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Universitätsmedizin Mannheim; 3Institute of Pharmacy and Molecular Biotechnology, Heidelberg University, Heidelberg, Germany; and
4Institute of Molecular Biology, Mainz, Germany
ABSTRACT Gold nanoparticles (GNPs) enhance the damaging absorbance effects of high-energy photons in radiation ther-
apy by increasing the emission of Auger-photoelectrons in the nm-mm range. It has been shown that the incorporation of GNPs
has a significant effect on radiosensitivity of cells and their dose-dependent clonogenic survival. One major characteristic of
GNPs is also their diameter-dependent cellular uptake and retention. In this article, we show bymeans of an established embodi-
ment of localization microscopy, spectral position determination microscopy (SPDM), that imaging with nanometer resolution
and systematic counting of GNPs becomes feasible, because optical absorption and plasmon resonance effects result in optical
blinking of GNPs at a size-dependent wavelength. To quantify cellular uptake and retention or release, SPDM with GNPs that
have diameters of 10 and 25 nm was performed after 2 h and after 18 h. The uptake of the GNPs in HeLa cells was either
achieved via incubation or transfection via DNA labeling. On average, the uptake by incubation after 2 h was approximately dou-
ble for 10 nm GNPs as compared to 25 nm GNPs. In contrast, the uptake of 25 nm GNPs by transfection was approximately four
times higher after 2 h. The spectral characteristics of the fluorescence of the GNPs seem to be environment-dependent. In
contrast to fluorescent dyes that show blinking characteristics due to reversible photobleaching, the blinking of GNPs seems
to be stable for long periods of time, and this facilitates their use as an appropriate dye analog for SPDM imaging.
INTRODUCTION
Radiotherapy is a fundamental part of cancer treatment (1).
The radiation dose given to the tumor is, among other con-
straints, strongly limited by the conditions surpassing
damaging of the surrounding normal tissue. Novel radiation
technologies, treatment planning, and treatment delivery
have resulted in increased sparing of normal tissue outside
the clinical target volume, thus leading to an increased ther-
apeutic gain (2). Nevertheless, normal-tissue reactions from
high doses delivered to the tumor target are still a major
concern. Methods of broadening the therapeutic gain are still
required along with investigations that result in an increased
radiosensitivity and radiation susceptibility of the tumor
while keeping normal tissue at normal radiosensitivity.

One possibility for enhancing the radiosensitivity of tu-
mor cells is the tumor-specific incorporation of materials
(nanoparticles, nanorods) with a high atomic number
(high-Z) (3). The higher the atomic number, the higher the
probability of photon interactions by the photoelectric
effect. Induced photoelectrons are of high energy and
long-ranged (up to several 100 mm in water), and primarily
deposit their energy further from the originating source
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along the photon interaction path. Generated Auger elec-
trons, on the other hand, have lower energy and therefore
a shorter range (<1 mm), leading to short-ranged dose
enhancement (4,5).

Using intravenously injected gold (Z ¼ 79) nanoparticles
(GNPs) of 1.9 nm diameter as radiosensitizers, Hainfeld
et al. (6) showed a significant increase in one-year survival
(20% for x-rays alone versus 50–86% for x-rays with GNPs)
of mice with tumors treated with 250-kV x-ray energy. This
pioneering work has been further developed in different tu-
mors and applications (7–9). Accumulation of GNPs in the
tumor tissue was achieved by passive targeting. Particles
larger than 300 nm are potentially eliminated by macro-
phages; smaller particles, typically between 10 and
100 nm diameter, can enter the tumor tissue (10). Experi-
ments showed dose enhancement factors of 1.17–1.66
(11–13), depending on the x-ray energy applied. The opti-
mum size of GNPs for cellular uptake and retention was
found to be 50 nm (3,14). GNPs smaller than 30 nm are
leaving the cell again by passive diffusion (15). The require-
ment of very small particles for an enhanced radiosensitivity
appears to thus be contrary to the optimum diameter for
cellular uptake.

