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Au nanoparticles (AuNPs), which easily aggregate in organic thin film, are observed to well-disperse in
chicken albumen thin films. The incorporated AuNPs is distributed uniformly inside the thin film and is as
dense as 650 (particles/pm?). In addition, enhanced ultraviolet (UV) fluorescence centered at 350 nm is
observed from the AuNPs-containing chicken albumen thin film. The enhancement is proposed to be
originated from the plasmon resonance energy transfer (PRET) from the d-band absorption of AuNPs to the
chicken albumen protein. The enhanced fluorescence is further verified by the shorter fluorescence lifetime
from the time-resolved fluorescence spectra. These results indicate that d-band transition of AuNPs can be
used to interface with other UV-emitting biomolecules. Results in this study demonstrate that AuNPs
exhibit future potentials in applications for both the organic thin-film technology and nano-biotechnology.

ocalized surface plasmons are collective oscillation of conductive electrons propagating at the surface of noble

metal nanoparticles'*. The electric field is highly localized and very strong at the surface, which is ideal for

electric field-related applications such as surface-enhanced Raman scattering (SERS) °. In addition, the light
scattering induced by localized surface plasmon resonance (LSPR) of metal nanoparticles is very sensitive to the
dielectric environment and is widely used for ultrasensitive chemical and biological sensing applications*”. LSPR
of nanoparticles are also affected by their sizes and shapes, which can be utilized to tune the LSPR for a specific
wavelength or application®.

Surface plasmon resonance of a metal nanoparticle has been reported to enhance fluorescence from mole-
cules®’. The extinction crosssection from LSPR of a metal nanoparticle is usually at least 4 order of magnitude
higher compared to organic fluorophores'!, which indicates that more light is absorbed by the metal nanopar-
ticles. The energy of the absorbed plasmon energy is able to transfer from the plasmonic nanoparticle to the
attached molecules, resulting enhanced emission intensity from the molecules. This energy transfer process is
referred as “Plasmon Resonance Energy Transfer; (PRET)”. PRET can occur between two plasmonic nanopar-
ticles, such as an Au nanowire and another Ag nanowire'>'*. Plasmon-exciton coupling between the fixed-
frequency localized surface plasmons in Ag nanospheres and molecular J-aggregates was also reported'. The
coupling between the LSPR of metal nanoparticles and excitons of molecule is very strong and is usually referred
as “Plexiton” in some literatures'®™'®.

Au nanoparticles (AuNPs) are the most popular plasmonic nanoparticles. AuNPs with very small diameters
(<10 nm) can also be used as fluorescence markers'®. Larger AuNPs exhibit a tunable LSPR wavelength and have
been widely used in recent nano-biotechnologies®.. However, several problems still exist that have hindered the
applications of AuNPs. First, AuNPs easily aggregates when the concentration becomes too high. The aggregation
red-shifts its LSPR spectra and changes the optical and material properties. It is an ongoing research topic to find a
method to avoid the aggregation while keeping the AuNPs concentration sufficiently high. The other problem is
the spectra mismatch between the LSPR of AuNPs and the fluorescence spectra of most biomolecules. Most of the
intrinsic light emission from biomolecules are excited with deep ultraviolet (UV) light and emit UV light, too. For
examples, Tryptophan, which is an important aromatic amino acid in proteins, absorbs light around 280 nm and
emits photons near 348 nm*'. The fluorescence from Tryptophan is able to reveal the information about the
protein structure and intermolecular interaction. Since the LSPR wavelength of AuNPs in water is longer than
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530 nm, AuNPs is not suitable to study the plasmonic effect with
these UV-emitting biomolecules. Although other types of nanopar-
ticles, such as Ag and Al, exhibit a shorter LSPR wavelength, both of
them easily oxidized and their LSPR properties easily change.

