
Contents lists available at ScienceDirect

Physica Medica

journal homepage: www.elsevier.com/locate/ejmp

Original paper

Radio-sensitization efficacy of gold nanoparticles in inhalational
nanomedicine and the adverse effect of nano-detachment due to coating
inactivation
Sherif M. Gadouea,⁎, Dolla Toomehb

a Department of Physics and Applied Physics, University of Massachusetts Lowell, Lowell, MA 01854, USA
b Department of Radiation Oncology, University of Washington School of Medicine, Seattle, WA 98195, USA

A R T I C L E I N F O

Keywords:
Gold nanoparticles
Radiotherapy
Coating inactivation
Lung cancer

A B S T R A C T

Gold nanoparticles (GNPs) are an emerging area of interest in radiation therapy due to their unique radio-
sensitizing properties. In the literature, the enhancing capability of GNPs is usually quantified using the metric
dose enhancement ratio (DER). Traditionally, the focus of the vast majority of studies has always been on
intravenous administration of GNPs. However, recent work showed the potential of using GNP inhalation, rather
than intravenous injection, to enhance the dose to the lung. Yet, some of these studies are employing simplistic
analytical methods to calculate DER and, thus far, there are no detailed computations of the enhancement
profiles therein. Moreover, the coating on the GNP surface can be adversely affected by the large gradient of the
radiation dose in the immediate vicinity of GNPs, leading to the rupture of ligands and detachment of GNPs from
the surface of the membrane, and hence the loss of its efficacy. In this study, a next-generation deterministic code
was used to resolve the DER profile at the interface between the septum, air, and surface of GNPs when they are
attached and detached. The results show that the large values of DER in conjunction with the developed hot
spots are very effective in lung treatment; on the other hand, coating rupture can lead to significant reduction in
DER that may reach 64%. Thus, GNPs can be beneficial in inhalational medicine to treat lung cancer, provided
that more comprehensive studies on the characteristics of the coating are addressed to maximize the radio-
therapeutic benefit of GNPs.

1. Introduction

According to recent statistics, lung cancer is the leading cause of
cancer death in the US (27% for males and 25% for females) with an
average five-years survival rate of 19% [1]. It has been shown that
increasing the survival rate can be achieved by delivering higher doses
of radiation [2]. Machaty et al. have demonstrated that an increase in
the biologically equivalent dose will be translated into a decreased risk
of lung cancer death [3]. As lung is close to critical organs, the high
levels of radiation dose delivered should be appropriately accompanied
with sparing of the surrounding healthy tissue; a task which is highly
challenging. One way to achieve this is by using respiratory motion
management techniques; nonetheless, tumor size variations between
treatment fractions could lead to large errors, and considerably high
doses to healthy tissues [2]. An alternative way to increase the local
radio-therapeutic dose, while leveraging the primary radiation level
incident on the patient, is to use smart fiducials loaded with graphene

oxide nano-flakes [4], regular [5–14] or multifunctional nanoparticles
[15].

Nanoparticles exhibit unique properties that make them highly
suited to numerous medical radiation applications. Their distinctive
physicochemical properties, such as particle size, surface area, shape,
and chemical composition render them ideal candidates as cancer
therapeutic agents. It is important to note that these properties have a
great impact on the aggregation state, cellular uptake, nanotoxicity,
endocytosis process and radiosensitizing effects of nanoparticles
[16–23]. Moreover, they have potential for cancer imaging [24],
spectroscopic detection and photothermal therapy, as a result of their
prominent electrical and optical properties, such as quantum confine-
ment and surface plasmon resonance [25]. Nanoparticles can be syn-
thesized using one of two classes, bottom-up or top-down [26,27]. In
the top-down (destructive) class, a larger molecule is reduced into
smaller units that can be converted to nanometric scale particles.
Among the most widely used methods in this approach are the
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mechanical milling, laser ablation, and thermal decomposition. While
in the bottom-up (constructive) category, nanoparticles are formed
from relatively smaller entities using techniques such as sol gel, spin-
ning, and biochemical synthesis [26–28].

