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ABSTRACT: Here we present the synthesis of the enzyme
DNase 1 stabilized gold nanoclusters (DNase 1:AuNCs) with
core size consisting of either 8 or 25 atoms. The DNase
1:AugNCs exhibit blue fluorescence whereas the DNase
1:Au,sNCs are red emitting. In addition to the intense
fluorescence emission, the synthesized DNase 1:AuNC hybrid
retains the native functionality of the protein, allowing
simultaneous detection and digestion of DNA with a detection
limit of 2 yg/mL. The DNase 1:AuNCs could be conveniently
employed as efficient and fast sensors to augment the current
time-consuming DNA contamination analysis techniques.

oble metal nanoclusters (NCs) possess discrete energy
levels and exhibit size tunable fluorescent emissions
similar to semiconductor quantum dots (QDs) (Figure 1).'>
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Figure 1. Comparison of distinct fluorescence emissions exhibited by
gold nanoclusters to the plasmonic transitions of gold nanoparticles.

Excitation

This is in contrast to metal nanoparticles (NPs), which do not
exhibit fluorescence but show plasmonic transitions involving
surface electrons. By definition, NCs are small clusters of metal
atoms ranging from fewer than ten to several hundred atoms
with a diameter of less than 2 nm.” In recent years, NCs have
attracted a great deal of attention due to their unique optical
properties, high degree of biocompatibility, and facile synthesis
routes,">* 1!

Of particular interest are NCs synthesized and stabilized by
biomolecules, specifically proteins (P-NCs) due to their highest
level of biocompatibility and environmentally friendly synthesis
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routes. Recently, several proteins, such as bovine serum
albumin (BSA),"* apo-transferrin,'® pepsin,'* lysozyme,'®
insulin,"® horseradish peroxidase,17 and others, have been
used to synthesize protein-stabilized NCs. In addition, some P-
NCs, such as human apo—transferrin,13 insulin,’® and horse-
radish peroxidase,'’” have also been shown to retain native
function, thus offering a multifunctional bio-nano hybrid system
capable of simultaneous visualization and quantification of
targeted biological process.”'>~2°

Here, we present the synthesis and sensing application of
DNase 1 stabilized gold nanoclusters (AuNCs). The nano-
clusters consist of either 8 or 25 Au atoms and exhibit intense
blue (Aug) or red (Au,s) fluorescence emission, long-term
stability, and resistance to photobleaching. Moreover, we show
that the DNase 1:AuNC hybrid retains the native functionality
of DNase 1 (Scheme 1).

B EXPERIMENTAL METHODS

Nomenclature. DNase 1:AuNCs were synthesized with a
variety of gold concentrations. To simplify the various reaction
scenarios and product species, we will refer to the samples by
the gold concentration used in the synthesis protocol. For
example, 10 mM DNase 1:AuNCs will represent the blue
emitting DNase 1:AuNCs that were synthesized with a final
concentration of 10 mM HAuCl, in the reaction conditions, 0.5
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Scheme 1. Schematic of the Formation of DNase 1:AuNCs
and the DNA Mediated Quenching of NC Fluorescence

mM DNase 1 1:AuNCs will represent the red emitting
protein—AuNC hybrid, and so on.

Synthesis of DNase 1 Stabilized AuNCs. DNase 1 from
bovine pancreas (Sigma-Aldrich) was resuspended in Milli-Q
water at a concentration of 20 mg/mL. Two milliliters of
HAuCl,(aq) (20, 10, S, or 1 mM) was added to 2 mL of
protein solution under vigorous stirring at 37 °C (Table 1).

Table 1. Representation of the Different AuNC Synthesis
Conditions Examined in This Study

stock [protein] stock [Au] final [Au] 1 M NaOH

trial# (mg/mL) (mM) (mM) added (uL)
1 20 20 10 400
2 20 10 S 200
3 20 S 2.5 200
4 20 1 0.5 200

After S min, 200 L of NaOH (1 M) was added to raise the pH
to ~12 for the 1, 5, and 10 mM HAuCl, samples whereas 400
uL of NaOH (1M) was required to obtain a pH of 12 for the
20 mM HAuCl, sample due to the increase concentration of
gold ions. The increase in pH activates the reductive activity of
the tyrosine residues within the protein. The various protein/
gold 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.