Biomaterials, such as DNA-hexadecyltrimethylammmonium
chloride (DNA-CTMA)*~** and silk®, have been reported to be used
as fabrication materials for modern organic electronics. In addition,
chicken albumen has been reported as the dielectric layer for an
organic field-effect transistor”®. These biomaterials are obtained from
fossil-fuel free sources, which are potential materials for future green
technologies. Among them, the chicken albumen approach is easily
available and the chicken albumen exhibits several sulfide bonds
within its structure, which should allow well-dispersion of AuNPs
inside the albumen thin film.

In this research, dispersions of AuNPs in chicken albumen thin
films are investigated. It is found that chicken albumen disperses
AuNPs very well, which is confirmed from both transmission elec-
tron microscope (TEM) images and optical transmission spectra.
The AuNPs concentration is estimated to be as high as 650 (part-
icles/um?®). The well-dispersed AuNPs inside the albumen thin film
will allow the use of AuNPs in modern thin-film based electronic
devices. We also observed the coupling between the d-band absorp-
tion of AuNPs and the absorption band of the chicken albumen
protein. The coupling enhances the UV emission intensity of the
chicken albumen at 350 nm. The enhanced UV emission is verified
by time-resolved fluorescence measurements, which reveals a shorter
fluorescence lifetime for the AuNPs-containing chicken albumen
thin film. These results indicate that the d-band transition for
AuNPs, which is around 250 nm, is able to be used as the donors
of plasmonic resonance energy transfer. This result will open the
possibility for AuNPs to be used with other UV-emitting biomole-
cules and widen the use of AuNPs in recent nano-biotechnologies.

Results

Fig. 1 illustrates the TEM images of the AuNPs-containing thin films.
Conventional polymer, such as polyvinyl alcohol (PVA), is not able
to well disperse the AuNPs and the aggregation occurs when the
concentration of AuNPs become sufficient high. The aggregation is
easily observed in the TEM images of AuNPs-containing PVA thin
film [Figs. 1(b1)-(b4)]. In contrast, chicken albumen liquid is able to
disperse the AuNPs within the thin film and avoid the aggregation, as
shown in Figs. 1(al)-(a4). By comparing Figs. 1(a3) and 1(b3), it is
easy to conclude that AuNPs indeed well-disperse inside the albu-
men thin film and are also very dense. It is believed that the sulfide
bond within the albumen protein helps the dispersion of AuNPs due
to the strong Au-sulfide. It is also possible that the electrostatic force
between the negatively-charged AuNPs and the positively-charged
protein helps the dispersion. The highest AuNPs concentration is
estimated to be around 650 (particles/pm?) for the 10000 ppm albu-
men sample, which will be very useful for novel organic thin-film
devices.

Fig. 2 illustrates the experimental transmission spectra of the
obtained AuNPs-containing thin films. The transmission spectra
for the AuNPs-only samples, shown in Fig. 2(a), reveal two extinc-
tion peaks located at 650 nm and 250 nm. The AuNPs-only samples
are fabricated by spin-coating the AuNPs water solutions. The ori-
gins of these two extinction peaks are distinguished through results
from electromagnetic simulation. The simulated transmission spec-
trum of a single Au nanoparticle with diameter of 20 nm is shown in
Fig. 3. The Au nanoparticle is embedded in water. Two extinction
peaks around 530 nm and 240 nm are observed. The extinction peak
around 530 nm is identified as its LSPR dipole mode based on its
average field-energy distribution shown in the inset of Fig. 3. The
extinction peak at 240 nm also reveals the distribution of a dipole
mode. Therefore, it is not originate from the LSPR quadruple or
higher order modes. It is reasonable since the diameter for the Au
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Figure 1 | TEM images of the AuNPs-containing (al-a3) chicken
albumen and (b1-b3) PVA thin films with 3 different AuNPs
concentrations. (a4) and (b4) are the enlarge images of (a3) and (b3).
N, is the AuNPs concentration in the AuNPs-containing chicken
albumen solution.

nanoparticle is too small to sustain a quadruple LSPR mode. This
extinction peak should correspond to the d-band transition by Au
atoms. Excess electrons are created by absorption of the incident light
and quickly dissipate its energy though heat, which is very similar to
the behavior of the dipole mode.

