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Abstract

Lifetime Image

In this article, luminescent properties of gold nanoclusters (AuNCs) were studied at the single
nanoparticle level and also used as novel imaging agents in cell media. Two types of water-soluble
AUNCSs which were stabilized with a monolayer composed of either mercaptosuccinic acid (MSA)
or tiopronin thiolate ligands were synthesized by a chemical reduction reaction. These AuNCs
were determined to have an average core diameter of less than 2 nm. On a time-resolved confocal
microscope, the emission signals from the single AuNCs were distinctly recordable. The quantum
yields of these AuNCs were measured to be ca. 5%. The lifetime of these AuNCs is also much
longer than the lifetime of cellular autofluorescence in lifetime cell imaging as well as the lifetime
of organic dye Alexa Fluor 488. After being derivatized with polyethylene glycol (PEG) moieties,
the AuNCs were uploaded efficiently in the HelLa cells. Fluorescence intensity and lifetime cell
images were recorded on the time-resolved confocal microscope in which the emission from the
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AUNCs was readily differentiated from the cellular autofluorescence background because of their
relatively stronger emission intensities and longer lifetimes. These loaded nanoclusters in the cells
were observed to widely distribute throughout the cells and especially densely loaded near the cell
nucleuses. The AuNCs in the cells were also tested to have a better photostability relative to the
organic fluorophores under the same conditions. We thus conclude that the AUNCs have a great
potential as novel nanoparticle imaging agents, especially as lifetime imaging agents, in
fluorescence imaging applications. We also prospect much broader applications of these AUNCs
after further improvements of their luminescence quantum yields.

INTRODUCTION

With the advance of confocal microscopy techniques, fluorescence imaging has been widely
adopted in tissue and cell studies in the past decades.12 This category of techniques is now a
proven powerful tool in early detection and diagnosis, guiding the treatment of diseases as
well as mechanism studies in biology, immunology, and neuroscience, etc.3-> Among all
those techniques, fluorescence lifetime imaging microscopy (FLIM) is particularly
attractive®8 because the use of the lifetime cell imaging method can dramatically reduce the
interferences from the power of excitation light source and cellular backgrounds within the
cell or tissue environments in the detection of cellular processes.%10

In the classic emission intensity-resolved and the newly developed lifetime-resolved
fluorescence imaging measurements, the molecular imaging agents are typically needed to
emit the signals that distinguish the information-of-interest from the cellular
autofluorescence backgrounds in the cell images. Because the desired information strongly
relies on the functions of the imaging agents, the development of new imaging agents that
may display improved optical and chemical properties has attracted extensive research
interest.11:12 So far, most imaging agents are composed of conventional organic
fluorophores, which can be covalently or noncovalently bound with biomarker molecules
against the receptors of interest in the cells or tissues.® However, the organic fluorophores
have significant drawbacks in the fluorescence lifetime cell imaging. First, the emission
signals from most organic fluorophores overlap at least in part with cellular backgrounds.
Second, the application of organic fluorophores is also compromised by their relatively low
chemical and photo stability. Third, the relatively small Stokes shift between the excitation
and emission complicates the imaging measurements. Finally, most organic fluorophores
have their lifetimes in a range of 2-5 ns, close to the lifetime of cellular
autofluorescence, 1314 and as a result, the emission signals from them cannot be well
resolved from the cellular backgrounds in lifetime cell imaging. Therefore, there is a basic
need to develop new imaging agents for the emission intensity and lifetime imaging
applications.”-8

With the developments of nanoscience and nanotechnology, luminescent nanoparticle
probes become accessible as novel imaging agents.1>16 Semiconductor quantum dots
(Qdots) are especially attractivel’~19 because of their superior optical properties such as
strong emission and excellent photostability.2921 However, Qdots have their drawbacks that
are difficult to circumvent in the imaging applications. First, Qdots are composed of
semiconductor materials, so the main emission originates from the band gap transitions. As a
result, the emission energy or wavelength is strongly size-dependent.22 It means that, in
general, smaller sized Qdots emit the signals mostly in the visible region which is often
strongly interfered with by the cellular autofluorescence in cell imaging, whereas Qdots that
can emit in the near-infrared region, the spectrum window with less background
interference, generally have relatively larger sizes.23 A large dimension will impose stronger
perturbations to the targets in the cells.1%-20 Second, Qdots often contain toxic core elements
that are less favorable in the biomedical applications.2* Third, Qdots have good
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photostability but also display strong photoblinking that severely influences the observations
of the emission signals in cell imaging.2> While significant improvements have been
achieved, it remains a challenge to circumvent these fundamental limits.

