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X-rays Based Bioimaging Techniques m
and Scintillating Materials L

Gopal Niraula, Jason J. A. Medrano, Mohan C. Mathpal, Jero-R Maze,
Jose A. H. Coaquira, and Surender K. Sharma

Abstract X-ray scintillators are broadly connected in cancer radiotherapy, warm
treatment, and clinical diagnosis as therapeutic imaging materials since of their aston-
ishing penetration control in tissues and organs. These X-ray energized scintillators
can be focused on in cancer-site which retain and change over X-rays into unmis-
takable light outflows and diminishes the chance of overdose X-ray presentation to
the typical cells. A few X-ray-based strategies have been illustrated for non-invasive
high-resolution imaging of thick natural examples. These methods are undertaking
to enhance our understanding and in situ natural chemistry and illness pathology
examinations. In this chapter, we show those X-ray-based procedures and as of late
outlined X-ray energized scintillators to offer an outline of such materials for the
therapeutic diagnosis, imaging, and treatment.
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1 Introduction

Since the development of nanoscience and its application in technology, so-called
‘nanotechnology’, from industry to biomedicine, nanomaterials and the relevant
instrumental devices are the centered point of research. The advancement in each
technology is a natural process in research which gives more precise, accurate and
updated information’s, and the methods to apply to the practical use. In particular,
biomedical imaging is a focal technique at the in-vivo anatomic, structural, and
functional visualization of inside-organs in a non or minimally invasive way. X-ray
imaging is established as a strong imaging technique since the discovery of X-rays in
1895. Since then, a novel imaging techniques based on X-rays, such as radiography,
fluoroscopy, computed tomography (CT), and single-photon computed tomography
(SPCT) are developed which requires extremely sensitive materials/scintillators to
enhance the image quality while minimizing radiation induced health risks to patients
[1-5]. Recently, positron emission tomography (PET) showed its highly sensitive
nature at the picomolar level that allows in-vivo molecular-imaging-based precise
diagnosis.

Scintillators are energy conversion materials which absorb and translate X-rays
radiations into the visible light region. Control Synthesis of novel X-rays induced
scintillators tuning their luminescence properties is a rising field of current research.
In this scenario, the idea of integrating the quick response toward X-rays with
big absorption cross-section stemming from the thickness and relatively high mass
density exhibited a good sensitivity in single-crystal perovskite-based scintillators
under keV X-ray radiation. The lead-halide perovskite single crystal scintillators
display a short absorption length and high detection efficiency to X-rays [6]. On
the other hand, organic scintillators are observed having a weak detection of high-
energy radiations because of their relatively low density of chemical constituents [7].
Organic crystals like naphthalene, stilbene and anthracene showed very weak detec-
tion capacity of higher-energy X-rays [8, 9]. However, they possess high attenuation
constants that help them to act as excellent scintillator candidates for p rays and hot
neutrons. To enhance their detection, heavy metal ions can be adopted to construct
organic—inorganic based scintillators because of high energy resolution and energy-
conversion efficiency of these metal ions [10]. Thus, this chapter presents a brief
overview of techniques used in medical imaging, namely, radiography, fluoroscopy,
angiography, and computed tomography as well as recent developed X-ray detec-
tors/scintillators which show convincing results in terms of sensitivity and serve as
an excellent candidate for medical imaging.
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2 An Overview of X-ray: Discovery and Road Towards
Biomedical Imaging

With the discovery of X-rays on 8 November 1895, the great revolution in the cogni-
tion of physical world is started. The discovery of X-rays was interesting as it was
found incidentally while Wilhelm Conrad Rontgen was studying the behavior of
cathode rays in Hittorf-Geissler-Crookes (HGC) tubes at his own laboratory. While
busy with his experiments, unknowingly one day he observed that some crystals
lying close to the HGC tube had become intensely fluorescent produced by a hith-
erto unknown radiation. After the spent myriad of breathless night, he confirmed that
this could not be due to cathode rays; cathode rays are fully absorbed either by the
glass wall of the tube, or by the air and thus introduced as an X-rays. The fluorescence
stimulation in different crystals depends upon the voltage used, for instance, fluorite
is a fine and suited crystal for ‘soft’ cathode rays, whereas barium platino cyanide
fluorescing strongly under the bombardment of ‘hard’ cathode rays. The high energy
X-rays, also referred as ‘hard’ X-rays, contain the component of short wavelength
that amplify the penetration into thick objects or those with large object densities.
Similarly, the low energy X-rays, referred as ‘soft X-rays’ component comprises the
longer-wavelength X-rays which enhance the image contrast. The ‘soft X-rays’ are
responsible to produce beam hardening corrections that can be applied to reduce
their effects on the resulting X-ray image [11, 12]. The X-rays was the first in a
series of three discoveries; X rays, uranium rays, and the electron, i.e., the study of
the discharge of electricity in gases. These three physical discovery have immense
contribution on the transformation of physical world of nanoscience and nanotech-
nology. The X-rays originate from the bright fluorescence on the tube where the
cathode rays strike the glass and spread out. The point of origin of the X-rays moves
in straight lines by a magnetic field, and their absorption depends on the material
through which they pass, but the X-rays themselves are insensitive to the magnet. In
principle, X-rays are produced by ionizing a target source, such as tungsten, with an
electron beam at very high speed and retarded instantly. In this process, the electrons
are discharged from a cathode and accelerated toward an anode by a high voltage
potential between the cathode and anode. once the electrons strike with the anode,
they start to decelerate accompanying by the emission of electromagnetic radiation.
The energy spectrum emitted from the X-ray tube is a function of the voltage poten-
tial, target material, the angle at which the electron beam strikes with the target, the
angle at which the X-rays are observed, and the material used for the X-ray tube
window [13-15].

After the discovery of X-rays and its experimental verification, Roentgen’s and
Dr. Henry W. Cattell, Demonstrator of Morbid Anatomy at the University of Penn-
sylvania have demonstrated the X rays to locate bullets in human flesh and photo-
graph broken bones and confirmed their importance for the diagnosis of kidney
stones and cirrhotic livers, stating that “The surgical imagination can pleasurably
lose itself in devising endless applications of this wonderful process.” This was the
key step to move forward the application of X-rays in medical sciences. Rontgen
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demonstrated the medical use of X-rays with taking a picture of his wife’s hand
on a photographic plate formed. It was the first photograph of a human body part
using X-rays. The first use of X-rays for a surgical operation was implemented on
February 14, 1896 [16]. This success of the first medical applications contributes
not only to the lives of humanity but also open the industrial possibility in medical
science and technology. Imaging techniques is one of the great and finest achieve-
ment of physical science which provides an interface between vision and intuition.
Especially, biological imaging has taken a wide space in human lives, not only to
understand the fundamental biology in nature but also due to extensive use in medical
science, i.e., biomedical imaging in view of its ability to aid analysis and diagnosis
through X-ray images at the molecular and cellular levels [5, 17]. X-ray imaging is
a noninvasive measurement techniques used extensively for the evaluation of static
objects, visualize and characterize the complex internal structures. The several tech-
niques can be used to detect an X-rays. Initially, it was detected through film-based
techniques; however, with the time, researcher successfully designed a new system
where digital detection can be achieved through electronic detector [18]. There are
two types of detectors: direct conversion and indirect conversion detectors. In case
of direct conversion detectors, X-ray photons are directly converted into an electrical
charge with the help of an X-ray photoconductor (e.g., amorphous selenium). On the
other hand, in case of indirect conversion detectors, first a scintillator converts inci-
dent X-rays to visible light, and then this obtained light is converted to an electrical
signal through a photodetector. In both cases, the output signal from these devices
is sensed by an electronic readout mechanism with an analog-to-digital converter to
yield digital image. The X-ray imaging systems, for example, old computed tomog-
raphy systems, scintillators are used to convert X-rays to visible light; the visibility
of light depends on the X-ray energy. The linear scintillator simply facilitates for
the electronic absorption of individual signal to quantify the X-ray intensity of a fan
beam through a horizontal plane [19, 20].

3 X-ray Imaging and Application in Medicine

The use of X-ray in medical imaging is under two categories: structural imaging,
which reveals anatomical structure i.e. imaging of bone, teeth, microcalcinations,
lungs, and orthopedic devices, and functional imaging which track the main changes
in biological function, such as metabolism, blood flow, regional chemical composi-
tion and biochemical processes. However, endogenous soft tissue types are difficult to
distinguish using conventional X-ray projection imaging. Distinguishing tissue types
for functional imaging requires either exogenous contrast agents (e.g., radiopaque
agents to view vasculature and flow in angiography), or technique that are more
sensitive to tissue differences (or both).
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3.1 Radiography

Radiography is an application of X-ray imaging used in medical science. The fore-
most aim of radiography is the inspection of ruptures, cracks the internal structures
of the body and their effects/changes in the skeletal system. In addition, this tech-
nique is used to perceive the changes of a bone’s consistency or density, e.g., in
case of osteoporosis or bone cancer. Radiography creates two dimensional projec-
tion images by exposing an anatomy of interest to X-rays and record the photograph
of the X-ray attenuation map of an object when passes through the object. X-ray
images are processed in a similar way of conventional photographic film in which
shadow of an object are analogized. The lighter shadow images are related to the
object areas of greatest density. The X-ray attenuation map of an object/materials has
great role on the development of contrast in the radiograph and hence better images
quality. The obtained contrast in the radiograph usually reduced by the consequence
of the X-ray absorption and X-ray scattering. The X-ray absorption is always varying
with the X-ray energy level, whereas X-ray scatter cause a general fogging of the
image; as a consequence, reduces the brightness and sharpness, clear contrast, and
the resolution. Such scattering is possible to reduce by passing the X-ray through
a metal filter before to reach the object of interest that, obviously, lessen the quan-
tity of soft X-rays reaching to the object [15]. On the other hand, advance digital
detectors use to capture the X-ray intensity that produce images. Digital radiography
improved the sensing capacity of 2D sensor arrays and computer power of receiving,
processing, and displaying the large data sets. The advantages of digital radiography,
as compared to the conventional film, is the speed of image obtained and the pliability
in manipulating and accumulating those images.

There are several techniques of radiography imaging process which are used for
a specific purpose from industrial technology to nanomedicine; among them, X-ray
radiography for flow visualization (XRFV) and Flash X-ray radiography (FXR) are
widely used. The XRFV is extensively used in myriad industrial applications, such
as power generation, pharmaceutical production, fuel production, and mineral and
powder processing. The working mechanism is based on gas/liquid flowing through
a granular bed at an ample velocity to suspend the particles, where these granular
beds have ability of uniform mixing, low pressure drop, high heat and mass transfer
rates. On the other hand, the flash X-ray radiography (FXR) is an imaging process
where strong burst of irradiation is induced for a second that records a high-speed
events obscured by light. In addition, FXR helps to seize the images of voids inside
opaque objects that are scrap of these dynamic events. These FXR are often used in
medical imaging for biological studies [21-23].
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3.2 Fluoroscopy

The fluoroscopy technique is a very essential in minimally invasive intercessions,
where the different tool such as catheters and endoscopes need to be guided to operate
the system without direct visual contact to the intercession region. Moreover, this is
the technology to visualize internal organs/vessels, for instance arteries or veins using
scintillators as a contrast agent; as a result, fluoroscopy is also referred as a positive
contrast technique having a low background and highly sensitive to low elemental
concentrations [24, 25]. In principle, during the absorption of X-ray photon by an
atom, small part of its energy reemit as a secondary X-ray fluorescence (XRF). In
this process, binding energy and nuclear charge are key factors; the binding energy is
proportional to the square of nuclear charge and the emitted photon energy is charac-
teristic of each element. The scanning of the specimen and acquisition of X-ray yields
quantitative topographical maps for a wide range of elements, that allow the quantita-
tive elemental analysis, including most biologically relevant transition metals. Taking
an advantage of the elemental quantification/composition using nuclear charge of
elements [26], this technique is applying to find the metal toxicity [26, 27], uptake
and distribution of metallopharmacueticals [28], intracellular elemental distributions
in biological samples[2, 29-31], and in vivo to non-invasively evaluate the concen-
tration in the bones, human skin, and iodine in the thyroid [32—-34]. The image from
a fluoroscopy sequence can be depicted by the placement of the two electrodes and
wires of a heart pacemaker. A precise and accurate clinical setup is very essential
for a minimally invasive surgery where the X-ray imaging unit is given by a C-arm
scanner that can be freely positioned around the patient. Conventional radiography
typically refers to the acquisition of a single or small number of X-ray projection
images for a specified view. In contrast, fluoroscopy describes a sequence of radio-
graphic images acquired periodically at a certain frame rate. The X-ray source can
either be triggered for each frame or simply provide a constant radiation exposure to
the region of interest. Potential X-ray detectors can be image intensifiers. The frame
rate is typically limited by the acquisition speed of the detection system. For image
intensifiers, it is given by the inertia of the final fluorescent screen. In practice, frame
rates of 30 frames per second are possible. However, rates are often reduced for dose
reasons. In brief, fluoroscopy is a promising procedure because it is less invasive,
substantially reducing the risk of infection or skin injury due to iatrogenic radiation,
compared to conventional surgical procedures, being able to use dose metrics to
develop adequate follow-up and management plans for the patient [35].

