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ABSTRACT: Proteins, a highly complex substance, have been an essential element in
living organisms, and various applications are envisioned due to their biocompatible
nature. Apart from proteins’ biological functions, contemporary research mainly
focuses on their evolving potential associated with nanoscale electronics. Here, we
report one chemical doping process in model protein molecules (BSA) to modulate
their electrical conductivity by incorporating metal (gold) nanoclusters on the surface
or within them. The as-synthesized Au NCs incorporated inside the BSA (Au 1 to Au
6) were optically well characterized with UV−vis, time-resolved photoluminescence
(TRPL), X-ray photon spectroscopy, and high-resolution transmission electron
microscopy techniques. The PL quantum yield for Au 1 is 6.8%, whereas that for Au 6
is 0.03%. In addition, the electrical measurements showed ∼10-fold enhancement of
conductivity in Au 6 (8.78 × 10−3 S/cm), where maximum loading of Au NCs was
predicted inside the protein matrix. We observed a dynamic behavior in the electrical
conduction of such protein-nanocluster films, which could have real-time applications in preparing biocompatible electronic devices.

■ INTRODUCTION

The investigation of newer compounds that showcase
semiconductor behaviors in particular organic materials that
were once considered insulators has increased tremendously.
This rise is due to applications involving specific electronic
properties and the persisting desire for miniature and packed
electronic devices.1−4 These materials show some assuring
electrical properties as recently improved technology can
detect currents/voltage signals at a low operating power.5

These properties allow the electronic device to be integrated
into fabrics, flexible plastic structures, or even miniature bio-
devices.6−9 However, these molecules generally suffer from low
long-term stability due to degradation, reactivity with other
substances such as water, poor conductivity, and non-
biocompatible nature.
Proteins are the most vital life forms that have close

relationships with life activities such as nutrition, development,
heredity, and metabolism.9−11 The high specificity of proteins
and their biocompatibility make them ideal for various
potential applications such as filtering agents, sensors, optical
transducers, etc.9,12,13 Simultaneously, the conduction of ions
and electrons over multiple length scales across proteins is
significant,9 and the electron transfer (ET) process of proteins
in aqueous solutions and across monolayer configurations on a
conducting substrate has been investigated recently.6,14,15

Multidisciplinary attempts to elucidate the physics and
chemistry of charge carriers such as electrons, protons, and
ions in the biological charge transfer process have focused

primarily on the nano- and microscale electrical or electro-
chemical transport.16,17 Different proteins display ET reactions
according to their specified function with tunneling over long
distances.10,18 With the success of ET studies across protein
monolayers, in the recent past, attempts were made to
assimilate proteins into solid-state junctions to understand
and compare their electron transfer and electrical conductance
properties in both wet electrochemical and solid-state
configurations.
The most biologically relevant reactions occur at substrate

surfaces and interfaces. These studies could also mimic
functional biological components such as enzymes to improve
the capacity of the electrocatalytic synthesis used for energy
production. It will also help enhance the sensitivity of
biomedical sensors, leading to more pharmaceutical applica-
tions. In that respect, interfacing biotic and abiotic systems is
crucial for developing new bioelectronic technologies. Along
with effective transduction of biological signals to electronic
circuits, the choice of electronic material is vital as it should be
biocompatible and stable under physiological conditions. For
this purpose, proteins can be an excellent candidate as they are
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promising building blocks for most biomaterials and can self-
assemble into nanostructures with high tunable electrical
properties.12,17,18 Proteins would demonstrate the convergence
of biological materials with synthetic devices by interconvert-
ing biological processes and electronic signals.7,19,20 However,
modification/doping of the protein backbone is envisioned to
improve their electrical conductivity.6,10,19,20 In that respect,
hybrid nanostructures with nontoxic and noble metal nano-
clusters (NCs) would be advantageous.21−23 They could
enhance the charge transport behaviors by reducing influential
hopping recombination events.
Herein, we have investigated the charge transport phenom-

enon of the bovine serum albumin (BSA)−Au NCs hybrid as a
model system. BSA, a plasma protein, binds and transports a
range of hydrophilic molecules readily adsorbed to surfaces,
making it a suitable candidate for custom-built electroactive
materials.24−28 The hybrid Au-nanostructures were synthesized
in an aqueous solution using a straightforward bottom-up
approach. By varying the precursor concentration, effective
loading of Au nanoclusters per BSA molecule was achieved,
which significantly influenced their relative photoluminescence
(PL) and time-resolved PL properties. Also, the surface
compositions of such nanostructures were thoroughly
characterized via X-ray photoelectron spectroscopy (XPS).
Furthermore, thin films of BSA protein and Au-loaded BSA
molecules were subjected to the electrical conductance study
to understand how Au NCs alter the electrical conductivity of
the protein films, which will make the doped protein viable for
future use. We envision developing a protein−metal nano-
cluster hybrid with a controlled molecular-level doping that
can provide new avenues for the rational design of
bioelectronic devices with optimized features.

