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Abstract

Four different gold nanoparticle (GNP) preparations, including nude GNP and GNP coated either
with thiolated undecane (S-C11H23), or with dithiolated diethylenetriaminepentaacetic
(DTDTPA) or gadolinium (Gd) DTDTPA chelating agents were synthesized. The average
diameters, for each type of nanoparticle are 5 nm, 10 and 13 nm, respectively. Dry films of
plasmid DNA pGEM-3Zf(-), DNA with bound GNP and DNA with coated GNP were bombarded
with 60 keV electrons. The yields of single and double strand breaks were measured as a function
of exposure by electrophoresis. The binding of only one GNP without coating to DNA containing
3197 base pairs increases single and double strand breaks by a factor of 2.3 while for GNP coated
with S-C11H23 this factor is reduced to 1.6. GNP coated with the DTDTPA and DTDTPA:Gd in
same ratio with DNA, produce essentially no increment in damage. These results could be
explained by the attenuation by the coatings of the intensity of low energy photoelectrons emitted
from GNP. Thus, coatings of GNP may considerably attenuate short-range low energy electrons
emitted from gold, leading to a considerable decrease of radiosensitization. According to our
results, the highest radiosensitization should be obtained with GNP having the shortest possible
ligand, directed to the DNA of cancer cells.

1. Introduction

Gold nanoparticles (GNP) of well-controlled dimensions are currently being intensively
investigated for applications in cancer diagnosis, imaging and therapy [1,2]. Molecular
labeling with GNP enables the detection of the biodistribution of various biomolecules by
techniques, such as UV-vis spectrophotometry [3], surface plasmon resonance spectroscopy
[4 ] and magnetic resonance imaging (MRI) [5]. Moreover, site-specific cellular targeting of
GNP could serve as diagnostic probes and radiosensitizers of cancer cells [6,7,8]. In this
case, they usually need to be bound to a ligand with a targeting group having a specific
biological function [2]. For example, GNP coated with gadolinium chelates have been
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demonstrated as a good contrast agent in MRI for clinical diagnosis [5]. Hence, the physical
and chemical characteristics of GNP associated with specific ligands have become the
important factor influencing its application and need to be determined.

Recently, the potential of GNP as a radiosensitizer in cancer radiotherapy has been
demonstrated [2, 9 ]. Clinical applications are mainly limited by the amount that can be
administered to the patient and the method to preferentially retain GNP in cancer cells.
Hainfeld et al. reported that administration of 1.9 nm GNP with X-ray radiation can
eradicate EMT-6 mouse tumours [9]. However, the amount of GNP administered to mice in
these experiments was 1.35 g/kg, which is much too large for human applications. In order
to decrease the amount administered to the patient and maintain a similar radiosensitization,
GNP should be targeted to the tumor cells and in addition should be close to nuclear DNA.
Zheng et al. showed adding GNP to plasmid DNA with ratio of 2:1 increased damage to the
plasmid from exposure to fast electron irradiation by a factor of 2.5 compared to pure DNA
[10]. It was suggested that the presence of GNP increases the absorption of ionizing
radiation which led to the production of additional low-energy secondary electrons around
DNA. Since the low-energy electrons (LEE) are short-range and are produced in large
amounts by ionizing radiation, GNP have the potential to focus radiation energy to the DNA
of cancer cells. The approach is of obvious interest for applications in radiotherapy, if the
nanoparticles can be bound to specific ligands that serve as a vehicle to direct GNP to cancer
cells and the nucleus.

In subsequent investigations, Zheng et al. showed that the presence of GNP near DNA also
enhanced the DNA damage induced by 1, 10 and 100 eV electrons [11]. Surprisingly, GNP
increased single strand breaks (SSB) induced by 1 and 10 eV electrons by factors of 2 and
3.5, respectively. Since 1 eV electrons do not ionize matter and 10 eV electrons do not
produce considerable ionization compared to higher energy electrons or 20-100 keV X-rays,
the study suggests that DNA is chemically sensitized to LEE damage by GNP. In other
words, Zheng et al. [11] suggested that the radiosensitization of DNA by GNP takes place
via one or both of the following mechanisms: (1) a local increase in the absorption of
ionizing radiation, which increases the production of short range secondary electrons that
have a high probability of damaging DNA, and (2) an increase in the sensitivity of DNA to
fragmentation induced by secondary LEE.