Ultraviolet—Visible (UV—Vis) Spectroscopy. Optical
absorption and emission spectra of the synthesized DNase
1:Au NCs were measured with a Nanodrop 2000c UV—visible
spectrometer over a wavelength range of 200 to 800 nm.

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 two
different maximum emission wavelengths, namely 460 and
640 nm.

X-Ray Photoelectron Spectroscopy (XPS) Analysis.
Near-surface compositional depth profiling of the as-deposited
coatings was performed using the Kratos Axis Ultra X-ray
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photoelectron spectroscopy system, equipped with a hemi-
spherical analyzer. A 100 W monochromatic Al Ka (1486.7 eV)
beam irradiated a 1 mm X 0.5 mm sampling area with a takeoff
angle of 90°. The base pressure in the XPS chamber was held
between 10~° and 107" Torr. Elemental high resolution scans
for Auy core level were taken in the constant analyzer energy
mode with 160 eV pass energy. The sp® C,, peak was used as
reference for binding energy calibration.

Transmission Electron Microscopy. Morphological stud-
ies and elemental characterization of the materials were
performed using a field emission transmission electron
microscopy (TEM) instrument (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 prepared for analysis through the following steps:
(i) bulk material was ground up using a mortar and pestle, (ii)
particles were dispersed in deionized water and bath sonicated
for 1S min, (jii) the solution was 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 (iv) samples were allowed to dry in air at room
temperature for 2 h.

DNase 1 Activity Assay. All DNase 1 activity assays were
completed in triplicate. A 1 kb double-stranded DNA (dsDNA)
ladder with sizes ranging from 10 to 0.5 kb (New England
Biolabs) was used as a substrate for cleavage by the enzyme
endodeoxyribonuclease, DNase 1. Enzyme activity assays for
both native DNase 1 and DNase 1:AuNCs were carried out in a
final volume of 20 uL of buffer (100 mM sodium acetate, 6.25
mM magnesium sulfate pH 5.0), containing 2 ug of dsDNA.
The reaction was incubated at room temperature for 20 min
followed by the addition of 2 units of the control enzyme and 4
units of the various DNase 1:AuNC synthesis reactions. This
reaction was further incubated for 30 min at 37 °C. After
incubation, the reaction was heated at 99 °C for 1 min to
deactivate the enzyme. The level of DNA degradation was
analyzed by 2% agarose gel electrophoresis.

To determine the effect of DNA digestion on DNase
1:AuNC fluorescence, NC fluorescence was monitored during
DNA addition. In a typical experiment, 300 mL of 20 mg/mL
DNase 1:AuNCs in water was added to a 0.5 cm PL Spectrosil
far-UV quartz window fluorescence cuvette (Starna Cells). The
fluorescence spectrum of the NCs alone was obtained with an
excitation wavelength of 390 nm (10, S, and 0.5 mM Au(III))
or 490 nm (2.5 mM Au(III)). DNA from calf thymus (Sigma-
Aldrich) was titrated and the change in fluorescence measured.
The decrease in fluorescence at the max emission wavelength
was plotted and fitted with a linear regression line.

B RESULTS AND DISCUSSION

Traditional chemical reduction and polymer etching techniques
for gold nanocluster 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(Ill) in solution
to the final oxidation states of Au(I) and Au(0) that comprise
the nanocluster. Ying and co-workers'* 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, which
contain a phenolic group and residues with a pK, value of
10.07, has the ability to reduce gold in an alkaline environ-
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Figure 2. Fluorescence emission of DNase 1:AuNCs. (A) UV—visible spectra and (B) emission spectra for the different DNase AuNCs. (C) Visible
(top) and UV (bottom) illumination of DNase AuNCs (From left to right: 10, S, 2.5, 0.5, and 0 mM Au(IIl) added).
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Figure 3. Physical characterization of DNase 1:AuNCs. (A) TEM images of DNase 1:AugNCs (top) and DNase 1:Au,sNCs (bottom). (B) XPS data
for DNase 1:Au,sNCs. Au 4f spectra were fitted and confirm the presence of two distinct doublet Au 4f7/2 peaks at 84 eV and the other at 85.2 eV,

corresponding to Au(0) and Au(l), respectively.