■ EXPERIMENTAL METHODS
Synthesis of BSA−Au NCs. Aqueous tetrachloroauric

(III) acid trihydrate (HAuCl4·3H2O) solution (3 mL, 10 mM)
was added to the commercially available BSA solution (3 mL,
40 mg/mL) at the physiological temperature (∼40 °C) under
vigorous stirring. The solution was stirred for 5 min, and a
pale-yellow color was formed due to the coordination between
Au ions and the various functional groups of BSA.
Furthermore, NaOH solution (1 M) was added to the reaction
mixture to adjust the pH to 12, and the mixture was incubated
for 12 h at 40 °C. As a result, the color of the solution turned
from pale yellow to deep brown, which confirmed the
formation of Au NCs (∼12 h). Next, the as-synthesized
BSA−Au NCs were concentrated and washed through a
Vivaspin 20 (MWCO30 k) centrifugal concentrator to remove
small-molecule impurities. Finally, they were stored at 4 °C
before further usage.
Characterization of BSA−Au NCs. Absorption and PL

were determined using a TECAN Spark M model microplate
reader with a flat-bottom Greiner 96-well plate (200 μL
volume) in absorbance and fluorescence intensity scan modes
by using a xenon lamp source. Bright-field TEM images were
acquired using a JEOL-JEM 2100 high-resolution transmission
electron microscope at an accelerating voltage of 200 kV. Five
microliters of BSA−Au NC was drop-casted on the holey
carbon copper grid and left overnight for water removal.
ImageJ software was used for further image analysis. Time-
resolved PL measurements were performed using a time-
correlated single-photon counting (TCSPC - Horiba Jobin
Yvon IBH) spectrometer with a laser diode output at 425 nm

as the excitation laser source. The PL decay curves were
analyzed using IBH DAS6 software. X-ray photon spectroscopy
measurements were done using Al Kα excitation (1486.6 eV)
collected in PHI VersaProbe III. The hydrodynamic size
measurements were performed in a disposable sizing cuvette,
and ζ potential measurements were measured in an electrical
double-layered cell using Malvern Zetasizer Nano. The surface
composition of the Au NCs labeled with BSA was determined
with the X-ray photoelectron spectroscopy technique.

Electrical Characterization of BSA−Au NCs. To
measure the electrical conductance across the drop-casted
BSA protein film and BSA doped with Au NC films, the
Keithley Source Measurement Unit (2636B SYSTEM Source
Meter) instrument was utilized, where FTO-coated glass was
used as the bottom electrode and eutectic GaIn drops (liquid
alloy) were used as the top electrodes (see SI Section S4). The
liquid alloy was filled in a microsyringe to ensure a uniform and
tiny droplet on the protein film. The volume of the droplet was
kept constant in all electrical current−voltage measurements.
We estimated the contact area of the EGaIn droplet from the
optical images, and the thickness of each film prepared with
various protein concentrations was obtained from optical
profilometer measurements (see Figure S2 and Table S5). The
current−voltage data were acquired for each BSA−Au NC
concentration using SMU to calculate the current density−
voltage data. To obtain the conductivity of BSA and BSA−Au
NC films, MATLAB programming was used for each current
density−voltage profile at a low applied bias regime (−0.2 to +
0.2 V). Statistical analysis of variations in conductivity for
around 100 junctions of BSA and BSA−Au NC films was
carried out with Origin Pro 2016 software.

