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1. Introduction

The labeling of biological molecules like protein or DNA has been a large thrust in various
clinical applications including targeted drug delivery, cancer imaging, radiotherapy, and
cardiovascular disease. Commercially available fluorophores are limited by several inherent
deficiencies such as photobleaching, biotoxicity, native function perturbation of the labeled
biomolecule, and toxic synthesis protocols. For example, organic dyes such as fluorescein
isothiocyanate (FITC) green and diamidino-2-phenylindole (DAPI) blue are easily
photobleached with FITC, exhibiting 20% fluorescence after just 2 min while DAPI fluorescence
is minimal after 5 min."? Fluorescent proteins such as green fluorescent protein and yellow
fluorescent protein are nicely biocompatible. However, the large size of the tag often disrupts the
native function of the labeled protein including protein-protein interactions and cellular
‘[ransport.3

Semiconductor quantum dots (QDs) are very attractive labels for biological processes, as they
have several advantageous qualities including photostability, high quantum yield, small size, and
a narrow emission profile. QDs are composed of a single crystal of a semiconductor material
such as cadmium selenide (CdSe) and are roughly a few nanometers in diameter.” The diameter
of the QD crystal can be explicitly controlled with temperature and duration variations in the
synthesis protocol.4 As QDs are a few nanometers in diameter, they are smaller than the Bohr
exciton radius, thus energy levels within the crystal are quantized and directly proportional to the
size of the crystal. Ultimately, QDs exhibit unique, size-dependant absorbance and emission
profiles that allow for greater diversity in biological labeling applications.* However, QDs have
several important drawbacks such as photoblinking due to imperfections on the crystal surface.’
In addition, as materials like CdSe are inherently toxic, large capping molecules must be added
to the QD exterior to ensure biocompatibility. Furthermore, this process leads to an increase of
the QD diameter to 10—14 nm, which is quite large relative to the size of proteins leading to the
disruption of normal protein function.’

Noble metal nanoclusters (NCs) are also very attractive within the fields of biosensing,
biodetection, and biomedicine, as they offer the necessary functionalities of traditional
semiconductor QDs, including tunable emission, ease of conjugation, extended photostability,
and high quantum yield.”® In addition, NCs also surpass traditional quantum dots in several
notable areas such as 1) being composed of nontoxic/biocompatible materials, 2) green synthesis
routes, 3) function with a fraction of the metal content, 4) considerably reduced size for
enhanced cellular uptake, and 5) exhibit demonstrated renal evacuation efficacy. These added
unique properties make noble metal NC research an area of great interest with numerous
applications in a variety of research fields, from biologics to optics and photovoltaics.* '’ NCs
are small clusters of metal atoms ranging from fewer than 10 to several hundred atoms with a



diameter of less than 2 nm.® NCs exhibit quantized energy fluorescence similar to QDs due to the
small diameter as opposed to the plasmonic transitions exhibited by noble metal nanoparticles
(Fig. 1)."%" For instance, gold nanoclusters (AuNCs) experience a blue shift in the emission
wavelength as they decrease in size; i.e., NCs composed of 5, 13, and 25 Au atoms exhibit blue,
green, and red fluorescence, respectively.”” NCs can be generated in a variety of ways ranging
from purely synthetic to fully biostabilized and several methods that fall between.” 6181921725
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Fig. 1 Comparison of distinct fluorescence emissions exhibited by
AuNC:s to the plasmonic transitions of AuNCs

Protein-mediated synthesis of noble metal NCs is particularly interesting because these NCs
exhibit the highest level of biocompatibility, as they are synthesized by biological molecules.
Furthermore, protein-stabilized NCs can be used for a wide range of sensing applications either
by harnessing the inherent native function of the protein or by exploiting the effect of the
scaffold protein’s environment on NC fluorescence.®'**® Protein-stabilized NC synthesis has
been demonstrated with several proteins including BSA, apo-transferrin, pepsin, lysozyme,
insulin, CRABP, horseradish peroxidase, and others.”?**"2 In addition, a few proteins such as
human apo-transferrin, insulin, and horseradish peroxidase have been shown to retain native
function after AuNC encapsulation and have subsequently been used as biosensors.?***** Here
we present a new approach for biomolecule mediated synthesis of AuNCs. We have for the first
time used DNase 1 to synthesize AuNCs of multiple energy levels. The NCs show intense blue
and fluorescence, exhibit long-term stability, and are resistant to photobleaching.



