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ABSTRACT: Radiation dose assessment is essential for several medical
treatments and diagnostic procedures. In this context, nanotechnology has
been used in the development of improved radiation sensors, with higher
sensitivity as well as smaller sizes and energy dependence. This paper deals with
the synthesis and characterization of gold/alanine nanocomposites with varying
mass percentage of gold, for application as radiation sensors. Alanine is an
excellent stabilizing agent for gold nanoparticles because the size of the
nanoparticles does not augment with increasing mass percentage of gold, as
evidenced by UV−vis spectroscopy, dynamic light scattering, and transmission
electron microscopy. X-ray diffraction patterns suggest that the alanine crystalline
orientation undergoes alterations upon the addition of gold nanoparticles.
Fourier transform infrared spectroscopy indicates that there is interaction
between the gold nanoparticles and the amine group of the alanine molecules,
which may be the reason for the enhanced stability of the nanocomposite. The application of the nanocomposites as radiation
detectors was evaluated by the electron spin resonance technique. The sensitivity is improved almost 3 times in the case of the
nanocomposite containing 3% (w/w) gold, so it can be easily tuned by changing the amount of gold nanoparticles in the
nanocomposites, without the size of the nanoparticles influencing the radiation absorption. In conclusion, the featured properties,
such as homogeneity, nanoparticle size stability, and enhanced sensitivity, make these nanocomposites potential candidates for
the construction of small-sized radiation sensors with tunable sensitivity for application in several medical procedures.
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1. INTRODUCTION

Ionizing radiation is largely employed in the industrial and
medical areas. This makes radiation dose assessment essential
for medical treatment and diagnosis, such as cancer radiation
therapy,1,2 tomography, radiography,3,4 and fluoroscopy,5 as
well as for radiological protection6 and personal dosimetry.7

Therefore, the development of adequate radiation sensors that
comply with each specific application is of utmost importance.
The most common sensors utilized for radiation measurements
are ionization chambers,8 scintillation detectors, thermolumi-
nescent and optically stimulated luminescent dosimeters,9,10

and semiconductor devices.11 Electron spin resonance (ESR)
spectroscopy also plays an important role in the field of
radiation detection when it comes to the identification and
quantification of radiation-induced free radicals in materi-
als.12−14 Among a variety of compounds used for radiation
detection by means of the ESR technique, alanine stands
out.15−17

Nowadays, the alanine/ESR technique is largely employed
for dosimetry of high doses involved in procedures of food
irradiation, medical product sterilization, and radiotherapy.18−20

This technique can detect doses from gray up to kilogray and

offers such advantages as time stability of the ESR signal and
linearity.16 The stability of the radicals depends on the
molecular surroundings, rigidity of the matter, temperature,
and humidity.16 It is worth noting that alanine is a tissue-
equivalent biomaterial; i.e., its effective atomic number is close
to that of soft tissues, so it absorbs the ionizing radiation in a
way similar to that of tissues.16 However, alanine has its
sensitivity diminished for low doses and low-energy photons
(energy below 100 keV).16,21 The sensitivity reduction reaches
values up to 40% for X-ray beams with energy below 100 keV,
compared with 60Co irradiations.16

Besides the low sensitivity for low energy and doses, the
dosimetry of narrow photon beams, such as the ones employed
in radiosurgery and intensity-modulated radiation therapy of
cancer, requires utilization of small-sized radiation detectors, so
that the required spatial resolution is achieved.22,23 However,
reducing the size of the alanine radiation detectors lowers their

Received: July 27, 2012
Accepted: October 15, 2012
Published: October 15, 2012

Research Article

www.acsami.org

© 2012 American Chemical Society 5844 dx.doi.org/10.1021/am3014899 | ACS Appl. Mater. Interfaces 2012, 4, 5844−5851

www.acsami.org


sensitivity because the latter depends on the amount of free
radicals produced by the radiation.1

In this sense, many efforts have been made toward the
development of improved radiation sensors that can be used for
a wide range of applications. Some properties of the sensing
materials have been modified, enhancing the sensor perform-
ance. To this end, a standard method employed for improving
the sensitivity of radiation detectors is the use of composites for
which the matrix is composed of the sensing material and the
reinforcement consists of a high atomic number material, which
raises absorption of the radiation.21,24−28 However, this gain in
sensitivity implies reduced tissue equivalence.21,26 Moreover,
for the construction of small radiation detectors, the
inhomogeneity of the composite can significantly decrease the
sensitive volume of the detector, thus implying in a wrong dose
assessment.29

