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ABSTRACT: The quantum confined Stark effect is inves-
tigated for the first time in bovine serum albumin (BSA)
protected Aug and Au,s nanoclusters. We observed a red-shift
of 63 meV in Aug nanoclusters upon an increase in pH from
2.14 to 12.0. Such behavior could be well explained in terms of
the presence of a linear polar component and a quadratic
polarizable component. In contrast, Au,s nanoclusters exhibit
more complicated Stark shifts due to their specific core/
semiring structure. A plateau of the Stark shift was observed in
both absorption and fluorescence, showing an offset of 30
meV. The lifetime measurements confirm that the plateau is
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due to the screening effect of the semirings in Au,s@BSA. Moreover, the dual fluorescent bands of Au,; nanoclusters exhibit two
different Stark shifts of 79 and 52 meV, respectively. The experimental data indicate that the Stark shift in both Aug@BSA and
Au,@BSA has a significant linear polar component due to their asymmetric structure. This study suggests that gold nanoclusters
can become a potentially useful candidate in probing local electric fields and also in pH-sensing in nanoscale environment of

biological systems.

B INTRODUCTION

Quantum-sized gold nanoclusters (NCs) have attracted
enormous research interest due to their unique electronic and
optical properties as well as a wide range of potential
applications, includin% catalysis, biosensing, photonics, and
molecular electronics.” ¢ Atomically precise gold NCs, when
their sizes become comparable to the Fermi wavelength, exhibit
unusual optical and electronic properties, such as discrete
energy levels and vanished surface plasmon resonance.””” It has
been shown that gold NCs are nontoxic and highly photostable
and thus very suitable for applications in monitoring biological
processes.'”'! In particular, gold NCs can be directly
introduced into cell nucleus due to their ultrasmall sizes and
functionalized ligands.''* This unique feature provides a
potential approach for nanoscale biosensing and drug delivery
directly to the cell nucleus. Better physical understanding of the
interaction between gold NCs and proteins is of critical
importance for the development of nanoscale probes based on
gold NCs.

The quantum confined Stark effect (QCSE) appears when an
electric field is applied on a system in which the charged
carriers are confined in one or more directions, resulting from a
direct electric field or a local electric field induced by
charges.'*™"” The QCSE has been extensively studied in
semiconductor quantum wells and quantum dots (QDs) due to
the potential applications in photonics.'®'®'¥*375 Because of
enhanced quantum confinement, gold NCs exhibit molecular
highest occupied molecular orbital (HOMO)—lowest unoccu-
pied molecular orbital (LUMO) in absorption and photo-
luminescence (PL). The internal Stark effect was investigated in
biological system induced by charges.”® It is expected that the
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Stark effect would appears in the emission and absorption when
an electric field is applied on the electron—hole pairs in gold
NCs. Bovine serum albumin (BSA) is one of the most
abundant proteins in blood circulatory systems.*"** It is
constituted by 585 amine acid residues, including 35 cysteines,
which confers a relatively strong stability to the protein.*"**
BSA-protected gold NCs have been shown to be highly
luminescent with excellent photostability, biocompatibility, and
nontoxicity, offering great potential applications in biosensing,
bioimaging, and drug delivery involving single cells."*?>** The
conjugation of protein with NCs affords stabilization to the
system. But more importantly, it also introduces biocompatible
functionalities into these NCs for further biological interactions
or couplings.”*® BSA is found to adopt a more flexible
conformational state on the boundary surface of gold NCs as a
result of the conformational changes in the bioconjugation.
One of the advantages of BSA-protected NCs is that they can
be suitable for a broad biologic environment from being
extremely acidic to alkali.””** How the electric field influences
the optical properties in gold NCs is critically important for
both fundamental understanding and practical applications.
Despite considerable theoretical and experimental efforts on
gold NCs, fundamental understanding remains far from being
complete. To date, the quantum confined Stark effect in gold
NCs has not yet been studied. The study of QCSE could
provide an insight for better physical understanding to facilitate
their applications. In the present work, we investigate QCSE in
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Figure 1. (a) Fluorescence spectra of Aug@BSA as a function of the pH value. (b) Absorption and (c) fluorescence spectra of BSA-protected Au,
nanoclusters at various pH. An evident wavelength shift was observed when pH was changed. (d) The red-shift of Au,;@BSA of the dual Gaussian
components from (black) pH 2.43 to (red) pH 11.92. With increasing pH, each Gaussian band exhibits an obvious red-shift and the bandwidth
varies as well. The arrows indicate the corresponding Stark shifts of the PL band, band I, and band II, respectively.