The use of the fluoroscopic technique came after the discovery of X-rays, where
in the beginning the operating mechanisms of these equipment was limited due to
technological factors: such as low-quality film emulsions and X-ray tubes that were
not very reliable in their functioning. For this reason, fluoroscopy appeared as a
more promising and probably more important alternative than radiographic tech-
niques. Subsequently, the equipment improved and fluoroscopy began to occupy
an extremely important role in imaging examinations and that it is still in force
today, in other words, the study and detection of moving parts, dynamic exami-
nations, interventionism, angiography, make this technique be of great acceptance
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Fig. 1 Representation of a fluoroscopy equipment with image intensifier. Reprinted with permis-
sion of Ref. [38]

[24, 25, 36]. The main difference between radiography and fluoroscopy is that the
latter uses a much lower X-ray fluency rate, but for a much longer time. Through
this technique a continuous image is produced allowing the observer to see dynamic
changes within the patient such as moving organs or flow of contrast media through
blood vessels, digestive system. The principle of fluoroscopic imaging is in the ability
of X-rays to cause fluorescence in a phosphor-like material. A fluoroscope basically
consists of two components: An X-ray tube and a fluoroscopic screen. The tube and
the screen are mounted facing each other in an aligned way, (see Fig. 1). In this way
the operator moves the fluoroscopic screen along the patient and the tube follows the
screen. X-ray photons that pass through the patient interact with the screen, producing
photons of light that reach the observer [37].

Certain limitations must be considered due to this arrangement, such as, for
example: images with a very low brightness, three or four orders of magnitude lower
than that of a conventional radiograph. The possibility of increasing the X-ray rate
is not feasible either because this would mean doses that are clearly intolerable for
patients and also very high for the observer himself. Therefore, the fluoroscopic
image can only be viewed without ambient lighting, in the dark, with the conse-
quent loss due to the vision characteristics of the human eye and the inconvenience
of adaptation to darkness. The result is a very poor quality image. The only way to
significantly improve this quality without excessively increasing the doses to patients
is by using a system that amplifies the light from the screen: the image intensifier.

Fluoroscopy is demonstrated in several types of experiment including cardiac
catheterization [39], lumbar puncture, arthrography, placement of intravenous
catheters, and biopsies. Further applications of fluoroscopy include foreign body
localization, injecting image-driven anesthesia into the spine, and in percutaneous
vertebroplasty [40]. The use of nanoparticles have shown very promising results
that suffused into bio-degradable filters made up of poly-p-dioxanone (PPDO) could
amend device radiopacity without any unexpected effects on device efficacy and
safety, in swine models [41]. This demonstrates the continuous effort to improve
procedures and add the use of new nanomaterials to optimize results. The most
common applications are:
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In Diagnosis:

e Digestive system: swallowing studies, esophagograms, intestinal transit, laparo-
scopies, barium enema, transcutaneous liver biopsies, enteroclysis.

e Urology: cystography, diagnostic percutaneous nephrostomy, percutaneous excre-
tory urogram.
Gynecology: hysterosalpingography.
Neurology: myelograms.
Cardiology: angiograms of vessels of the lower extremities, heart and brain;
intracardiac electrophysiological study (EPS).

e Traumatology: arthrography, post-surgical control.

In Treatment:

e Placement of endoprostheses: esophageal, biliary, urethral stents, intravascular
stents.

e Infiltrations: especially common in intra and periarticular drug infiltration
(anesthetics, corticosteroids, contrast solutions).
Dilation of vascular, digestive or urological stenosis.
Guided surgery: biopsies, vertebroplasties, tumor removal (especially in deli-
cate locations), kidney surgery, nephrostomy, placement of pacemakers and
cardiac defibrillators, angioplasties, urological surgery (especially in retrograde
pyelography).

The use of fluoroscopy is usually considerable in regards of safety concerns. However,
the risks arise due to the accumulated radiation from number of X-ray test or treat-
ments for a long period [42]. For a fluoroscopy patient, it is important to consider
whether the patient suffers from any type of allergies to the substance to be admin-
istered or any history of allergic reactions. Patients who are allergic to any remedy,
iodine, latex, or contrast environments are at a higher risk of developing an allergic
reaction. It is not recommended that pregnant women be exposed to this type of
procedure with fluoroscopy due to the risk that it can affect the fetus.

3.3 Angiography

Angiography is a technique that consists of filling the vessels of the circulatory
system with a contrast agent, that is, a good absorber of radiation that produces a
visible shadow in the image. This substance is injected into the area to be explored,
using needles or guiding a catheter under fluoroscopic control. To perform the test,
anesthesia is applied to the site where the catheter will be inserted, which is a small
tube that is directed by the doctor to the site where you want to see the blood vessels,
which is usually inserted in the groin or neck. After the catheter is inserted into the site
to be tested, a contrast agent is injected and then several X-rays are taken on the X-ray
machine. The contrast liquid, when exposed to X-rays, will be shown on the monitor
image with a different color from the images taken, which allows observing the
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patient’s circulatory system. During the exam, the patient remains awake, but since
itis necessary to remain as still as possible, the doctor may apply medication to sedate
the patient. This procedure can take about an hour. After this time, the patient does
not necessarily need hospitalization, since general anesthesia is not used. In some
cases, it may also be necessary to suture and place a dressing where the catheter was
inserted. At present we can find more modern equipment, where characteristics such
as road mapping (in which the interventional doctor can use images with contrast and
digital subtraction previously acquired to use them as a way to introduce catheters
with diameters less than 1 mm without using more contrast), have greatly facilitated
angiographic and interventional procedures [43, 44].

Another advantage currently used is the use of pulsed fluoroscopy, where the
duration of the examination is much shorter and also the amount of dose administered
to the patient is less, thus obtaining a good quality image.

In general, this equipment consists of a C-arm suspended from the ceiling or
anchored to the ground that incorporates the X-ray tube and the image receptor
system. This arch can be moved in almost all directions to allow as many views of
the patient as possible. This is placed on a lifting table, with a flat, floating and sliding
tabletop that allows easy access to the patient. A mobile device with two or more TV
monitors allows the specialist to follow the image in real time while performing the
examination or to view the dynamic series previously obtained (see Fig. 2).

Currently there are high-end models where the use of dynamic flat panels as
image receptors has notably improved the performance of this equipment, consid-
erably improving the quality and contrast of the image, in addition to the fact that
the mass and volume lightening of the arc allows a remarkable agility with faster
and more precise movements. Relatively recent developments such as so-called rota-
tional angiography in which the image receptor-tube assembly (or assemblies) rotates
around the patient at high speed, taking pulsed images while a contrast medium is
injected into the patient, have been incorporated into current teams. In this way the
images are processed and displayed as a video sequence with the advantage that
the vascular tree can be seen from different orientations with a single injection of
contrast [46, 47]. One step further is the possibility of performing a 3D reconstruction
of the vascular tree. In recent years, the equipment has incorporated the possibility
of obtaining tomographic sections, as well as those obtained with a computerized
tomography, using the digital image detector itself.

In a large number of surgeries, fluoroscopy or X-ray imaging is required during
the surgeries. The transfer of the patient to obtain an X-ray, or the installation of
a permanent X-ray equipment, being unfeasible, which can make interventions in
which X-rays are not required due to space issues. For this situation where the use of
fluoroscopy is necessary to guide a catheter or an endoscope, there are mobile radio
surgical arches. They are so named because of the appearance of the X-ray tube and
image receptor as a C-arc (See Fig. 3), with both parts always aligned and at a fixed
distance (90-100 cm). In this way, the patient can be positioned between the tube
and the intensifier and access to the examination site is relatively free. This arch is
mounted at the end of an extendable arm anchored to the foot of the equipment that
includes the X-ray generator and the console with the controls. Said foot has wheels



10 G. Niraula et al.

Fig. 2 Representation of an angiography equipment. Reprinted with permission of Ref. [45]

which allow the movement of the whole equipment. Due to the need for space and
their good performance, all current arches incorporate high-frequency generators,
which also allows the use of pulsed fluoroscopy.

The use of nanomaterials is increasingly present in biomedical applications.
Composite of nanoscale zero-valent iron in ordered mesoporous carbon (nZVI@C)
are being used in trials to improve image quality in Magnetic Resonance Angiog-
raphy studies. In addition, this material did not show deleterious effects on cells [49].
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Fig. 3 Mobile C-Arm used in angiography; A X-ray Tube; B Image Intensifier; C Collimator; D
Display Monitor. Reprinted with open access permission Ref. [48]

Currently some kind of ferrites like as ZnFe, O, are explored as the contrast agent for
magnetic resonance angiography, due to his higher transverse relaxation time. First
assays are being in rats. Results show an increase in image contrast using nanoparti-
cles ZnFe, 0,4 smaller than 6 nm [50]. Procedures that use angiography range from
intravenous or arterial injections to angioplastic techniques that use balloons, stents,
and other devices to unclog blood vessels and reinforce the internal structure of
damaged arteries. Modern angiography units are equipped with a variety of the
latest developments in fluoroscopic imaging technology including C-arms with fully
movable image receiver and tube and a complete digital image acquisition system.
In the hemodynamic units in which the coronary tree of the heart is explored, it is
usual to use very high fluoroscopy and acquisition rates (25 images per second and
even higher) to avoid the loss of spatial resolution due to the movement of the heart.
On the contrary, in vascular radiology equipment the acquisition rate is not so crit-
ical, but the size of the image receptor (intensifier or flat panel in the most modern
equipment), since many of the examinations are performed in the abdominal area or
in the trunk of the patient. The most common risk from this test is an allergic reaction
to the contrast medium that is inserted; however, the doctor usually has medications
ready to inject if this happens. In addition, bleeding at the catheter insertion site or
kidney problems may also occur due to the contrast medium (nephropathy) [51].
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3.4 Computed Tomography

X-ray computed tomography (CT) can provide unmatched information on the internal
structure of materials non-destructively from meter scales to tens of nanometers in
length. It takes advantage of the penetrating power of X-rays to obtain a series of
two-dimensional (2D) radiographs of the object seen from many different directions.
This process is sometimes called a CT scan [52]. CT should not be confused with
conventional X-ray radiology, which also allows two-dimensional visualization, but
with much less detail, because the different structures of the body are superimposed
on the same image, because the radiation is emitted from a single image. diffuse
shape. On the other hand, for CT a very well-directed beam is used and with a
certain thickness, which depends on the size of the structure to be studied, and can
vary from 0.5 mm to 20 mm. The development of new, more sophisticated equipment
obeyed a need, since with the first scanners for clinical use, data was acquired, for
example, from the brain in approximately 4 min, two contiguous sections, and the
calculation time was about 7 min per image. Shortly afterwards, scanners applicable
to any part of the body were developed; First they were axial scanners, with a single
row of detectors, and from these it was moved to helical or spiral scanners, which
later allowed the use of equipment with multiple rows of detectors, whose clinical
use has reached wide diffusion today [52, 53].

Today, specially designed CT scanners are available for certain clinical applica-
tions. Thus, there are specific CT equipment for planning radiotherapy treatments.
Another current example is the integration of CT scanners in applications that
include various imaging techniques; for example, by hybridizing a CT scanner
with a positron emission tomography (PET), or with a single photon emission
tomography (SPECT) [54].

Axial computed tomography is the first equipment used or called “first gener-
ation”, they use parallel beam geometry and a translation-rotation movement. The
X-ray beam is highly collimated and, after passing through the section of interest
of the patient, it strikes a pair of scintillation detectors each coupled to a photo-
multiplier tube. The emitter-detector assembly, integrally joined, moves through 160
positions, thus obtaining different measurements [55]. The most recent equipment is
often described as “rotation only” or “rotation-stationary”, since it is now only the
X-ray tube that rotates around the patient while the detectors, which cover the entire
360° space, remain immobile during cutting (see Fig. 4).