The most common ligands and stabilizers bound to GNP are thiolated organic molecules [2].
The general synthetic method is the Shiffrin-Brust biphasic synthesis [12]. In this case,
HAUCIy, a thiol, and NaBHy, in water-toluene are used to yield thiolated-GNP, in which the
thiol ligand is self-assembled on the gold surface through an Au-S covalent bond. Upon
subsequent biomolecular substitution, various functional thiolates such as oligonucleotides,
peptides etc. can be attached to GNP [2]. Although with appropriate ligands, it is technically
possible to introduce GNP into cancer cells, the role of these ligands on the mechanism of
GNP radiosensitization is not clear. Xie et al. reported that the chemical linkage of GNP
with alkane ligands can enhance the photoexcitation of the nanoparticle and photoemission
from them [13]. However, GNP with another similar ligand, gadolinium (Gd) chelating
dithiolated diethylentriaminepentaacetic (DTDTPA), which was expected to increase the
additional absorption of radiation in cancer cells with a subsequent increase of secondary
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electrons, showed no radiosensitization /n vivoand invitro [14]. In the present study, we
attempt to find the reason for this lack of radiosensitization with DTDTPA:Gd, while
obtaining data on a typical thiolated ligand for GNP.

We investigate the role of GNP ligands as well as that of LEE in GNP radiosensitization of
DNA. GNP without any ligands or coated either with DTDTPA, DTDTPA:Gd or thiolated
C11H23 are mixed with pGEM-3Zf(-) plasmid DNA to form thin films [10]. These films are
bombarded by 60 keV electrons. The yields of DNA damage are measured by
electrophoresis. Films made of GNP and the two DTDTPA ligands are characterized by X-
ray photoelectron spectroscopy (XPS). From the comparison of these yields and XPS spectra
from the different type of films, we find that the coating of GNP of about 4 nm considerably
attenuates the emitted LEE produced in the core of GNP and makes DNA more resistant to
LEE-induced damage. When the GNP are coated with the shorter ligand (C11H23) of 2.5
nm length, the emitted electrons are less attenuated and consequently, DNA damage
increases compared to that observed with the DTDTPA ligands. These results can be
explained by the short effective range of LEE of the order of 10 nm [15], and the
geometrical factor reducing the electron flux as a function of distance from the center of the
GNP. Thus, radiosensitization of DNA by GNP may be considerably reduced by LEE
attenuation in the ligand.

2. Materials and Methods

2.1. Preparation of Plasmid DNA

pGEM-3Zf(-) plasmid DNA (3197 base pairs, Promega) was extracted from E. co/i DH5a.,
purified with QIAfilter Plasmid Giga Kit (Qiagen) [16]. The DNA was diluted in distilled
and deionized water (dd H,0). Agarose gel electrophoresis analysis showed that 95% of the
purified plasmid DNA was in the supercoiled form and the rest was in the concatemeric
(1%) and nicked circular form (4%). The absolute amount of plasmid DNA was determined
by measuring its UV absorption at 260 nm [17,18,19]. The relative amount of proteins in the
plasmid was obtained from the ratio of the UV absorption of DNA at 260 nm to that of at
280 nm. The ratio is 1.98 in this study which corresponds to less than 15% by weight of
proteins remaining with DNA [17,18,19].

2.2. GNP synthesis

GNP without ligands were prepared by the NaBH, reduction of HAuCl, [12]. Ten ml of 8
mM NaBH,4 was added to 10 ml of 3 mM HAuCI, (Sigma). The mixture was vigorously
stirred for 10 min at room temperature, until no bubble formed in the solution. The final
solution was stored in the dark at 5 °C until further manipulation. In the following text gold
nanoparticles without ligands was referred as GNP.

The GNP with DTDTPA ligands were synthesized according to the method of Deboulttiere et
al. [5]. Briefly, 200 mg HAUCI4 in 70 mL methanol was mixed with a solution of 482 mg
DTDTPA, 50 ml methanol and 2 mL of acetic acid. Then a solution of 192 mg of NaBH,
was added under vigorous stirring for 1 hr. The color of the mixture instantly changed to
dark brown indicating the presence of GNP. The solution was filtered through the nylon

Nanotechnology. Author manuscript; available in PMC 2013 November 15.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Xiao et al.