We are interested in luminescent noble metal nanoclusters and consider using them as
potential substitutes of Qdots in the applications in which those Qdot limitations are
significant concerns. Typically, the metal nanoclusters are fabricated to consist of gold or
silver cores protected with the assembled monolayers of organic ligand compounds.26-28
The metal cores have diameters of less than a few nanometers, rendering the overall
nanocluster dimension comparable in size with biomacromolecules. Recently, the metal
nanoclusters were discovered to have discrete features in the optical properties,2%:39
including near-infrared luminescence upon excitation in a wide range of wavelengths,31:32
Importantly, the emission wavelength/energy of Au nanoclusters were observed to be
largely independent of the excitation energy and significantly relaxed from the excitation in
the visible range (large Stokes shift).31-34 Moreover, as the metal core size decreases, the
ratios of surface-to-core metal atoms increase leading to a significant increase of their
quantum yield.3* All these characteristics, such as the small sizes and strong emission in the
near-infrared region, suggest that the nanoclusters are promising candidates as imaging
agents in fluorescence cell imaging. Furthermore, rich surface chemistry also offers
convenient routes for the introduction of specific probe molecules on the surfaces of metal
nanoclusters.3°:36

The optical properties of metal nanoclusters are mostly studied on ensemble spectral
measurements.31-34.37 Only a few reports focus on the optical activities from single
nanoclusters.38-40 |n this work, we studied the optical properties of single AuNCs and
correlated those observations with the results from the ensemble spectral measurements.
Furthermore, the AuNCs are used as molecular imaging agents for fluorescence intensity
and lifetime cell imaging. To improve the uploading capability of AuNCs in the cells, the
AUNCs were derivatized with polyethylene glycol (PEG) moieties through surface chemical
reactions.#142 Fluorescence intensity and lifetime imaging were performed at single cell and
subcellular levels. The AuNCs were observed to efficiently disperse throughout the cells in
the fluorescence cell images. The emissions from the nanocluster probes were also found to
be readily distinguished from cell autofluorescence in the lifetime images.

All reagents and spectroscopic grade solvents were used as received from Fisher or Sigma-
Aldrich. The RC dialysis membrane (MWCO 3500 or 8000) was obtained from Spectrum
Laboratories, Inc. Nanopure water (>18.0 MQecm) was used in all experiments after the
purification using the Millipore Milli-Q gradient system.

Preparation of AUNCs and Their Surface Functionalization

AuNCs were synthesized using a modified strategy of Brust reaction. 93 Two types of
carboxylate-terminal ligand compounds, 2-mercaptosuccinic acid (MSA) and N-(2-
mercapto-propionyl)glycine (tiopronin),32 were used as ligand compounds, respectively, to
assemble on the external surfaces of the Au core. Typically, HAuCl4+3H,0 (ca. 39.4 mg, 0.1
mmol) and a type of ligand compound (for MSA, ~45.0 mg, 0.3 mmol; for tiopronin, ca.
44.2 mg, 0.3 mmol) were codissolved in 35 mL of mixed solvent (methanol: acetic acid =
6:1). After the solution turned colorless in about 30 min, NaBH, solution (ca. 38 mg, 1
mmol, dissolved in 10 mL of cold nanopure water) was added into the reaction solution with
rapid stirring at 0 °C. Dark yellow solution was formed immediately. The reduction lasted

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2013 December 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 4

for ca. 3 h. The solvent was removed by rotary evaporation. The crude product was
redispersed in 30 mL of nanopure water. The pH of the solution was adjusted to be ca. 1
with concentrated HCI. After the dialysis in nanopure water through a regenerated cellulose
dialysis tube (MWCO = 3500) for 3—4 days, the product was collected and mixed with either
type of thiol, respectively. The mole ratio of AUNC over thiol is ca. 1:10 during this two-day
annealing process.** The annealing procedure is generally employed to improve the
electrochemistry features (charging peak, etc.) of Au nanoclusters in previous studies. The
average size is believed to be unaffected, but the monodispersity is improved based on the
electrochemistry results.** The final products were collected after repeating the above
purification steps.