Helical computed tomography has greatly improved CT performance. Some of
the advantages of helical CT: scan time is shortened, and more consistent information
is obtained to reproduce 3D images of the scanned volume. The main disadvantage
of helical CT was the appearance of some associated artifacts (windmills, etc.) [57,
58]. Helical acquisition made it possible to obtain data from a large volume of the
apnea patient, which was a prerequisite for the development of high-quality CT
angiography. The displacement of the stretcher is generally expressed in relation
to the nominal width of the beam (equal to the width of cut in single cutters); the
quotient between the displacement of the stretcher in a 360° rotation of the tube
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Fig. 4 Representation of computed tomography. Reprinted with permission of Ref. [56]

and the nominal width of the beam is called the pitch factor. Obviously, continuous
scanning considerably reduces the exploration time, while allowing a more efficient
use of the X-ray generating system. In return, as can be seen, the data collected in a
complete revolution does not correspond exactly to any complete axial section, but
the section moves continuously with the movement, also continuous, of the stretcher.

Multi-slice computed tomography, ten years after the introduction of helical CT,
with the introduction of rapidly rotating multi-detector scanners, there was an enor-
mous advance in CT technology that facilitated the emergence of new clinical appli-
cations. The first teams with 4 contiguous rows of active detectors, gave way to those
with 16 and 64 rows respectively, which made possible the simultaneous acquisi-
tion of profiles of a large number of sections. In addition, the rotation time was
reduced from 1-2 s, typical in single cutting equipment, to much lower values (0.3—
0.4 s). Consequently, under these conditions it is possible to scan practically the
entire body of an adult on inspiration with slice thicknesses well below 1 mm. With
multi-detector CT equipment, acquisitions are usually made in helical mode. Excep-
tions are for high-resolution CT of, for example, lungs, and sequential acquisition on
cardiac CT, either for coronary calcium calculation or for coronary CT angiography
[59, 60].

An obvious difference between the different types of tomography can be observed
in Fig. 5. It is possible to see the difference in tones in the images obtained, which
allows more detailed information on the area of interest, allowing the doctor a
decision on the most convenient treatment.

CT is used in diagnosis and in patient follow-up studies, in planning radiotherapy
treatments. Diagnose different diseases and minor changes in various sectors of
the human body. For example, a CT scan can evaluate a head injury or, because
of its quick results, help find strokes. In addition, the procedure helps to detect
tumors and infectious processes of different organs. The exam also detects important
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X-ray STANDARD CT SPIRAL CT MULTISLICE CT

SINGLE DETECTOR SINGLE DETECTOR PER AREA i .

MULTIPLE ROWS OF DETECTORS

Fig. 5 Difference between techniques using computed tomography and X-ray. Reprinted with open
access permission Ref. [61]

warning signs, such as bleeding, aneurysms, perforation of intestinal loops, and
even heart attacks. It is well known that there is a growing concern for the care of
the environment, this reflects efforts in nanobiotechnology, that is developing new
processes for the synthesis of nanoparticles (green synthesis). Was reported the use
of aqueous leaf extract of barley leaves during process of synthetic to obtained new
gold nanoparticles (BL-Au), taking advantage of the fact that the extract of barley
leaves has properties that act as a reducing agent during the synthesis process. Results
of this assay using BL-Au nanoparticles in computed tomography with zebra fish
showed Brightness image was still much stronger than Ultravist (component usually
used in this process) [62]. Another interesting work used Au nanoparticles as contrast
agent for computed tomography in mice, with different sizes of nanoparticles and
found that larger Au nanoparticles provided strong liver and spleen contrast [63].
All X-rays deliver ionizing radiation, which has the potential to cause natural
impacts within the human body. For patients, these biological impacts can run from
an expanded hazard of cancer at some point in life, to conceivable unfavorably
susceptible responses or kidney disappointment from contrast media. Beneath a few
uncommon circumstances of delayed presentation to expansive dosages, X-rays can
cause unfavorable wellbeing impacts such as blushing of the skin (erythema), harm
to skin tissue, hair misfortune, cataracts, or birth abandons (in the event that they
consider is carried out). carried out amid a pregnancy). For this reason, it is critical
that CT checks are constrained to as it were those cases where the advantage that
can be gotten essentially outweighs the increased hazard. This is often particularly
genuine for children, who are more sensitive to ionizing radiation and have longer life
anticipation and so have a generally higher chance of creating cancer than adults [64].
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4 High Energy X-ray Sensitive Materials for Medical
Applications

The strong penetrating power of invisible high energy X-rays allows them to scan the
object and display the internal parts/structure/composition in medical imaging [65,
66]. In X-ray based imaging, Image contrast results from the variable signal detected
when rays are absorbed, preventing the receptivity of the various organs/subjects
to the radiation. Albeit, such rays are hardly perceived by ordinary photographic
substrates, so studies are devoted to the search of scintillating materials with the
properties of efficiently absorbing these rays and converting the absorbed X-rays
into photon radiation emitted in the visible light range. Scintillators are special
energy conversion materials that can absorb X-rays/y-rays and convert them into
the visible light range [67]. Although scintillators are unable to produce medical
X-ray images straightly, they are advantageous due to their ability to reduce the radi-
ation dose required for imaging. It is clear from the definition of ‘high energy’ that
higher atomic numbers (Z) metals ion are needed to achieve high stopping power
and noteworthy scintillation performance since they have high energy resolution and
energy-conversion efficiency [10, 68].

4.1 Perovskite-Based Sensitive Materials

Perovskite-based nanomaterials (PNMs), such as CaTiO3 and its diverse composition
(ABX; where A and B represent as cations and X as anion) have been investigated
persuasively in the last decades due to their tunable photoelectric properties, lumi-
nescent and electrical performance which allow these materials to be used in wide
range of medical imaging [69—71]. Different energy conversion phenomena can be
discussed in such X-ray perovskite-based detectors; in scintillator based detector,
energy conversion takes place from X-ray to UV-Vis photon via down-conversion
[72]. In addition, the absorption material has limited carrier diffusion length by
which these materials are recommended to avoid in X-ray based scintillators [73,
74]. Considering those materials which exhibit limited/short absorption length but
high detection efficiency to X-rays, Lead-halide based perovskite single-crystals are
promising scintillators. The quick reaction toward X-rays with large absorption cross-
section originated via physical factors, such as, thickness and relatively high mass
density, made perovskite scintillators promising materials to enhancing the detec-
tion efficiency under keV X-ray radiation [6]. However, these materials show their
better performance only on low temperature since they are sensitive to open environ-
ment, i.e., air and humidity since they are sensitive to these factor (air and humidity)
[10, 75]. As compared to bulk perovskites, perovskites nano-scale materials have
been demonstrated as a better processing capability for the fabrication of multifunc-
tional thin films, flexible devices [76]. Furthermore, they exhibit a superior optical
and electromagnetic properties because of their quantum effect and small-size effect



16 G. Niraula et al.

[77]. The use of high energy scintillators varies on the required fields. Particularly in
X-ray imaging, following points should have to be considered: (a) high absorption
coefficient which provides a considerable quality of imaging with reducing the dose
amount, (b) highly luminescence yield which reduces the noise signal, (c) decay time
should adjust in the range of CT scanners in >10 kHz, (d) absence of afterglow that
causes sickle artifacts in the imaging, and (e) Low temperature dependence of the LY.

Several pattern of Pb-halide perovskites such as bulk crystals, thin films, nanopar-
ticles and quantum dots can be prepared by chemical routes instead of ultra-high
vacuum technique; which minimizes the cost within a reasonable range. As it is
established, however, that Pb element is toxic that led towards the health threats in
biomedical use. Besides, low resistance to the humidity and temperature reduces their
sensitivity that evidently limit the application of interest. Recently, organic—inorganic
hybrid Pb-halide perovskite-has been prepared that exhibits an excellent scintillator in
view of their low preparation cost, high light yield, short decay time in the nanosecond
range, and low inherent trap density [6]. Methylammonium Pb based perovskites
(MAPDBX3) have demonstrated a significant scintillating performance for luminous
devices and high-sensitive detectors in the visible range [78—80]. Saidaminov et al.
[81] have reported the novel hybrid organo-lead tri-halide perovskites, MAPbBr3
and MAPDI3 in hot solutions, prepared by controlling the solvent, temperature and
other parameters. They found that these material show carrier transport properties
similar to those grown by the usual cooling or anti-solvent vapor-assisted crystal-
lization techniques. The authors stated the ‘quantum leap’ in crystal growth rates of
these scintillators presents a major breakthrough in the research area of perovskite
single crystals enabling the wide applications from medical imaging to industrial
technology. Moreover, Wei et al. [82] have synthesized sensitive MAPbBr; single-
crystal X-ray detectors with a record .t product of 1.2 x 102 cm? V! and the lowest
surface recombination velocity of 64 cm s~!. Impressively, this material exhibited an
excellent optoelectronic property as compared with those for CdZnTe. It was synthe-
sized by the solution growth method which take an advantages of low cost, large scale
and faster growth rates than the conventional routes, i.e., vapor deposition method
adopted for CdZnTe crystal growth. The performed experiment of a charge collection
efficiency up to ~33-42% for UV-vis light, and ~16.4% for hard X-ray photons
which facilitates the ability to direct conversion of high-energy X-ray into collectable
charges with a high sensitivity of 80 pnC G ya_l.l cm2 and a lowest detectable dose
rate of 0.5 wGy,;s~!, which meets the practical needs of medical diagnostics. They
believed that these findings offer an effective way to engineer the trap density of
the hybrid perovskite material to increase the device charge collection efficiency for
photodetectors. Later following this work, Wei W. and co-workers [83] designed
the Si-integrated MAPbBr; through low-temperature solution-processed molecular
bonding method in cooperation with brominated APTES (3-aminopropyl triethoxysi-
lane) molecules. The insertion idea of this layer was to reduce the dark current which
is crucial for a detector to sense very low X-ray. It is found, as anticipated, that a
momentous lessening in dark current at higher bias, detecting a really low X-ray
(8 keV) measurements rate of <0.1 Gy, s~ with a high affectability of 2.1 x 10*
nCG y;,l, cm~2. Further, they appeared that the X-ray dosage to patients utilizing the
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created direct finder cluster can be drastically decreased by 15—-120-fold. The result
gotten here is a few orders of magnitude superior than the state-of-the-art commer-
cial a-Se X-ray locators, clearing the way for the commercialization of perovskite
X-ray finders for therapeutic applications. This strategy gives an effortless way to
coordinate MAPDbBr3 single gems onto different by and largely utilized substrates at
moo temperatures in arrangement, which opens an unused road for the application of
perovskite materials in much broader areas, such as active-matrix flat-panel imagers
and flat-panel shows.

The lanthanides with proper energy state, i.e., the rare earth (RE) doped scintilla-
tors have exhibited satisfactory properties [84]. Recently, scintillators of Cal,: Eu**
with doping RE [85] and Luls: Ce** [86] have achieved ray output of more than
100,000 photons per MeV. Similarly, Sr**, Ca?* co-doped LaBrs: Ce** scintillator
show an ultrahigh energy-resolution [87], while some scintillators, for example, Ce**
doped PrBr; [88] and Nd** doped LaF; have very short scintillating decay time of
6 ns. Interestingly, these scintillators emit photons in the range of ultraviolet, visible,
or near-infrared when excited by X-rays/y-rays, so that are considered as potential
scintillating materials for medical imaging [89]. Likewise, to use lanthanide-based
scintillators for CT imaging, Tb** doped LaF3-Rose Bengal (RB) scintillators are
functionalized with a silica layer for the pathologic diagnosis of cancer [90]. It is
observed that the shell-thickness of the silica layer was controllable which given
a uniform measure, great biocompatibility, colloidal soundness, and photostability.
It is found that once the nano-scintillator infused into the tumor location, the flag
escalated expanded significantly. The measured X-ray constriction control outper-
forms the commercial CT differentiate instrument (Ultravist® 300), which makes it
a perfect CT differentiate specialist for deep-tumor determination. In spite of the fact
that promising in CT imaging, more tests are still required to encourage confirm the
photodynamic restorative efficacy of the Tb** doped LaF3-RB scintillating fabric by
X-ray actuation. Investigating multiplexed scintillators has gotten to be an inquire
about hotspot for the development of double show imaging devices.