In this context, nanotechnology can produce composites
containing stable nanoparticles with controlled size,30,31 for
application as radiation sensors.32−34 Once again, alanine stands
out. At the same time that it is suitable for radiation detection,
it can be utilized as a reducing, capping, and stabilizing agent
for the production of silver nanoparticles. The silver/alanine
nanocomposites display increased sensitivity and reduced
energy dependence compared to pure DL-alanine. The
enhancement in the radiation detection sensitivity is due to
the presence of silver nanoparticles, which is attributed to the
electrons ejected by the metal upon its interaction with the
ionizing radiation, culminating in dose delivery to the detecting
material.21,24,25,35,36 However, it has been noticed that the rise
in the mass percentage of silver in silver/alanine nano-
composites causes instability and augments the size of the
nanoparticles, what is accompanied by a reduction in the
sensitivity of the detectors.29 This is the reason why we have
chosen to employ gold nanoparticles.
In fact, it has been reported that the dose deposition around

nanoparticles depends on their size.37 An increase in the size of
gold nanoparticles from 2 to 100 nm has revealed that, in the
case of the larger particles, more than 30% of the energy of the
secondary electrons is self-absorbed by the nanoparticles.37

Because the dose that is absorbed by the nanoparticles does not
contribute to the production of radiation-induced free radicals,
it diminishes the sensitivity of the alanine composites employed
as radiation detectors.29 This emphasizes that the production of
nanoparticles as small as possible is important for the reduction
of the portion of energy that is self-absorbed, thereby
enhancing and optimizing the sensitivity of such radiation
sensors. The synthesis of homogeneous composites for
application as radiation sensors is crucial in order to ensure
dose assessment reliability.
This paper reports on the production of alanine composites

containing 5 ± 2 nm gold nanoparticles, for application as
radiation sensors in medical procedures. The synthesis is facile
and rapid and occurs at room temperature. The morphological
and structural properties of the nanocomposites with varying
amounts of gold nanoparticles, as well as stabilization of the
gold nanoparticles by alanine, are explored. The application of
the nanocomposites as radiation sensors was evaluated by ESR
spectroscopy. These nanocomposites have featured properties,
such as homogeneity, nanoparticle size stability, and enhanced
sensitivity, that enable the construction of small-sized radiation
sensors for use in a variety of medical procedures.

2. MATERIALS AND METHODS
The chemicals employed in the experiments were of analytical reagent
grade and were used as received. Chloroauric acid (HAuCl4; 99.999%)
was provided by Sigma-Aldrich, sodium borohydride (NaBH4) was
purchased from Vetec (Brazil), and DL-alanine (99%) was obtained
from Acros Organics. The only difference between L-alanine and DL-
alanine is that L-alanine is more sensitive than DL-alanine, but
otherwise the conclusions draw with the use of this isomeric mix will
be valid for the L isomer. Milli-Q water was used to prepare all of the
aqueous solutions. Gold nanoparticles were synthesized by means of
the chemical reduction of the gold salt as follows: A 2 mmol L−1

HAuCl4 aqueous solution was added to a freshly prepared 8 mmol L−1

NaBH4 aqueous solution, under vigorous stirring. The color of the
system changed from yellow to red, indicating the formation of a
colloidal gold dispersion. The system was kept under stirring for 12 h,
in order to guarantee total gold-ion reduction. Gold nanoparticle
formation was confirmed by the plasmonic absorption peak at 515 nm
present in the UV−vis spectrum. Dynamic light scattering (DLS)
technique measurements indicated that gold nanoparticles had a mean
size of 5 ± 2 nm. The sol was stable, with no breaking down of the
colloid within a period of about 1 month. Thereafter, different volumes
of 1.1 mol L−1 alanine aqueous solution were added to the gold
nanoparticle dispersion. The gold mass percentage in the nano-
composites was varied from 0.01% up to 3%. The dispersions were
dried in an oven at a temperature of 40 °C, yielding the powdered
nanocomposites. The samples were named according to the mass
percentage of gold present in the dried nanocomposites (Table 1). For
example, the nanocomposite prepared with Au+ 0.01% (w/w) was
named 0.01%NpAu and so on, up to the sample 3%NpAu.