To overcome these limitations, we have recently shown
that 10 nm particles may be a feasible compromise. To
our knowledge, a new method aimed at enhancing cellular
uptake efficiency and retention of smaller GNPs was
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developed. A quantity of 10 nm GNPs was linked to a PCR
product that was generated with a thiol group in the 50

primer. The GNP-DNA complex was then transferred into
the tumor cells by transient transfection (henceforth, such
experiments shall be called ‘‘GNP transfection’’ experi-
ments). To determine the uptake efficiency, localization mi-
croscopy was performed and the relative count rates were
measured. Increased radiosensitization was shown for this
method on HeLa cells by determining the clonogenic sur-
vival rates after irradiation with 6-MV x-rays (16).

Until now, mostly size-dependent correlations of GNP
uptake have been studied. Quantification of absolute values
of uptaken GNP numbers has been almost neglected due to
the complexity of the required preparation and measurement
by electron microscopy (10). For instance, mechanically
prepared slices in the order of 100 nm were not compatible
with the conservation of an intact three-dimensional (3D)
cell morphology. Because GNPs are able to support radio-
therapy, there has been a growing interest in methods that
allow for the quantifications of GNP shape and size in 3D-
conserved cells. In this article, localization microscopy
studies (17) are presented that quantify passive cellular up-
take and retention/release of 10 nm and 25 nm GNPs after
incubation, as well as 25 nm GNP-DNA after transfection.
Special focus will be drawn on the optical behavior of
GNPs.

It has been shown that GNPs or particles with a gold shell
are fluorescent at different absorption and emission wave-
lengths, a characteristic dependent on the particle diameter
or the shell thickness, respectively (18). Size-dependent co-
lor (Tyndall color) could be due to Mie scattering (19).
GNPs can cover the entire optical spectrum from UV over
visible wavelengths to near-infrared for which the applica-
tion of GNPs as hyperthermic reagents was demonstrated
(20). Moreover, luminescent blinking was found for GNPs
approximately one decade ago (21). This behavior makes
them interesting for spectral position determination micro-
scopy (SPDM), a special embodiment of localization micro-
scopy (22,23). SPDM normally discriminates individual dye
molecules or fluorescent particles by stochastic switching of
their fluorescence between off- and on-stages over a partic-
ular lifetime. Taking a time series of images registering
these blinking effects allows precise determination (nm pre-
cision) of the spatial position of the blinking molecule/
particle. Distances in the 10 nm range can be resolved be-
tween two molecules/particles and calculated with nano-
meter precision (24).
MATERIALS AND METHODS

Cell culture and GNP incorporation

For the experiments, HeLa cells (obtained from the Tumor Cell Bank of the

German Cancer Research Center, Heidelberg, Germany) were used. The

cells were cultured in DMEM with NaHCO3, D-glucose, stable glutamine,
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and Na-pyruvate, with 10% fetal bovine serum, 1% HEPES buffer, and 1%

penicillin-streptomycin.

To prepare the cells for GNP transfection (25 nm Aurion Gold Sols;

Aurion, Wageningen, The Netherlands), the cells were cultured on sterile

circular 10 mm coverslips. Each coverslip was allowed to grow over with

15,000–20,000 cells, so that cell clumping was prevented. This corre-

sponded with 70–80% confluent growth, so that it was easier to image sin-

gle cells by SPDM. According to Burger et al. (16), the transfection was

performed with DNA-modified GNP (GNP-DNA).

For pure GNP incubation, cells were cultured on square 24-mm cover-

slips. The incubation was performed by replacing the cell-culture medium

with a solution of culture medium and Aurion Gold Sols (25 and 10 nm) for

2 and 18 h. The particle concentration was 0.2 nM, unless otherwise stated.