To improve the uploading capability of nanocluster probes in the cells, the terminal-
carboxylate moieties on AuUNCs were covalently bound with polyethylene glycol (PEG)
moieties via a widely used surface condensation reaction. The reaction between the amino
moieties on the amine-PEG molecules and carboxylate moieties on the nanoclusters was
catalyzed by 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) as the
condensation agent. Briefly, the carboxylateterminal AuNCs (1 mg/mL, ca. (0.5-1) x 107°
M) were codissolved with methoxypolyethylene glycol amine (MW 750, (1-2) x 107 M) in
aqueous solution. An excess amount of EDC (1 x 10™#M) was added in the solution at pH =
8.5. The reaction solution was stirred for an additional 24 h at room temperature. PEGylated
AUNCs in solution were recovered by centrifugation at 10 000 rpm, washed with 10 mM
phosphatebuffered saline (PBS) at pH = 7.4, and further purified by dialysis (MWCO 8000)
against 10 mM PBS buffer solution. Representative products of the coupling reaction were
characterized by H NMR and IR as shown in Figures S1 and S2 of the Supporting
Information.

Cell Culture and Incubation with the PEGylated AuNCs

HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 10% fetal bovine serum (FBS), and immobilized on the glass
coverslips.*> The cell lines were fixed in 4% paraformaldehyde in 10 mM PBS buffer for 30
min at 4 °C. The fixed cell samples were incubated with 1 nM PEGylated tiopronin-AuNCs
or MSA-AUNC:s for 30 min and then rinsed with 10 mM PBS-Mg buffer solution. The
AUNC-loaded cell samples were dried in air and stored at 4 °C for fluorescence cell imaging
measurements.

Optical Spectroscopy, Imaging, and TEM Measurements

Absorption spectra were collected on a Hewlett-Packard 8453 spectrophotometer. A
PerkinElmer Spectrum 100 FT-IR spectrometer was used in the infrared studies. NMR
spectra were recorded with a 400 MHz Bruker spectrometer. Ensemble fluorescence spectra
were recorded on a Cary Eclipse Fluorescence Spectrophotometer. Ensemble spectral
lifetime measurements were carried out by single-photon counting method on a PicoQuant
modular fluorescence lifetime spectrometer (Fluo Time 100) with a PicoQuant 460-480 nm
LED laser as the light source.

The imaging measurements were performed on a time-resolved scanning confocal
microscope (MicroTime 200, PicoQuant),*6:4” which consists of an inverted confocal
microscope coupled to a high-sensitivity detection setup. A single-mode pulsed laser diode
(470 nm, 100 ps, 10 MHz) was used as the excitation source. An oil immersion objective
(Olympus, 100%, 1.3 NA) was used to focus the laser beam on the sample and to collect the
emission from the sample. The emission signals passed a dichroic mirror and focused onto a
75 pm pinhole for spatial filtering and were recorded on a singlephoton avalanche diode
(SPAD) (SPCM-AQR-14, Perkin-Elmer Inc.). A long-pass filter over 650 nm was used to
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eliminate the residual excitation signals. The data were collected with a TimeHarp 200
board and stored in timetagged time-resolved mode (TTTR). Typically, the frequency of the
laser source in the measurements was 10 MHz. The images of single AuNCs and cell media
were recorded with the same conditions except the laser power. For the single metal
nanocluster imaging, the power was 10 xW. For the cell imaging, the power was decreased
to 2 uW.

For the TEM measurements, the nanoparticle samples were diluted to nanomolar
concentration in water. The solutions then were cast onto the copper grids (200 mesh) with
standard carbon-coated Formvar films (200-300 A). The samples were dried in air. TEM
images were taken with a side-entry Philips electron microscope at 120 keV. The
distributions of nanoparticle sizes were analyzed with Scion Image Beta Release 2 on the
base on at least 200 images.

RESULTS AND DISCUSSION

In this work, the gold nanoclusters (AuNCs) were synthesized in a modified Brust strategy
followed by an annealing process.11:3544 These AuNCs were protected with the assembled
monolayers of N-(2-mercapto-propionyl)glycine (tiopronin)31:48 and 2-mercaptosuccinic
acid (MSA), respectively, which can improve their chemical and photo stability in solution.
The terminal-carboxylate groups on AuNCs also render their solubility in aqueous solution
and provide reaction sites for their further functionalization.3°36 Transmission electron
microscopy (TEM) images of MSA-AuUNCSs and tiopronin-AuNCs were presented in the
insets of Figure 1a and b, respectively. The images show relative polydispersions on the
sizes with an average diameter of ca. 1.5 nm that is consistent with earlier reports of these
materials.*3