The UV−vis absorption spectra of the colloidal dispersions were
acquired on an Ultrospec 2100 pro (Amersham Pharmacia)
spectrophotometer. The particle size distribution was acquired by
the DLS technique, using a Zeta-Sizer system (Malvern Instruments),
at a fixed wavelength and angle (633 nm He−Ne laser, 90°). The X-
ray diffraction (XRD) patterns of the powder samples were recorded
on a Siemens D5005 diffractometer, over the range 20° ≤ 2θ ≤ 80°,
with an increment of 0.02°. The Cu Kα emission line (1.541 Å, 40 kV,
and 40 mA) coupled to a graphite monochromator was employed.
Nanoparticle morphology and size were examined by means of a JEOL
JEM-100 CXII transmission electron microscope by drying a drop of
the colloidal dispersions on a copper grid covered with a conductive
polymer. Fourier transform infrared (FTIR) spectra were registered on
a Bomem MB 100 spectrometer using a KBr pellet, in the region
between 4000 and 40 cm−1.

The aim of this work was to investigate the influence of gold
nanoparticles on the structural and dosimetric properties of the
nanocomposites. Once the influence of high-atomic-number materials
is more relevant for low-energy photons, the powdered nano-
composites were irradiated on a Siemens Stabilipan II clinical
orthovoltage with an effective energy of 90 keV and a dose of 5 Gy.
To irradiate the samples, approximately 30 mg powder samples were
placed in cylindrical capsules with dimensions of 1.0 × 0.5 cm, which,
in turn, were placed over a 10 cm acrylic layer as the backscatter
medium, without a buildup cap. A 1.28 mm copper filter was
employed, and the kVp was 180 kV. The source-to-dosimeter distance

Table 1. Mass Percentage of the Components Present in
Each Sample and Its Respective Sample Name

DL-alanine (% mass) NpAu (% mass) sample name

100.0 0.00 0%NpAu
99.99 0.01 0.01%NpAu
99.90 0.10 0.1%NpAu
99.50 0.50 0.5%NpAu
99.00 1.00 1%NpAu
97.00 3.00 3%NpAu
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was 40 cm, and the field size was 8 × 10 cm2. These procedures were
carried out at the Radiotherapy Service of HC-FMRP-USP.
In order to construct the dose response curve, the samples were

irradiated from 1 Gy up to 50 Gy at the Department of Physics,
FFCLRP-USP. The X-ray source was an industrial X-ray tube (Philips
PW 2215/20) with a stationary molybdenum target, adapted with an
aluminum filter, and attached to a constant-potential generator
(Phillips PANalytical PW 3830). The tube operates at 35 kVp and
30 mA. The X-ray spectrum was published elsewhere.38 These
irradiations were performed in air, with a 50 cm source-to-dosimeter
distance, and at room temperature.
The ESR spectra of the irradiated samples were accomplished on a

JEOL JES-FA 200 (9.5 GHz) spectrometer. To this end,
approximately 30 mg samples were placed in quartz tubes, which
were positioned in the center of the standard JEOL cylindrical cavity.
This procedure guarantees that the whole sample is inside the active
volume of the ESR cavity. The ESR parameters employed for the
measurements were fixed as follows: room temperature, central field at
338.5 mT, microwave power = 5mW, sweep time = 1 min, sweep
width = 10 mT, modulation amplitude = 0.4 mT, magnification =
3000×, and time constant = 0.3 s. Five scans were taken for each
sample. Routine measurements of the Mn2+ standard are performed to
correct for possible response variations in the spectrometer from day
to day.
In order to compare the signal amplitudes of the different samples,

the spectrum of each nanocomposite was normalized by the total mass
of its respective sample (mass of alanine + mass of gold nanoparticles).