Page 4

membrane (0.2 um) and subsequently washed by different solvents to obtain the GNP with
the thiolated DTDTPA (Au@DTDTPA). By adding 5 mM GdCls to a solution of
Au@DTDTPA, calibrated with the colormetric titration of xylenol orange, the gadolinum
was chelated to the GNP forming Au@DTDTPA:Gd as the second coated GNP in this study.

The GNP with undecanethiol (Au@C11H23) were prepared by the Brust-Schiffrin method
[12]. 80 ml of Tetraoctylammonium bromide in toluene was added to 30 ml of hydrogen
tetrachloroaurate with vigorously stirring until the water phase turned to colorless, indicating
all the tetrachloroaurate was transferred to the organic phase. 170 mg of undecanethiol was
added to the subtracted organic phase and mixed with 0.4 M sodium borohydride while
vigorously stirring for 3 hrs. After rotary evaporation and washing with 400ml ethanol the
mixture was kept at —18 °C for 4 hrs to form the dark brown precipitate. The precipitate was
filtered, redissolved in toluene and washed with ethanol twice for purification to obtain
AuU@Cy1Has.

2.3. GNP and coating characterization

Ten microliters of freshly made GNP solution was deposited onto a 230-mesh carbon-coated
copper grid (Beijing Zhongjingkeyi Tech.). Excess water was blotted off the grids with filter
paper, and the sample was dried on a specimen mounting heated plate at 130 °C before
observation. The transmission electron microscopy (TEM) (Tecnai G2 F20 S-TWIN, FEI)
was operated in the high resolution mode, at an accelerating voltage of 200 KV and with a
beam current of 4200 pA. The TEM images were recorded with a digital camera (Gatan
DigitalMicrograph). The size distribution of GNP was analyzed by ImageJ (Version 1.240)
using at least 200 particles in the TEM image. The average diameter of GNP was 5 + 2 nm,
as characterized by TEM.

Since the TEM images only display the heavy element Au in GNP with chelating agent, the
size of the molecular assembly was deduced from thermogravimetric analysis (TGA). The
TGA analysis was performed with a NETZSCH STA449C device on 35 mg of dry, purified
samples under an air flow of 40 mL min~1 at a heating rate of 5°C min~! in the temperature
range of 25-700°C. The result of TGA revealed a weight loss around 43% and 49% between
200 and 600°C for Au@DTDTPA and Au@DTDTPA:Gd, respectively (Fig. 2B). According
to the density of GNP and DTDTPA:Gd of 19.3 and 1.2 g cm~3, with the inner GNP of
radius of 2.5 nm, the length of the binding DTDTPA:Gd linker was estimated to be 4 nm.
Since the chelating gadolinium ions are entrapped in the DTDTPA shell (Fig.1A) [20], we
assume that the size of GNP without adding of gadolinium is the same as that of
Au@DTDTPA:Gd. Thus, the diameter of GNP with linker DTDTPA was deduced to be 13
nm which compares to 5 nm for GNP without the linker. The result of TGA analysis of
Au@Cq1Hy3 showed a weight loss of 26% for the S- C11Ho3 ligand. The length of undecane
was calculated to be 2.5 nm, from the estimated density of 0.95 g cm=3 for SCq1Hos3.

According to Hostetler et al., gold atoms cluster in the cubic-face configuration to form the
GNP [21]. The geometrical arrangements of a surface layer of spherical GNP with and
without linkers are shown schematically in this configuration in Fig. 1B. The packing of
Au@ligand is illustrated in the left panel with orange and gray circles representing the GNP
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in the first and second layer, respectively. The model serves in following calculations of
GNP density in our films.