In the context of lung dose escalation, nanoparticles-aided radio-
therapy represents a highly efficient way to significantly amplify the
energy deposition in the particle’s nanometric vicinity, while main-
taining a minimal dose to healthy surroundings [6,10]. When exposed
to diagnostic x-rays, gold nanoparticles (GNPs) emit a significant
number of photoelectrons, due to the increased cross section of gold for
this particular interaction at this energy range [6]. The vacancy in the
gold atom is then filled by electrons from higher energy levels, and the
difference in energy is emitted by the atom in the form of x-rays or by
releasing Auger electron(s). Having low energies, Auger electrons
leaking from GNP will deposit their energy locally in the tumor. This
will result in an amplification of the dose deposited around GNP, the
metric dose enhancement ratio (DER) is invariably used throughout the
literature to quantify this relative increase.

GNPs can be introduced into the body through several pathways
[29]. The major and most widely administration is by intravenous in-
jection [30], which has many limitations due to several factors. One
important factor resides in the GNPs size which is comparable to small
viruses and proteins. As a result, the presence of GNPs in the body
might stimulate the immune system, which will lead to induced im-
muno-toxicity [28,30]. In addition, the injection of GNPs in the
bloodstream may induce blood clotting, or result in breaking blood cells
that can lead to hemoglobin release; phenomena known by hemolysis
[28]. Moreover, GNPs are responsible for hepatic and splenic toxicity,
due to their increased accumulation in the liver and spleen [31]. Many
in-vivo experiments in mice showed that the accumulation of nano-
particles leads to cellular damage and acute inflammation in the liver
[32].

Administration of GNPs via inhalation would overcome the afore-
mentioned complications [33–36]. It can be advantageous over the
injection method in several ways: the possibility of administration of
higher concentrations [36,37], the rapid action [33], the noninvasive
nature of administration, and the prevention of liver toxicity [34].
However, the size of the particle may cause the translocation into the
systemic circulation through lung capillaries [34,38].

Hao et al. studied the DER of inhaled nanoparticles of different
types: gold, carboplatin, and cisplatin when administered by inhalation

route [35]. By comparing their results to the DER from intravenous
injection, they concluded that the administration via inhalation could
lead to a significant increase in DER in the tumor.

Further, and as pointed out in the work of Gadoue et al. [7], a
considerable amount of dose gradient is located in the region sur-
rounding the GNP which may, in some situations, affect the chemical
bonds in the coating. As a consequence, GNPs may detach from the
surface and, hence, will lose its enhancing power.

In this paper, the radiation transport code, Sandia Computational
Engine for Particle Transport for Radiation Effects (SCEPTRE), is used
to calculate the DER due to different GNPs patterns inhaled in the lung.
Two scenarios are considered, first when GNPs are attached to the
septum and, second, when they are shifted from the surface of the septic
membrane by a distance of 100 nm. In both cases, x-rays generated at
120 kVp are used as representative of the theranostic (or diagnostic)
energy beams.

2. Methods

2.1. Model and geometry

The lung is a highly complex organ consisting of innumerable
“patches” of air and soft tissue of highly varying dimensions, with a
large number of air-tissue interfaces [39]. In order to obtain realistic
results from GNP simulation in this unique organ, it is necessary to
establish a reasonable model. The model used in this study considers
the whole lung as one entity having a homogenized (averaged over
tissue and air) physical density. In the center of the homogenized
portion, a small microscopic region is used to be representative of an
alveolus where gas exchange takes place. The alveolus is comprised of
an air sac within which the inhaled GNPs become attached to the septic
membrane that separates adjacent alveoli.

A detailed comprehension of the physico-chemical interactions of
synthesized GNPs, on the biological level, is apparently necessary for
the engineering of optimal GNPs for radiosensitization [40]. GNPs can
be prepared using the classical citrate reduction method, in which Au
(III) aqueous solution is chemically reduced by citrate ions. 2 ml of 1%
sodium citrate water solution is added to 20 ml of HAuCl4 water solu-
tion (1 mM) near the boiling point and stirred for 10 min. The size and
shape of GNPs are the most important factors that dictate the amount of
internalization [16,40]. In this study, 100 nm diameter spherical

Fig. 1. Schematic of the geometry of the problem, dimensions are not to scale.
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nanoparticles are considered, and the composition is assumed to consist
of pure gold.

The geometry of the problem, as depicted in Fig. 1, consists of an
outer sphere of 2 cm radius representing the homogenized lung tissue
with a density of 0.26 g/cm3. Within the outer sphere, a spherical shell
of 3 µm thickness (septum membrane) encloses an inner sphere of ra-
dius 100 µm consisting of only air that represents the alveolar sac.
Different patterns of GNPs are examined; a single GNP, two and three
GNPs attached to the membrane. The same patterns are studied when
GNPs are separated from the membrane by a distance of 100 nm. X-ray
photons generated at 120 kVp are incident on the outer sphere from the
left in parallel plane direction.