For microscopy, the cells were finally fixed in 4% formaldehyde freshly

prepared from paraformaldehyde and embedded into ProLong Gold anti-

fade mounting medium (2 mL for the 10 mm circular coverslips and

15 mL for the 24 � 24 mm coverslips; Thermo Fisher Scientific, Waltham,

MA) and stored at 4�C until use. The fixation and embedding procedure

ensured that the 3D shape of the cells could be well maintained.
SPDM imaging

Localization microscopy (SPDM) was done with illumination at two wave-

lengths using two diode-pumped, solid-state lasers with illumination inten-

sity maxima at 491 and 561 nm and 200 mW power. The instrument was

equipped with an oil objective lens 63�/NA 0.7.1.4 (Leica, Wetzlar, Ger-

many) and an electron-multiplying charge-coupled device camera (1376 �
1040 pixels; Andor Technology, South Windsor, CT). The images were ac-

quired via band-pass filters (525/50 nm for 491 nm excitation and 609/

54 nm for 561 nm excitation).

Specimen sections with cell monolayers were considered for SPDM im-

aging. The cells were selected visually. Special care was taken that the cells

were individualized and overlapping to other cells circumvented. An optical

section of 600 nm depth was acquired from which time stacks of typically

2000 frames were acquired at an integration time of 55 ms each. To get

comparable conditions, the cell nuclei were selected in such a way that

the image section was taken at the largest diameter.

For quantitative image evaluation, in-house programs were applied. The

loci matrix was produced by a maximum-likelihood-based algorithm with a

possibility to subtract background (25). This program reduce the acquired

time stack of images to an artificial image of the cell nucleus overlaid by

the matrix of the spatial positions of the intensity maxima recorded from

the blinking GNPs. Based on these images, counting of particles in the

given image section was performed. Further evaluation programs based

on MATLAB (The MathWorks, Natick, MA) were used for the calculation

of the localization precision or other image parameters (for further details,

see Kaufmann et al. (24), Müller et al. (26), and Stuhlmüller et al. (27)).

Because it has already been shown that the detection procedure and soft-

ware was sensitive enough to separate signals in the dimensions of the

applied particles (27), effects of overlapping signals were mostly negligible.

In addition, (damaged) cells indicating the formation of big aggregates

leading to nonfluorescent, absorbing clumps (appearing as black regions

in the images within a GNP environment) were excluded from quantitative

evaluation.

For comparison of particle numbers in different experiments, a two sam-

ple t-test (Welch test) (28) was applied. In addition to the number of parti-

cles, the localization precision of the particle signals was determined.
Absorption measurements

For the absorption measurements, GNPs of 10 and 25 nm diameter were

diluted in sodium-phosphate buffer stabilized by Streptomyces avidinii pro-

teins and 0.05% sodium acid. For comparison, the absorption spectra of

HeLa cells carrying the respective GNPs were also measured.
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RESULTS

Quantities of 10 and 25 nm GNPs were incorporated into
HeLa cells by incubation (10 nm, 25 nm GNPs) or transfec-
tion (25 nm GNP-DNAs). After 2 h, a significant incorpora-
tion was visible, although no clustering of GNPs was
observed. The cells were intact and did not show any
obvious alterations as determined by systematic visual in-
spection (see, for example, Fig. 1). After 18 h, however,
the GNPs tended to form clusters that were visible, and
also formed fluorescent aggregates when imaged via
SPDM (for example, see Fig. 2). For the transfected 25-
nm GNPs, the clusters were smaller, but appeared to be
more frequently distributed over the whole cytoplasm in
comparison to the incubation experiments (for example,
Fig. 2 versus Fig. 4).

To quantify and compare the results, SPDM measure-
ments were performed and the absolute numbers of 10
and 25 nm GNPs were determined in randomly selected
cells of the specimens. The GNPs were excited at 561 nm
as a wavelength fitting ~2/3 of the absorption intensity
maximum of the used particles (Fig. 3). In addition, the
average localization precision (precision of determination
of the intensity barycenter) was determined for each cell
to parameterize the quality of the acquired image stacks.
Because the localization precision is dependent on the
signal/background noise, it represents a measure for spec-
imen quality and has a strong impact on the comparability
of images and results.