Before the single nanocluster analysis, AUNCs were first evaluated in the ensemble spectral
measurements. In the absorption spectra, MSA-AUNCs and tiopronin-AuNCs have similar
absorbance decays from high to low energy without a significant maximum (Figure 1). The
disappearance of the surface plasmon band at 520 nm from the gold nanoparticles affirms
their small sizes (ca. less than 2 nm).22:30 Upon excitation in a wide range of wavelength
from 350 to 550 nm, AuNCs emit luminescence at the near-infrared region, independent of
the excitation wavelength.32-34 To match the laser source equipped on the confocal
microscope, we excited AUNCs at 470 nm in the following ensemble spectral studies. The
excited MSA-AUNCs were shown to exhibit a broad emission band with a maximum at 785
nm. Tiopronin-AuNCs displayed an emission similar band to MSA-AuUNCs. These
observations were also in agreement with the results in earlier reports.32-34 At the
comparable concentrations, MSA-AUNCSs and tiopronin-AuNCs are found to have similar
emission intensities, corresponding to comparable quantum yields. Using Cy5.5 as a
reference, the quantum yields (QYSs) of both nanoclusters were tested.12 Typically, both the
nanocluster solutions were excited at 550 nm with the same excitation intensities to obtain
their emission spectra. The emission spectrum of Cy5.5 solution was also obtained under the
same conditions as reference. The emission bands of the nanoclusters were integrated and
compared with the integrated value of Cy5.5. The QYs of nanoclusters hence were estimated
to be ca. 3.4% for the MSA-AUNC and ca. 3.8% for the tiopronin-AuNC, respectively. We
notice that there is only a negligible difference in the QYs between the nanoclusters, and
both are significantly higher than the values in earlier reports.31-33 Because the emission
originates from energy relaxed midgap states at the Au-S interfaces, and because the
annealing procedure is known to improve the monodispersity of the AUNCs without
measurable changes in the average core sizes based on electrochemistry studies,** the
differences are postulated from the optimization of Au-S surface structures. Ongoing
surface characterization is beyond the scope of this paper and will be reported separately.
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The luminescence properties of single AuNCs were evaluated on a time-resolved confocal
microscope. The samples were created by dropcasting an aqueous solution of AuNCs at
nanomolar concentration on a clean glass coverslip and air-drying.4? In our earlier report,
the metal nanoparticles that were bound with a single fluorophore were also cast on the
coverslip at such a highly diluted concentration. Single-molecule detection (SMD) on the
microscope showed clearly singlestep photobleaching, indicating that most metal
nanoparticles were present as individuals.>% Thus, we believe that most AuNCs in the
current study were also presented as individual nanoparticles on the coverslips.

Upon the excitation with a 470 nm laser, the emission signals from individual nanoclusters
were recorded through a 650 longpass filter. Representative images of AUNCs were
presented in Figure 2. The distinctly bright and round emission spots in each panel
correspond to individual nanoclusters. This observation reveals an exciting fact that the
emissions from the single AuNCs can be clearly recorded on the confocal microscope. For
each nanocluster sample, at least 50 emission spots were collected for statistic analysis of
their emission properties. The histogram results were shown in Figure 3a. The average
emission intensities of both AUNCs are similar to each other, in agreement with the
observations on the ensemble spectral measurements.

Besides emission intensity, the lifetime of AUNCs was also collected on the time-resolved
confocal microscope. The decay curves of the emission intensities were fitted with a
doubleexponential function model,12 and the histograms of average lifetimes were presented
in Figure 3b. It is shown that MSA-AUNCs have an average lifetime of 13 ns, and tiopronin-
AUNCs have an average lifetime of 24 ns. The lifetime of MSA-AUNCs is shorter than the
lifetime of tiopronin-AuNCs, probably due to the different coating layers on their metal
cores. It is worth pointing out that the detection lifetimes of nanoclusters in this study are
also significantly shorter than the lifetime reported previously from the glutathiolate-
stabilized AuNCs.>1 In addition to the differences in the nanocluster composition, the
discrepancy was regarded to partially result from the limitation of the photon avalanche
diode (PAD) detector installed on the confocal microscope. Since the PAD detector has a
detection wavelength range below 800 nm, meaning that only photons below 800 nm can be
counted efficiently on the confocal microscope, the measured lifetime is shorter than the real
lifetime.#® Furthermore, it is proposed by Whetten and coworkers that the AuNCs should
have two emission bands originated from the hybridization of Au and S energy states. The
shorter-wavelength emission (at ca. 1.8 eV) that arises from the photons at the S1 state has a
relatively shorter lifetime, whereas the emission at the long-wavelength region (at ca. 1.2—
1.4 eV) that arises from the photons at the T1 state has a relatively longer lifetime. In this
study, the detectable photons below 800 nm should correspond to the emission component
from S1 states that have the short lifetime. The lower-energy emission signals with long-
component lifetime are not recorded.