BSA-protected gold NCs induced by a local electrical field
controlled by pH. An evident Stark shift was observed in Aug
NCs upon increasing pH, and it can be well described as a
linear polar term and a quadratic polarizable term of the electric
field. In contrast, Au,s NCs exhibit a more complicated Stark
shift of absorption and fluorescence, owing to their specific
core/semiring structure. Moreover, the dual fluorescent bands
of Au,; NCs exhibit a different Stark shift correlated to their PL
origins.” The presence of a significant linear polar component
in the Stark shift suggests that both Aug@BSA and Au,;@BSA
have an asymmetric structure.

B EXPERIMENTAL METHODS

Material Synthesis. The gold NCs used in this study were
synthesized using a biomineralized approach.”* Typically, 5
mL of 10 mM HAuCl, was mixed with § mL of 50 mg/mL BSA
and kept at 37 °C overnight in an incubator while the pH was 8
and 11 for Aug and Auyg, respectively. It was found that the
wavelength and PL spectrum exhibit good reversibility of pH.
The fluorescence of pure BSA was compared at the identical
concentration and conditions with that of Aug@BSA. The
autofluorescence from BSA can be safely excluded in the blue
and green region because of the much weaker intensity in BSA.

Spectroscopic Measurements. In fluorescence measure-
ments the solution sample was excited by a 406 nm CW laser
and fluorescence was collected into a spectrometer (HORIBA
Jobin Yvon) and recorded by a cooled CCD (Synapse CCD).
The lifetimes were measured by the time-correlated single
photon counting (TCSPC) technique on a Microtime-200
system (Picoquant) with excitation of a 467 nm laser. The
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absorption spectrum was measured in a spectrometer

(JACOS).

B RESULTS AND DISCUSSION

The BSA-protected Aug and Au,; NCs can be stabilized in a
very broad range of pH, which is conducive for the biological
applications.®® As shown in Figure la, an evident red-shift of
fluorescence was observed in Aug NCs upon increasing pH. It
should be noted that the spectral shape of Aug NCs does not
exhibit perceivable changes at various pH. Figure 1b shows the
absorption spectra of Au,; NCs in which the characteristic
absorption peak locates around 520 nm, similar to the other
observation in BSA-protected Au,; NCs.>*" To analyze the
variation of absorption peak at the different EH’ the absorption
spectrum was fitted by a Gaussian function.”> Upon increasing
pH the absorption of Au,; NCs exhibits an obvious red-shift
that likely arises from the Stark effect, and the details will be
discussed later. The fluorescent spectra exhibit an obvious red-
shift with increasing pH, e.g., from 648 nm at pH 1.36 to 698
nm at pH 12.37 (Figure 1c). It should be emphasized that the
fluorescence spectrum of Au,; NCs apparently varies other than
shifts in wavelength upon changing pH. In the previous study it
was demonstrated that the red fluorescence of BSA-protected
Au,s NCs consists of two fluorescence bands that are closely
correlated to the structure.” Band I at the lower energy
dominantly originates from the icosahedral core, and band II
mainly originates from the six -S-Au(I)-S-Au(I)-S- staples.” It
should be noted that the fluorescence spectra at each pH can be
well fitted by two Gaussian functions. We can separate the
variations of two bands by fitting the fluorescence spectra at
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each pH using two Gaussian functions. Figure 1d is an example
for the spectrum variation of bands I and II with pH changing
from 2.43 to 11.92. It is distinct that both bands I and II display
a red-shift upon increasing pH. Interestingly, the bandwidth
and the intensity ratio between bands I and II vary at the same
time.