■ RESULTS AND DISCUSSION
The globular BSA protein has been studied widely by various
researchers for numerous years using varied techniques to
illustrate multiple biophysical and biochemical systems.
Differential loading of Au NCs on the globular BSA backbone
was synthesized by following slight modifications of the
literature-reported method. BSA + Au 1 was the lowest
loading, and BSA + Au 6 possessed the highest loading of Au
NCs29−31 (i.e., six different loading morphologies). Figure 1a
represents the absorbance characteristics of various such BSA−
Au hybrid nanostructures, and the absence of surface plasmon
resonance absorption demonstrated the possible formation of
minor Au NCs (≤2 nm). Additionally, each conjugate retains
significant PL properties from Au 1 to Au 6 (see SI Table S1a),
as depicted in Figure 1b. However, the PL intensity gets
reduced with the relatively higher Au loading on each BSA
molecule. Figure 1c represents the digital image of as-
synthesized Au NCs without and with ultraviolet light
irradiation in the upper and lower panel, respectively, and
depicts the PL reduction. From the dynamic light scattering
(DLS) data, Table 1 demonstrates an almost similar
hydrodynamic size of these samples from BSA + Au 1 to
BSA + Au 6. Also, we have carefully excluded the possibility of
formation of larger-shaped Au nanoparticles in all of the trials
as (a) there was no observable Au surface plasmon peak for
large-shaped Au nanoparticles at ∼520 nm; (b) no bigger-sized
Au nanoparticles were formed as shown in the DLS data; and
(c) all of the samples showed detectable PL behaviors. These
observations were in line with previously reported small-sized
(∼1.15 to 2.3 nm) Au NCs where various passivating moieties
were employed (see SI Table S2). Also, we hypothesized that
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multiple loading of BSA + Au 6 on each protein molecule
might not afford sufficient functional moieties to passivate all
of the minor NCs. As a result, a more nonradiative surface trap
state may appear, leading to a decrease in PL intensity (Figure
1b). Additionally, their excellent colloidal stability was further
confirmed by ζ potential analysis (Table 1), wherein all of the
samples exhibited negatively charged species as reported in the
literature previously.32

To understand the surface composition of the Au NCs
labeled with BSA, XPS characterization was carried out. Figure

2a compares the correlated high-resolution Au 4f XPS analysis
between Au-BSA hybrids, such as BSA−Au salt mixture, Au 1,
Au 4, and Au 6. After deconvolution of those peaks, we
confirmed the presence of Au (0) and Au (I) states in our
NCs.29 The topmost plot (Figure 2a) represents physically
mixed BSA and Au salt taken as control; the observed binding
energy (BE) was almost identical to that of previously reported
ones.33,34 In Au 4f core-level photoemission spectral analysis,
surprisingly, we noticed a clear blue shift appearing from Au 1
to Au 6 in the BE values. The peak position/shift change is
mainly based on the photoelectron’s kinetic energy (KE)
change.35 Au 1 has the higher BE Au 4f7/2 of ∼83.8 eV in a
zero-valent oxidation state due to the decrease in the
photoelectron’s KE, which maintains the strong bond agree-
ment with neighboring surfactant functional groups. Au 6
possesses a lower BE (∼ 83.3 eV) because of the increased KE
of photoelectrons and the weak bonding with surfactant
functional groups. The clear blue shift in BE appeared from Au
1 to Au 6 because of the multiple loading of Au NCs in the
BSA. The presence of the Au (I) state on the cluster’s core
surface could be interpreted as an intermediate species. We
hypothesized that the tyrosine residues in BSA helped stabilize
the NCs inside the reaction solution at a high pH of 12 by
partially reducing the Au (I) species to Au (0) valence state
during the reduction phase.36 Interestingly, we noticed the
same substantial blue shift in the BE values of the Au (I) (Au
4f5/2 ∼ 87.4 to 86.9 eV) species due to a steady drop in the
reduction from Au 1 to Au 6 owing to the availability of less
surfactants again. These observations explained the relative PL
intensity behavior from Au 1 to Au 6. Figure 2b determines the
full XPS spectrum containing C, N, O, S, and Au peaks at
room temperature with a high photon energy (hν = 280 eV).
We confirmed the existence of the protein by observing the
multiple functional groups of C-, N-, and O-related peaks as
determined by XPS (see SI Section S3 and Figure S1). Figure
2c describes the improvement in conductivity with the
percentage variance in Au (0) and Au (I) oxidation states in
different Au-loaded BSA nanostructures. In addition, we
observed the highest percentage of Au loading inside the
BSA in the Au 6 sample (from overall XPS spectra). Moreover,
a higher Au loading possesses more conductivity because of the
availability of more hopping sites of metallic Au (0) (∼55%).
At a lower Au loading, the conductivity decreases due to the
low availability of metallic Au (0) surface area (∼51%).
The high-resolution transmission electron microscopy (HR-