5 Highly Sensitive X-ray Detector: Organic and Inorganic
Materials

Xu et al. [3] have developed a new zero dimensional (OD) organic manganese (II)
halide hybrid (C3gH34P>)MnBrs which exhibit highly efficient green emission upon
photo and X-ray excitations. It is observed that the X-ray image of (C3sH34P>)MnBry4
single crystal is more brighter than Ce:LuAG indicating that CsgH34P,MnBry is
more sensitive to X-ray irradiation than Ce: LuAG. Further, the scintillator response
to X-ray dose rate, the radio-luminescence (RL) intensities have been investigated
under various X-ray dose rates for (C3sH34P>)MnBr4 and Ce:LuAG. This single
crystal scintillator shows discernible scintillation properties with amazing reaction
linearity to dosage rate, tall light abdicates, and low detection limits. Interestingly,
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the X-ray scintillation properties were found to be prevalent to those of metal halide
perovskite nanocrystals and most of today’s commercially accessible scintillators.
X-ray imaging was moreover effectively illustrated with tall determination. The low-
cost, simple planning, ecologically neighborly, and state-of-the craftsmanship glitter
execution make this natural manganese (II) half breed (CsgH34P,)MnBr, an exceed-
ingly promising scintillator for commercial applications. The authors believed that
this work could be a new way to explore new low-cost, high-performance eco-friendly
hybrid materials for radiation scintillators. Although, scintillators have a tunable
properties in visible region owing to their abundant electronic states, adjustable
bandgap, high detection efficiency and relatively lower reabsorption to X-rays [91—
93], pristine perovskites exhibit some intrinsic deficiency. For instance, some halide
PNMs have demonstrated a limited adaptability of optical and electrical perfor-
mances in addition to poor stability for light, heat, oxygen, humidity and aggregation
and phase transition [94]. Researchers are still trying to add external doping ions into
PNMs to overcome these drawbacks [70].

The design of novel scintillators which allow the medical detections under lower
X-ray radiation dose with faster evaluation is still challenging and large area of
investigation still need to be addressed. Organic nanocrystals such as stilbene,
naphthalene and anthracene showing high attenuation-constant which can be used
as scintillating materials for B-ray; however, they show a poor efficiency on X-ray
detections [8, 9]. Based on organic framework, metal organic frameworks (MOFs)
scintillators exhibit noteworthy energy conversion efficiency to X-rays which opens
tunable platform for several application [95]. The organic emitters allow them
to respond quickly to X-rays as compared to conventional available inorganic
scintillators [96]. The strong green light emission actuated by the charge-transfer
from ligand to metal, advocates that the UVI materials are anticipated as a proficient
scintillating candidate for X-ray detection and the perceptible light emission in a
uranyl-organic system (SCU-9) are exceptionally promising highlights for down to
earth applications in therapeutic imaging areas. SCU-9 assist appears the prevalence
of decreasing the non-radiative unwinding within the prepare of excitation, which
advance makes strides the transformation productivity. The emission escalated
appears a basically direct relationship with the uncovered X-ray measurements,
and this parameter is comparable to that of the commercial scintillator CsL: Tl. In
expansion, SCU-9 moreover shows diminished hydroscopicity, improved X-ray
radiation resistance, and decreased effectiveness [97].

Thirimanne et al. [98] have synthesized a hybrid ‘inorganic in organic’ X-ray
detector which demonstrated promising sensitivities of 1712 and 58 uCmGy~! cm~3
for soft and hard X-rays respectively. In addition to this, due to the flexibility of the
detectors, they show a high sensitivity of 300 pC mGy~' cm™3, recommending
its potential for dosimetry and bio-imaging in non-planar architectures. The made
strides X-ray affectability could be a result of affect ionization, and an upgraded way
length due to Mie diffusing and the proficient division, and transport of these by the
BHIJ-NP engineering coming about in high-charge collection efficiencies (>60%).
Based on this concept, a preparatory level board imager has moreover been illus-
trated. The strategy of coordinate discovery and imaging, combined with low fetched,
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adaptability and versatility for large-area fabricate, makes strides on current strong
state X-ray finder execution by 2-3 orders of magnitudes, beneath low voltages,
whereas conveying novel properties reasonable for an extend of current and already
unexplored discovery and imaging applications.

Lee and co-workers [99] have studied organic—inorganic X-ray detectors by
adding inorganic quantum dots (QDs) to the organic active layer which results the
improved sensitivity due to combined interface properties, i.e., excellent physico-
chemical stability, excellent carrier mobility, and efficient photon absorption on the
organic polymer interface. The inner organic active layer consisted of a conjugated
polymer P3HT and fullerene derivatives PC70BM to which indium phosphide (InP)
QDs were added by changing the size and amount of InP) QDs. The sensitivity of the
detector was extracted during X-ray exposure according to the QD size change (4—
12 nm in diameter). It was observed that the sensitivity decreased with the increased
QDs size. Moreover, the absorbance of the active layer decreased when the size
of QDs exceeded 4 nm which reduces the solubility and dispersion of the QDs in
the organic active layer. Therefore, the detector with the P3HT:PC70BM:InP QDs
(4 nm diameter) showed the highest sensitivity, of 2.01 mA/Gy-cm2, showing that
the sensitivity was improved by 44.60% over that of the P3BHT:PC70BM detector.
On the other hand, there is another way to further improve the sensitivity by varying
the amount of QDs keeping the QDs size fixed to 4 nm in diameter. It was observed
that the most noteworthy affectability of 2.26 mA/Gy-cm? gotten from the finder
P3HT:PC70BM:InP QDs (1 mg) dynamic layer. In expansion, the most noteworthy
versatility, of 1.69 x 107 cm?/V-s, was gotten from the same locator. The changed
sum of InP QDs within the PZHT:PC70BM natural dynamic layer changed the surface
morphology, subsequently expanding the charge eras by moving forward the light-
absorbing surface range. In expansion, the well-formed arrange between inorganic
InP QDs and natural P3HT:PC70BM dynamic layer were diminished RS and moved
forward the portability, since it makes a difference charge exchange and charge collec-
tion. The frequency response of the detector without the scintillator was evaluated
using a pulsed green LED (emission peak at 540 nm).

6 Conclusion and Future Perspectives

The combination of developed X-ray techniques and synthesis of X-ray activated
scintillators have offered excellent technology in medical radiography, diagnosis,
and deep-tumor therapy. The nanoscale scintillators serve as a contrast medium in
low dosage CT imaging. Owing to the boundless infiltration profundity of X-ray,
the comparing scintillator shows extraordinary potential for the focus on the treat-
ment of profound situated tumors. The high X-ray attenuation coefficient reduces
the possibility of destruction of healthy tissues and organs in radiotherapy. However,
the new materials with optimization of X-ray activated nanoscintillator will always
remain and very essential for the progress of radiographic and therapeutic facili-
ties for the diagnosis and treatment of deep-tumor in clinical level. For this, work
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in incredible collaborations and near co-operation between researchers, engineers,
doctors, and drug specialists are direly required within the precise assessment of the
treatment viability and side impacts of the intra-tumor infused scintillators, which
is exceptionally vital for assist progressing the remedy rate of cancer and extraor-
dinarily dragging out the life of the patients. We have to appreciate the work done
and the efforts made so far which brought a lots of achievement and the possibility
for the X-ray activated scintillators in biomedical scenario. However, the theoretical
understanding to find the accurate band structures, and the mechanisms of charge
and energy transfer, is on centered which need to be tackled before experiment that
obviously helps to improve the photoluminescence (PL) performances and may open
the broad applications.
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Abstract Radiation therapy (RT) has established as a very auspicious tool to tackle
cancer, but its efficacy has encountered with some challenges. As we all know, in
the case of cancer therapy by RT, high doses of radiation is required to fully eradi-
cate tumor cells and shrink them as well. However, this auspicious tool is far from
being faultless, as its enhancement in maximally killing tumor cells while minimally
causing severe adverse effects to normal cells have always been unresolved clinical
problems and challenges. To address these drawbacks, researchers have conducted
a lot of research studies, among them, radiosensitizers have shown great potential to
improve the bottleneck of RT for cancer therapy. Radiosensitizers are chemical or
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pharmacologic agents that makes tumor cells more vulnerable to RT by augmenting
free radical formation and assisting DNA damage. Over the last decades, many
attempts have been devoted to design and fabricate radiosensitizers that are highly
efficient in tumor therapy and characterized with low toxicity. In this review, we
classified and summarized the emerging strategies as three main types including
nanomaterials, macromolecules, and small molecules based on their structure. Addi-
tionally, the development states of radiosensitizers, their mechanisms and how to
harness their power to improve radiosensitizers sensibility are presented. We also
summarize all exciting advances approaches and emerging smart strategies accos-
siated with fabrication of radiosensitizers as well as prospects and challenges for
clinical translation of these agents in oncotherapy are reviewed.

Keywords Radiosensitizers + Cancer therapy - Radiotherapy - Nanomedicine -
Small molecules + Macromolecules

1 Introduction

Radiation therapy (RT) has established as a very auspicious tool to tackle cancer,
but its effectiveness has diminished by broad range of impediments, such as cancer
complications, metabolic alterations, vasculogenesis and angiogenesis, tumor hetero-
geneity, and cancer stem cells [1-3]. Therefore, it seems that this useful tool alone is
not able to completely eliminate cancer without causing severe side effects. Accord-
ingly, there is a gap in clinical practice for boosting the differential effect of radi-
ation in healthy and tumor tissues. A highly promising approach to address the
aforementioned obstacles is enhancing the efficacy of RT by implementation of
radiosensitizers, which are chemical or pharmacologic agents that makes tumor cells
more vulnerable to RT. Accordingly, these agents increase the effects of radiation
to achieve greater anti-tumor properties than the additive effect of each modality
[4]. Any radiosensitizers which take into account for clinical practice has to be
specific for tumor or damaged tissue. If activity of any genes which are respon-
sible for repairing the double-strand break is restricted by any therapeutic agents
would be considered as a radiosensitizer, but to be effective, they should acts only
on the tumor tissue as tumor cells have surrounded with normal cells. Therefore,
radiosensitizers have to be more effective toward tumor cells, unless this, there will
be little to no therapeutic gain. Unfortunately, these requirements are too challenging
to accomplish. Nevertheless, substantial progress has been made and considerable
efforts have been devoted to this field. Radiosensitizers were classified into five main
categories by Adams, one of the earliest pioneers in the field of RT. These five main
categories of radiosensitizers are as follow: oxygen mimics that possess electrophilic
activity, any analogs of thymine that can incorporate into DNA, inhibitors of repair of
biomolecules, generation of cytotoxic agents through radiosensitizer radiolysis, and
suppression of intracellular (—SH) sulthydryl or other endogenous radioprotective
agents [5, 6]. The above classification of radiosensitizers was based on two mech-
anisms: DNA repair and DNA damage as well as, specified the direction for these
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agents at the early stage. However, with the advent of new technologies, a great
number of agents and therapeutics with radiosensitization features are considered as
radiosensitizers. These progress in technologies not only have broaden the horizon
of this field but also facilitate the development of radiosensitizers [7, 8]. Further-
more, the radiosensitization mechanism of these agents have been also exploited in
details [9, 10]. As shown in Fig. 1, RT can destroy tumor tissue and cancer cells
through direct and indirect mechanisms. In the case of direct mechanism, radiation
could directly induce both DNA single and double strand breaks, which leads to the
termination of cell proliferation and division, or even cell apoptosis and necrosis. In
the context of indirect mechanism, radiation could induce the generation of reactive
oxygen species (ROS) and free radicals, resulting in the induction of cellular stress
in, and injure biomolecules, and ultimately alter cellular signaling pathways.