It is well-known that the strength of the local electric field on
a given point can be determined by the vector sum of the
separate electric fields that each point charge would create in
the absence of the others. Therefore, the strength of electric
field on a Au NC can be expressed as E = YNE, = 1/
(47e) YN (Q/rdDr, = e/ (4me) XN (x;/r?), where 1, is the
position of charge and r; is the corresponding unit vector.
Therefore, the strength of electric field is determined by the
charges in BSA and surrounding solvent as well as the charge
distribution; it is also relevant to the relative position of Au NC
in BSA. To date, calculation of the electric field in BSA is
nontrivial and direct measurements of the electric field are still
scarce, owing to the complicated, heterogenerous environment
and frequently near solvated surfaces of irregular shape and
composition.”” pH-induced folding/unfolding and conforma-
tion variation with changing pH will also result in a variation of
the strength of electric field.*?

The pH-dependent conjugation between BSA and gold
nanoparticles has been studied,*"****?**** and BSA was
suggested to own roughly a heart-shaped structure.** It was
confirmed that the isoelectric point of the solution appears at
pH 4.8>"*° Around this point the Au NC@BSA solution
appeared to agglomerate due to denaturing of BSA.>**® At an
even lower pH the agglomeration was dissolved while the PL
intensity obviously decreases, most likely due to the increased
defect states generated on the surface of the gold NCs. At a
given pH, positive or negative charges could be induced in BSA
as well as the interface between solvent and BSA, and thus a
local electrical field is produced. Such an electric field can be
controlled by tunning pH. Barbosa et al. studied the pH-
induced conformational charges in BSA by the small-angle X-
ray scattering (SAXAS) technique, and the charge number per
BSA was determined at a series of given pH and roughly
expressed by N = 38.75 — 7.286(pH) according to the fitting.”'
The charge number per BSA can approximately represent the
strength of electric field on Au NC due to the irregular
distribution of Au NC in BSA*"** and the sign will represent
the direction of the electric field. For a given pH, each gold NC
will experience a local electric field due to the presence of
charges in BSA and solvent. The charges in solvent are
expected to have minor effect on Au NCs because the strength
of electric field decreases rapidly with distance and BSA has a
relative large size. As a consequence, the energy states of
electrons and holes in gold NCs could be influenced by the
electric field, and the corresponding spectra of absorption and
fluorescence are expected to exhibit QCSE.'>'¢

Figure 2 shows the emission energy of fluorescence in Aug
NCs as a function of the charge number per BSA. It has been
shown that the discrete states of electron and hole in a
quantum confined nanoparticle exhibit both polar and
polarizable characteristics of the Stark effect under an external
electric field."*'>'” QCSE has been observed by Bawendi et al.
in single CdSe QDs under a direct current electric field,'® and it
was also observed under a local electric field induced by
surrounding cations or anions.'”*° The Stark effect may exhibit
both polar and polarizable characters; namely, the excited
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Figure 2. Emission energy of fluorescence as a function of charge
number per BSA in Aug@BSA NCs. The red line is the fitted curve
according to eq 1. Inset schematically illustrates the gold nanocluster
in a BSA.

energy shifts can be expressed as a linear polar term and a
quadratic polarizable term of the electric field:"

L o2
AE = E(F) — E(0) = —uF JaF W
where E is the energy of transition (absorption or emission), F
is electric field strength, and y and a are projections of the
excited state dipole and polarizability along the electric field,
respectively.' It is found that the emission energy of Aug NCs
can be nicely fitted by eq 1, as shown the solid curve in Figure
2. The following parameters were extracted from the fit: y =
—(5.22 + 0.64) X 10~* meV/charge and a = (3.26 + 0.42) X
10™° meV/charge.” The geometry structure of Aug has been
studied, yielding the structure of each Aug NC consisting of
eight neutral Au(0) atoms.*”*° Therefore, it is expected that no
extra internal electronic field would influence the local field
induced by the charges in BSA. In other words, the Stark shift
results solely from the pH-induced local electric field. The
fitting parameters indicate that Aug NC has an asymmetric
structure because the linear dipole term is close to zero for a
symmetric system and the Stark effect will become an even
function of the electric field.'*'® It was suggested that the most
possible structures of Aug NCs are D,;, and G238 C,, is more
likely the structure of Aug NCs.