3. RESULTS AND DISCUSSION
The UV−vis spectra of the colloidal gold dispersions are
depicted in Figure 1. The absorption peak at 515 nm is

characteristic of spherical gold nanoparticles39,40 and is related
to the collective oscillation of the free electrons at the
nanoparticles surface, giving rise to the so-called plasmonic
absorption peak. The position of the peak is related to the
particle size, and the full width at half-maximum (fwhm) is
associated with the nanoparticle size distribution.41 The
position of the plasmonic peak is not shifted, and the fwhm
remains constant as the gold nanoparticle concentration rises.
This indicates that the system is composed of stable spherical
particles that do not aggregate even at a high mass percentage
of gold.
The particle size distributions obtained by the DLS

technique for samples 0.01%NpAu and 1%NpAu are presented
in Figure 2. These results agree with the UV−vis spectroscopy

data, revealing that increasing gold mass percentage in the
colloidal dispersion does not modify the nanoparticle size. In
fact, some authors have shown that the quantity of the
reducing/capping agent has a marked influence on the particle
size distribution.42,43 Our previous studies have evidenced that
the elevation in the silver mass percentage in silver/alanine
nanocomposites causes agglomeration and particle growth.29

However, this is not the case for the gold/alanine nano-
composites described herein. One should be aware of the
particle size differences between these two kinds of nano-
composites. Whereas for the silver nanocomposites the smallest
size is 30 nm, gold nanocomposites have sizes as low as 5 nm. It
is known that larger stability results can usually be explained by
the diminished van der Waals attraction between small
particles.44 Nevertheless, despite the very small size of the
gold nanoparticles, we were able to detect an additional
stabilizing effect of alanine because these gold/alanine
dispersions are stable even for a year. The ones without
alanine are stable for only less than 1 month. Therefore, the
colloidal stability and the practical absence of Ostwald ripening
(particle size distribution constancy) suggest that the combined
results of small size and stabilizing effect provided by alanine
allows for the formation of very stable gold nanoparticles via
mechanisms in which alanine participates in a reasonably
complex manner.
The XRD patterns of the powdered samples 0%NpAu, 0.1%

NpAu, 0.5% NpAu, 1% NpAu, and 3%NpAu are shown in
Figure 3. The gold nanoparticles have crystalline structures with
face-centered cubic phases, attributed to the presence of peaks
related to planes with Miller indices (111), (200), (311), and
(222).45 Because the Debye−Scherer equation gives an
approximation for the medium nanocrystallite size that is
inversely proportional to the fwhm of diffractogram peaks, the
broad aspect of these peaks confirms that small-sized
nanoparticles are produced.46

The peaks related to the DL-alanine orthorhombic crystalline
structure can also be observed. They are indexed as (210)
sitting at 20.7°, (400) at 29.7°, (002) at 30.8°, (410) at 33.2°,
and (112) at 34.9°.29 The alanine crystallinity is measured as
the area of each peak divided by the sum of all of the areas of
the peaks related to the alanine orthorhombic crystalline
structure. Figure 4a corresponds the alanine crystallinity
measured by means of the (210) plane. The addition of 0.1%
gold nanoparticles to the alanine matrix decreases the
crystallinity by 6%. This reduction remains the same as the
gold nanoparticle concentration is raised. In the opposite trend,
the alanine crystallinity measured by means of all of the other
peaks increases (Figure 4b). Thus, gold nanoparticle insertion
in the alanine matrix seems to modify the amino acid crystalline
orientation. This could be rationalized as follows: the presence
of 0.1% small-sized nanoparticles may drive alanine crystal-
lization in such a way that the colloidal gold is embedded in the
alanine crystal, thereby causing crystallite disorder and
diminishing the crystalline orientation along the (210) plane
(Figure 4c). This change in orientation may also be due to a
perturbation in the hydrogen bonding between the alanine
amino acid groups responsible for the crystal formation.47

However, 0.1% (w/w) seems to be a limit for gold particle
insertion. An additional amount of gold nanoparticles cannot
be accommodated inside the alanine matrix, perhaps for simple
geometric reasons or due to energy considerations. Hence, the
exceeding particles should be arranged outside the needlelike
alanine crystals (Figure 4d). This suggests that gold nano-