TEM) image of BSA + Au 1 in Figure 3a revealed the
crystalline nature of the obtained Au NCs within or on the
surfaces of the BSA molecules. The characteristic lattice
spacing between two Au crystal planes is 0.24 nm, confirming
the formation of Au’s (111) plane. Also, the average size of the
clusters was calculated to be 1.84 ± 0.15 nm (∼25 number of
counts). The BSA + Au 6 samples were dropcasted for
HRTEM measurements to better understand their size.
However, they imposed more difficulties in identifying the
background BSA protein and separated the minor Au NCs.
Figure 3b represents the temperature-dependent PL spectra of
the Au 1 sample, where a decrease in PL intensity was
observed as the temperature increased. As we know, a suitable
environment would impart better colloidal stability. We
believed that raising the temperature might open many
nonradiative relaxation trap states, which results in PL
quenching. This phenomenon was further substantiated
through a time-resolved PL lifetime study (see SI Figure S3).

Figure 1. (a, b) Typical absorbance and PL spectra of various Au
NCs, where the effective loading of such NCs on each BSA backbone
differed. There was no observable plasmonic peak, demonstrating the
presence of minor Au NCs in each sample, and subsequent emissions
were recorded in the red region. (c) Digital image of those in aqueous
solution under room light and UV light (365 nm) in the upper and
lower panels.

Table 1. Hydrodynamic Light Scattering Analysis of Those
BSA-Conjugated Au NCs (∼10 nm) in which the Existence
of a Bigger Size was not Observeda

sample name hydrodynamic size (nm) ζ potential (mV)

BSA + Au 1 8.878 ± 0.08 −18.76 ± 0.87
BSA + Au 2 8.902 ± 0.68 −22.32 ± 2.29
BSA + Au 3 8.775 ± 2.75 −23.63 ± 0.55
BSA + Au 4 8.284 ± 3.15 −23.76 ± 0.41
BSA + Au 5 7.211 ± 1.31 −22.22 ± 1.70
BSA + Au 6 8.841 ± 0.01 −17.08 ± 1.98

aζ Potential values (∼−20 mV) of those hybrids in an aqueous
medium show better colloidal stability.
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Furthermore, in the temperature range between 10 and 60 °C,
the presence of appreciable fluorescence proved that the small
Au NCs were not coalescent with each other, which might
have a significant impact on their use in the charge transport
phenomenon across protein thin films at elevated temperature.
Also, we believe that at ∼60 °C, BSA may be denatured but
did not affect the fluorescent properties of any of our
synthesized NCs (See SI Figure S4).
The most crucial factor for using any material in

bioelectronics would be its long-term stability. We have
performed the PL stability test of as-synthesized BSA−Au
hybrid nanostructures with 15-month-old samples. As depicted
in Figure 4a, no decrease in fluorescent intensity was observed,
ascertaining our synthesis protocol’s robustness and subse-
quent stability. Time-resolved PL (TRPL) measurement was
performed to determine the origin of the PL observed. As
shown in Figure 4b, systematic shortening of the lifetime is
observed when the effective Au loading is increased in each
BSA backbone. The decay profiles of four representative
samples, i.e., Au 1, Au 2, Au 4, and Au 6, were presented
according to the overall trends seen in their relative PL
intensity.
We observed a triple lifetime decay curve for each sample,

which is comparable with the literature (see Table S1b).37 A
significant decrease in phosphorescence or longer PL lifetimes
in Au 6 compared to Au 1, i.e., from 1 × 10−6 to 9.45 × 10−10 s
were recorded. This might be attributed to the fact that more
nonradiative pathways may open due to the poor surface
passivation of Au NCs in Au 6. Over a few decades,
experimental and theoretical studies of electron transport

Figure 2. XPS analysis of BSA−Au NCs. (a) Au 4f core-level photoemission profiles of Au NCs passivated in protein at room temperature with hv
= 280 eV photon energy. Three different concentrations of Au NCs were used for binding energy studies, ranging from BSA + Au 1 to BSA + Au 6,
and BSA + Au salt was used as for the control surface analysis. High-resolution XPS revealed the existence of Au 4f7/2 and Au 4f5/2 binding energies
attributed to Au (0) zero-valent and Au (+1) monovalent oxidation states. (b) Representative BSA−Au NCs’ XPS full survey spectrum, where the
BSA + Au 1 sample was taken for analysis. (c) The improvement of conductivity was investigated by determining the percentages of Au (0) and Au
(+1) in various protein constructions and measuring their binding energies. The square-shaped and spherical points denote the characteristics of
Au (0) and Au (1), respectively. Also, the blue and black colors represent the percentage of Au loading and binding energy, respectively.

