoparticle Cluster

Each symbol represents one set of experiments. The arrows point to
the vertical axis associated with each data set. The inset shows a
representative absorption spectra for the case of the data set denoted
by the symbol 6. The pH values read 10.16, 7.53, 7.14, 6.71, 6.29,
6.19, 6.10, 6.03, 5.93, 5.71, 5.30, 4.60, and 3.25 from top to bottom.
The first four spectra in the inset coincide.
We have explored proton-mediated conformational
change of a protein on gold surfaces using the SPR
technique as well as on gold nanoparticles using ab-
sorption spectroscopy. This behavior might be different
depending on initial conditions such as compactness
of proteins on the surface. A recent publication by Ji-
ang et al. [28] supports this contention. They studied
the effect of binding bovine heart cytochrome c on two
different sizes of colloidal gold nanoparticles. These
proteins bind electrostatically (not covalently) as di-
mers, and the changes in color (absorption spectrum),
circular dichroism, and FTIR are interpreted in terms of
structural changes of the dimer with packing density.
Further work is necessary to learn about the effect of
crowding on the protein structure.

Significance

We have described the possibility of using gold nano-
particles as a colorimetric sensor for protein confor-
mational change. Although the color change results
not from conformational change itself but from par-
ticle aggregation induced by unfolding of the protein,
the color change of Cyt c-coated particle solution
mimics the RI change of a Cyt c-Au film quite well.
This fact suggests that the aggregation of gold nano-
particles is directly related to the conformation of the
attached protein and that gold nanoparticles can eas-
ily and reliably be used to create a simple and inex-
pensive sensor for protein conformation change.

Experimental Procedures

Preparation of 19 nm Gold Nanoparticles
We followed a procedure for preparing gold nanoparticles de-
scribed previously [29, 30]. The particles were prepared by boiling
200 ml of aqueous 0.005% (w/w) hydrogen tetrachloroaurate(III) tri-
hydrate (HAuCl ,3H O, Aldrich) stirred vigorously in a flask con-
4 2
nected to a water-cooling column and subsequently adding 15.3
mg of sodium citrate (Na3C6H5O7,2H2O, Mallinckrodt). Once the
color of the solution began to change, the heat was turned off and
the solution was allowed to cool overnight to room temperature.
The solution was filtered by syringe filter (200 nm pore size, What-
man). The diameter of the nanoparticles was found to be 19 nm by
transmission electron microscopy (CM20 FEG-TEM, Philips). In the
procedure, any H2O used was purified to more than 18 M� using a
Milli-Q water system (Millipore).

Preparation of Cyt c-Coated Gold Nanoparticles
We initially prepared different samples of varying ratios between
the Cyt c solution (3.5 �M in potassium phosphate buffer of pH 7.2)
and the nanoparticle solution, ranging from 100:1 to 1:100 by vol-
ume. Before mixing, the pH of the nanoparticle solution was ad-
justed to 11.0 to prevent Cyt c from being acid denatured during
self assembly, since the thiol-gold bond results in the release of
protons, Cyt c-SH + Au / Cyt c-SAu + H+. After Cyt c was vigor-
ously mixed with the nanoparticle solution, the samples were left
overnight for full saturation. The pH was then adjusted to 11.0
again, and absorption spectra for each sample ratio were mea-
sured. The absorbance peaks observed at 411 nm belong to Cyt c,
and the peaks observed at 528 nm belong to gold nanoparticles.
The ratio where the peaks at 411 nm disappeared when they were
scanned from 100:1 to 1:100 samples was selected as the optimum
ratio between Cyt c and the nanoparticle solution. The optimum
ratio determined for the nanoparticles in this study is 1:30, and
nanoparticles coated at this ratio were used in all experiments.

RI Measurement
Prior to RI measurement, the SPR instrument (Spreeta) was cal-
ibrated at room temperature to be 1.000 RIU in air and 1.333 RIU
in water. The RIs for each pH solution (3.0, 4.1, 5.0, 5.9, 7.1, 7.9,
9.0, 10.0, and 10.7) were measured while passing the solutions over
the gold surface at the fixed rate of 84 �l/min using the peristaltic
pump (Watson Marlow Alitea, Stockholm, Sweden). The surface
was then washed with water for cleaning, and it was modified with
35 �M Cyt c dissolved in 10 mM potassium phosphate buffer (pH
7.2). The existence of a thiol-linker from the single cystein at posi-
tion 102 in the protein enables its easy and strong binding to an Au
surface. The change in the SPR signal was initiated by the contact
of Cyt c on gold, and continued until the surface was fully saturated
with Cyt c. After saturation, the surface was washed with buffer
and water several times to remove nonspecifically bound Cyt c.
Thereafter, the RIs for the same set of pH solutions were measured
on the Cyt c-modified gold surface (Cyt c-Au). For each experi-
ment, we used a 3.5 µl volume flow cell that was built in house.

Measurement of Angle-Resolved SPR Signals
A 50 nm gold film followed by a 1 nm Cr adhesive layer was depos-
ited on an SF10 glass (Schott Glass Technology) under high vac-
uum (~5–6 × 10−7 mbar) by an evaporator (Auto 306, Edwards High
Vacuum International). The thickness was monitored using a quartz
crystal microbalance (QCM). The Au surface was immersed in 35
�M Cyt c solution dissolved in 10 mM potassium phosphate buffer
(pH 7.2) for 24 hr to make sure that it was fully saturated. Then, it
was washed with buffer and water to remove noncovalently
bonded molecules and dried with nitrogen. Finally, it was mounted
on the rotational stage of a home-made SPR system [31] with a
prism and a cell containing water. The reflectivity was then mea-
sured as a function of angle under three pH conditions (pH 4, pH
7, and pH 10.7).
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