2.4. 60 keV Electron irradiation

GNP, Au@DTDTPA and Au@DTDTPA:Gd were dissolved in dd H,O and mixed with
DNA forming GNP-DNA complexes. In the case of Au@C1H>3, 4.2 mg of the compound
was dissolved by ultrasound in 1 ml ethanol before mixing with DNA. Five pl aliquots of
DNA and GNP-DNA solutions were deposited on a tantalum foil (99.99%, Goodfellow), 25-
pm-thick with a surface area of 4.6 mm?2. The samples were dried in a glove box at ambient
temperature, at a relative humidity of 10 %. For 7.9 pg of DNA, this procedure produced
films of 1 um thickness estimated from the density of DNA of 1.7 g cm=3[22,23]. In this
study, the ratio of GNP to DNA is fixed at a molar ratio of 1:1. The amount of DNA in films
of GNP-DNA complexes was reduced to maintain the same film thickness of 1um.
Furthermore, since the yields are expressed as the number of SSB and DSB per DNA
molecule in the sample, these yields are independent of the amount of DNA in each film.
Hence, in all experiments the irradiated volume remains the same. The thickness of 1 pm
was chosen to absorb sufficient energy from the electron beam, while avoiding the effects of
secondary electrons emitted from the metal substrate.

Once prepared, the samples were transferred to the TEM (H-7100 Hitachi chamber, where
they were irradiated or not by a 60 keV electron beam with a current of 15 YA for periods
varying from 5 to 30 s. Data were recorded at five different doses and with no dose under
identical experimental conditions. The incident electron fluence of the TEM was measured
with a radiochromatic dosimetry film as described previously [10]. Taking into account the
area of the electron beam of 4.6 mm2, the incident electron flux was determined to be 5.3
%1013 electrons s~ cm~2,

2.5. Analysis of plasmid DNA by Agarose Gel Electrophoresis

After irradiation, the gold foil was removed from the UHV chamber and the sample was
immediately dissolved in dd H,O. The recovery of DNA was approximately 90%. The
different forms of DNA were separated by 1% neutral agarose gel electrophoresis run in
TAE buffer (40 mM Tris acetate, 1 mM EDTA, pH 8.0) at 100 V for 7 min and 75 V for 90
min. Both the gel and the DNA samples were prestained by SYBR Green | (Molecular
Probes), 10 000X for gel and 100X for samples, respectively. After electrophoresis, gels
were scanned with the STORMB860 using the blue fluorescence mode (Molecular Dynamics)
at an excitation wavelength of 430 nm. A correction factor of 1.8 was applied because of the
weaker binding of SYBR Green | to the supercoiled form of DNA compared to nicked
circular (SSB) and linear (i.e., double strand break: DSB) configurations [24]. The
percentage of each form was obtained from Image Quant analysis. The gel image of
Au@DTDTPA-DNA analysis with increasing irradiation time and one corresponding
scanned intensity are shown in Fig. 3. Special care was taken to accurately assess the
magnitude of the band associated with the linear form of DNA. This band, when very weak,
is convoluted with the much more intense band corresponding to the nicked circular form. In
most gels, it was possible to quantify the DSB peak using a well-chosen baseline that
correctly exempted the SSB peak. In extreme cases, it was necessary to manually
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deconvolute the bands with two pseudo-Voigt functions (a linear combination of a Gaussian
and a Lorentzian function at the same position and with the same area) using a software such
as Origin 8.

2.6. XPS characterization

The XPS measurements were conducted using the commercial system (Thermo Scientific
ESCALAB 250) at Fuzhou University. The apparatus was operated at an emission current of
6 mA producing a monochromatized Al Ka beam in a chamber at a base pressure of
3.8x10710 mbar. The neutralizing electron gun was turned on in the low energy Mode with
emission current of 100 mA to eliminate the charging of the samples during X-ray
irradiation. The hemispherical electron energy analyzer input axis was normal to the sample
surface. XPS survey spectra were recorded in the fixed analyzer transmission mode with a
pass energy of 100 eV and energy steps of 1 eV. The typical peaks of elements, Au 4f, Gd
3d, S 2p, C 1s, N 1s and O 1s, were recorded separately with a pass energy of 20 eV and
energy steps of 0.1 eV. The energy scale of XPS spectra was adjusted according to the
standard C 1s binding energy line of 284.6 eV.