The extinction peaks, for both the AuNPs-only and AuNPs-con-
taining PVA samples, shown in Figs. 2(a) and 2(¢), red-shift to longer
wavelength, indicating AuNPs aggregation indeed happens in both
samples. However, the extinction peak of the AuNPs-containing
chicken-albumen, shown in Figs. 2(b), did not red-shift. These
results confirm our observations while studying the TEM images
that albumen thin film is able to well disperse AuNPs. The maximum
AuNPs concentration can be as high as 650 (particles/pm?). In addi-
tion, chicken albumen thin films exhibit another extinction peaks
located near 280 nm, which corresponds to the light absorption of
proteins. Tryptophan and tyrosine are the two common aromatic
amino acids in proteins that absorb 280 nm light. This peak is very
close to or overlaps with the d-band extinction peak of the Au. It is
very interesting to see if any coupling happens between these two
extinction processes.

In order to verify if any coupling occurs between these two extinc-
tion processes, time-integrated fluorescence spectra, excited by a
280 nm UV light, were obtained from all the samples. As expected,
AuNPs-only and AuNPs-containing PVA thin film did not exhibit
any fluorescence responses, shown in Figs. 4(a) and (b), respectively.
The neat chicken albumen reveals a broad emission centered at
350 nm, which corresponds to the emission from Tryptophan. To
our surprise, the emission intensity of the chicken albumen thin film
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Figure 2 | Experimental transmission spectra of (a) Au nanoparticle only,
(b) Au-containing chicken albumen, and (c) Au-containing PVA thin
films with various AuNPs concentrations. Neat films in (b) and (c)
correspond to the spectra for chicken albumen- and PVA- only films.

increases as AuNPs is incorporated. The intensity keeps increasing as
the concentration increases from 500 to 5000 ppm. The enhance-
ment reaches a maximum at the concentration of 10000 ppm and
becomes less when even higher AuNPs concentrations are used. The
AuNPs-concentration dependence is clearly observed in the inset of
Fig. 4(c). It should be noted that the thickness of the neat chicken
albumen film is measured to be 825 nm. The film thicknesses of 500,
5000 and 10000 ppm films are 819 nm, 830 nm, and 821 nm,
respectively. All of these thin films exhibit similar thickness.
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Figure 3 | Simulated transmission spectrum for single Au nanoaprticle
with diameters of ~20 nm. Two distinct extinction band appears,
corresponding to the dipole and d-band absorptions. Inset figures are the
simulated field-energy distributions for 250 nm and 530 nm.

Therefore, the thickness effect is not what causes the observed fluor-
escence enhancement.

In order to explain the enhancement of emission intensity by
AuNPs, a possible model is proposed and illustrated in Fig. 5. An
Au nanoparticle is able to absorb 250 nm UV light through its d-
band transition. The absorbed energy is transferred to the attached
albumen protein and emits 350 nm UV light. It should be noted that
the extinction corresponds to this d-band is higher than the extinc-
tion for the LSPR dipole mode, which indicates that the extinction
crosssection for this d-band transition is also much higher than the
absorption crosssection for protein molecules. Therefore, the res-
onance energy transfer will enhance the UV emission intensity.
When too many AuNPs are incorporated, there will not be enough
protein molecules to form functioning AuNPs-protein complexes.
Most of the absorbed energy is dissipated non-radiatively into heat
inside the AuNPs, results in a decreased UV emission intensity.