To confirm the reliability of our time-resolved confocal microscope on the lifetime
measurements, we also tested the lifetime of glutathione-AuNCs. It is shown that under the
same conditions with the tiopronin-AuNCs and MSA-AuUNCs the glutathione-AuNCs were
measured to have an average lifetime of 21 ns, comparable with the lifetime of tiopronin-
AUNCs and MSA-AUNC:s. It indicates that the shorter lifetimes of the tiopronin-AuNCs and
MSA-AUNCs in the current research are indeed due to the microscope being used. In
addition, we also measured the lifetimes of tiopronin-AuNCs and MSA-AuUNCs at a lower
frequency of 5 MHz excitation laser and, consequently, observed a significant increase of
the longlifetime component that is over 1 zs. Since there is a lack of the time-gating system
on the microscope, the long-lifetime component from the AuNCs could not be recorded
accurately by the SPAD detector on the microscope. Nevertheless, both nanoclusters have a
longer lifetime than cellular autofluorescence (2-5 ns) as well as most organic dyes, which
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promise the isolations of their emission signals from the cellular autofluorescence in lifetime
cell imaging.23

As a comparison with the AuNCs, the organic fluorophore of Alexa Fluor 488 was also
tested at the single-molecule level under the same conditions (Figure 2c). Because the
visible emission from Alexa Fluor 488 is much brighter than the AuNCs under the PAD
detector, a 1/20 neutral density filter was used in the measurements. The average emission
intensity from the single Alexa Fluor 488 molecules is almost 10-fold greater than those
from the single AuNCs (Figure 3a), indicating that the Alexa Fluor 488 molecules are much
brighter than AuNCs indeed. On the other hand, the lifetime of single Alexa Fluor 488
molecules is also much shorter at 3.4 ns (Figure 3b), a typical reference value for the organic
dyes.

Photostability of the imaging agents is also an important factor of concern in the imaging
applications.52 The photostability of the single MSA-AUNCs was tested by monitoring their
photobleaching time profiles (Figure 4a). The emission measurement shows a slow but
graduate decay over irradiation time (tens of seconds) that is presumably due to the
photodegradation of the nanoclusters. A similar trend was also observed for the tiopronin-
AUNCs (not shown). In comparison, the emission time-trace measurements from the single
Alexa Fluor 488 molecules show a single-step photobleaching which is a typical feature of
single organic fluorophores (Figure 4b). The bleaching time of Alexa Fluor 488 molecules is
less that 0.2 s, much shorter than the time of the AuNCs under the same conditions,
indicating that AUNCs are at least 1000-fold more photostable over the organic
fluorophores.

According to earlier reports, the PEGlyation on the nanoparticle probes can drastically
improve their capability of uploading in the cell lines.#1:42 Thus, in this study, we covalently
bound the PEG moieties on AuNCs via wellestablished coupling reactions on the AUNC
surfaces. The terminal carboxylate groups on the AUNCs were reacted with the terminal
amino groups on the PEG compounds in the presence of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) as condensation agents.3%36 To avoid a large
increase in overall dimension, the AUNCs used for cell imaging were synthesized at a
relatively low mole ratio of ca. 1:2 for AUNC over PEG during the coupling reaction. Due to
the unknown number of (CH,CH,O) units per PEG molecule (average M.W. 750D), a
quantification of the amount of PEG ligands per nanoclusters could not be determined. The
representative NMR and IR spectra of the PEGylated AuNCs are included in Figure S1
(Supporting Information), in which the additional amide bond signatures and PEG proton
signals can be clearly identified. The efficacy of the PEGylation reaction on the AUNCs was
also confirmed by the change in the solubility of nanoclusters before and after the reaction.
Prior to the reaction the AuNCs were found to be well soluble in water but slightly dissolved
in methanol, whereas after the reaction the AUNCs became completely soluble in both water
and methanol. Because the coupling reaction happens only at the ligand terminal groups, the
ensemble absorbance and emission spectra of the AUNCs remain unchanged upon
PEGylation. The TEM analysis of the PEGlyated AuNCs confirms the products as
individuals rather than aggregates and also maintains the original core size distributions. The
results demonstrate that the physical properties of the AUNCs are not significantly changed
with the coupling reaction on the surfaces, in agreement with the literature.53