Figure 1. UV−vis spectra of the colloidal gold dispersion.
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particles may interact with DL-alanine molecules in two different
ways, that is, by occupying internal and/or external positions in
relation to the alanine crystal, depending on the employed
gold/alanine mass percentage.
Similar results were also obtained in the case of silver/alanine

nanocomposites, as published elsewhere.29 Silver nanoparticle
segregation in specific samples was attributed to the presence of
large particles, thus evidencing that the nanoparticle size
influences their position in the alanine matrix.29 Here, it is
worth noting that, although the average gold nanoparticle size
remains constant upon varying gold concentration, particle
segregation is also verified for samples with higher gold mass
percentage. In the case of silver/alanine nanocomposites, there
is total expulsion of the silver nanoparticles from the alanine
matrix in the samples containing larger particles.29 For gold/
alanine nanocomposites, the gold nanoparticles still remain
accommodated inside the alanine matrix, and only the
exceeding gold nanoparticles are expelled from the alanine

Figure 2. Particle size distributions of gold nanoparticles: (a) sample 0.1%NpAu; (b) sample 1%NpAu.

Figure 3. XRD patterns of gold/alanine nanocomposites.

Figure 4. Crystallinity of DL-alanine as measured by the (210) plane (a) and by the sum of all other peaks (b). The crystallinity was measured as the
area of each peak in the XRD pattern of DL-alanine divided by the total area of the peaks associated with the DL-alanine orthorhombic crystalline
structure. (c) Presence of 0.1% of small-sized nanoparticles that drive the alanine crystallization in such way that the colloidal gold nanoparticles are
embedded in the alanine crystal. (d) Additional amount of gold nanoparticles not accommodated inside the alanine matrix. Then, the exceeding
particles are arranged outside the alanine crystals. These representative figures were adapted from ref 29.
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crystals. This suggests that the concentration is also relevant
when it comes to the position of the nanoparticles in the
alanine matrix.
In fact, the addition of arginine-capped gold nanoparticles to

a L-alanine matrix has already been investigated, showing that
the former favor the L-alanine crystalline orientation preferen-
tially along the c axes.48 This is ascribed to arginine adsorption
onto faces (120) and (011) during L-alanine crystal growth.
Because the gold nanoparticles employed in our experiments
were not capped by any stabilizing agent, we believe that some
interaction between the gold nanoparticles and the DL-alanine
molecules may actually take place, disturbing the alanine
crystalline orientation.
In order to look for further evidence of the interaction

between the gold nanoparticles and the DL-alanine molecules,
FTIR spectroscopy was recorded for samples 0%npAu and 3%
NpAu (Figure 5). The vibrational spectrum of DL-alanine is

consistent with the characteristic FTIR spectra reported in the
literature.29,49,50 The assignments of the fundamental vibration
modes due to the COO−, NH3

+, CH2, C−H, C−C−N, and
−OH groups are marked, and the results are summarized in
Table 2.
The most significant changes in the FTIR spectra can be

noted in the 2200−1300 cm−1 range, in the specific case of the
band at 2124 cm−1, associated with the combination of NH3

+

groups symmetric stretching and bending, of the band 1624
cm−1, related to the NH3

+ asymmetric stretching group, and of
the band at 1593 cm−1, attributed to the asymmetric stretching
of the COO− group (Figure 5). Determination of the intensity
relative to the band at 1354 cm−1 as an internal standard reveals
a 50% reduction of the band at 2124 cm−1 and 20% of the band
at 1624 cm−1, whereas the relative intensity of the band at 1593
cm−1 increases 64%. The band at 1354 cm−1 was selected as a
standard because complexes between gold and C−H radicals
are not found in the literature.
Literature works have reported that the vibrational band

around 2100 cm−1 vanishes upon formation of an alanine−
copper complex.51 Usually, amine groups do not react with
gold. However, a colloidal dispersion of gold nanoparticles
interacts with this group by means of weak covalent
binding.52−54 It has been described that interaction between
gold nanoparticles and NH2 occurs by means of a weak

covalent binding, whereas the NH3
+ group binds electrostati-

cally to negative surfaces on gold nanoparticles. Because the
nanocomposites always contain alanine excess compared with
the amount of gold, the nanocomposites may present alanine
bound and not bound to the gold nanoparticle surfaces. Thus,
the reduced relative intensity of the band at 2124 cm−1 for the
nanocomposite 3%NpAu suggests that the interaction between
the gold nanoparticles and the DL-alanine molecules takes place
via NH groups.
Figure 6 shows the transmission electron microscopy (TEM)