The secondary electron (SE) emission measurements were performed in the low-energy
electron mode with the pass energy of 0.8 eV and energy step of 0.05 eV without the
neutralizing gun. The freshly synthesized GNP were deposited onto a carbon-coated copper
grid (SPI Supplies), dried in a nitrogen filled glove box and formed a thick GNP film. The
thickness of the GNP film was sufficiently large to avoid detection of background signal
from the carbon-coated copper grid in our measurements. Au@DTDTPA and
Au@DTDTPA:Gd sample powders were first formed into pellets and deposited on metal
sample holders. Then the GNP@ samples were circumscribed with a conducting silver gel
(SPI Scientific), shown schematically in Fig. 5, so as to remove the charging on the surface.
The work function at the surface was 5.19 eV. During the measurements the sample platform
of the XPS was connected to ground.

3. Results and discussion

Fig. 4 exhibits the fluence response curve for the induction of SSB and DSB by 60 keV
electrons in films of DNA, Au@DTDTPA-DNA and Au@DTDTPA:Gd-DNA held under
high vacuum conditions. As expected, the number of breaks increases with incident electron
fluence. All curves exhibit a similar rise and almost parallel slopes in the linear region.
Previously published fluence-response curves for GNP-DNA films with no linkers recorded
under similar experimental conditions exhibited a much steeper slope than those for pure
DNA films [10]. The same result was obtained in the present experiments. The initial slope
of the corresponding response curve represents the yield per incident 60 keV electron per
DNA molecule at low fluences. The yields for the formation of SSB, DSB and loss of
supercoiled DNA are listed in Table 1 for pure DNA and different GNP-DNA complexes.
Taking into account standard deviations, we find that the yields are the same for naked DNA,
Au@DTDTPA-DNA and Au@DTDTPA:Gd-DNA. On the other hand, the difference
between the yields from the latter three samples and the yields from the GNP-DNA and
GNP@C;1H»3-DNA samples are large and statistically significant. In all cases, the ratio of
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SSB to DSB is situated around 20, a value which is typical of high energy radiation with low
linear energy transfer [25]. Previous studies [10] have shown that the formation of SSB and
DSB is considerably increased by the binding of GNP to DNA. The present results (2nd line
in Table 1) corroborate this finding. The formation of SSB and DSB is increased by a factor
of 2.3 in the presence of GNP. When the GNP is coated with thiolated undecane (S-C11H>3),
which has a thickness of 2.5 nm, this factor is reduced to 1.6; e.g., as shown in the last line
of Table I, production of SSB is reduced from 17.1 to 12.0 x 10-15/electron-mol. However,
enhancement of radiation damage by 60 keV electrons is not observed with GNP coated
with DTDTPA or DTDTPA:Gd; i.e., DNA is not radiosensitized by GNP coated with these
organic linkers of 4 nm average thickness. Thus, the amount of DNA damage appears to be
related to the thickness of the linker. The results obtained with the longer thicker coatings
are consistent with the study of Hébert et al. [14], which showed no radiosensitization in
MC7-L1 tumor cells incubated with Au@DTDTPA:Gd, nor in animals bearing MCT-L1
tumors injected with Au@DTDTPA:Gd. The ensemble of the results raise the question: why
does coating GNP with these organic linkers destroy the radiosensitization action of GNP /n
vivo and at the cellular and DNA levels?

Since the decrease of radiosensitization by GNP depends on the thickness of the coating, it
is possible that this reduction be due to considerable absortion of the emitted low energy
photoelectrons by the linker or any biological material lying between the GNP and DNA.
Our DNA samples contain approximately 15% proteins by weight; so, we can not rule out
the possibility that coated GNP could preferentially bind to proteins. However, the aliphatic
hydrocarbon linker is expected to be quite inert with respect to binding to either DNA or
proteins. Thus, most of the GNP-S-C11H>3 nanoparticles should lie near DNA. In such a
case, electrons escaping the undecane coating could still damage DNA as seen from the
results of the last line in Table I. However, it is not known if DTDTPA has a stronger affinity
for protein or DNA. We therefore conclude that in this case most of the emitted
photoelectrons are absorbed by either the linker alone or by a combination of linker and
proteins. In the following text, we show from XPS data that attenuation of LEE by the
DTDTPA and DTDTPA:Gd coatings alone is sufficient to suppress most LEE and keep them
from reaching DNA; i.e., LEE absorption by these ligands alone can explain the lost of
radiosensitivity.