In the next study, the nanoclusters were uploaded into the HeLa cells to explore their
emission properties on the fluorescence intensity and lifetime cell images. Typically, the
HeL a cells fixed on the coverslips were incubated with the PEGylated MSA-AuUNCs and
tiopronin-AuNCs, respectively. The incubation time was ca. 30 min, which is a typical
duration period for a small molecule imaging agent rather than a larger nanoparticle agent.
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After washing with 10 mM PBS buffer solution, the fluorescence intensity and lifetime cell
images were recorded on the time-resolved confocal microscope (Figure 5). As a negative
control, the images of the blank cells without any labeling treatment were also recorded. It is
obvious that the emission intensity images from the AuNC-loaded cells are much brighter
than those from the blank cells, confirming uptakes of AuNCs into the cells. The overall
brightness of the MSA-AuUNC loaded cell images is also observed to be brighter than that
with the tiopronin-AuNCs, probably because there are more MSA-AuUNC uptakes in the
cells under the same conditions. To evaluate the efficacy of the nanoclusters in cell imaging,
the HeLa cells were also incubated with the Alexa Fluor 488 fluorophores. The emission
intensity and lifetime cell images were presented in Figure 6 as respective references.
Compared with the cell images with the AUNC uptakes, the cell images with the Alexa Fluor
488 dyes are much brighter due to stronger visible emission from the organic dyes and better
signal responses from the PAD detector.

The AuNC:s are supposed to display superior advantages over the organic fluorophores in
the lifetime cell images rather than in the intensity cell images because of their relatively
longer lifetimes than the lifetime of cellular autofluorescence. Thus, the lifetime cell images
were also collected on the timeresolved confocal microscope (Figure 5). In comparison with
the images of blank cells, the lifetime images from the AuNC-loaded cells are shown to
have significantly longer lifetime components. As a result, the emission signals from the
uploaded nanoclusters can be clearly distinguished from the cellular backgrounds in the
lifetime cell images. In contrast, the lifetime emission signals from the Alexa Fluor 488
molecules in the cells are similar to the cellular autofluorescence with minor differences
because of their comparable lifetimes. Therefore, the emissions from the organic
fluorophores are almost indistinguishable from the cellular backgrounds in the lifetime cell
images (Figure S3, Supporting Information).

We also notice that in the lifetime cell images the emission signals from the AuNCs are
widely and heterogeneously dispersed throughout the cell images, indicating that, like the
organic fluorophores, the molecular-sized AuNCs can penetrate the cell plasma membranes
and access various subcellular domains during a relatively short incubation time. It is very
interesting to notice that the AuUNCSs appear to be accumulated in the areas close to the cell
nucleuses. Recent literature shows that different types of Au nanomaterials could enter the
cell nucleus under different mechanisms.>45° Because the pores on the nuclear membrane
have an average diameter of ca. 30 nm whereas the overall dimension of AuUNCs is less than
5 nm, we believe that AUNCs have a high possibility to enter and accumulate in the cell
nucleus.

The Z-stack images from the MSA-AuUNC loaded cells are shown in Figure 6. The first
image was recorded with the laser beam focused on the glass coverslip surface. In the
following images, the focus was adjusted at every 1 zm away from the coverslip surface up
to different layers of cells. The images from the surrounding became blurry due to the
change of focus plane. Meanwhile, the signals from the nucleus region remained consistent,
and the intensity inside the nucleus appeared to be heterogeneously distributed. This
suggests that a sufficient amount of AUNCs are encapsulated in the cell nucleus rather than
around it. Beyond 7 zm, the images from the cell nucleus also became blurry, corresponding
to out of focus. Overall, the locations of those emission spots appeared to be random at
different focus depths, further attesting to the penetration and actual localizations of the
AUNC:s in the cell and cell nucleus.

The emission signals from the AuNCs in the cytosol or plasma membrane are relatively
weaker than those in the cell nucleus. It is because most nonspecifically confined AuNCs in
the cytosol or plasma membrane were washed away from the fixed HeLa cells in the
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treatment. The AuNCs in the nucleus are less affected because of the confinement in the
nucleus. These observations are exciting in that the nanoparticle-based nucleus staining is
still a technical challenge in the cell imaging applications. We expect that the use of the
current nanoclusters can potentially solve this problem to some extent.