Au,;@BSA has a very different structure. It has been shown
that Au,; NC consists of an icosahedral core in which 12 Au(0)
atoms form the vertices of the icosahedrons and enfold one
central Au(0) atom. Then, six dimeric -S-Au(I)-S-Au(I)-S-
staples form a semiring surrounding the core.”****’ Pradeep et
al. studied the evolution of Au,; NCs formation in BSA, and
they confirmed that Au,; NCs form through a protein-bound
Au(I) ion intermediate and subsequent emergence of free
protein and Au(I)-S staple.*® These staples are directly
anchored to the surface via Au—S bonding, while the staples
interact with the icosahedral core via Au—Au bonds.®*'

Figure 3 shows the Stark shifts for (a) absorption, (b)
fluorescence of band I, and (c) fluorescence of band II as a
function of the charge number per BSA in Au,; NCs. Upon
increasing pH from 1.36 to 12.37, corresponding to a charge
number of +30 to —50 per BSA, the absorption exhibits a shift
of 48 meV, similar to the fluorescence of band II, 52 meV. In
comparison, band I of Au,;@BSA exhibits a relatively larger
shift of 79 meV. An evident difference with respect to the shift
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Figure 3. (a) Absorption peak, (b) fluorescence band I, and (c)
fluorescence band II of Au,;@BSA as a function of the charge number
per BSA. The dashed lines indicate the plateau, and the red curves
represent the simulation with indicated parameters.

of Aug NCs is that a plateau of the Stark shift was observed for
absorption and PL within a charge number of +20. It can be
ascribed to their different geometries and electronic structures.
It should be emphasized that each Au,s@BSA consists of 13
Au(0) in icosahedral core surrounded by six -S-Au(1)-S-Au(1)-
S- staples.>** It is expected that the 12 Au(I) ions in the staples
will induce an internal electronic field. Therefore, each Au,; NC
will be influenced by both a local electric field induced by the
charges distributed in BSA and an internal electric field induced
by Au(D)s in the semirings. The semirings are spatially flexible,
and thus they can deform to fit the local electric field when an
electric field is applied. Upon increasing the charge number by
changing the pH, the semirings can screen off the local electric
field and keep the core at an unchanged electric field until the
local field is beyond its screening capability.

Ritter and co-workers investigated the anomalous Stark effect
induced by the lateral electric field on an electron—hole pair
confined in a quantum dot.'* They suggested that the Coulomb
interaction between an electron and a hole can result in a
plateau of the Stark shift when the lateral field is relatively
weaker than the Coulomb interaction. Two competing effects
of the electric field need to be taken into account. On one hand,
the electric field is pushing the electrons and holes in opposite
directions, which can lead to a decrease of excitonic oscillator
strength. The lower one-particle energies of the carriers in their
new positions give rise to a red-shift (@ > 0) of the excitonic
line. On the other hand, the Coulomb interaction of an
electron—hole pair is diminished by the separation of carriers;
this will cause an increase in the potential energy of electron—
hole pair and can result in a blue-shift.'"*** In Au,;@BSA, the
dipole moment and polarizability induced by the local electric
field make contribution to QSCE. In addition, an extra electric
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field effect induced by Au(I) in the semiring needs to be taken
into account. Upon increasing pH the charge number in a BSA
increases and thus the local electric field will increase. The -S-
Au(I)-S-Au(I)-S- staples can slightly deform and generate an
extra internal electric field to resist the variation of the local
electric field if the charge number is not too big. In this case,
the net electric field on an Au,;@BSA can remain unchanged,
equivalent to screening of the local electric field. With a further
increase in the number of charges the local electric field
becomes too strong so that the staples are not able to resist the
change by deformation, corresponding to a significant Stark
shift. It should be noted that the critical point appears at the
same pH for absorption as well as bands I and II of
fluorescence, as shown in Figure 3. We simulated the Stark
shift of Au,;@BSA NCs by using the parameters extracted from
Aug NCs, u = —5.22 X 10™* and @ = 3.26 X 107", Interestingly,
a good agreement was obtained in absorption and fluorescence
of band II with the screening amount of 30 and 28 meV,
respectively. However, such a simulation displays an evident
deviation from the Stark shift in band I. We tried to simulate
with a revised parameter & = 2 X 3.26 X 1075, yet a better
simulation was then obtained with a screening amount of 29
meV. It should be noted that band I exhibits an obvious larger
Stark shift of 79 meV. Moreover, the simulation suggests that a
larger Stark effect in band I arises from an increased
contribution from polarizability; a significant linear component
of polar moment in the Stark effect suggests that Au,;@BSA
has an asymmetric structure both for the core and semiring,
There are two aspects for the mechanisms for the observed
plateau in the Stark shift: the Coulomb interaction of the
electron—hole pair and the screening effect by the semiring. It
was confirmed that the variation of the Coulomb interaction
induced by QCSE would result in the decrease of wave function
overlapping of electrons and holes. As a consequence, the
lifetime of electron—hole recombination obviously in-
creased.’”***> To address the mechanism, we measured the
lifetime of Au,;@BSA as a function of charge number by
TCSPC techniques excited at 467 nm detected at 650 nm. The
component of electron—hole recombination was extracted by
two exponential fitting, as illustrated in Figure 4 showing the
lifetimes as a function of charge number, corresponding to pH
1.39 to 12.43. It is clear that the variation of pH basically does
not induce an evident variation of lifetimes. The largest lifetime
appears at around the isoelectric point. Then, the lifetimes
slightly decrease upon increasing the absolute charge number.
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Figure 4. Recombination lifetime as a function of the charge number
in Au,s@BSA.
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This result indicates that the recombination rate does not
decrease with increasing local electric fields, and thus it
confirms that the dominant mechanism for the plateau of the
Stark shift is the screening effect by the semirings, rather than
the Coulomb interaction of electron—hole pairs.