Typical elemental compositions of Au, S, N and Gd from the XPS spectra of films of GNP,
Au@DTDTPA and Au@DTDTPA:Gd are shown in Fig. 5. The spectra characterize the
GNP synthesized with and without linkers. The Au 4f peaks for each film appear in more
detail in Fig. 5. The Au 4f7;, binding energy in the GNP film is 84.1 eV with a full width at
half-maximum (FWHM) of 0.8 eV. This is identical to that measured for the pure Au
reference film [2,13]. The Au 4f7), peaks of Au@DTDTPA and AU@DTDTPA:Gd are
broader than that of the reference with a FWHM of ~1.6 eV. Inelastic electron scattering
within the linker probably contributes to the enlargement of the peak. An additional
contribution could come from chemical bonding of the linker to gold. This is illustrated in
Fig. 6 by deconvoluting the broad peaks into two components C1 and C2. Component C1 is
located at the same energy as the peak of pure GNP, which is attributed to unbound inner Au
atoms in the GNP. Component C2 is located at a higher binding energy of ~85.0 eV which is
associated with the formation of Au-S chemical bonding in the complexes [13]. For a

Nanotechnology. Author manuscript; available in PMC 2013 November 15.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Xiao et al.

Page 8

diameter of 5 nm, the number of gold atoms at the surface and the total number of gold
atoms in a GNP are 1563 and 3725, respectively [21]. Thus, 42% of the gold atoms are on
the surface of the GNP. According to the XPS spectra in Fig. 6, of the total area under the
Au@DTDTPA and Au@DTDTPA:Gd peaks, 52% and 46% of the signal arises from the C2
component, respectively. This is in fairly good agreement with the Au atom density if one
considers that some electrons from the core will be absorbed by the surface layer. These
results support the hypothesis [13] that formation of the Au-S bond contributes to the
broadening of the Au peak.

Fig. 7 shows the 0-14.8 eV distribution of electrons emitted from different films, and a gold
surface, by the 1.5 keV photons. Under the same measurement conditions, the intensity of
secondary electrons (SE) from different GNP films can be quantitatively compared. The SE
spectrum of GNP without the linker was almost the same as that of the SE spectrum from
the pure gold substrate, while the SE spectra of the two films of GNP with linkers nearly
overlapped. The intensity of SE spectra from the GNP with linkers were about one order of
magnitude smaller than that of pure GNP. As shown from the bottom curve in Fig. 7, the
lowest intensity was measured from films made of only DTDTPA.

The energy-absorption coefficients of 1.5 keV X-ray by gold and water are 409 x103 and 25
%108 cm?/mol, respectively [26]. According to this difference of a factor of 16, around 94 %
of the X-rays are absorbed by GNP, whereas 6% are absorbed by the linkers which have a
coefficient similar to water [26]. Thus, high-energy photoelectrons induced by 1.5 keV X-
rays are mainly produced from GNP rather than from the linkers.

Fig. 1B shows a schematic model of ordered layers of GNP spheres in the cubic face-
centered configuration with and without linkers. In this configuration, the inverse density
ratio of gold at the first surface layer of each film depends on (r/R)2, where r and R are the
radii of a sphere composed of a GNP and a Au@DTDTPA complex, respectively. This ratio
of 6.6 is listed in the first column of Table Il. When we integrate the peak areas of Au 4f;),
in Fig. 6, a decrease by a factor of 4.6 and 5.4 is found for the Au@DTDTPA:Gd and
Au@DTDTPA, with respect to the GNP film. These factors are listed in the second column
of Table Il. They can be compared to the inverse density ratio of gold (1st column).
Considering that (1) the GNPs in the second layer could also contribute to the signal of the
Audf peak, and (2) the geometry and the stacking conditions of our film are probably
different from the ideal model in Fig. 1B, the numbers in the first two column of Table Il
show reasonable agreement. Thus, within the limits of the model, we can conclude that the
decrease of the magnitude of the 4f;;, signal observed experimentally can be explained by
the smaller density of the GNP at the surface of the AuU@DTDTPA:Gd or Au@DTDTPA
film. In other words, 1384 eV photoelectrons are not significantly absorbed by the coating
and these 4.6 and 5.4 factors can be used to evaluate the stronger absorption of LEE in the
same films.