ment.”*> Therefore, raising the pH to ~12 during synthesis
ionizes the phenol and activates the reducing capability of these
residues. As DNase 1 has 15 tyrosine residues, it is expected to
serve as a good stabilizing agent for nanocluster synthesis.
DNase 1 from bovine pancreas was used as the template for
nanocluster synthesis in this study. Gold nanocluster
encapsulation by DNase 1 was completed after 12 h of
incubation at 37 °C. The size of the resultant nanocluster was
dependent upon the initial Au(III) concentration used in the
synthesis reaction.

Gold(lll) Concentration-Dependent 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) from 10
to 0.5 mM final concentration. After a subsequent raise 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, §, 2.5, and 0.5 mM HAuCl, reactions,
respectively (Figure 2b,c). The reaction products that emit
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strong blue and red fluorescence are thought to be
homogeneous solutions of DNase 1 stabilized Aug/s and Auyg
nanoclusters. As gray and pink are not true fluorescent colors,
we hypothesized that the gray and pink emitting samples are
some form of reaction intermediate resulting from nonideal
reaction conditions (data not published) and chose to not
continue study with these two reaction products and focus on
the homogeneous blue and red emitting samples.
Photophysics of DNase 1 Stabilized AuNC. The UV—
visible and fluorescence emission spectra of the blue and red
emitting clusters are shown in Figure 2. As seen from the figure,
the blue emitting clusters synthesized with 10 mM Au(III)
exhibit the maximum emission wavelength at 460 nm and the
maximum excitation wavelength at 395 nm when monitoring
the 460 nm peak fluorescence. Both the excitation and emission
spectra were clearly pure and contain no other peaks (see the
Supporting Information, Figure S-1). According to the study
presented by Kawasaki et al.'* involving the pH-dependent
synthesis of blue, green, and red emitting AuNCs, a peak

dx.doi.org/10.1021/ac5005794 | Anal. Chem. 2014, 86, 73777382
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emission wavelength of 460 nm is consistent with gold clusters
composed of eight atoms. The emission maximum at 460 nm is
also consistent with data for Lysozyme-stabilized Aug clusters
reported by Chen and Tseng.>

The Red emitting clusters synthesized with 2.5 mM Au(III)
exhibit peak fluorescence at 640 nm with a maximum excitation
wavelength of 460 nm. Similar to the blue emitting clusters, the
emission spectrum of the red fluorescent clusters possesses high
purity with a small contaminating peak at 460 nm. The
emission wavelength of our DNase 1:AuNCs compares well
with previously reported Au,sNCs stabilized with BSA (lem =
640 nm),"” Lysozyme (lem = 657 nm),"> horseradish
peroxidase (dem = 650 nm),"”” and pepsin (lem = 640
nm)."* The photostability of AuNCs is limited by the inherent
stability of the stabilizing protein. As DNase 1 is a soluble,
nonmembrane associated enzyme, its stability is quite high,
remaining stable at room temperature for 48 h and at 4 °C for
more than 2 months. As expected, the stability of all of the
DNase 1:AuNC synthesis products is very high and reflects the
stability of the stabilizing enzyme. The samples retained the
same emission spectra for more than 2 months at 4 °C and for
48 h at ambient temperature (data not shown).

Physical Properties of DNase 1 Stabilized AuNCs. The
red and blue emitting DNase 1:AuNCs were characterized by
both high-resolution tunneling electron microscopy (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 homogeneous population of subnanometer to 1 nm
clusters (Figure 3A, top). These results are in agreement with
previously published data for the lysozyme and pepsin
stabilized Aug clusters."#** Comparison of the HR-TEM data
for the red emitting DNase 1:AuNCs (Figure 3A, bottom) to
other known protein stabilized Au,NCs 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 composed of 8 and 25 atoms,
respectively. 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 Auzs).M’23 For example, lysozyme
Aug clusters are completely composed of elemental gold
(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 Figure 3B, the
DNase 1:Au,sNC XPS spectra of Au 4f spectra were fitted and
confirm the presence of two distinct doublet Au 4{7/2 peaks at
84 eV and the other at 85.2 eV, corresponding to Au(0) and
Au(l), respectively, and show a higher percentage of Au(I) than
elemental metal, as expected. However, we were unable to
successfully acquire XPS spectra of the DNase 1:AugNCs. It is
possible that the XPS instrument we were using was unable to
resolve the small clusters or that the sample degraded upon X-
ray exposure.