2. Materials and Methods

All materials for this study were purchased from Sigma Aldrich.

2.1 Synthesis of DNase 1-Stabilized AuNCs

DNase 1 from bovine pancreas was resuspended in Milli Q water at a concentration of

20 mg/mL. Added to 2 mL of protein solution was 2 mL of aqueous solution of HAuCly (20, 10,
5, or 1 mM) under vigorous stirring at 37 °C (see Table). After 5 min, 200 uL of NaOH (1 M)
was added to raise the pH to approximately 12 for the 1, 5, and 10-mM HAuCl, samples while
400 pL of NaOH (1M) was required to obtain a pH of 12 for the 20-mM HAuCl, sample due to the
increase concentration of Au ions. The increase in pH activates the reductive activity of the
tyrosine residues within the protein. The various protein/Au mixtures were then left to react for

12 h. The solution changed in color from light yellow to various shades of deeper yellow-gold over
the course of the reaction. A parallel experiment was set up with 20-mg/mL protein alone as a
control. This solution was initially clear and remained so throughout the course of the incubation.

Table Representation of the different reaction conditions examined in this study

Trial Stock (Protein) Stock (Au) Final (Au) 1-1:;[ dljlzt(l)H
No. (mg/mL) (mM) (mM) (uL)
1 20 20 10 400
2 20 10 5.0 200
3 20 5 2.5 200
4 20 1 0.5 200

2.2 Ultraviolet-Visible Spectroscopy

Ultraviolet (UV)-Visible measurements were taken with a Nanodrop 2000c over a wavelength
range of 200—800 nm.

2.3 Fluorescence Spectroscopy

The fluorescence emission spectra were collected with a Horiba Jobin Yvon FluoroLog-3
spectrofluorometer with maximum excitation wavelengths of 365, 395, 450, and 488 nm. The
emission spectrum was measured from 400 to 700 nm. The fluorescence excitation spectra were
obtained through the measurement of 2 different maximum emission wavelengths, 460 and

630 nm.

2.4 X-ray Photoelectron Spectroscopy Analysis

Near-surface compositional depth profiling of the as-deposited coatings was performed using the
Kratos Axis Ultra X-ray photoelectron spectroscopy (XPS) system, equipped with a
hemispherical analyzer. A 100-W monochromatic Al Ka (1486.7-eV) beam irradiated a



I- x 0.5-mm sampling area with a take-off angle of 90°. The base pressure in the XPS chamber
was held between 10 and 10 '° Torr. Elemental high-resolution scans for Auur core level were
taken in the constant analyzer energy mode with 160-¢V pass energy. The sp® C;, peak was used
as reference for binding energy calibration.

2.5 Transmission Electron Microscopy

Morphological studies and elemental characterization of the materials were performed using a
field emission transmission electron microscope (TEM) (JEOL JEM-2100F TEM/STEM)
operated at 200 kV. The TEM system was equipped with an energy dispersive spectroscopy
system (INCA 250, Oxford Instruments) and imaging filter (Gatan). Microscopy samples were
prepped for analysis through the following steps: 1) bulk material ground up using a mortar and
pestle, 2) particles dispersed in deionized water and bath sonicated for 15 min, 3) solution
pipetted onto TEM grids (ultrathin carbon film on holey carbon support film, 300 mesh, Ted
Pella, Inc.), followed by removal of excess solution using a filter paper, and 4) samples allowed
to dry in air at room temperature for over 2 hr.

3. Results and Discussion

Traditional chemical reduction and polymer etching techniques for AuNC synthesis require the
addition of harsh and environmetally unfriendly reducing agents such as soduim borohydride and
tetrabutylammonium borohydride. These agents are necessary to reduce the Au (III) in solution
to the final oxidation states of Au (I) and Au (0) that comprise the NC. Ying and coworkers were
the first to use the theory of biomineralization to create a biostabilized AuNC using the amino
acids within BSA as the exclusive reducing agent during NC synthesis.”” The amino acid
tyrosine has the ability to reduce Au in an alkaline environment as tyrosine residues have a pKa
value of 10.07 and contain a phenolic group.’* Therefore, raising the pH to approximately 12
during synthesis ionizes the phenol and activates the reducing capability of these residues. As
DNase 1 has 15 tyrosine residues, we hypothesized that the protein may be able to serve as a
molecular scaffold for NC synthesis. DNase 1 from bovine pancreas was used as the template for
NC synthesis in this study. AuNC encapsulation by DNase 1 was completed after 12 h of
incubation at 37 °C. The size of the resultant NC depended upon the initial Au (III) concentration
used in the synthesis reaction. The use of a final concentration of 10-mM Au (III) chloride salt
produced NCs comprised of 5—8 atoms while the use of 2.5-mM Au (III) chloride produced NCs
containing 25 atoms. Multiple characterization techniques were employed to determine the size
and properties of the AuNC encapsulated within the protein.