images of the gold nanoparticles obtained from sample 1%
NpAu. The nanoparticles are spherical and well-dispersed, as
was previously pointed by UV−vis spectroscopy. Figure 6b
corresponds to a magnification of the region highlighted in
Figure 6a. The gold nanoparticle average size estimated by
means of this figure is 9 ± 4 nm, which is close to the mean
value obtained by the DLS technique. Here it is noteworthy
that, although for samples with a gold mass percentage above
0.1% the XRD patterns have suggested that the exceeding
nanoparticles were expelled from the alanine matrix, they seem
to be stable in terms of size and no agglomeration is evident in
the TEM images. This means that the nanocomposites are
homogeneous even for a high gold mass percentage.
Because the influence of high-atomic-number materials is

more relevant for low-energy photons, the powdered nano-
composites were irradiated with an X-ray beam with an effective
energy of 90 keV and a dose of 5 Gy, in order to verify whether
the interaction between the alanine molecules and the gold
nanoparticles modifies the radiation-induced free-radical
production. The typical ESR spectrum of the alanine
radiation-induced free radicals consists of five lines because of
the hyperfine interactions of the unpaired electron with four
hydrogen atoms in the stable CH3C

•HCOOH radical, named
R1.55 The relative intensities of these lines obey a 1:4:6:4:1
ratio.16 A total of three radicals (R1, R2, and R3) is ascribed as
composing the total ESR spectrum of alanine, but the R1 has
been reported as the major contributor to the central electron

Figure 5. FTIR spectra of the nonirradiated gold/alanine nano-
composites 0%NpAu and 3%NpAu. The inset corresponds to the
whole FTIR spectra of the samples (from 4000 to 400 cm−1).

Table 2. Assignments of the Fundamental Vibrational Modes
Due to the COO−, NH3

+, CH2, CH, CCN, and OH Groups
of the DL-Alanine Molecules

wavenumber (cm−1) assignments

544 COO− rock
646 COO− scissoring
770 O−C−O bending
850 C−C−N symmetric stretching
918 C−C−N symmetric stretching
1018 C−N symmetric stretching
1113 COO− symmetric stretching
1151 COO− symmetric stretching; NH3

+ rock
1238 COO− symmetric stretching
1305 COO− symmetric stretching
1354 CH2 wagging; CH3 asymmetric stretching
1411 COO− symmetric stretching
1456 CH symmetric stretching
1520 NH3

+ symmetric stretching
1593 NH3+ asymmetric stretching
1624 NH3

+ asymmetric stretching
2124 NH3

+ bending
2605 CH asymmetric stretching
3088 NH3

+ symmetric stretching
3427 OH symmetric stretching
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paramagnetic resonance line.55 Figure 7 represents the ESR
spectra registered for the irradiated samples 0%NpAu, 1%

NpAu, and 3%NpAu. The relative intensity of the five lines in
the ESR spectra shows that mainly the same free radical (R1) is
formed in the case of gold/alanine nanocomposites. The small
differences observed in the spectra of samples 1%NpAu and 3%
NpAu could indicate that the production of radicals R2 and R3
is enhanced, but more detailed studies are necessary.
Figure 7 displays the ESR spectra of the irradiated samples

1%NpAg and 3%NpAg, where the intensity of the spectra of
samples containing gold nanoparticles is augmented. It is well-
known that the intensity of the ESR spectra is proportional to
the amount of produced radiation-induced free radicals. Thus,
the presence of gold nanoparticles elevated the amount of free
radicals generated upon irradiation. This enhancement in free-
radical production can be attributed to the high atomic number

of the gold nanoparticles. The cross section for the photo-
electric effect for gold atoms is larger compared to alanine,
thereby increasing the amount of energy transferred to the
medium and causing an increase in the production of free
radicals, as schematized in the inset of Figure 7. The
enhancement in the free-radical production is 1.7 ± 0.1 and
2.6 ± 0.2 for the samples 1%NpAu and 3%NpAu, respectively.
This means that sample 3%NpAu is 2.6-fold more sensitive to
radiation than pure DL-alanine. Here it is worth noting that
these values of spectral enhancement can vary according to the
energy and to the kind of radiation, besides the gold/alanine
mass percentage.
In fact, the sensitivity of silver/alanine nanocomposites