The detailed elemental composition (by weight fraction) of soft
tissue, air [41], and homogenized lung tissue [42] used in the simula-
tion are listed in Table 1.

2.2. Simulations

It is important to recognize that the secondary electron emission
from the surface of GNP exhibits an angular dependence [7,43]. Con-
veniently, for each spherical shell surrounding GNP, the dose deposited
should be calculated as a function of angle, rather than averaged over
the whole shell (this is especially critical when the spherical shell en-
compasses more than one material of different properties). Preferably,
deterministic radiation transport codes are well suited for such bur-
densome computations at the nano-scale.

The coupled photon-electron radiation transport code SCEPTRE
version 1.7, developed by Sandia National Laboratories, was used to
perform the deterministic computations. SCEPTRE solves different
forms of the steady state Boltzmann radiation transport equation, using
finite element methods. Various angular treatments such as the discrete
ordinates and the spherical harmonics methods are provided. Like

many other deterministic packages, the multigroup formalism is used to
discretize the energy domain. First order sweeping algorithms and
different Krylov solvers are also available. More details about solution
algorithms implemented in SCEPTRE can be found elsewhere [44,45].
The angular method used in the calculations is the discrete ordinates
S16, 50 linear photon and 50 logarithmic electron energy groups were
used with convergence tolerance of 10−8. The cross sections are gen-
erated using the coupled electron-photon cross-section code CEPXS,
available in the integrated tiger series (ITS) code package, with a lower
energy cutoff of 1 keV.

To evaluate the enhancement capability of GNPs, it is customary to
use the DER metric which is defined as:

=DER dose delivered to the medium in the presence of GNP
dose delivered to the medium in the absence of GNP

(1)

The calculation of the DER profile for each case involves two runs;
in the first one, the material of GNP in the input file is set to gold
(regular run), while in the second run the material is replaced by air as
if GNP(s) do not exist. For both runs, the dose is calculated for all mesh
elements in the geometry, the resulting datasets are then divided ele-
ment by element to obtain the DER. The DER profiles are visualized
using color-coded plots, the color code scale is determined by the
maximum and minimum value of the DER in the region of interest
(ROI) with GNP(s) excluded. Each case has its own color code range
rather than a unified range for better visualization of the fine details of
the individual distributions. The color code scheme is chosen so that the
highest values of DER in the ROI are red and orange, such regions are
referred to, in this study, by “hot spots”. Most of the results are given on
the X-axis along which photons are incident and, therefore, is the axis of
anisotropy.

Moreover, in order to quantify the percentage loss of DER due to
GNP detachment from the membrane, the following formula is used:

=Percentage loss in DER DER(attached) DER(detached)
DER(attached)

100%

(2)

3. Results

Fig. 2 illustrates DER profiles due to the three GNP arrangements
attached to the septum membrane, following radiation exposure of x-
rays. The thickness of the septum shown in the figure is 300 nm. Within
the membrane, the overall shape of the DER profile exhibits a semi-
circular morphology. As can be seen from the results, there exist hot
spot regions whose value is dictated by the number of GNPs involved,
and location is determined based on whether GNP is single or clustered.
For example, in the case of one GNP, the hot spot area has a maximum
DER value of 9.998 in the region of the membrane contiguous with the
GNP along the photons incidence axis (x-axis). In general, the sec-
ondary electron emission probability from the surface of GNP in the

Table 1
The elemental composition of soft tissue, air and homogenized lung tissue used
in the simulation.

Material/
composition

Soft tissue
(1.00 g/cm3)

Air (0.001205 g/
cm3)

Homogenized lung
tissue (0.26 g/cm3)

hydrogen 10.45% – 10.30%
carbon 23.22% 0.01% 10.50%
nitrogen 2.49% 75.53% 3.10%
oxygen 63.02% 23.18% 74.90%
sodium 0.11% – 0.20%
magnesium 0.01% – –
phosphorus 0.13% – 0.20%
sulfur 0.20% – 0.30%
chlorine 0.13% – 0.30%
potassium 0.20% – 0.20%
calcium 0.02% – –
iron 0.01% – –
argon – 1.28% –

Fig. 2. DER profiles for a membrane thickness of 300 nm due to different GNP patterns attached to the septum membrane, x-ray photons generated at 120 kVp are
incident from the left.
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180° direction is the lowest, and there are polar angles, in the reverse
direction, proximal to the incident x-rays, that exhibit relatively higher
emission probability, as indicated by Gadoue et al. [7]. Nevertheless, a
non-negligible fraction of the electrons emitted at angles of maximum
emission is lost in the air before reaching the surface of the membrane,
unlike the electrons emitted in the differential solid angle around 180°
direction where there is little or no electron loss in air.