3.1 Gold (III)-Concentration-Dependant Synthesis of DNase 1-Stabilized AuNCs

DNase 1-stabilized AuNCs with varied peak emission wavelengths were synthesized by
incubating 20-mg/mL enzyme with a range of Au (III) chloride salt from 10- to 0.5-mM final
concentration. Following a subsequent increase in pH and 12-h incubation time, DNase 1-
stabilized AuNCs with blue, gray, red, and pink fluorescence could be observed with UV
illumination from the 10-, 5-, 2.5-, and 0.5-mM HAuCl, reactions, respectively (Fig. 2). The
reaction products that emit strong blue and red fluorescence are thought to be homogenous
solutions of DNase 1-stabilized Aus;g and Auys NCs. As gray and pink are not true fluorescent
colors, we hypothesized that the gray- and pink-emitting samples contain mixtures of AuNC
sizes; the gray-emitting (5-mM) reaction containing more Ausg clusters while the pink-emitting
(0.5-mM) contains more Au,s clusters.

Fig. 2 Fluorescence emission of DNase 1 AuNCs. Visible
(top) and UV (bottom) illumination of DNase
AuNCs (left to right: 10-, 5-, 2.5-, 0.5-, and 0-mM
Au [1IT] added).

3.2 Photophysics of DNase 1-Stabilized AuNC

To fully characterize and understand the multiple forms of DNase 1-stabilized AuNCs, it was
necessary to determine the photophysics of the nano-bio hybrids. Complete emission and
excitation spectrums were collected for the 4 reactions and are highlighted in Figs. 3—6. The
blue-emitting clusters synthesized with 10-mM Au(IIl) exhibited a maximum emission
wavelength of 460 nm and a maximum excitation wavelength of 395 nm when monitoring the
460-nm peak fluorescence. Both the excitation and emission spectrums were decidedly pure and
had no other peaks. According to the study presented by Kawasaki et al. involving the pH
dependant synthesis of blue-, green-, and red-emitting AuNCs, a peak emission wavelength of
460 nm is consistent with Au clusters comprised by 5 or 8 atoms.”” In addition, a peak emission
wavelength of 460 nm is also consistent with data for lysozyme Aug clusters studied by Chen and
Tseng.3 i
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Fig. 3 Excitation (green) and emission (blue) spectra of
DNase 1 AuNCs synthesized with 10-mM HAuCl,
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Excitation (blue) and emission (red) of BSA Au,sNCs.



0.8 A

Norm. Fluorescence

0 I I I 1
300 400 500 600 700
Wavelength (nm)

Fig. 5 Normalized fluorescence excitation and emission
spectrum of DNase 1 AuNCs synthesized with 5-mM
HAuC14

O
co
1

O
)]
1

Norm. Fluorescence
o O
P iy
1 [

o

1 1 1 1

300 400 500 600 700
Wavelength (nm)
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The red-emitting clusters synthesized with 2.5-mM Au exhibited peak fluorescence at 637 nm.
Like the blue-emitting clusters, the emission spectrum of the red fluorescent clusters is of high
purity with only a small contaminating peak at 460 nm. Compared with other published protein-
stabilized Au,s clusters, the maximum emission wavelength for the red-emitting DNase 1
AuNC:s is highly similar to the other published values, such as BSA (640 nm), lysozyme

(657 nm), horseradish peroxidase (650 nm), and pepsin (640 nm). In publications where the full
emission spectrum is included (lysozyme and horseradish peroxidase), a weak 460-nm signal can
also be observed. Interestingly, DNase 1 Au,sNCs show dual excitation peaks at 395 and 460 nm
(Aem 637 nm). Further study is necessary to fully understand the presence of the split excitation
peak, but the duality could be attributed to the minor emission peak located at 460 nm. A
comparison of the excitation spectra for other protein-stabilized Au25NCs is necessary to fully
understand if this is a consistent phenomenon or unique to the DNase 1-stabilized Au,sNCs;
however, no published excitation spectra could be located for the known Auys clusters.
Therefore, to determine if the observed excitation peak duality was unique to DNase 1, we
prepared red-emitting BSA Au,sNCs (A 637 nm). The BSA AuysNC excitation spectrum lacks
2 completely distinct peaks but rather has a main peak at 495 nm and a shoulder present at

410 nm. Added comparison of the emission spectra (Aex 395 nm) shows a much lower intensity
460-nm peak for the BSA Au,sNCs than the DNase 1 Au25NCs, lending extra support to the
higher energy/shorter wavelength excitation peak being attributed to the 460-nm emission peak.