If the UV emission intensity enhancement is originated from the
metal-enhanced process, its radiative lifetime should be modified.
This process can only be verified through time-resolved fluorescence
measurements. The fluorescence decays for the AuNPs-containing
chicken albumen thin films are illustrated in Fig. 6. Each decay
profile can be fitted with a bi-exponential function:

PL(t)=A, exp(—r—tl> +A2exp<—r—t2> (1)

The fitted parameters are summarized in Table 1. It is clearly
observed that the decay time constant 1; and T, becomes smaller
as more AuNPs are incorporated. The time constants t; and T,
becomes 35% and 20% smaller when 10000 ppm AuNPs are used.
The smaller lifetime indicates faster radiative transitions, resulting
higher emission intensity. The time-resolved fluorescence spectra
provide strong evidences for the occurrences of metal-enhanced
fluorescence inside the AuNPs-containing chicken albumen thin
film.

Discussion

In this research, chicken albumen thin film is able to well-disperse
AuNPs and prevents aggregations at high AuNPs concentrations.
Both TEM and transmission spectra have confirmed this obser-
vation. The maximum AuNPs concentration can be as high as 650
(particles/um®). By contrast, AuNPs easily aggregate inside conven-
tional polymer, such as PVA, thin films. These AuNPs-containing
albumen thin films can be potentially incorporated as a device layer
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Figure 4 | Experimental fluorescence spectra of (a) Au nanoparticle only,
(b) Au-containing PVA, (c) Au-containing chicken albumen with various
AuNPs concentrations. Inset in (c) illustrates the integrated fluorescence
intensities for albumen thin film with various AuNPs concentrations. Neat
films in (b) and (c) correspond to the spectra for chicken albumen- and
PVA- only films.

in an optoelectronic device, which should leads to several interesting
applications in the near future. In addition, AuNPs is found to be able
to enhance the 350 nm emission intensity from a chicken albumen
thin film. We propose that the origin of the enhancement is due to
the plasmon energy transfer from the d-band Au absorption to the
albumen protein emission, since both extinction processes occurs

Plasmon Resonance
Energy Transfer

Figure 5| The proposed model for the enhancement of emission
intensity. The incident UV light is resonantly absorbed by the AuNPs and
its energy is transferred to the attached chicken albumen molecule. The
enhanced absorption caused by plasmonic effect enhances the fluorescence
intensity by the albumen molecules.

near 280 nm. The metal-enhanced process is verified by a shorter
fluorescence lifetime measured by time-resolved fluorescence spec-
troscopy. This phenomenon is very different since most reported
plasmon energy transfer processes are between the LSPR dipole
modes of AuNPs to the attached molecules, which is limited to the
wavelength range for 530 nm and larger. D-band transition is rarely
reported to be used as the donor of plasmon energy transfer. This
result should be very important since it allows the use of AuNPs with
UV-emitting biomolecules, which is not possible by the LSPR dipole
mode of AuNPs. This will make AuNPs more appearing for more
biological applications. In addition to chicken albumen, duck albu-
men was also investigated and reveals a similar ability to well-dis-
perse the AuNPs. However, we did not observe the enhanced
fluorescence intensity at 350 nm in the AuNPs-containing duck
albumen thin films. We are currently working to understand this
phenomenon. In conclusion, results in this study reveals that
AuNPs embedded in albumen thin films can be effectively used in
modern optoelectronic device. In addition, we also found out that the
AuNPs can interact with UV-emitting biomolecules through its
d-band transition. These two findings surely will trigger several
research topics both in bio-organic and nano-biophotonic research
fields.

Methods

Thin film fabrication. Quartz or glass substrates that were cut into size of 15 X
15 mm?” were used in this study. The substrates were first cleaned with detergents and
subsequently rinsed with deionized water. Acetone is used to clean the organic residue
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Figure 6 | Fluorescence decay profiles for Au-containing chicken
albumen thin film with 3 different AuNPs concentrations. The
10000 ppm thin film exhibits the fastest decay profile.
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Table 1 | Fitting results from the fluorescence decay of the chicken
albumen mixed with various amount of Au NPs