The overall emission properties over the entire cell images were obtained from the statistical
analysis of the emission intensity and lifetime.>6 A minimum of 20 cell images were
analyzed, and the distributions of the emission intensity and lifetime over the cell images are
presented in Figure 7. The maximum of emission intensity over the images of the unlabeled
cell is ca. 110 counts, which is used as a reference corresponding to the cellular
autofluorescence (Figure 7a). For the images from the nanocluster-loaded cells, the
maximum of emission intensity is ca. 280 counts for the tiopronin-AuNC loaded cells and
430 counts for the MSA-AUNC loaded cells. Both are significantly higher than the reference
cells due to the uptakes of the nanoclusters in the cells. The cell images labeled by the Alexa
Fluor 488 were also analyzed, showing a maximum of emission intensity at 410 counts. This
value is also greater than the emission intensity from the cellular autofluorescence,
demonstrating the uptakes of the organic dyes in the cells. Since the overall emission
intensity in the cell images is closely related with the uptake amounts of nanocluster or
organic dye probes within the cells, the maximal emission intensities over the cell images
with the nanocluster uptakes cannot be simply compared to each other as well as that over
the cell images with the organic dye uptakes.

In contrast, the lifetime images of cells are independent of uptake amount of imaging agents.
In the current study, like the emission intensity over the cell images, the lifetime cell images
are also analyzed to achieve their distributions over the images (Figure 7b). The results show
that the unlabeled cell images have a maximum at 3 ns, corresponding to the cellular
autofluorescence. The distribution curves over the AuUNC-loaded cell images become much
broader due to the longerlifetime component from the AUNCs uploaded in the cells. In
addition, we also notice that the distribution curves from the nanocluster-loaded cell images
are almost not overlapped with the blank cell ones which is significant because the emission
signals from the AuNCs can be readily isolated from the cellular backgrounds in lifetime
cell imaging. In comparison, the lifetime over the images of the Alexa Fluor 488-labeled
cells has a maximum at 3.2 ns (Figure 6b), and the curve is significantly overlapped with the
lifetime curve of cellular autofluorescence. As a result, the emissions from the Alexa Fluor
488 cannot be distinctly identified from the cellular backgrounds in lifetime cell imaging.

It is also noticed that the distribution curves of lifetime over the AuNC-loaded cell images
exhibit double maxima which are 10.5 and 16.2 ns for the tiopronin-AuNC loaded cell
images and 4.7 and 8.9 ns for the MSA-AUNC loaded cell images. These lifetime maxima
over the lifetime cell images are significantly shorter than the lifetime maxima achieved
from the single nanocluster measurements (Figure 3b), suggesting the presence of
significant interference with the cellular media. The double lifetime maxima could also
reflect the heterogeneous distributions of the nanoclusters throughout the cells. Actually, the
lifetime parameters in the cell images are basically constituted of the emissions from the
imaging agents in the cells and the autofluorescence from the cellular media and water. The
nanoclusters loosely distributed in the cells will be more exposed to many potential
quenching processes for the excited surface states. Consequently, the apparent lifetime
maximum is shorter than that measured at more confined nucleus regions or solid states.

In this study, we also explored the photostability of the AuNCs in fluorescence cell imaging.
Some emission spots were randomly selected and continuously irradiated with a 470 nm
laser. The emission time profiles were collected (Figure S4, Supporting Information),
showing decay from high to low intensity over time for both the nanocluster-loaded cells
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and the organic dye labeled cells. This observation is consistent with the single nanocluster
analysis (Figure 4), indicating that the emission spots in the images were derived from the
AUNCs or organic fluorophores, either as individuals or as aggregates. It is also noticed that
the emission spots on the organic dye labeled cell images are completely bleached within 5
s, whereas the emission spots on the nanocluster-loaded cell images are reduced only to
about one-half over 60 s under the same conditions, suggesting that the nanoclusters have at
least 20fold extensive photostability relative to the Alexa Fluor 488 dyes in the cell media.