The total number of LEE between 0 and 14.8 eV produced from each film was calculated by
integrating the SE curves in the Fig. 7. The LEE produced by Au@DTDTPA and
Au@DTDTPA:Gd films decrease by factors of about 7.3 and 11.3, respectively, compared to
the pure GNP film. These values are listed in the third column of Table 1. Considering the
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factors of 4.6 or 5.4 as due to the decrease of the density of GNP, the remaining LEE
attenuation translates into a further decrease of 26% and 59% of LEE produced by the GNP
with DTDTPA and DTDTPA:Gd coatings, respectively. These percentages however do not
take into consideration LEE produced by the linkers, whose distribution is shown at the
bottom of Fig. 5. If we subtract the LEE yield of a pure film of DTDTPA from the SE curves
with linkers in the calculation, more realistic estimates are obtained. In this case, we find
that 46% of the LEEs produced by the GNP are absorbed in the DTDTPA coating, whereas
76% of the LEEs produced by the GNP are absorbed in the DTDTPA:Gd coating (4th
column in Table I1). The overall results in Table Il indicate that LEE produced from the GNP
are significantly reduced by linkers only 4 nm long and that the addition of a heavy element
(e.g., Gd) within the linker further increases the absorption of LEE. These values are
consistent with the thermalization distances of the order of 10 nm for 1-20 eV electrons in
water [15] and the measurements of Cai et al. [24]. These authors measured the attenuation
length for 8-18 eV electrons in DNA to be 1.6-2.5 nm [27].

Finally, these calculations do not consider that the electron flux (i.e., number of electrons per
surface area) emanating from a point source varies as the inverse of the square of the
distance. The center of a GNP lies at about 5 nm from DNA whereas that of a coated GNP
resides 13 nm from DNA. Within a point source approximation these different radii would
result in another decrease by a factor of 6.8 in the number of LEE reaching DNA in the case
of GNP with linkers. This factor is probably lower since the source is a sphere rather than a
point and LEE which traverse the coating and/or DNA can multiply scatter from other
complexes within the film. Taking a conservative factor of 3 for the reduction of LEE current
density we find that damage to DNA induced by LEE from GNP should be reduced by at
least 82% and 92% with Au@DTDTPA and Au@DTDTPA:Gd, respectively These values,
given in the fifth column of Table I, can be compared with those obtained from direct
measurements of DNA damage, appearing in the last column of this table. Such a
comparison shows that the percentage absorption of LEE by DTDTPA linkers corresponds
to the percentage decrease of the radiosensitization of DNA induced by naked GNP.

The role of the secondary LEE produced in large number by ionizing radiation (~3x10%/
MeV) is well established in radiation physics and chemistry. They induce various DNA
damages such as strand breaks, base fragmentation and base release [28]. Below 15 eV, these
electrons have a high cross section for forming transient negative ions, which damage DNA
by decaying into dissociative electron attachment or autoionization [28]. The preceding
arguments show from attenuation length measurements, geometrical considerations and
electron absorption by the linker that, the flux of LEE at the DNA surface is considerably
reduced by Au@DTDTPA or Au@DTDTPA:Gd. It is therefore not surprising to find from
Fig. 4 and Table I that radiosensitization of DNA is considerably decreased with these
linkers. Indeed, according to Table 11, the linkers DTDTPA and DTDTPA:Gd reduce damage
to DNA from radiosensitization by 86% which compares with our XPS estimates of 82%
and 92%, respectively. Thus, within experimental error, attenuation of the secondary LEE
emanating from the GNP could account for the entire reduction of radiosensitization. As
pointed out in the introduction, contact of GNP with DNA may also radiosensitize the
molecule to secondary electrons [11,29]. This added chemical sensitivity may disappear
when a spacer (i.e., the linker) is placed between DNA and the GNP. However, since with
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the shorter and relatively inert linker (i.e., S-C11H>y3) radiosensitization is still observed, we
can at least conclude that chemical sensitization is not the only factor involved.