In Table 1, the results of particle frequency and localiza-
tion precision are summarized for the 10 nm GNPs incu-
bated at a concentration of 0.2 nM. According to the
applied t-test, no significant difference was obtained be-
tween 2 and 18 h incubation. On average, a slight increase
of the localization precision was found after 18 h incubation
with a considerable reduction of the variation. Additionally,
other concentrations of GNPs were applied (2 and 5 nM),
but did not result in improved uptake or cell conservation
(data not shown).
In contrast, 25 nm GNPs showed a significant increase
(~15-fold) of the particle amount after 18 h incubation in
comparison to 2 h incubation (Table 2). The localization
precision was nearly constant for the low concentration after
2 h, whereas much higher variations were observed after
18 h, indicating increased cellular activity.

The incubation experiments for 25 nm GNPs were
compared to results obtained after transfection experiments
with the similar-sized particles. In the latter case, according
to the t-test, no significant difference was obtained for the
amount of particles observed between 2 and 18 h treatment
(Table 3). Again, an improved localization precision was
measured after 18 h.

To prove whether the measured SPDM signals at 561 nm
are due to the GNPs and not dependent upon label-free fluo-
rescence/autofluorescence of biological molecules (for
comparison, see Gossett (28)), the 25 nm GNP experiments
after 2 h transfection were subjected to two-wavelength illu-
mination (491 nm, 561 nm). The illumination at 491 nm is
already known to activate label-free biomolecules and to
cause blinking in SPDM measurements (29). In Fig. 4, an
example of a cell is shown. The signals excited at 491 nm
(shown in red) do not appear to colocalize with the signals
excited at 561 nm (shown in green), indicating that both
types of signals may be of different origin. The results
(Table 4) indicate the same localization precision for both
wavelengths. The amount of detected signals, however,
was significantly (according to the applied t-test) higher
by approximately a factor of 2 at 491 nm in comparison
to 561 nm.

In Table 5, the averaged data of all conducted experi-
ments are summarized. Uptake of incubated GNPs seems
to be a natural behavior of HeLa cells so that after 2 h a
considerable amount of both types of GNPs has always
been registered. However, a clear size-dependent difference
was observed. Whereas for 10 nm GNPs an increment of
particles at 2 h and a decrement of particles at 18 h were
found, the amount of 25 nm GNPs was further increasing
at 18 h. This may indicate a better uptake and retention of
FIGURE 1 (a and b) Two examples of SPDM

images of HeLa cells subjected to transfection

(2 h) of GNP-DNAs that have an average diameter

of 25 nm. The cells were illuminated at 561 nm.

Each point represents a GNP arranged in the cyto-

plasm. The pointilistic pattern results from a time

stack of images in which the loci of the individual

blinking events were represented by a point. Scale

bar, 500 nm.
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FIGURE 2 (a and b) Two examples of SPDM

images of HeLa cells subjected to transfection

(18 h) of GNP-DNAs that have an average diam-

eter of 25 nm. The cells were illuminated at

561 nm. Each point represents a GNP arranged

around the cell nucleus in the cytoplasm.

Compared to Fig. 1, the pointilistic pattern (ob-

tained from a time stack of images in which the

loci of the individual blinking events are repre-

sented by a point) shows visible clustering. Scale

bar, 500 nm.
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25 nm GNPs in comparison to 10 nm GNPs. Although the
absolute amount of 25 nm GNP-DNA was considerably
higher after transfection of 2 h, a further increase of particle
uptake was found in transfection experiments after 18 h, too.
The absolute amount of GNP uptake was also found in the
two-color experiment, indicating that the signals excited at
491 nm are not due to GNPs.
TABLE 1 Numbers of Counted Points and Average

Localization Precision per Image: 10 nm GNPs

Cell

Number

Counts of

GNP Points

(2 h)

Counts of

GNP Points

(18 h)