Based on the structures of radiosensitizers, researchers have classified them into
three categories, namely small molecules (Fig. 2), macromolecules (Table 1) and
nanostructures. Of note, due to the unique properties and diversity of nanostructure
materials, the role of nanomaterials as radiosensitizers will be discussed in more

details in a distinct chapter.
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Fig. 1 Schematic representation of direct and indirect DNA damage caused by ionizing radiation
(IR) in RT. The direct DNA damage caused by the directly radiation of IR with cellular DNA. In
the context of indirect DNA damage, the radiation can indirectly damage DNA through generation
of ROS and free radicals which derived from the radiolysis of the water



30 H. Rashidzadeh et al.

- 2 CH

o 3
o
o

! 0 # A\ :! yr n\/\

~n i N o5 =

= o N Jr' NH

J\ oH N
N NH, o
| : HE”
o

S Br
Tirapazamine (TPZ) Curcumin (CUR) TH-302
\N e
OH J/ La "
OH o HN
" OO
HOr
O © HH
N/
Resveratrol AQIN /ool

[+]

OH —
\/l\/r"\N IIO\ANJ\I g
1 N\( ! i
‘ N
c-,/N-""?o \ )/ ~o

Misonidazole Etanidazole

Dilydroartemisinin Mitomycin C Porfiromycin (FOR)

Fig. 2 Chemical structure of different small-molecules for radiosensitization

2 Small Molecules

One of the most distinguished features of solid tumors is hypoxia (low oxygen perfu-
sion), which leads to an impaired response to radiotherapy. Under hypoxia condition,
the tumor cells become more resistant to radiotherapy, aggressive and ultimately
resistant to death [11, 12]. Thereby, cancer- associated hypoxia cause evolution of
radioresistance both through changing patterns of gene expression and increasing free
radical scavenging. In radiobiology, oxygen enhancement effect (OEF) or oxygen
enhancement ratio (OER) generally refers to the enhancement of the radiological
sensitivity of the cells which eventually leads to an increase in effectiveness of radi-
ation, this positive effect is mainly attributed to the presence of oxygen [13]. This
favorite response to radiation is most noteworthy once cells are exposed to an ionizing
radiation dose. Oxygen as a propitious radiosensitizer can promote formation of the
free radicals via its inimitable electronic configuration and acts through a mechanism
of damage fixation based on its electron affinity Fig. 3 [14, 15]. It is worth to note that
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Table 1 Some macromolecular-based nanoradiosensitizers and their potential in radiosensitization

of tumors

Types of
macromolecular-based
nanoradiosensitizers

Termed/Name

Radiosensitization
mechanism of
macromolecules/brief
results

References

Oligonucleotides

Hln_Match-AuNP-Tat

Induced DNA
double-strand breaks and
inhibiting hTR

[67]

AuNP-NUAP-STAT3d

Induced cell DNA damage

[85]

1 n-Match
oligonucleotides

Induction of DNA damage
and telomerase inhibition

[63]

PSASODN

Induction of DNA damage
and and telomerase
inhibition, cell apoptosis
through the activation of
apoptosisassociated
proteins

[64]

siRNAs

GLUT-1 siRNA

Increasing apoptosis,
inhibiting DNA repair
capability as well as
inducing a redistribution of
cell cycle phases

[86]

Combination of GLUT1
siRNA with curcumin

Induction of autophagy
and apoptosis

[74]

AuNPs-si-SP1

Inhibiting SP1 to
upregulate GZMB

[87]

ECO/siDNApk-cs NPs

Targeting and inhibiting
DNA damage repair

[88]

tGd—-GNMSsgrNA

Supressed the expression
of VEGF gene and
generation of ROS

[89]

Peptides and proteins

PETyr-1'31

Induction of DNA damage
and cell apoptosis along
with generation of ROS

[90]

Phosphorylated peptides
derived from Gli2

Diminished Gli2
transcriptional activator
activity and induction of
apoptosis

[91]

Co-assembled peptide
hydrogel

Impeding
cyclooxygenase-2
arresting the cell cycle as
well as promoting the
number of Pt—-DNA
adducts

[92]

AuNP-PTP

Induced apoptosis and
increased the targeting
efficiency

[93]

(continued)
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Table 1 (continued)
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Types of
macromolecular-based
nanoradiosensitizers

Termed/Name

Radiosensitization
mechanism of
macromolecules/brief
results

References

ANTP-SMACN?7

Diminished clone
formation and induced
apoptosis by activation of
caspase-9 and caspase-3
and inhibition of the
X-linked inhibitor of
apoptosis protein

[94]

Hsp90
inhibitor NVP-AUY922

Enhancing G2/M arrest
and DNA double
strand breaks

[95]

ANTP-SmacN7 fusion
peptide

Induction of
double-stranded DNA
rupture and induction of
caspase activation

[96]

¢(RGDyC)-AuNCs

Selectively targeted tumor
and increased tumor
accumulation of fabricated
nano-system

[97]

pHLIP-aKu80(y)

Selectively diminished the
expression of KU80 and
suppressed tumor growth

[84]

peptide BAL

By selective targeting and
linking to the DNA Ligase
IV and Artemis leading to
inhibition the DNA repair

[98]

PROMI1-NP

Restrict cell proliferation
and suppressed tumor
growth

[99]

TP508

Suppressed the
upregulation of some
checkpoint

kinases involved in cell
cycle repair and arrest, as
well as prevent activation
of DNA repair molecule

[100]

pHLIP-GANP

Selective tumor targeting
ability and promote the
effect of short-range Auger
electrons and
radiosensitizing
photoelectrons

[101]
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0. + —SH ——» damage repair — 5 biomolecule survival

0. + 0 —» damage fixation ——» biomolecule death

Fig.3 Mechanism of damage repair/fixation based on oxygen electron affinity, where —SH
represents thiols and O. represents biomolecule radicals

oxygen as the most electrophilic cellular molecule could be readily reduced by elec-
trons generation through the incident radiation. Once oxygenated tumor are exposed
to an ionizing radiation dose, energy transfer leads to water radiolysis along with the
initial generation of ion radicals. These ion radicals then reacts with another water
molecule to generate the highly reactive hydroxyl radical. Then unstable peroxide is
generated by reaction of hydroxyl radical with oxygen molecule which eventually
results in permanent DNA and cellular damage Fig. 4 [11].

Generally, the salubrious effect of typical RT is accomplished with the indirect
role of free radicals which produced through water radiolysis, followed by death of
cells/or biomolecules. However, the reductant agents such as thiols (—SH, an electron-
donating group) could repair the biomolecule lesions by neutralizing radicals inside
biomolecules. Whereas, in the presence of O, not only the damage is fixed but also
the efficacy of RT is boosted. Accordingly, oxygen mimics as radiosensitizers are
mainly nitro-containing compounds (with high electron affinity) could fix the cell
damage in a manner similar to oxygen. The functions of fixing and repairing are
simply interpreted by following equations.

In the tumor tissue, as the cancer cells rapidly growth, the surrounding vascu-
latures can not supply adequate oxygen to feed the whole tumor new cells, and
gradually tumor mass becomes heterogeneous, and ultimately resulted in necrosis
and ischemia. Generally, p53 pathway is responsible for apoptosis of cancer cells, but
some heterogeneous cells can survive under hypoxic microenvironment through acti-
vation of hypoxia-inducible factor-1a (HIF-1a) pathway [ 16—18]. It has been reported
that HIF-1a was connected with various signaling pathways including glycolysis
pathway, glucose transport and vascular endothelial growth factor (VEGF) signaling
pathway, which all of them involved in generation of the tumor vasculature [19-21].
Under hypoxic microenvironment tumor cells become more resistant to RT, aggres-
sive and ultimately resistant to death through altering gene expression patterns as well
as augmenting free radical scavenging [11, 12]. In recent years various approaches
and research have been put forward to surpass hypoxia drawbacks, from using the
oxygen-carrying blood substitute and high-pressure O, cylinder, to using elaborate,
truthful strategies that proportionated differences in partial oxygen pressure (PO,)
between healthy and tumors tissue [22, 23]. In order to ameliorate cancer- associ-
ated hypoxia, hyperbaric oxygen as a direct method is widely employed, but this
method is not convenient and in some cases it may cause complications [24, 25].
However, in the presence of oxygen the therapeutic or noxious effect of ionizing
radiation were enhanced. Furthermore, oxygen due to its unique electronic config-
uration could promote the formation of free radical as well [26]. Several molecules
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Fig. 4 Radiolyss of water and its mechanism followed by permanent cell or DNA damage

with the similar function and same features are under development as radiosensi-
tizers. Accordingly, some of these agents have been researched into the preclinical
and even into clinical. As reported previously, the main pitfall of the most common
types of solid tumors is hypoxia which significantly restrict the effect of RT. Accord-
ingly, oxygen and its mimics should be employed as radiosensitizers to enhance the
efficacy of RT [27]. Due to the instability of free radicals their reaction with other
compounds is very quick, thus oxygen mimetic radiosensitisers should be present
at the instant of irradiation. Oxygen mimetics possess the same chemical proper-
ties as the oxygen molecule, but exhibited better diffusion properties to oxygen-
deficient tissue and greater electron affinity than oxygen as well. According to the
Fig. 3, oxygen mimetics similar to oxygen can practically “fix” radiation-induced
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damage, which eventually leads to nonrepairable and biomolecule death. Hence,
these mimetics of oxygen regards as “true radiosensitizers”. Nitric oxide (NO) and
nitro- containing compounds, in particular, considered as well studied and repre-
sentative oxygen mimetics [28, 29]. Nitrobenzene is the most common pattern of
electron-affinity radiosensitizers, however afterwards researchers have shifted their
focus on nitroimidazole and its derivatives [30]. Nitroimidazoles or nitroaromatic
compounds as new class of radiation-induced redox reactions or enzyme-catalysed
reactions are inherently inactive, they becomes active once they exposed to the
ionizing radiation to fix DNA damage in tumor hypoxic cells [31]. 2-nitroimidazole
or misonidazole was found to be the earliest stablished nitroimidazoles. Furthermore,
preclinical investigations in the majority of solid murine tumors have revealed that
misonidazole possessed superior radiosensitization effect compared to metronida-
zole (Flagyl®) [32, 33]. Regardless of this unique feature, the collected data from
clinical trials associated with misonidazole were failed to show benefits, as it exhib-
ited sever neurotoxicity [34, 35]. Metronidazole, a known nitroimidazole derivatives
possesses less electron affinity and was considered as a poor radiosensitizer agent
[30, 36]. Indeed, due to the dose-limiting toxicity, both metronidazole and misonida-
zole are from being perfect for implementation in RT [37]. Accordingly, substantial
efforts have been put forward to modulate the pharmacokinetic features of nitroim-
idazoles and its derivatives. In order to diminish the neurotoxicity associated with
nitroimidazole, novel generation of nitroimidazole derivatives such nimorazole or
etanidazole have been developed, these agents owing to its suitable hydrophilicity can
restrict neurotoxicity. For instance, etanidazole represented superior hydrophilicity in
comparison with misonidazole, this is attributed to the presence of hydroxyl groups
in side chain of this agent [38]. It is worth noting that etanidazole exhibited no
significant assistance in treatment of patients suffer from head and neck cancer [39].
In contrary, nimorazole another nitroimidazole derivatives (5-nitroimidazole) has
shown promising out comes in Denmark for treatment of head and neck cancers. Of
note, this potential therapeutic agent has been further exploited for its efficacy in an
EORTC international trial [40—46]. Interestingly, the DAHANCA 28 trial revealed
that treatment of patients with hyper-fractionated, accelerated RT accompanied by
nimorazole and cisplatin (HART-CN) resulted in positive outcomes with satisfactory
tumor control [47]. Several nitro-based agents have been investigated for its potential
in radiosensitization of tumor hypoxia cells as well. It has been well documented
that dinitroazetidine, RRx-001, regarded as a potent radiosensitization agent and this
low toxic agent has been exploited for its effectiveness in the NCT02871843 clinical
trial recently [48].

NO or nitrogen oxides as a known radiosensitizer operates through various mech-
anism from direct to indirect one. In a similar manner to the oxygen, nitrogen oxides
through nitrosative stress pathways can also damage the DNA of the cells by “fix-
ing” or stabilizing radiation-induced DNA damage [28]. Both nitrosative stress and
oxidative stress pathways are responsible for the formation of reactive species. For
instance, it was found that nitric acid, peroxynitrite and nitrous acid exhibited cyto-
toxic effects through several mechanisms such as inhibition of mitochondrial respira-
tion, glutathione depletion, protein nitrosylation and cross-linking of DNA [49-52].
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Since nitrogen oxides are neutral and have no charges, it can readily and freely
diffuse through cell membranes. Accordingly it can regulate vascular physiology by
linking to soluble guanylate cyclase (sGC) to induce cyclic GMP production [53—
55]. Several studies has shown that both sanazole and nimorazole (5-nitroimidazoles)
could release nitrogen oxides [56, 57]. There are some controversial results regarding
nitrogen oxides in clinical trials, in one study at a phase of I, results revealed that
administration of nitrogen oxides to the non-small-cell lung cancer (NSCLC) patients
promoted tumor perfusion and resulted in augmented tumor growth [58]. In contrary,
in another study at phase of II of clinical trial results showed that introducing low-dose
of nitrogen oxides to the prostate cancer patients resulted in no direct cytotoxic effect,
whereas, interestingly low-dose of nitrogen oxides could diminish tumor hypoxia by
enhancing blood flow in tumor microenvironment [59]. Several approved chemother-
apeutic agents by FDA such as etaracizumab, sorafenib and bevacizumab operates
through blocking the VEGF pathway [60]. It was found that overexpression of VEGF
under hypoxia condition may lead to neovascularization as well as proliferation of
endothelial cell. It has been widely accepted that in angiogenesis in order to main-
tain the vascular homeostasis, there is a positive and negative feedback regulation
association between of nitrogen oxides and VEGF [61]. Moreover, Liebmann and
colleagues confirmed that pretreatment of mice with of nitrogen oxides can protect
mice and prolong their survival rate after irradiation [62]. Besides advancement in
development of novel radiosensitizers, other strategies such as hyperbaric oxygen,
Oxygen carriers (perfluorocarbons) have been applied as well. Intratumorally admin-
istration of hydrogen peroxide to tumor tissue leads to local generation of oxygen
and thereby the effectiveness of irradiation is boosted. Some chemicals developed
from the start point of free radicals have shown promising prospects or have already
been used clinically.