Enzymatic Activity of DNase 1:AuNC Hybrids. One of
the most attractive aspects of using biomolecules to synthesize
and stabilize fluorescent nanoclusters is their applications in
biospecific processes. This requires preserving of the native
functionality of the biomolecules. In the past, several of the
proteins that have been demonstrated to synthesize gold
nanoclusters have also been shown to retain native activity after
the synthesis process. For example, the iron transport and
storage protein transferrin retains iron binding and transport
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capability following Au,s nanocluster synthesis."> In addition,
the enzyme horseradish peroxidase has also been demonstrated
to retain the ability to oxidize various substrates after Au,NC
synthesis and thus has been used as a hydrogen peroxide
sensor. The enzyme DNase 1 is an endodeoxyribonuclease that
is responsible for the degradation (cleavage) of double-stranded
DNA (dsDNA) to a smallest unit of four base pair segments.
To examine the endodeoxyribonuclease activity of the 8 and 25
atom DNase 1:AuNCs synthesized in the present study, the
clusters were incubated with a standard 1 kb dsDNA ladder and
the reaction products were analyzed on an agarose gel (Figure
4). As a control, the dsDNA was also incubated with the pure

Figure 4. DNase 1 activity assay. Lane 1: blank reaction with dsDNA
marker alone. Lane 2: control reaction with stock DNase 1. Lanes 3
and 4: test reaction with the DNase 1 stabilized Aug and Au, clusters.
All of the DNase 1:AuNC synthesis products are able to degrade
dsDNA.

enzyme (DNase 1). Figure 4 shows the results of the agarose
gel electrophoresis, where lane 1 is for dsDNA alone and lane 2
shows the column for ds DNA and pure enzyme, DNase 1.
Lanes 3 and 4, respectively, show the columns for dsDNA
+DNase 1:Aug and dsDNA+DNase 1:Au,;. As is clear from the
gel-electrophoresis columns, both of the DNase 1 stabilized
gold nanoclusters were able to degrade the dsDNA template
(Figure 4, lanes 3 and 4). Although, neither of the DNase
1:AuNCs are able to degrade dsDNA to the degree of the
control (pristine) enzyme shown in lane 2, which can be seen
from the bright smearing in lanes 3 and 4, due to larger dsSDNA
fragments observed on the gel, and no such smearing for the
enzyme alone. there is significant degradation of dsDNA as very
little of the bands from the intact ladder are visible. One can
clearly see such bands of the intact dsDNA in unreacted sample
(lane 1).

It is also interesting to note that each of the DNase 1:AuNC
complex, regardless of the size of the Au clusters (Aug or Au,s)
sppears to degrade dsDNA to the same degree. This is
somewhat surprising, since one can expect that the smaller
cluster (Aug), with less propensity to induce structural changes
in the stabilizing enzyme would allow a higher degree of
enzymatic activity than the larger (Au,;s) clusters. However, our

dx.doi.org/10.1021/ac5005794 | Anal. Chem. 2014, 86, 7377—7382
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Figure S. Left panel: fluorescent responses of DNase 1:AugNCs (top) and DNase:Au,sNCs (bottom) after the addition of DNA (2—260 ug/mL).
Right panel: plot of the fluorescence decrease at 460 or 640 nm for the Aug and Au,; clusters, respectively.

results clearly demonstrate that, at least between the Aug and
Au,; clusters there is no real difference in the enzymatic activity
of the stabilizing protein. To date, all of the studies on the
native activity of the AuNC stabilizing proteins have been
focused on cluster sizes of 25 atoms. To the best of our
knowledge, the present study is the first to demonstrate
retained native enzymatic activity of the stabilizing enzyme
following the synthesis of AugNCs and practically no effect of
the size (Aug vs Auys) of the metal NCs on the enzymatic
activity of DNase 1.