employed as radiation detectors can be optimized in the case of
systems containing small particles (30 nm) that were well-
dispersed in the alanine matrix.29 The increase in the silver
mass percentage caused agglomeration and particle growth (up
to 1.5 μm), thereby diminishing the sensitivity to radiation,29

probably by the increased self-absorption of the energy by the
large particles.37 This highlights the advantages of using gold
nanoparticles instead of silver nanoparticles, which are size
stability and homogeneity even for samples with high gold mass
percentage. Moreover, the high atomic number of gold (Z =
79) is responsible for enhancements of the sensitivity even
higher than the ones obtained by the presence of silver (Z =
47) at the same concentration. For example, the enhancement
of sensitivity achieved for the silver/alanine nanocomposite
containing 3% silver and irradiated under the same conditions
is 1.9 ± 0.1, compared to 2.6 ± 0.2 obtained for 3%NpAu.29

Once the cross section for the photoelectric effect is highly
dependent on the beam energy, a substantial variation of the
enhanced sensitivity as a function of the photon energy is
expected, as observed in the case of alanine-containing silver
nanoparticles.36 Future studies will focus on the energy
dependence of these gold/alanine nanocomposites.
Because variation in the amount of gold nanoparticles does

not alter the particle size and because the nanocomposite
remains homogeneous, it is possible to tune the desired sensor
sensitivity for each specific application by easily changing the
amount of gold nanoparticles in the nanocomposites, without

Figure 6. TEM micrographs of the sample 1%NpAu.

Figure 7. ESR spectra of the irradiated samples 0%NpAu, 1%NpAu,
and 3%NpAu. The inset illustrates the enhancement of the number of
radiation-induced free radicals caused by the interaction of the
electrons ejected by the gold nanoparticles. This illustration was
adapted from ref 29.
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worrying about the influence of the nanoparticle size on
radiation absorption. This is evident in Figure 8, which

corresponds to the dose−response curves of the nano-
composites 0%NpAu, 0.01%NpAu, 0.5%NpAu, and 3%NpAu.
The linearity typical of pure DL-alanine is not lost after the
addition of gold nanoparticles. The linear, angular, and
correlation coefficients are −4.7 au, 2.1 au/Gy, and Cc =
0.98; 5.7 au, 2.5 au/Gy, and Cc = 1; 1.13 au, 3.6 au/Gy, and Cc
= 0.99; and 2.4 au, 4.5 au/Gy, and Cc = 0.99, respectively.
Therefore, taking together the stability of the size of the
nanoparticles, the good homogeneity of the nanocomposites
derived from the interaction between the gold nanoparticles
and the amino acid molecules, the enhanced sensitivity to
radiation, and the linearity with doses, these gold/alanine
nanocomposites are promising nanomaterials with tunable
sensitivity for radiation dose assessment.

4. CONCLUSIONS
Gold/alanine nanocomposites containing 5-nm gold nano-
particles were synthesized, with no evidence of aggregation
even for nanocomposites containing a gold mass percentage up
to 3%. The addition of a small amount of gold nanoparticles
culminates with the latter being accommodated inside the
alanine crystals. The addition of more gold nanoparticles causes
the exceeding particles to be arranged outside the alanine
crystals. Interaction of the gold nanoparticles with the alanine
molecules' NH group is believed to provide the nanocomposite
with stability. TEM images confirmed the spherical shape of the
nanoparticles, and no agglomerates were observed. The
application of these nanocomposites as radiation detectors
using the ESR technique revealed that the same free radical is
formed in both cases of gold/alanine nanocomposites and pure
alanine. The presence of gold nanoparticles in the alanine
matrix resulted in enhancement of the sensitivity of such
radiation sensors. Thus, these featured properties (homoge-
neity, size stability, and enhanced sensitivity) makes these
nanocomposites potential candidates for the construction of
small-sized radiation sensors with tunable sensitivity for each
specific application in various medical procedures. Further

studies will focus on characterization of their dosimetric
properties, such as the energy dependence.
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