3 Macromolecules

Besides the above mentioned radiosensitizers, macromolecules such as oligonu-
cleotides, peptides, proteins and miRNAs, are competent enough for regulating
radiosensitivity and have been widely exploited as a potential radiotherapeutics for
development of novel radiosensitizers. The schematic representation of mechanisms
of macromolecules is shown in Fig. 5.

4 Oligonucleotides

Oligonucleotides are potential candidates for regulating gene expression owing to
their ease of design and synthesis, and recently antisense oligonucleotides have
attracted wide interest of researchers for use as a potent radiosensitizer [4]. It has been
well documented that telomerase is upregulated or reactivated in the vast majority
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Fig. 5 Schematic illustration of radiosensitization mechanism of macromolecules, A Peptides and
proteins. al Interaction of key proteins in a direct way. a2 Radioactive seeds carrying and loading.
a3 Delivery of radiosensitizers. a4 Nanomaterials decorated with radiosensitizers. B Binding of
miRNAs with mRNAs in order to accomplish radiosensitization. b1 Expression was suppressed
by inhibitors. b2 Overexpression. C Radiosensitivity was boosted by siRNAs through binding and
degrading complementary mRNAs. D Radiosensitivity was potential improved by Oligonucleotides
through complementary binding with DNAs. Reproduced with permission from Ref. [13] with
the permission of the Creative Commons Attribution—Non Commercial (unported, v3.0) License
(https://creativecommons.org/licenses/by-nc/3.0/). Copyright 2021, Dove Medical Press Limited

of tumors (>85%), whereas its expression is highly limited in healthy tissue. More
recent evidence reveals that the radiolabeled oligonucleotides as a potent radiosensi-
tizer could successfully regulate and inhibit the expression of telomerase by targeted
the RNA subunit of telomerase and subsequently induction of DNA damage in
telomerase-positive tumor cells [63]. At the same time, it has been reported that
the antisense oligonucleotides modified with phosphorothioate against a subunit of
telomerase called human telomerase reverse transcriptase (W'TERT) could effectively
enhance the radiotherapy effect in liver cancer [64]. In the last few years, much more
information on oligonucleotides has become available. In this respect, Park and co-
workers highlighted that cyclic AMP response element-directed transcription inhibi-
tion via decoy oligonucleotides which enhanced tumor cell sensitization to irradiation
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[65]. Furthermore, Yu and co-workers reported that the radiosensitivity of nasopha-
ryngeal carcinoma cells were enhanced by antisense oligonucleotides targeted human
telomerase RNA (hTR ASODN) [66]. Bavelaar and colleagues fabricated nano-
based multiplatform for theranostic radionuclides delivery, radiosensitization and
synchronous inhibition of telomerase. Accordingly, gold nanoparticels (AuNPs) were
decorated with various moieties including '!!'In-labeled oligonucleotidesto, Tat and
PEG800-SH to obtain nano-based multi-platform in which Tat is cell-penetrating
peptide and targeting agent, PEG800-SH reduced aggregation of nanoparticles and

1Tn-labeled oligonucleotidesto augmented the DNA double-strand break (DSBs)
Fig. 6.
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Fig. 6 Schematic representation of fabricated multiplatform based on AuNPs (A), hTR targeting
strategy (B), Nuclear targeting, hTR inhibition, radiosensitization and survival of clonogenic
(C), AuNPs subcellular distribution in MDA-MB-435 cells during 2.5 or 24 h incubation (D).
Reproduced with permission from Ref. [67]. Copyright 2021, with permission from ACS
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5 SiRNAs

Small interfering RNA (siRNA) also known as silencing RNA or short interfering
RNA, are a class of 20-25 nucleotide-long double-stranded RNA molecules in which
they operate within the RNA interference (RNAi) pathway similar to miRNA [68]. In
the context of DNA double-strand breaks reparation after irradiation, NBS1 complex
plays a vital role. Accordingly, targeting of NBS1 complex by siRNA is a highly
promising approach which could increase radiation sensitivity of tumor cells [69].
S100A4 is a member of the S100 family which regulate different activities of cancer
cells and play an important role in cancer progression through different mechanisms.
Furthermore, it has been shown that implementation of short siRNA against SI00A4
has sensitized human A549 cells to irradiation [70]. HuR is a protein that reduces
radiation-induced DNA damage and lead to evolution of resistance to radiotherapy,
thereby, knocking down of this protein using siRNA could boost the radiosensitivity
and suppress the radiotherapy resistance [71]. More and more proteins have been
identified as targeting sites for knocking down via siRNA to enhance the radiosen-
sitivity of cancer cells. At the same time, surviving, a member of the inhibitor of
apoptosis (IAP) protein family is highly expressed in many malignant tumor cells
involved in therapy resistance and aggressiveness of tumours. Accordingly, survivin
siRNA can be served as potential strategy which make neck and head squamous cell
carcinoma more sensitive to radiation and thus overcoming the radiotherapy resis-
tance [72]. In this respect, numerous siRNAs have been developed as radiosensitizers
for silencing or down regulating genes related to radioresistance. Moreover, it has
been reported that Glucose Transporter-1 (GLUT-1) is great targeting for overcoming
radioresistance in malignant tumors since it regards as an intrinsic marker of hypoxia,
therefore inhibition of GLUT-1 expression by nanotechnology based siRNA is a very
promising option. Miao et al. developed Chitosan-conjugated stearic acid nanopar-
ticles decorated with GLUT-1 siRNA (CSSA/siRNA) to downregulate the expres-
sion of GLUT-1. It was found that fabricated nanoparticle exhibited superior cell
internalization and great safety compared to Lipofectamine™?2000. They proposed
developed polymeric nanoparticles as promising vector for effectively transfection
of siRNA to potentiate the radiosensitivity of tumor cells [73].

Similarly, Die and colleagues applied curcumin (CUR), GLUT-1 siRNA and
combination of these two modalities to enhance radiosensitivity of laryngeal carci-
noma. It was found that combination therapy based on CUR and GLUT-1 exhibited
strongest in vivo sensitization through both autophagy and apoptosis [74].

6 Proteins and Peptides

In addition to other medication such as antibody drugs which concurrently employed
with RT, several attempts have been made to investigate the potential usage of
peptides and proteins as radiosensitizers. Peptides and proteins, such as short peptides
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and antibodies, display great affinity to receptors/antigens that are overexpressed in
many tumors [75]. For instance, Sym004, a mixture of two recombinant monoclonal
antibodies (futuximab and modotuximab) could effectively improve the radiosen-
sitivity in tumor cells thorough two mechanisms: inducting apoptosis by down-
regulation of MAPK signaling and inhibiting DNA double strand breaks repair [76].
At the same time, the titer of hepatocyte growth factor (HGF) is upregulated in the
most common type of cancer. It has been reported that HGF also known as polypep-
tide growth factor met signaling pathway which mediates repair of DNA double-
strand break, thereby monoclonal antibodies against such a polypeptide growth factor
regards as an effective approach for increasing tumor-cell radiosensitivity. Accord-
ingly, Buchanan et al. in their study increases the radiosensitivity of glioblastoma
multiforme via inhibiting HGF-mediated repair of DNA damage using a monoclonal
antibody of AMG102 [77]. In a major advance in 2019, Bourillon and co-workers
reveals that DNA damage repair could be inhibited through inducing cell arrest in
the G2/M phase. In this respect they employed HER3-ADC, a maytansine-based
antibody—drug conjugate targeting HER3 and consequently the radiosensitivity of
HER3-positive pancreatic tumor cells were improved as well [78]. Some similar
studies were conducted by Gonzélez et al. they showed radiosensitizing effect on
human epidermal-like A431 cells by inducing DNA damage and apoptosis using
nimotuzumab and cetuximab [77]. Furthermore, peptides and proteins in serum, such
as paraoxonase-2 [79], HSP [80], and C-reactive peptide [81] have contributed to
diminish radioresistance and could be employed as radiotherapy targets. Macrophage
inflammatory protein derivative ECI301, can display an essential role in enhancing
the effect of radiotherapy by assisting HMGB1 and HSP-70 [80]. Some similar
proteins such as NKTR-214 [82] and DNAzyme (DZ1) [83] can improve the effect
of radiotherapy as well. Furthermore, Kaplan and colleagues fabricated a novel thera-
peutic agent based on pH-low insertion peptides (pHLIP)—peptide nucleic acid (PNA)
conjugate in which pHLIP could specifically diminish the DNA repair factor KU80
expression in tumors as well as assist selective radiosensitization of tumor cells.
Overall they claimed that developed pH-sensitive peptides conjugate with PNA
(pHLIP-aKu80 (y)) are practically safe and nontoxic and could be considered as
radiosensitizing agent for selective tumors [84].

Herein we summarized some recent advances in the development
macromolecular-based nanoradiosensitizers in Table 1.

7 Nanomaterials

Over the past few decades, emergence of nanotechnology based radiosensitizers have
provided a variety of potential therapeutic approaches and expanded the horizon of
radiosensitizers development for cancer radiation therapy. In more particular, High-
Z nanomaterials have drawn more attention as promising radiosensitizers in recent
years owing their unique features of emitting, scattering and absorbing radiation
energy. It was also found that heavy metal nanomaterials with high atomic number



Radiosensitizers in Radiation-Induced Cancer Therapy 41

(Z) values could be readily developed with tunable structure, size, shape and desirable
components and features. In order to restrict the toxicity associated with heavy-metal
nanoparticles, several nano-sized materials with particle size of smaller than that of
kidney filtration threshold (particle size of less than 5.5 nm) have been fabricated
that could be easily removed by urinary system resulted in potential in vivo use with
diminished toxicity and accumulation [102, 103]. Besides these, low toxicity, rapid
distribution and favorable kinetic profiles are other matchless features of metallic
nanomaterials, such as silver and gold nanoclusters /nanoparticles which makes them
promising candidates for biological application [104—108]. It has been shown that
nanomaterials could effectively accumulate within tumor sites due to the enhanced
permeation and retention (EPR) effect [109—111]. Moreover, modification, function-
alization, surface coating, composition, shape and particle size of nanomaterials can
be readily tuned to improve the EPR effect, and consequently enhance the nanomate-
rial accumulation within cancers cells resulted in superior therapeutic efficacy [108,
112-117]. In addition to these, nanomaterails have shown various impacts on cells,
like inducing cell gaps, hampering motility [118], impacting cellular junctions [119]
and prompting morphology changes as well [120]. The aforementioned influences
on cells caused by nanoparticles are called nanomaterial-induced endothelial leak-
iness for which intensity and size regards as crucial elements [121]. Nanomaterial-
induced endothelial leakiness enable the nanoparticles to accumulate in tumor tissue
even without aid of EPR effect [119, 122]. In addition, there are several promising
strategies to promote accumulation of nanomaterials in tumors, including function-
alization of nanomaterials surface with desired targeted moieties as well as inducing
oxidative stress in endothelial cells [123—125]. There has been substantial interest in
development and fabrication of several chemical radiosensitizers based on nanoma-
terials or delivered by nanovehicles to improve cellular uptake in tumor sites. Hence,
nanotechnology based approach holds a promising route to hasten the development
of novel and efficient radiosensitizers.