As predicted by visual inspection, the 5- and 0.5-mM Au (III) synthesis reactions appear to be
nonoptimized conditions for NC synthesis. Fluorescence data for the 5-mM sample shows a very
low signal strength that is visible only when the data are normalized (Fig. 5 versus Fig. 7). The
emission curve does not have a true peak and thus does not indicate the presence of NCs.
However, the “pink™ fluorescent clusters do show a fluorescent signature and appear to consist of
a low quantity of Au,sNCs (Fig. 6).
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Fig. 7 Fluorescence emission spectra of the various
DNase 1 AuNC synthesis products

3.3 TEM Analysis of DNase 1-Stablized AuNCs

The various DNase 1 AuNCs were characterized by both high-resolution (HR)-TEM and XPS to
determine the size and oxidation states of the clusters. The HR-TEM data for the blue-emitting
clusters showed a homogenous population of 1-nm and smaller clusters (Fig. 8, top left). These
results are in agreement with previously published data for the lysozyme- and pepsin-stabilized
Au8 clusters.”*”> Comparing the HR-TEM data for the red-emitting DNase 1 AuNCs (Fig. 8,
bottom left) to other known protein-stabilized Au,sNCs such as BSA,*’ pepsin,® lysozyme,*® and
apo-transferrin® showed very high similarity. These data lend further support to the blue- and
red-emitting DNase AuNCs being comprised of 8 and 25 atoms, respectively. To determine if the
5- and 0.5-mM products actually contained NCs, HR-TEM was conducted. As shown in Fig. 8,
the 5-mM sample did not contain any NCs, but a few large (10- to 20-nm) particles were found.
The 0.5-mM sample did contain a few NCs around 2 nm in size. This finding is in agreement
with the weak red fluorescence observed in the emission spectrum.
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Fig. 8 HR-TEM images of the various DNase 1 AuNC synthesis products

3.4 XPS Analysis of DNase 1-Stabilized AuNCs

Following HR-TEM analysis, XPS was conducted to determine the ratio of Au (I) ions the form
the shell of the clusters and Au (0) that forms the core of the cluster. The ratio of Au (I) to Au (0)
should decrease as the cluster core size increases (i.e., from Aug to Au25).20’3 > For example,
lysozyme Aug clusters are completely comprised of elemental Au [Au (0)] with no Au (I) present
on the surface.® As such, the DNase 1 Au,sNCs should have a higher percentage of oxidized
metal than the DNase 1 AugNCs. As shown in Fig. 9, the DNase 1 Au,sNC XPS spectra of Auge
spectra were fitted and confirm the presence of 2 distinct doublet Auss7/2 peaks at 84 and

85.2 eV, corresponding to Au (0) and Au (I), respectively, and show a higher percentage of

Au (I) than elemental metal as expected. However, we were unable to successfully acquire XPS
spectra of any of the remaining DNase 1 AuNC synthesis products. It is possible that the XPS
instrument was unable to resolve the small clusters or that the sample degraded upon X-ray
exposure.

11
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Fig. 9 XPS spectra of DNase 1 Au,sNC Auys spectra

4. Summary and Conclusions

In conclusion, we have been able to demonstrate the success of using DNase 1 to synthesize
AuNC:s of varied energy levels. We were able to synthesize both blue-emitting AugNCs and
red-emitting Au,sNCs in addition to synthesizing DNase 1-stabilized AuNCs containing mixed
populations of both Aug and Auys clusters in a concentration-dependant fashion. However,
further study is required to fully understand the mechanism of metal ion reduction and

stabilization in protein-mediated NC synthesis.
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List of Symbols, Abbreviations, and Acronyms

Au gold
AuNC gold nanocluster

HR-TEM  high-resolution tunneling electron microscopy

NC nanocluster

QD quantum dot

SEM scanning electron microscopic
uv ultraviolet

XPS X-ray photoelectron spectroscopy
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