We next sought to examine the effect of the biocatalytic
activity of the enzyme on the fluorescence characteristics of the
synthesized NCs and to determine if the detectable limit varied
between the different synthesis products. For practical
detection of dsDNA, the digestion of dsDNA by DNase
1:AuNCs must produce a quantifiable change in fluorescence.
Such a change in fluorescence following substrate addition has
previously been demonstrated with horseradish peroxidase
stabilized AuNCs, wherein a linear decrease in NC fluorescence
was observed upon titration of the substrate, hydrogen
peroxide.'” As the Aug clusters are smaller in size and therefore
stabilized by fewer ligands, one could expect that changes in the
protein environment and subsequent changes in ligand to
cluster interactions could more greatly affect nanocluster
fluorescence. Thus, one would expect the DNase 1:AugNC
system to exhibit greater sensitivity in the detection assays.
Surprisingly, we were unable to observe a difference in the
detection limit between the DNase 1 stabilized Aug clusters and
the Au,g clusters, both clusters show a marked decrease in
fluorescence upon the addition of 2 ng/uL of DNA (Figure S).
The subsequent addition of DNA results in further quenching
of NC fluorescence in a linear fashion. Interestingly, the DNase
1:AuNC synthesis products resulting in mixed clusters (S and
0.5 mM Au(Ill)) also demonstrate fluorescence quenching
upon the addition of 1 g of DNA. As DNA can also serve as a
biomolecular host for AuNC synthesis, a control experiment
was conducted wherein 300 ng/uL (150 pg total) of DNA was
added to a solution of BSA:Au,;NCs and no fluorescence
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quenching was observed for the BSA:Au,sNCs upon the
addition of DNA (see the Supporting Information, Figure S-3).
Clearly, the DNA mediated quenching of DNase 1:AuNC
fluorescence was indeed caused by the substrate/enzyme
interaction between DNA and DNase 1.

DNA contamination has long been recognized as a major
problem in quantitative reverse transcriptase polymerase chain
reaction (QRT-PCT) based studies, where pure solutions of
template RNA are required.”*”>’ Nevertheless, current
techniques for the isolation of RNA from cells, both prokaryotic
and eukaryotic, have been shown to contain a significant
amount of DNA contamination with concentrations ranging
anywhere from 1 to 10 ug/mL.>**® Often, these techniques
require several steps of postisolation purification and analysis to
ensure the complete removal of contaminating DNA. For
example, a common technique involves running the isolated
RNA on a 2% agarose gel to identify any contaminating DNA
followed by the incubation of RNA with DNasel to digest the
former.”® The enzyme (DNase 1) is then heat inactivated at 65
°C in the presence of the chelating agent EDTA, which serves
to prevent RNA hydrolysis at the higher temperature.”® Each
additional step requires valuable time and also leads to loss of
some of the RNA product. These additional steps also
introduce the possibility of degradaing the notoriously unstable
RNA. Employing DNase 1:AuNC hybrid systems synthesized
in the present study would allow simultaneous detection and
digestion of contaminating DNA, thus potentially reducing the
time and cost and enhancing the yield of RNA isolation.

B SUMMARY

In summary, we have been able to create a multifunctional bio-
nano hybrid system. Utilizing the reducing properties of
proteins as well as active stabilizers for metal nanoclusters, we
were able to synthesize blue (Aug) and red (Au,s) emitting
DNase 1:AuNCs in addition to DNase 1 stabilized AuNCs
containing mixed populations of both Aug and Au,; clusters in a
concentration-dependent fashion. All of the DNase 1:AuNC
synthesis products retain the endodeoxyribonuclease activity of

dx.doi.org/10.1021/ac5005794 | Anal. Chem. 2014, 86, 7377—7382
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the native enzyme and are able to detect a lower limit of 2 ug/
mL of DNA. This limit of detection (LOD) is relevant to real
world applications in RNA analysis because the DNA
contamination in such samples can be up to 10 ug/mL,
which is 5-fold higher than our LOD. The synthesized DNase
1:NCs could be potentially used for simultaneous detection and
digestion of contaminating DNA in the RNA isolation process.

B ASSOCIATED CONTENT

© Supporting Information

Additional experimental details and control experiments. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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