It is found that bands I and II reveal a complicated variation
of bandwidth upon an increasing charge number, as shown in
Figure 5. The bandwidths of bands I and II do not significantly
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Figure S. Bandwidths of band I (circles) and band II (squares) of
Au,;@BSA as a function of the charge number.

change when the absolute charge number is less than 30,
corresponding to the screening range of the semiring. When the
charge number is larger than 30, the bandwidth of band I
decreases significantly, from 75 to 55 meV. In contrast, the
bandwidth of band II exhibits the opposite variation, from 35 to
4S5 meV.

In the previous study it has been shown that the spectral
broadening in Aug and Au,; NCs is dominantly caused by the
scattering of electron—electron and electron-ionized defects
while the electron—phonon interaction has a minor contribu-
tion.””* The bandwidths vary with the charge number should
be relevant to the electron—electron interaction and electron-
ionized surface/defect states. In particular, in the regime of a
high charge number the bandwidths of the bands I and II
exhibit the opposite variation, which suggests that the core and
the semiring in Au,;@BSA experience different influences by
the local electric field. To date, the detailed spatially
distribution of Au NCs and charges in BSA is still a challenging
work, although the geometric structure of a thoil monolater
protected Au;,, NCs was recently identified.** Further
theoretical and experimental studies would be necessary for
detailed understanding of the interactions between gold NCs
and the charges in BSA.

B CONCLUSION

We have investigated the quantum confined Stark effect in
BSA-protected gold NCs. A local electric field could be
established and varied in BSA by controlling its pH. A Stark
shift of 63 meV was observed in Aug NCs, which is nicely fitted
by the equation that takes account for both polar and
polarizable effects. For Au,; NCs, both absorption and
fluorescence spectra exhibit complicated Stark effects. An
obvious plateau, about 30 meV, of the Stark shift appears at a
lower charge number, for both positive and negative shifts.
Lifetime measurements confirm that the plateau could be
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ascribed to the screening effect of the semiring by deformation.
Moreover, the dual PL bands in Au,; NCs exhibit different
Stark shifts. Band I exhibits a larger Stark shift, 79 meV, due to
the larger polarizability contribution from the core. The
significant linear polar component of the Stark shift indicates
both Aug and Au,; NCs have an asymmetric structure. This
study suggests that the ultrasmall sized gold NCs can become a
potential candidate for probing electric fields or pH-sensing in
the nanoscale of biological systems.
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