4. Conclusions

The present study provides further evidence that secondary LEE are involved in the
radiosensitization of DNA by GNP. As shown previously [10], GNP bound to DNA
increases absorption of ionizing radiation energy and causes the subsequent production of
additional secondary LEE. However, binding linkers to the GNP decreases the humber of
LEE emitted from their surface that can reach DNA. Owing to their short effective range, the
secondary LEE intensity is almost completely attenuated by the binding of relatively long
DTDTPA linkers to GNP. This is reflected by the absence of a change in the yield of damage
(i.e., by the absence of additional damages with the DTDTPA coated GNP). However, with a
shorter linker (S-C11H»3), reduced but finite radiosensitization of DNA occurs, indicating
that LEE emitted from the GNP may be only partially absorbed. Taken together with the
results of the in vitro and vivo studies on Au@DTDTPA:Gd radiosensitization [14], the
present study is consistent with the recent theoretical calculations of McMahon et al [30].
These authors related the energy deposition of electrons emitted by GNP to biological
outcomes and showed good agreement with cell killing by a combination of X-rays and
GNP. Both model calculations [30] and our results indicate that the close proximity of GNP
to the DNA molecule appears as an important factor to be considered in the application of
GNP in cancer radiotherapy. Considering DNA as the most sensitive target in radiotherapy,
the highest radiosensitization should be obtained by directing to the DNA of cancer cells
GNP coated with the shortest possible linker.
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Schematic diagram of A) Au@DTDTPA:Gd; @ represents the Gd3* chelating ion. B) the
surface geometrical structure of a layer of GNP with and without linkers. The packing of
Au@ligand is illustrated in the left panel with orange and gray circles representing the GNP
in the first and second layer, respectively.
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Fig. 2.
A) The TEM image of Au@DTDTPA with the electron diffraction pattern in the insert. B)

The TGA analysis of Au@DTDTPA and Au@DTDTPA:Gd.
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Agarose gel electrophoresis of Au@DTDTPA-DNA samples of 348 nm thickness deposited
on the tantalum substrate and irradiated by 60 keV electrons at four different doses. The first
band on the left is that of the non-irradiated control sample. Starting from the top, the bands
represent the crosslink, circular (SSB), linear (DSB), and supercoiled DNA configurations,
respectively. The magnitude of the last 20 s lane is shown by the ImageQuant scan in the
right panel with peak corresponding to each DNA conformation.
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Exposure-response curves for SSB and DSB induced by 60 keV electron impact on films of
pure DNA (A), Au@DTDTPA-DNA (@) and Au@DTDTPA:Gd-DNA (H) complexes in
ratios of 1:1, respectively. The curves are the corresponding exponential and spline fit for

SSB and DSB, respectively, as well as the slope.
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XPS elemental analysis of GNP, Au@DTDTPA and Au@DTDTPA:Gd. The intensity of

GNP without DTDTPA is reduced by 1/5 for comparison.
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The Au 4f spectra of GNP, Au@DTDTPA and Au@DTDTPA:Gd, respectively. The Au
4f75 is deconvoluted into two components C1 and C2 for the latter two.
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Fig. 7.
Low energy portion of secondary electron spectrum resulting from irradiation of GNP,

Au@DTDTPA, Au@DTDTPA:Gd, pure gold and DTDTPA samples by 1.5 keV X-rays.
The GNP with linker (GNP@) and DTDTPA samples are circumscribed with Ag gels to
remove surface charging (shown in the insert).
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Table |

The yields (Y in 10715 electron-molecule™) for the formation of SSB, DSB and loss of supercoiled DNA
induced by 60 keV electrons in different DNA films deposited on a tantalum substrate. The error is the
standard deviation obtained from the slope of the exposure curve. The ratio of SSB to DSB is displayed in the

last column.
Y
Samples Ratio (SSB/DSB)
SSB DSB Supercoiled
DNA 7416 0401 -99+19 19
GNP:DNA=1:1 171+13 09+02 -181%13 19
Au@DTDTPA:DNA=1:1, 88+05 0401 -100+10 22
Au@DTDTPA-Gd:DNA=1:1 8809 04%0.1 -9.9+0.6 22
AU@Cy Hpe= 101 120+20 06+01 -132+22 20
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