For the case of two GNPs, the maximum DER value of the hot spot is
14.964 in the region of the membrane around the line passing by the
point of tangency of the two GNPs. Here, the hot spot is developed by
the additive effect of secondary electrons emitted from the lower por-
tion of the top GNP, and the upper part of the bottom GNP traveling
toward the hot spot area. Likewise, for the case of three GNPs, the hot
spot region is formed in a similar fashion with an additional contribu-
tion, due to the secondary electrons (from the extra GNP to the right of
the ensemble) that manage to pass through air and the other two GNPs
in the direction of the membrane.

Essentially, the hot spot area corresponding to the pattern of two
and three GNPs is wider compared to that developed in the case of one
GNP. This is not surprising since the underlying mechanism of hot spot
formation is closely associated with the additive effects. Needless to say
is that the values of DER in general, and hot spots in particular, are the
highest for the pattern of three GNPs, whilst it is slightly lower for the
case of two GNPs, and the lowest for one GNP.

Fig. 3 depicts the situation of GNPs detachment from the membrane
and the resulting effect on the DER profiles for the different GNPs
patterns under investigation. The thickness of the region of the septum
shown is again 300 nm. From the figure, it can be seen that the values of
DER have been significantly reduced as compared to the corresponding
values in the attached case for all GNP patterns. In addition, the overall
DER profile shape within the septum membrane has been altered with
some obvious irregularities. Similar to the attached case, the pattern of
three GNPs exhibits the highest values of DER, followed by a slight
decrease in the case of two GNPs, and the lowest is for one GNP.

It is important to note that the anisotropy effects are highly evident.
For instance, in the case of one GNP, minute hot spots (in yellow) can
be seen on the surface of the membrane above and below the central
red hot spot region. In addition, the main hot spot area is deformed by
the receding contribution of electrons coming from the reverse 180
direction.

Fig. 4a shows the values of DER for all patterns of GNPs, attached
and detached from the septum, along the x-axis and for a distance of
300 nm within the membrane. It is obvious that all DER profiles rapidly
fall off and reach values of roughly two after 300 nm, due to the short
term effects of Auger electrons. Interesting to note is the fact that for the
first 25 nm within the membrane, the DER for one attached GNP is
higher than it is for an agglomerate of even three detached GNPs (the
difference is roughly from two to three). Moreover, the DER profile of
the detached GNPs lacks the steep dose gradient characteristic of GNPs.
Beyond 25 nm, the difference shrinks to values equal to or less than one.
It is worth noting that higher values of DER are far more effective than
their lower counterparts in terms of biological impact, even if they are

extending over shorter distances. Therefore, it can be concluded, to a
certain degree of approximation, that the efficacy of one attached GNP
is superior to that of two or three detached GNPs; a fact that introduces
the important concept of degradation of enhancing power due to GNP
detachment.

Fig. 4b shows the percentage of such loss of enhancement for the
three cases. According to the figure, the percentage loss in the enhan-
cing power is nearly similar for the case of two and three GNPs, whilst it
is slightly higher for one GNP in the first 50 nm within the membrane.
For example, the maximum percentage loss for one GNP is 62.46%,
while for two GNPs it is 57.06%, and for three the percentage is
57.41%. However, the percentage loss for all cases will approach almost
10% after around 300 nm due to the diminished contribution of Auger
electrons.

Fig. 3. DER profiles for a membrane thickness of 300 nm due to different GNP patterns detached from the septum, x-ray photons generated at 120 kVp are incident
from the left.