Au A; (Counts) 71 (ns) A (Counts) 15 (ns)
X01 361.5 0.542 266.4 2.10
X10 380.4 0.529 271.1 2.10
X20 148.2 0.361 61.1 1.65

on the surface and subsequently blow-dried by nitrogen. The final substrate cleaning
process was an UV-ozone treatment for 25 minutes. Albumen liquid was obtained
from a chicken egg purchased at a supermarket using a stainless steel mesh spoon to
separate the egg yolk, as shown in Fig. 7(a). Au nanoparticle solution was purchased
from the company and the as-received concentration and nominal diameter are
1000 ppm and 20-50 nm, respectively. To increase the Au concentration, 1 ml of the
as-received Au nanoparticle solution was centrifuged at 11000 rpm for 10 minutes
[Fig. 7(b)]. To obtain a solution with 3-times Au nanoparticle concentration, 2/3 of
the total clean solution was removed followed by ultrasonically re-suspension of the
Au nanoparticles [Fig. 7(c)]. 3 of such Au nanoparticle solutions were mixed together
to obtain 1 ml solution [Fig. 7(d)]. This Au nanoparticle solution was ultrasonically
mixed 1 ml of the albumen liquid to obtain 2 ml of the Au-containing albumen liquid
[Fig. 7(e)]. Finally, a thin film of the Au-containing albumen liquid was spin-coated
on the cleaned substrates at 1000 rpm for 50 seconds [Fig. 7(f)]. The thin film is dried
in air for at least 30 minutes. The final AuNPs concentrations in chicken albumen
films chosen in this research are 500, 1500, 2500, 5000, 10000, 25000 ppm. The
AuNPs-only samples are control samples that are fabricated directly using AuNPs
water solution without mixing any albumen liquid or PVA solutions.

Thin-film characterizations. The Au nanoparticle distributions insider the
fabricated thin films were analyzed by a transmission electron microscope

(TEM; Hitachi H-7500). Concentrations of AuNPs embedded in the chicken
albumen thin films are estimated from the corresponding TEM images. The
concentrations in PVA thin films are not estimated since AuNPs are not distributed
uniformly inside the film. Therefore, we use the concentrations of the initial AuNPs
solution as the sample names. Optical absorption spectra were obtained using a
commercial UV-Visible-Near IR spectrophotometer (Hitachi U-4100). The
time-integrated fluorescence spectra were performed by a commercial spectrometer
(Perkin Elmer LS-55), whose excitation wavelength was 250 nm. Time-resolved
fluorescence was excited with a frequency-tripled Ti:sapphire laser (266 nm, 10 mW,
80 MHz). The fluorescence signal was analyzed by a spectrometer equipped with a
fast avalanche photodiode. The fluorescence-decay profiles were recorded and
analyzed using a commercially available time-corrected single photon counting
(TCSPC) module (Picoquant PicoHarp-300). The thickness of the thin film was
measured using a step profiler (ET4000M, Kosaka, Japan).

Electromagnetic simulations. Electromagnetic simulations were performed with the
three-dimensional finite-difference time-domain (3D-FDTD) method?”, using a

freely available software package®. The simulated structure in this research is an Au
nanoparticle (D = 20 nm) embedded in water (¢ = 1.77). The light source is a plane
wave that is polarized in the x direction. A three-dimensional Cartesian coordinate
system is used and all three dimensions of the grid cells are 1 nm. The surrounding
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Figure 7 | Schematically illustrations of the fabrication processes of the
Au nanoparticle-chicken albumen complex thin film. (a) Albumen liquid
and the egg yolk were separated and (b)—(d) the Au concentration in
solution was increased via the centrifugation, extraction of excess water,
and re-suspension. (e) The final Au solution is mixed with albumen liquid
in a 1:1 ratio. (f) The final solution was spin-coated on top of the
substrates.

boundaries in the z direction are perfectly matched layers. The x and y directions are
set as periodic boundaries, where the periodicities are both 100 nm. The plasma
frequency and damping constant of the Au are setat 1.2 X 10" Hzand 0.8 X 10" Hz,
respectively.
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