8 Metal-Based Nanomaterials as an Effective
Radiosensitizers

Metal-based nanomaterials in particular AuNPs exhibited great radiosensitization
features in several cancers owing to its low toxicity, high biocompatibility and suffi-
cient chemical stability (Fig. 7) [126—128]. Additionally, other potent metal-based
nanoparticles with high Z value, such as bimetallic nanoparticles and silver nanopar-
ticles (AgNPs), have been exploited in details [129, 130]. In order to enhance the
efficacy of RT, metal-based nanoparticles interact with ionizing radiation (IR) and
cell components and molecules at various stages such as biological, chemical, and
physical aspects [131, 132].

One of the most important interactions in RT is an inelastic scattering of a photon
by a charged particle (usually an electron) called Compton scattering. In the context
of physical processes, metal-based nanoparticles with high Z value possesses great
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Fig. 7 Possible Mechanisms metal-based nanoparticles for instance AuNPs and its interaction
with biomolecules and IR in various ways. The interaction AuNPs with IR dose resulted in DNA
damage by Auger effect photoelectric effect and Compton effect (B) Metal-based nanomaterials
in particular AuNPs can sensitize the cancer cells and enhance the generation of reactive oxygen
species (ROS) and biological effects, such as exertion of the bystander effect, restriction of DNA
repair and regulation of the cell cycle, which ultimately resulted in cell death. Reproduced with
permission from Ref. [4]. Copyright 2018, with permission from Elsevier

competences for absorbing IR and emitting secondary electrons, resulted in augment
the local dose, generally through photoelectric effect or the Compton scattering. This
may occurs by reduction in energy of the incident photon through collision with
electrons and accordingly deposition of the IR energy at the local site is achieved.
Moreover, absorbing the energy of incident IR by electrons within a certain atom
shell lead to emission of some electrically charged particles to ionize the adjacent
cells or biological component called photoelectric effect. Both Compton scattering
and photoelectric effect, along with others, e.g. coherent scattering, electron pairs and
generation of Auger electrons facilitate nanomaterials with high Z value to boost the
IR dose at local sites of tumors [133—135]. Overall, nanomaterials have improved the
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RT efficacy through binding to DNA, boosting oxidative stress as well as enhancing
the generation of ROS [136]. The latter one is commonly occurs because of the
potential catalytic activity regarding to the surface of the nanomaterials. Regard-
less of inertness of Au, AuNPs represented great catalytic activity on the surface,
which under exposure to IR can potentially promote the ROS formation [137, 138].
It has been reported that AuNPs with mean particle size of less than 5 nm due
to its high surface area could potentially produce superoxide radicals by transfer-
ring electrons from donor groups present on its surface to oxygen molecules [139].
In addition to the above-mentioned advantages associated with AuNPs, this potent
agent when its surface charge is positive could effectively sensitize the DNA via
direct binding [140]. There have been several theories in the context of biological
mechanisms of nanomaterials with high Z value including bystander effect, inhibi-
tion of DNA repair, and the cell cycle effect which have been extensively exploited
to clarify the biological process of radiosensitization. One of the main factor in
radiosensitivity of the tumor cells is the cell cycle, since it has been revealed that
most cells are radiosensitive in both mitotic phases and the late G2 while radiore-
sistant in the late S phase [141]. Hence, cell cycle regulation can be considered
as an alternative option with positive outcomes in radiation-induced tumor therapy.
In this case, metal-based nanomaterials holds a great potential as they can modu-
late the cell cycle phases in the favor of enhanced radiosensitivity [142—-144]. IR
may cause several types of DNA lesions namely base damage, double-strand breaks
(DSB) and single-strand breaks (SSB), in this condition cancer cells endeavor to
repair these damages to prevent tumor cell death. Therefore, this could be an effec-
tive approach for radiosensitization of tumor cells by inhibition of DNA repair.
In this context, several studies have revealed that metal-based nanoparticles could
effectively improve the radiosensitization of tumor cells through inhibition of DNA
repair under IR [145, 146]. During treatment of cancer, several signaling molecules,
ROS, miRNAs and cytokines released from tumor cells and simulate the adjacent
cells to respond similarly, known as a bystander effect. Metal-based nanoparticles
have shown their potential in modulating the bystander signaling, and mathemat-
ical models have been also developed to clarify nanomaterials could mediate this
effect, and obtained data revealed that bystander effect play an important role in the
radiosensitization of metal-based nanoparticles [ 147—150]. A great number of studies
in literatures have demonstrated that nanomaterilas have potential capacity of being
used either as a carrier or nanoradiosensitizer agents with beneficial influences in
radiation-induced tumor therapy, herein we summarized some recent advances in the
development of metal-based nanoradiosensitizers in Table 2.

Nosrati and colleagues developed bimetallic theranostic nanoparticles termed
Bi,S; @BSA-Au-BSA-MTX-CUR for complete eradication of tumors. It was found
that by introducing a single dose of fabricated bimetallic multifunctional theranostic
nanoparticles along with a one-time X-ray irradiation, the tumors of mice completely
vanished after around 3 weeks (Fig. 8) [156].

Hatoyama et al. fabricated AuNPs decorated with anti-human epidermal growth
factor receptor type 2 (HER2) antibody using PEG chains called AuNP-PEG-
HER2ab. The results indicated that this nanoparticle could potentially internalized
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Table 2 Some recent advances of metal-based nanomaterials as radiosensitizers

Selected nanoparticles

Size
(nm)

Cancer/cell
lie

Brief outcomes

References

AuNPs-si-SP1

~12.8

CCK-8,
A549

promote the
radiosensitivity of
A549 cells through
inhibition of SP1 to
upregulate GZMB

[87]

Mix of AuNPs/AuNRs

MCEF-7

Exhibited high
radiosensitivizaion
and superior
antiproliferative
effects through
regulation the
expressions of Bim
and Noxa gene

[151]

Fe304—Au-BSA-FA-CUR

~160

4T1

Exibited great
biocompatibility,
X-ray-induced DNA
damage, ROS
generation and
radiosensitizing
ability

[130]

+ AuNPs or -AuNPs

~30

+ AuNPs exhibited
superior DNA damage
compared to -AuNPs

[152]

AuNP-PEG-HER2ab

~30

SK-OV3

AuNP-PEG-HER2ab
could potential
localized within
tumor deep tissue

[153]

GO-SPIO-Au NFs

40

CT26

A promising
multipaltforms as
theranostic
nanostructures
exhibited superior
therapeutic efficacy

[154]

Au-Ag@HA NPs

~17.8

4T1

Represented effective
tumor
radiosensitization
through selective
tumor targeting and
generation of
hydroxykl radicals

[155]

(continued)
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Selected nanoparticles

Size
(nm)

Cancer/cell
lie

Brief outcomes

References

Bi;S3 @BSA-Au-BSA-MTX-CUR

8.5

4T1

Accomplish complete
eradication of tumors
in in vivo mouse
model just via an
injection of
single-dose and
one-time irradiation

[156]

AuNPs

PC3flu and
PC3pip

Enhanced cellular
uptake and
therapeutic efficacy

[157]

Bi;S3 @BSA-MTX NPs

~140

SW480

Improve
radiosensitizer
efficacy in vitro and
exhibited superior
therapeutic outcomes

[158]

BizS3-Au-BSA-FA hybrids

182.7

4T1

Suppress the tumor
using developed
nano-system along
with X-ray irradiation

[159]

Bi;S3 @BSA-Bio-MTX NPs

107.6

4T1

Showed excellent
anticancer activity, in
particular when
treatment is
accompanied by
X-ray radiation

[160]

Bi;S3 @BSA@CUR HNPs

103

HT-29

in vitro results
showed enhanced
chemo-radiation
combination therapy
potential

[161]

F-Au-BSA-MTX-CUR

138.4

4T1

Excellent anti-tumor
activity in mice and
combination therapy
showed synergistic
effects along with
favorable results

[159]

Fe304-Au-BSA hybrid

<50

Excellent
biocompatibility

[162]

Bi;S3 @BSA-FA-CUR

170.9

4T1

Potentiate the efficacy
of chemoradiation
therapy and
suppressed mice
tumors in
approximately within
3 weeks

[163]

(continued)
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Table 2 (continued)

Selected nanoparticles Size | Cancer/cell | Brief outcomes References
(nm) | lie
PEGylated AgNPs (PNPs) ~33.3 | C6 glioma |Inducing excellent [164]

apoptotic effects and
proposed as a
potential
nano-radiosensitizer
for glioma targeting

treatment
PAA-Ag@TiO; NPs 49.2 | JAT74A.1 | The dose [165]
and HCT enhancement factors
(DEFs) revealed that
fabricated

nanoparticles are
more effective for the
radiation dose
enhancement at low
energy X-rays (80kV)

AgNPs 5-40 | HepG-2 Green synthesis of [129]
silver nanoparticles
presented promising
radiosensitization and
anticancerous
activities

into the cells through endocytosis mechanism which had no effect on radiosensi-
tization efficacy of developed AuNPs. Furthermore, administration of AuNP-PEG-
HER2ab mice bearing tumors resulted in localization of these nano-system to both the
tumor deep tissue and the periphery of the tumor tissue which potentially augments
the radiosensitization efficacy in vivo [153].

Chong et al. synthesized hyaluronic acid-modified Au—-Ag alloy nanoparticles
termed Au-Ag@HA NPs with efficient cancer cells radiosensitization through
selective tumor targeting and generation of ROS in particular hydroxyl radical.
Interestingly, peroxidase-like activity of Au—Ag@HA NPs along with the IR
promote the release of toxic silver ion (Ag+) and generation of hydroxyl radicals
(*OH) in the tumor tissue, consequently resulted in favorable cancer treatment
outcomes (Fig. 9) [155].

9 Conclusions and Prospects

It is worth noting that most of the improvements in cancer treatment owe much to
the combination treatment modalities, in which RT remains as a cornerstone and is
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Fig. 8 A Schematic representation of fabricated Bi2S3@BSA-Au-BSA-MTX-CUR and its mech-
anism of action, B Histological analysis of the isolated organs and tumors which received various
treatments. C X-ray attenuation of intensity in Hounsfield units (HU) of developed nano-system.
D The CT images of different concentration; and E The CT images of mice bearing 4T1 tumor
recorded at (i) pre and (ii) post intravenous injection of Bi2S3@BSA-Au-BSA-MTX-CUR. Repro-
duced from Ref. [156] with the permission of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/). Copyright 2022. Elsevier
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delivered with curative intent in 50% of cancer patients. Of note, numerous clin-
ical trials have revealed that approximately 70% of patients need to receive RT, and
even in some [163] cases RT is the only treatment option for fighting against cancer.
Recently, RT has received great attention due to its effectiveness in cancer therapy by
destroying cancerous cells and shrinking tumors. However, healthy tissue damages
induced by RT have remained dose-limiting factors in cancer radiotherapy and this
is continue to be true in spite of all technological achievements and recent advances
in this field. Furthermore, by increasing in the number of long-term cancer survivors,
the patients’ quality of life has significantly reduced on account of the emergence
of unacceptable complications. The complications vary noticeably among patients
from imperceptible to highly disabling levels. On the other hand, radiation-induced
developmental disability [166] extensively relies on intrinsic factors, i.e. presence of
comorbidity factors along with individual radiation sensitivity as well as extrinsic
factors i.e. large variations in delivered doses and changes in the dose fractionation
or treatment volume [167, 168]. This means that there are still some problems related
to RT worldwide and cancer radiotherapy is far from being perfect. Systemic side
effects are accounted as a known feature of common chemotherapy, whereas RT
causes local/or loco-regional side effects and the latter one has been divided into
early and late side-effects. Typical side effects are dry or moist desquamation of the
skin, skin erythema, headaches, mucositis, edema, diarrhea or nausea in the case of
early side effects which appear within a few weeks after treatment or occur during
the time-course of the RT. Late side-effects are usually appear after latent periods
of months to years after treatment, and include neural damage, vascular damage,
atrophy and radiation-induced fibrosis which have a great impact on quality of life
of cancer survivors [169]. Accordingly, clinicians and patients expect discovery of
safe and novel options for the therapeutic management of healthy tissue damage
and radiation-induced complications. An advanced understanding of the pathophys-
iological, molecular and cellular processes governing healthy tissue damage has
enabled researchers worldwide to make and invent novel potent therapeutics which
not only could minimize radiation-induced side-effects but also improve the effi-
cacy of RT. In addition to the aforementioned obstacles associated with RT, most
of the cancers, i.e. lymphoma, prostate, cervix, head and neck have displayed good
response to RT, whereas there are still numerous cancers which display intrinsic
radioresistance such as melanoma, sarcoma, etc. Hypoxia-induced radioresistance
is another distinct problem related to RT which dramatically diminished the effi-
cacy of cancer radiotherapy. Therapeutic ratio can be widened by using agents that
selectively sensitize the tumor cells to radiation while protecting the normal tissues
from radiation. In this regard, nanotechnology based materials hold great potential
in fabrication and development of desirable radiosensitizers and can also provide a
new opportunity for researchers to fined highly effective radiosensitizers to address
the above-mentioned restriction. In fact, nanomaterials with ease of functionaliza-
tion, good biocompatibility, low cytotoxicity and well-developed method of prepa-
ration, regards as an auspicious radiosensitizers for use in cancer eradication. As
combination therapy has shown superior efficacy than monotherapy, development of
nanomaterials that can carry drugs in addition to their radiosensitizers properties as
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multifunctional platforms can potentiate the treatment efficacy of cancer. Further-
more, focusing on interdisciplinary approaches may also facilitate the development of
effective and novel radiosensitizers with positive outcomes. Overall, there are several
promising approaches in development of radiosensitizers that showed potential ther-
apeutic effects, however cancer therapy with aid of radiosensitizers is still in its
infancy and endeavors should be continued to hasten the clinical application of these
systems. We believe that in the near future researchers will fabricate more efficient
radiosensitizer and exploiting multitarget radiosensitizers would be an interesting
future areas of research.
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novel nanoparticles as radio-sensitizers. The nanoparticles, due to their high biocom-
patibility and optical properties, provide the enhanced localized damaging effect
with the radiations targeted on the tumor site. There are different nanomaterials
which offered enormous potential as radio-sensitizer and showed enhanced response
with radiotherapy. In this chapter, we have discussed radio-sensitizing mechanisms
and then different emerging nanomaterials being used as radio-sensitizer agents in
radiotherapy.