Fig. 4. (a) The values of DER for all examined GNPs patterns along the x-axis
from the surface of the membrane up to a distance of 300 nm, x-rays are in-
cident from the left and GNPs are to the right of the plot. (b) The percentage
loss of DER for all GNPs patterns.
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4. Discussion

The main objective of this study was to investigate the feasibility of
using GNPs as a radio-sensitizing agent in inhalational nanomedicine,
and to assess the dosimetric effect of GNPs coating rupture. To this end,
the deterministic radiation transport code SCEPTRE was used to
quantitatively resolve the fine details of the DER profiles in the nano-
metric region around GNPs, when attached and detached from the al-
veolar septum. The nature of DER profiles and the formation of hot
spots reveal significant clinical implications which are important in
evaluating the biological impact of GNP-aided radiation therapy. As
pointed out recently by Gadoue et al. [8], the presence of hot spots will
result in important radiobiological consequences that could promote
the radio-therapeutic benefit in cancer treatment. According to their
study, hot spots provide a greater contribution to cell killing as a result
of the increased radical creation. Additionally, the presence of hot spots
not only improve the treatment outcome, but also implies a decreased
risk of death, and a better quality of life for cancer patients, since the
radiation dose has been increased as suggested by Machtay in his study
[3].

An additional benefit that can be gained from boosting the dose
delivered to the lung, via GNP inhalation, is the favorable sparing of
healthy tissue, owing to the short range of DER profiles characteristic to
GNP sensitization. According to the results, the values of DER for all
examined cases drop below two after 300 nm within the membrane.
This is in broad agreement with the work of many researchers, where it
has been demonstrated that the energy deposition in the vicinity of
nanoparticles is large, and that this effect is limited only to the mi-
croscopic vicinity of GNPs [6–10]. Preferably, this demonstrates
threefold viability of using GNPs in theranostic inhalational nanome-
dicine. Firstly, they increase the radiation dose to the treatment site
with a high degree of localization, while secondly, they decrease the
risk of death and increase the quality of life of lung cancer patients, and
thirdly, their short range effects help sparing the surrounding healthy
tissue.

However, the aforementioned advantages could be lost due to the
undesirable situation where the nanoparticles are detached from the
surface of the septum, due to the rupture of the chemical bonds in the
coating material. In this respect, the values of the DER and the con-
comitant hot spots will be greatly reduced, a condition that will lead to
suboptimal outcome, due to the decreased dose amplification, and ra-
dical formation [8]. It is worth noting that the extent of such reduction
mainly depends upon the separation distance between GNP(s) and the
septum following coating inactivation. Arbitrarily, in this study, this
distance is assumed to be 100 nm; however, it may be anticipated that a
larger separation distance, which is quite probable in such circum-
stances, could lead to further reduction in the DER profiles.

Hao et al. [35] showed that a significant increase in the dose de-
livered to lung tumors can be achieved when nanoparticles are ad-
ministered via the inhalation route. In their study, they used an ap-
proximate analytical method to calculate DER, by assuming a
homogeneous distribution of nanoparticles and an isotropic emission of
photo-electrons. However, GNPs form aggregates of different patterns
when interacting with biomolecules [46]. More importantly, the photo-
electron emission is anisotropic, and the angular distribution is given by
Sauter or Fisher distribution, for relativistic and non-relativistic elec-
tron energies, respectively [43]. Gadoue et al. [7] investigated the an-
gular anisotropy in the profiles of DER around GNPs when exposed to x-
rays, and found that the degree of such non-uniformity is dependent on
several factors such as GNP size, incident x-ray energy, and spectrum.
Additionally, they pointed out that this angular variation is a function
of the polar (or azimuthal) angle measured from the axis along which x-
rays are incident. In the present work, the effects of anisotropy are
prevalent in the DER profiles around the GNP, as reported by Gadoue
et al. [7].

A remarkable feature of the results is that the maximum DER value

in the hot spot region is not a linear function of the number of GNPs,
irrespective of being attached or detached from the septum. For in-
stance, the maximum DER value in the case of GNP attached to the
membrane for three particles is 16.168, while it is 14.964 for an ag-
gregate consisting of two particles, though one GNP has a maximum
value of 9.998. On the other hand, these values are 6.885, 6.49, and
3.781 respectively for the detached case. Besides, according to Fig. 4,
the values of DER along x-axis are not doubled nor tripled by increasing
the number of GNPs to two or three, respectively. The non-linear re-
lationship between the number of GNPs in a cluster and the resulting
DER values is consistent with the results of Gadoue et al. [8]. In their
study, they concluded that, due to the short range of Auger electrons
whose the mechanism of GNP dose enhancement is strongly based on,
adding a nanoparticle to an ensemble of GNPs does not result in a
significant increase in the value of DER around the cluster.