Localization

Precision

(2 h) (nm)

Localization

Precision

(18 h) (nm)

1 1230 12,498 14.44 20.73
DISCUSSION

The application of GNP to enhance cell damaging effects in
radiotherapy has been studied in multiple cell culture and
animal experiments (for review, see Ngwa et al. (3) and Chi-
thrani and Chan (14)). Until now, mostly size-dependent
correlations of GNP uptake have been studied and opti-
mized. Quantification of absolute values of uptaken GNP
numbers was almost neglected due to the complexity of
the required preparation and measurement by electron mi-
croscopy (10). Because systematic studies of size- and
shape-dependent amounts of GNPs are supportive for
FIGURE 3 Absorption spectra of the applied GNPs in solution. The max-

ima of the plasmon resonance peaks were detected at 518 nm (10 nmGNPs)

and 527 nm (25 nm GNPs). For comparison, the HeLa cells did not show

any relevant absorption.
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research and clinical studies and thus for radio-therapy,
easy-to-handle techniques for GNP quantification in 3D-
conserved cells are required. Here, we present the applica-
tion of SPDM (17,22,23), an embodiment of localization
microscopy, as such an alternative method. SPDM has the
advantage of providing superresolution in the nanometer
regime comparable to that of electron microscopy, while us-
ing established preparation techniques for light microscopy
(23) and commercially available optics and detection de-
vices. Our results show the feasibility of SPDM for GNP
quantification on a single-cell basis and are supported by
electron microscopy experiments described in Chithrani
2 28,245 14,379 18.87 21.27

3 13,649 13,711 19.32 21.07

4 1762 6150 5.87 22.25

5 25,055 9699 19.03 22.27

6 14,754 8519 20.00 22.12

7 11,877 8995 20.38 21.52

8 12,563 8118 20.86 22.33

9 14,414 3597 18.79 21.53

10 7285 12,703 19.80 21.84

11 1438 10,362 17.57 21.61

12 4491 8658 34.94a 20.22

13 4262 8242 35.83a 21.75

14 20,404 9374 31.67a 22.51

15 7632 5908 33.53a 20.97

Average 11,271 9394 17.20 21.60

SD 8466 2998 8.33 0.66

Error of the mean 2263 801 2.23 0.18

The GNPs were incubated for 2 and 18 h and illuminated at 561 nm.
aObtained with a slightly differently positioned localization detection lens.

This resulted in a lower amount of signals, so the threshold of the analysis

was adjusted. This means that the amount of counted points is consistent

with the rest of the measurements, but the localization precision was poorly

affected.



TABLE 2 Numbers of Counted Points and Average

Localization Precision per Image: 25 nm GNPs

Cell

Number

Counts of

GNP Points

(2 h)

Counts of

GNP Points

(18 h)

Localization

Precision

(2 h) (nm)

Localization

Precision

(18 h) (nm)

1 8889 132,407 35.41 29.08

2 7080 87,947 34.93 28.33

3 5643 80,033 35.48 27.77

4 5319 129,931 34.33 29.26

5 5674 86,264 35.10 28.51

6 4447 89,280 34.91 27.02

7 8312 75,994 35.18 28.96

8 3725 64,416 35.21 30.55

9 6644 85,708 35.22 26.38

10 3557 75,241 35.41 28.64

11 4385 99,061 35.45 13.10a

12 4816 113,125 34.38 14.96a

13 7166 88,753 33.83 16.10a

14 8508 118,022 35.72 15.64a

Average 5790 91,829 35.01 24.25

SD 1575 17,888 0.52 6.31

Error of the mean 437 4961 0.14 1.75

The GNPs were incubated for 2 and 18 h and illuminated at 561 nm.
aObtainedwitha slightlydifferently positioned localizationdetection lens.This

resulted in a lower amount of signals, so the threshold of the analysis was

adjusted. This means that the amount of counted points is consistent with the

rest of the measurements, but the localization precision was poorly affected.
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et al. (10) and other biological results obtained by bulk ex-
periments (see, for instance, Chithrani et al. (10) and Burger
et al. (16)).
TABLE 3 Numbers of Counted Points and Average