Figure 3. (a) A typical HR-TEM image of BSA−Au NCs showing the
crystalline nature of NCs, where the lattice spacing of the Au (111)
plane (0.24 nm) was evident. (b) Temperature-dependent PL
spectrum of a representative Au 1 sample, where the PL intensity
decreased with increasing temperature.
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have concluded that energy-activated hopping is the most
dominant electron transport process across nearly insulating
biofilms. So, the electrical conductance across virtually
insulating protein films can be further improved by
incorporating more hopping rates inside the solid-state protein
films. In analogy with conducting polymer films, hopping rates
are governed mainly by the distance between successive
hopping sites (traps) and the carrier lifetime at each hopping
site. The reduction of PL lifetime when we populated the BSA
molecules with more Au NCs in the ultrafast lifetime PL decay
measurements (see Table 1 and SI Section S7) depicts that Au
NCs attached to the BSA backbone function as electron trap
centers. Following our observation of the reduction of PL
lifetime with increased effective Au NCs in each BSA molecule,
we postulated that small Au clusters attached to the BSA
backbone could emulate hopping sites for electrical con-
ductions.
The electrical characteristics of BSA protein and BSA−Au

hybrid nanostructure films were investigated to explore the
effect of self-assembled conjugated Au NCs across the BSA
films. The electrical transport characteristics in terms of the
normalized current density (current per unit contact area,
Figure S2) were measured as a function of the applied voltage

(J−V, see SI Section S8) across the thin films prepared from
solutions of BSA and BSA−Au NC hybrid (Au 1 to Au 6)
material, containing varied concentrations of BSA (i.e., 12.5,
6.25, and 2.5 mg/mL). We have carefully eliminated the
statistical variations of the measured current densities, which
could originate from variations of junction area, film
thicknesses, and impurities at the junction interface, by
collecting more than hundreds of data sets for each BSA
concentration. These J−V data were analyzed using MATLAB
programming to obtain the electrical conductivity
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of BSA and BSA−Au hybrid (Au 1−Au 6) material thin films.
Since the maximum occurrence of electrical conductivity was
not symmetrical, we have performed logarithmic distribution
to obtain the statistical means of ∼100 junctions (see SI
Sections S8 and S9).
As seen in Figure 5a, the effective increase of Au NCs in a

BSA molecule positively impacts the electrical conductivity by

around 100 times higher than the control samples (BSA or
BSA without Au NCs). We have carefully excluded the use of
large plasmonic Au nanoparticles in this case as they would act
as metallic behavior and recombination centers, and the
original contribution from the BSA protein would be
suppressed. The most occurring electrical conductivity (i.e.,
over ∼100 measurements) for films prepared with 2.5 mg/mL
BSA protein (by diluting with 50 mg/mL BSA) was recorded
as 6.55 × 10−5 S/cm, whereas the same concentration of BSA

Figure 4. (a) Stability test for the as-synthesized Au 1 sample stored
in water; even after 15 months, the PL intensity was not reduced. (b)
Time-resolved PL lifetime decay patterns of four different BSA−Au
hybrids, namely Au 1, Au 2, Au 4, and Au 6. Au NCs with increased
Au loading showed a progressive reduction of the radiative lifetime.
Representative digital image of BSA−Au NCs (40 mg/mL) on glass
substrate(c) in room light and (d) in UV light (365 nm) irradiation
(only for visual illustration).

Figure 5. (a) Comparison analysis of the conductivity of various
BSA−Au NCs. The protein concentration was fixed in each case at 2.5
mg/mL. (b) Variation of BSA−Au film conductivity with different
concentrations, where the error bar represents variation over ∼100
junctions.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01563
ACS Omega 2022, 7, 20906−20913