CONCLUSIONS

Luminescent Au nanoclusters (AuNCs) are prepared and evaluated as imaging agents for
fluorescence intensity and lifetime cell imaging. Upon excitation at a wide visible range, the
molecular-sized AuNCs display strong emission signals in the near-infrared region and long
lifetimes relative to the organic fluorophores. The emission profiles from the single AUNCs
were monitored for the first time under a time-resolved confocal microscope. AUNCs were
PEGlyated through the surface reactions to improve their uptake capabilities in the cells.
The PEGIlyated AuNCs were shown to enable efficient uploading and distribution in the
HeL a cells after a short incubation. Fluorescence intensity and lifetime images were recoded
at the single cell and subcellular level. With advantages of longer lifetimes from AuNCs, the
emission signals from uploaded AuNCs in the cells could be easily isolated from the cellular
autofluorescence backgrounds in the lifetime cell images. AuNCs were also observed to
distribute throughout the cells and, interestingly, accumulate in the areas close to the cell
nucleuses. Moreover, relative to the organic fluorophores of Alexa Fluor 488, the AUNCs
display better photostability in cell imaging. With the low or nontoxic components (noble
Au cores and amino acid-like coating layers), small dimension for the distribution to
subcellular domains, versatile surface chemistry for specific targeting (biomarker oriented),
wide range for excitation wavelength, near-infrared emission, and longer lifetime than
autofluorescence, we believe these luminescent AUNCs have great potentials in fluorescence
cell imaging applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ensemble absorbance and luminescence spectra of (a) MSA-AUNCs and (b) tiopronin-
AUNCs in 10 mM PBS buffer solution at pH = 7.4. Luminescence spectrum was collected
upon excitation at 470 nm. The inset is a respective transmission electron micrograph
(TEM) image of (a) MSA-AUNCs and (b) tiopronin-AuNCs.
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Figure 2.

Fluorescence intensity/lifetime images of single MSA-AuUNCs, tiopronin-AuNCs.
Fluorescence intensity/lifetime image of single Alexa Fluor 488 fluorophores was also
recorded with a 1/20 neutral density filter as reference. The scales of the diagrams were 5 x
5 pm, and the resolutions of the diagrams were 100 x 100 pixels with an integration of 0.6
ms/pixel.
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Histograms of (a) emission intensities and (b) lifetimes of MSA-AuNCs and tiopronin-
AUNCs. The emission intensity and lifetime data from Alexa Fluor 488 fluorophores were
also collected, and the histograms were presented as controls.
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Figure4.

(a) Representative time trace of a single MSA-AuNC displaying a slow decay with the
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irradiation time under a 470 nm laser irradiation. (b) A representative time trace of a single
Alexa Fluor 488 fluorophore displaying a typical single-step bleaching with the irradiation

time.
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Figurebs.

Fluorescence intensity (upper panel) and lifetime (bottom panel) images of HelLa cells
loaded with PEGylated MSA-AUNCs and PEGylated tiopronin-AuNCs, respectively. The
cell images were collected from the emission through a 650 nm long-pass filter upon
excitation at 470 nm. Fluorescence intensity and lifetime images of blank cells without
labeling were also recorded under the same conditions as control. The scales of the diagrams
were 80 x 80 xm, and the resolutions of diagrams were 400 x 400 pixels with an integration
of 0.6 ms/pixel.
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600

Figure6.

Fluorescence lifetime images of HeLa cells labeled with PEGylated MSA-AUNCs. The
images were collected from the emission through a 650 = long-pass filter upon excitation at
470 nm. The cells were scanned with a focus lifting from the top of the coverslip to different
layers of the cell in a scale of 1 zm. The scales of the diagrams were 80 x 80 xm, and the
resolutions of diagrams were 400 x 400 pixels with an integration of 0.6 ms/pixel.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2013 December 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Zhang et al.

Figure7.

Histogram (%)

Histogram (%)

0.25+
Blank Cells

0.20 2
0.15+ Tiopronin-AuNCs

Labeled Cells Alexa Fluor 488

Labeled Cells
0.104 e,
P . MSA-AuNCs
. » = Labeled Cells
P
0.05- : . ~
¥ ~
. V. 5
3 & VR » ~
g . -
0.00 Sy T ' T T 1 T T T
0.354 100 200 300 400 500 600 700
Emission Intensity (counts)
0.30 4
Blank
Celis b
0.254
Alexa Fluor 488
0.20 Labeled Cells
0.154
0.10
Tiopronin-AuNCs

MSA-AuNCs
0.05+ Labeled Cells Lol can
0.00 - T e T = |—- e 1

0 5 10 15 201
Lifetime (ns)

Page 19

Histogram distributions of (a) emission intensity and (b) lifetimes over the entire cell images

labeled by Alexa Fluor 488 dyes were also presented as references.
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that are loaded by PEGylated MSA-AuUNCSs and tiopronin-AuNCs. Histogram distributions
of emission intensity and lifetimes throughout the entire cell images that were unlabeled or