Localization Precision per Image: 25 nm GNP-DNAs

Cell

Number

Counts of

GNP Points

(2 h)

Counts of

GNP Points

(18 h)

Localization

Precision

(2 h) (nm)

Localization

Precision

(18 h) (nm)

1 34,322 177,317 22.96 13.37

2 40,256 77,183 19.94 13.61

3 29,247 21,647 22.56 18.94

4 48,221 135,444 21.71 16.34

5 56,632 35,463 22.43 16.79

6 29,461 78,755 23.04 18.16

7 33,216 40,648 22.83 18.03

8 41,670 35,162 21.98 22.88

9 24,999 61,894 22.92 18.40

10 30,571 80,227 22.62 15.53

11 56,202 71,919 22.04 19.54

12 49,678 68,149 22.32 15.78

13 37,760 31,384 17.11 18.39

14 39,948 63,800 22.48 16.33

15 55,365 53,300 21.29 15.74

16 76,293 37,815 20.60 20.01

17 40,858 21,952 19.77 17.64

18 76,407 62,214 19.90 13.34

19 59,985 86,939 21.12 16.34

20 54,478 48,333 19.84 18.85

21 70,317 48,246 20.26 20.71

22 69,337 69,800 17.84 16.62

Average 47,965 63,981 21.25 17.33

SD 15,736 36,094 1.67 2.39

Error of the mean 3434 7876 0.36 0.52

The GNPs were transfected for 2 and 18 h and illuminated at 561 nm.

FIGURE 4 Overlay of SPDM images of a HeLa cell (incubated with

0.2 nM GNP of 25 nm) subjected to 491 and 561 nm illumination. To

compare this image to Figs. 1, 2, and 3, the fluorescent points excited at

561 nm are shown in green; red points present the fluorescent blinking events

detected after excitation at 491 nm. Scale bar, 500 nm. To see this figure in

color, go online.
There is clearly strong evidence to suggest plasmon reso-
nance effects (30) of the 10 and 25 nmGNP particles present
a blinking in the cytoplasmwhen the GNPs are excited with a
200mW laser beam. Thismakes them potential candidates to
use as dyes in localization microscopy (17). Because the
blinking effect (21) is not based on reversible photobleaching
but on plasmon resonance effects, GNP labeling may be a
stable tag for any future specific labeling strategies and
help to circumvent existing shortcomings of conventional
blinking dyes that can go into a permanently bleached state
during SPDMmeasurements. Systematic studies of this non-
bleaching behavior (18) are so far missing, especially for
SPDM imaging. This topic is under investigation, and will
be presented elsewhere. Here, the focus has been drawn to
the GNP uptake and its correlation with SPDM imaging out-
comes to obtain a feasible method for biomedical studies.

All HeLa cells showed blinking of GNPs throughout the
cytoplasm and maintained the GNP incorporation at least
for short periods of time without any external biochemical
or physical support. It is evident that the uptake is very
strongly dependent on the size of the particle, supporting
Biophysical Journal 110(4) 947–953



TABLE 4 Numbers of Counted Points and Average

Localization Precision per Image: 25 nm GNP-DNAs

Cell

Number

Counts of

Points

(@ 491 nm)

Counts of

Points

(@ 561 nm)

Localization

Precision

(@ 491 nm)

(nm)

Localization

Precision

(@ 561 nm)

(nm)