20910

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01563/suppl_file/ao2c01563_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01563/suppl_file/ao2c01563_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01563/suppl_file/ao2c01563_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01563/suppl_file/ao2c01563_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01563/suppl_file/ao2c01563_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01563?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01563?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01563?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01563?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01563?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01563?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01563?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01563?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


protein with self-assembled Au 1 depicted 4.87 × 10−4 S/cm,
which is enhanced by orders of magnitude (Figure 5a).
Furthermore, the electrical conductivities for BSA−Au 2, Au 4,
and Au 6 nanocluster hybrid films were 6.44 × 10−4, 1.84 ×
10−3, and 8.78 × 10−3 S/cm, respectively, which are
comparable with the intrinsic silicon conductivity.38 Films
made of the BSA−Au 6 sample exhibit the highest electrical
conductivity and have a higher effective number of Au NCs
self-assembled on the surface or beneath each BSA molecule.
The enhancement in electrical conductivity originates from the
efficient flow of electrons through the BSA protein backbone
and the attached Au cluster that act as hopping sites. To
support our hypothesis, the control experiments were carried
out, where we introduced gold salt/ions without the reducing
agent so that no initiation of NC formation occurred. In the
absence of the Au nanocluster’s assembly, the electrical
conductivity of films prepared with the BSA−Au salt (marked
as Control in Figure 5a) resembles the electrical conductivity of
typical BSA films (marked as BSA). The XPS data (Figure 2c)
supports the claim as the Au (0) and Au (I) percentages are
almost the same for the BSA + Au salt and BSA + Au 6. Still,
there is a significant enhancement in the conductivity, which is
attributed to the incorporation of Au NCs inside the protein
matrix.
In analogy with conducting polymer films, a material’s

universal nature, i.e., electrical conductivity, depends on the
carrier hopping rates, primarily governed by the distance
between successive hopping sites (traps) and the carrier
lifetime at each hopping site. The measured PL decay lifetimes
starting with BSA−Au 1 to BSA−Au 6 depict the reduction in
the distance between suggestive Au NCs (considering
distance-dependent energy transfer processes within the Au
NCs), which further manifested as higher hopping rates across
the films. To confirm the universality of the electrical
conduction mechanism across BSA−Au nanocluster films, we
have prepared films of controlled thicknesses by varying the
protein concentrations to explore the electrical properties of
these films. Figure 5b represents the variation of electrical
conductivity across BSA−Au NC films, where we varied the
protein concentrations with a constant doping level of Au NCs
to individual BSA molecules. BSA and BSA−Au 6 films depict
a uniform electrical conductivity across the various thicknesses
of the films, whereas we observed a variation in conductivity
for other Au doping levels. The electrical conductivity reduces
with protein concentrations for BSA−Au 1 to BSA−Au 4. The
reduction in electrical conductance could originate from the
nonuniform doping across the films, which needs further
investigation. A detailed characterization of the carrier
transport mechanism through the BSA protein films with and
without Au NC would require combining spectroscopic
techniques and an analysis of the temperature and humidity
dependence of the electrical conductivity.
However, our overall results demonstrate the emergence of

an electronic charge transport across protein films when Au
nanoclusters were self-assembled on the surface or within the
protein molecules. Therefore, an enhanced conductance of
protein films is required in high-end applications, such as
adhesives to the immune-responsive tissues.1,11,39 Our
obtained electrical conductivity of protein films is significant
in characterizing many biochemical reactions and determining
the usability of biomolecules in sensors and nanoelectronics
circuitry.

■ CONCLUSIONS
In conclusion, we have successfully synthesized atomically
precise bright fluorescent BSA−Au hybrid nanostructures. The
effective loading of small Au NCs on each BSA was varied, and
the outcome of their optical-electrical properties was
thoroughly investigated. Protein-Au hybrid nanostructures
provided good passivation for better colloidal stability of the
hybrid, and they were stable in an aqueous solution for about
15 months. The low PL intensity trend from BSA + Au 1 to
BSA + Au 6 was further substantiated through their time-
resolved PL decay lifetimes. Gold nanostructures (BSA + Au 1
to BSA + Au 6) have considerably enhanced electrical
conductance compared to bare BSA protein in thin-film
devices. The electrical conductance showed a linear increase
when a lower protein concentration was taken into
consideration in the case of the BSA−Au hybrid nano-
structured thin films. We envision that the molecular-level
understanding of the charge transport behavior of such a
protein−metal nanocluster hybrid will provide new avenues for
the rational design of bioelectronic devices with optimized
features. The BSA−Au cluster has been a promising model for
bioelectronic functionalities. With an increase in their current
carrying capacity, they can be used for many more applications,
especially as the interface between the tissue and organ in
biocompatible devices.
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