Furthermore, the difference between the DER values of one and two
GNPs is larger than it is between two and three GNPs in the attached
case. In fact, the DER profiles of two and three GNPs are very close to
each other, which imply that the contribution of the third GNP (not
bound to the membrane) to the total enhancement is minimal due to the
loss of a large fraction of its secondary electrons in air, or within the
other GNP in the cluster, in addition to the short-term effects of Auger
electrons. The abovementioned observation highlights the fact that the
contribution of a GNP to the dose enhancement is not significant, unless
it is bound to the membrane, not to the cluster of the GNPs.

In particular, DER profiles due to GNPs in the lung are characterized
by the intricate behavior of secondary electrons at the interface be-
tween gold, air, and membrane tissue, due to the substantial dissim-
ilarity in physical and dosimetric properties of these materials. Despite
the fact that the results obtained in this study are for the specific pur-
pose of GNPs inhaled in the lung, the insights gained from the findings
can be extended to mostly all other organs and for other GNP admin-
istrations as well. However, for organs or tissues where air is not pre-
sent, the effect of GNP detachment will be more pronounced. This can
be attributed to the fact that the electronic stopping power of soft tissue
is orders of magnitude greater than air. In this perspective, an increased
loss of the secondary electrons emitted from the detached GNP can be
seen in soft tissue, as compared to air. Henceforth, this will result in an
exacerbated reduction of the enhancing capability of GNPs.

The main limitation of this study is the investigation of x-ray pho-
tons generated at 120 kVp as representative of only theranostic appli-
cations, while not examining therapeutic energy beams (MV).
Nevertheless, the DER due to GNPs in the MV energy region is ex-
tremely small compared to kV beams [8,11–14,47]. Therefore, the
choice of the incident photon energy is justified by the fact that ther-
apeutic beams do not offer a comparable clinically noticeable benefit as
theranostic x-rays. Another limitation is the use of a limited number of
GNP clustering patterns. Indeed, the nanoparticles aggregates may
consist of a varying number of GNPs and can take different shapes, yet
the study was focusing on the basic clustering patterns. Furthermore, in
the developed model, it has been implicitly assumed that the irradiation
occurs while all nanoparticles are attached to the membrane. However,
this may not be completely accurate since some particles may be free in
the airways, but given the density of gold this scenario has a low
probability.

This study presents a new consideration of the possible adverse
dosimetric consequences of GNPs detachment from bio-surfaces. In the
light of the results, one attached GNP is practically more effective than
an ensemble of three GNPs detached from the membrane; a fact that
prompts the necessity of careful scrutiny of the GNP coating properties
and characteristics. More specifically, it must be ensured that the na-
noparticle will latch on to the particular surface or membrane during
the planned irradiation, thereby, achieving the maximal clinical benefit
of the enhancing power of GNPs. Another important practical im-
plication is the additional benefit of endocytosis targeting in nano-
particles-aided radiotherapy, since this mechanism will implicitly avoid
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any possible complications related to GNP detachment and loss of en-
hancement capabilities. In the future, further studies, which examine a
wider range of incident photon energies, need to be undertaken.
Additionally, a more sophisticated lung model may be developed, and
more complex scenarios could be investigated, such as the effect of free
nanoparticles in the airways.

5. Conclusions

Using a next-generation deterministic coupled photon-electron ra-
diation transport code with nanometric unstructured spatial mesh, de-
tailed DER profiles were obtained at the interface between air, gold,
and the septic membrane in the proposed lung model. The findings are
quite convincing and, based on the results, it can be concluded that the
inhalation of GNPs is beneficial in the treatment of lung cancer. The
large values of DER in conjunction with the developed hot spots imply
that this approach will have important radiobiological consequences in
terms of cell killing. On the negative side, the study has investigated the
possible scenario in which the same electrons required to enhance the
dose around GNP might adversely disrupt the chemical bonds in the
nanoparticle coating. After being detached from the membrane, the
enhancing power of GNPs could be degraded by a factor that can ap-
proach 62%. Finally, a detailed knowledge of the DER profiles and
adherence features is essential to improve the understanding of GNP
sensitization properties, and to maximize the impact of GNP-aided ra-
diation therapy.
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