1 137,865 34,322 20.88 22.96

2 148,376 40,256 20.70 19.94

3 58,668 29,247 21.27 22.56

4 38,382 48,221 21.86 21.71

5 84,829 56,632 21.21 22.43

6 116,073 29,461 21.36 23.04

7 131,075 33,216 21.79 22.83

8 67,991 41,670 21.52 21.98

9 62,401 24,999 22.06 22.92

10 36,086 30,571 21.64 22.62

11 36,518 56,202 20.90 22.04

12 94,987 49,678 20.91 22.32

13 60,775 37,760 21.82 17.11

14 58,279 39,948 21.20 22.48

15 88,103 55,365 21.69 21.29

Average 81,361 40,503 21.38 21.88

SD 37,341 10,554 0.42 1.54

Error of

the mean

9980 2821 0.11 0.41

The GNPs were transfected for 2 h. The cells were illuminated at 491 and

561 nm.
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electron microscopic results described in Chithrani et al.
(10). It is understood that nanoparticles of up to 30 nm in
diameter can be incorporated through endocytosis but either
the process itself is different for 10 nm and 25 nm particles,
or the size of the particle results in a slower realization of the
same process. In the case of 2 h of incubation, the 10 nm
particles show ~90% more signals than their 25 nm counter-
parts. After 18 h of incubation, however, the situation is
reversed. The 25 nm particles present an ~15-fold increase
in signals, which is approximately a factor-of-10 higher
than for the 10 nm GNPs. The maximum uptake time in
the case of the 10 nm particles is closer to 2 h, while for
the 25 nm particles it is closer to 18 h. Thus it appears
that 25 nm particles are internalized with slower kinetics
than 10 nm particles, but accumulate in higher concentra-
tions due to a better retention (16). In addition, proceeded
exclusion of 10 nm particles might occur after 18 h. Such
differences have to be considered if GNPs are injected
into tumor tissues for further radiotherapy.

In contrast, 25 nm GNP-DNAs also showed a strong in-
crease of particles after 2 h, which seem to be relatively sta-
TABLE 5 Overview of the Averaged Results of Tables 1, 2, 3, and 4

Method

Average Number of

Points 5 SD (2 h)

Incubation 10 nm @ 561 nm (Table 1) 11,271 (58466)

Incubation 25 nm @ 561 nm (Table 2) 6012 (51780)

Transfection 25 nm @ 561 nm (Table 3) 47,965 (515,736)

Transfection 25 nm @ 561 nm (Table 4) 40,503 (510,554)

Transfection 25 nm @ 491 nm (Table 4) 81,361 (537,341)
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ble (within the measured errors) until 18 h. This increased
incorporation kinetics may be due to the transfection re-
agent as Burger et al. (16) have shown by using unmodified
GNPs with the transfection reagent. Overall, the transfection
experiments confirmed the results obtained by Burger et al.
(16) as being the most effective, with respect to the accumu-
lated number of particles.

The average amount of points measured for the same cells
(25 nm GNP-DNA transfected after 2 h of incubation) at two
different wavelengths (excitation at 561 and 491 nm) indi-
cates that GNP blinking could be separated from label-
free blinking of biological molecules sui generis of the cells
as it has been demonstrated by Kaufmann et al. (29).

This may, however, offer the opportunity to suppress the
internal signals by SPDM because it is expected that, after
high-power illumination, a considerable bleaching will
take place that may be circumvented if GNPs are used as
labeling tags.

In conclusion, the results indicate that GNPs in combina-
tion with SPDM may offer several, to our knowledge, novel
technological aspects. On the one hand, GNPs of different
sizes could be applied as labeling tags with slightly spec-
trally shifted fluorescence signals. For example, classical
GNP-labeled antibodies could be used in combination
with SPDM as a selective nonbleachable marker. On the
other hand, the quantification by means of SPDM could in
general support the application in many fields of research
and treatment, especially in radiotherapy as, for instance,
by an estimate of appropriate GNP concentrations in
different types of tumor cells for assisting in optimizing
the damage generated by irradiation processes. Moreover,
precise visualization of the GNP positions in cells will allow
experimental quantification of GNPs around short-range
accessible, sensitive damage sites and targets. This will
potentially open new perspectives in research where GNP
constructs are used to improve the overall therapeutic gain
by increasing the damage induced on specific intracellular
targets (2).
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