Keywords Cancer treatment - Radiotherapy + Nano-radio-sensitizer - Metals -
Metal oxide - Quantum dots

1 Introduction

To improve radio-therapeutic effectiveness, nanotechnology has broadened and
unlocked cancer therapeutics and diagnostics window within the prospects of radio-
therapy based on nanoparticles (NPs). Radiation therapy is a technique that destroys
cancer cells or slows down their growth by destroying the DNA [1]. Radiation therapy
also referred to as radiotherapy, is a cancer cure procedure in which high doses of
radiation are used to kill cancer cells and suppress tumors. Nanoparticle-based radio-
sensitization is widely used to improve the effectiveness of tumor radio-therapeutics
[2]. Nanoparticle-based radio-sensitization is a method used to improve the tumor
cells’ susceptibility by using NPs (approximately 1-100 nm in size) [3] with ionizing
radiations to achieve a higher radiotherapy ratio. Nanoscale size has ameliorated
the ability to penetrated materials used for treatment and diagnosis at a lower risk
compared to traditional drugs in cancer treatment.

NPs distribution in the body can be affected by distinctive parameters, e.g. shape,
size, size distribution, surface charge, and ability to use the features of the cancerous
cell forits inactivation [4]. However, radio-sensitizers are agents which when exposed
to ionizing radiation; increased the tumor tissue susceptibility to injury/damage by
the quick damage of DNAand by producing free radicals [5]. Therefore, NPs used for
radio-sensitization may be therapeutic agents (e.g., NPs based on drugs which include
polymeric drug-encapsulated, based on platinum, or an inert therapeutic agent such as
gold NPs) [6] which enhance ionizing radiation effects. Without ionizing radiations,
therapeutic NPs (e.g., carboplatin, oxaliplatin, or cisplatin NPs) may destroy and
sensitize cancerous cells, however, enhanced the therapeutic efficacy due to their
higher atomic numbers when combined with the ionizing radiations [7]. Therefore, it
is possible to use a therapeutic agent through encapsulating or attaching drugs to high-
Z number NPs inclusive of gold NPs. Besides, with increasing NPs concentration in
the tumor, the radiation dose enhancement factor increases [8]. There has been a quick
ascent in research enthusiasm for NPs and different micro-particles in the biomedical
field, for instance, in the drug delivery, liposomes, dendrimers, quantum dots, metal
NPs, biodegradable polymeric NPs, super-paramagnetic Fe,O3 NPs, lipid NPs, and
non-metal NPs (e.g., fullerene and Si), are utilized as transporters of various drugs



Emerging Nanomaterials as Radio-Sensitizer in Radiotherapy 61

containing agents of chemotherapy [9]. In this chapter, we have discussed different
NPs such as gold, silver, quantum dots, hafnium, and gadolinium, mostly used in
radiotherapy to increase radio-therapeutic efficacy.

2 Mechanism of NPs Based Sensitization

Different types of interactions depend upon the energy of the ionizing photon. The
photoelectric effect is a predominant process in the range of 10-500 keV [10].
Electrons, auger electrons, and characteristics X-rays are produced as the result of
this principal process. The photoelectric interaction occurs between metal NPs and
photons [11]. Photoelectric absorption occurred due to vacancy in K, L, M shell, and
de-excitation are achieved as a result of photoelectric absorption either by Auger
electrons emission or characteristics X-rays [12]. The fluorescence yield gives the
relative probability of these de-excitation processes. Fluorescent yield for light atoms
is small and vice versa, because it is based on atomic number. Compton scattering
and excitation occur above 500 keV for photons [19] (Fig. 1). The Compton scat-
tering is observed when an atom is re-excited and Compton electrons are produced
as a result of the photoelectric effect [13]. When an atom is excited and emission
of phonon occurs then photon emission is stopped completely by the selection of
certain rules. The flow of excitation energy as low-grade heat into the host lattice is
occurred during phonon emission and is known as the quenching effect [14]. A lot
of phonons and fewer photons can be induced by the high-energy excitation in metal
NPs. When energy higher than 1.02 meV is used then positron and electron pairs are
produced in the pair production process [15]. Besides Compton, all of these inter-
actions depend upon atomic number. In the case of silver NPs, the phenomenon of
radio-sensitization is not completely determined [16], and different studies proposed
the radio-sensitization process of Ag NPs. Xu et al. [17] used different sizes of silver
NPs i.e. 100, 50, and 20 nm in SHG-44, human U251, and rat C6 to test the radio-
sensitization effects. Radiations induced a higher level of necrosis in glioma cells
in the presence of silver NPs. The radiation sensitivity of U251 human cells was
weaker in the case of 100 nm, while stronger for both 50 nm and 20 nm Ag NPs.
The same processes were used to find the size-dependent radiation sensitization
effect for SHG-44 and C6 glioma cells. Thereafter, researchers confirmed the radio-
sensitization effect of silver NPs on A549 lung cancer cells, MGC803 gastric cells,
and U231 breast cancer cells. The positive silver cations released from silver NPs are
capable to capture the electrons, that’s why act as an oxidative agent. Another factor
that affects radio-sensitization is surface functionalization [18]. Surface ligands with
different molecular weights induce different sensitization levels. The complemen-
tary factors are radiation energy and concentration. However, a higher concentration
can produce toxicity and homogenous distribution of NPs is required for optimum
results.
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Fig. 1 Interaction mechanisms of photons with matter: Photoelectric effect occurs by colliding
incident photon with inner shell electrons of the atom. Compton Effect refers to the collision
between the photon and outer shell electrons of the atom and resultantly removes the electron from
the atom. Pair production is caused by the passing of high-energy photon (more than 1.02 meV) near
the nucleus at some angle which causes mass production and formation of Electron—positron pair
(dominated above 10 meV, that’s why rarely observed in cancer treatment). Rayleigh scattering does
not affect dose enhancement and is usually negligible at high energies, however, high-Z materials
with low energy photons can induce more Rayleigh scattering. Reprinted with permission from [19]

3 Nanomaterials Used as Radio-Sensitizer

3.1 Gold NPs

Gold is a chemically inert and good infrared reflector. Gold NPs’ versatile surface
chemistry enables them to be coated with small molecules [20], biological recognition
molecules, and polymers, resultantly, extending their range of applications. Gold
NPs with spherical morphology offer different colors of suspensions (from blue
to purple-red) depend on the size of the particles [21]. The morphology i.e. size,
shape, and aggregation status dictate the optical properties of gold NPs [22]. These
particles can be tuned to suit a wide range of applications by concisely engineering
different aspects e.g. surface chemistry, dimension, shape, etc. which can make them
an efficient diagnostic and treatment tool [23]. The surface of gold NPs can easily
be functionalized with proteins, antibodies, and peptides that provide specificity for
both in vitro and in vivo cellular targets. Furthermore, oligonucleotide alteration of
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the surface allows them to be used for genetic detection. Their use in bio-imaging,
biosensors, immunohistochemistry, lateral flow experiments, drug delivery vehicles
[24], and cellular probes are some common applications.

Gold NPs can scatter and absorb light with remarkable efficacy. The intense
light interactions occur when atoms are excited by light of a specific wavelength,
conduct collective oscillations on the metal surface called Plasmon resonance and
generate higher scattering and absorption intensities of gold as compared to iden-
tical sized non-plasmonic NPs [25]. This causes the dissipation and assimilation
forces of gold NPs to be a lot more noteworthy. To ablate breast cancer cells, the
gold nanoshell-antibody complexes can be used [26]. The utilization of gold NPs
in low doses as radio-sensitizing agents along with I-125 brachytherapy seeds in
gamma radiation therapy improved the therapeutic efficacy from 70-130% [27]. The
advancements in the field proposed a multifunctional nano-platform containing algi-
nate hydrogel co-stacked through cisplatin and gold NPs for photo-thermal, radio-
and chemo-therapy triple mix treatment. The hydrogel therapeutic potential was
tested against KB human carcinoma cells in combination with a 532 nm laser and 6
MYV X-ray radiation. The findings suggested that as compared to therapies based on
mono or bi-modality, higher anticancer effectiveness of gold incorporated hydrogel
in tri-modal thermo-chemo-radio therapy was persuaded. The amount of intracel-
lular reactive oxygen species (ROS) was 4.4-fold increased relative to control cells
[28] (Fig. 2). Bax pro-apoptotic factor up-regulation and Bcl-2 anti-apoptotic factor
down-regulation were shown in the gene expression study. Massive cell damage
and the presence of morphological attributes of apoptosis were clear in the KB
cells’ micrographs taken after radio-thermo-chemo treatment. Consequently, the gold
incorporated nano-complexes could provide an affording chance to fight radio- and
chemo-resistant tumors.

Zhang et al. [29] investigated the impact of gold NPs under gamma irradiation (2—
10 kR) and cytotoxicity against K562 human cells using the Titre-GloTM Cell assay.
There were no apparent size and instability changes in gold NPs caused by gamma
radiations. Gold NPs exhibited exceptional radiation stability with a conversion factor
of 9.491 rad/R. Meanwhile, after gamma irradiation (2—10 kR), the surface plasmon
resonance of gold NPs was also improved. Cytotoxicity subsequently demonstrated
that a higher concentration of gold NPs might cause a sharp increase in the viability
of K562 cells, whereas a lower concentration of gold NPs had no apparent effect on
cells. Hainfeld et al. [30] injected gold NPs intravenously in the mouse brain tumor to
investigate the enhancement in the efficiency of radiotherapy and X-ray imaging. The
sample tumor cells were irradiated with a high dose of X-ray radiation after 15 h of the
intravenous injection of gold NPs. The gold NPs uptake was 19:1 from tumor-bearing
to normal brain. The intravenously injected gold NPs crossed the blockage of tumor
cells, however, could not cross blood brain barrier. The NPs provided high resolution
CT tumor imaging. The enrichment of gold NPs along with the radiotherapy dose
resulted significantly improved survival rate i.e. 53% as compared to the 9% for the
radiation dose alone. The approach offered a new modality towards the treatment
of human brain tumors and other tumor ailments. Zhang et al. [31] developed an
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Fig. 2 Intracellular ROS release: a Flow cytometric histogram indicates ROS release using different
treatments for KB cells, b Mean fluorescence intensity in KB cells after different treatments.
Reprinted with permission from [28]

innovative radio-sensitizer based on acidic-induced gold NPs aggregates. The aggre-
gation system is comprised of small gold NPs adapting various charged peptides
on the surface. Upon injection of gold NPs in tumors, the surface charge of NPs
was changed due to charge reversal property and interacted electrostatically with the
negatively charged gold NPs to produce large sized gold NPs aggregates. The gold
aggregates showed better tumor retention ability and accumulation in the tumor cells.
The radio-sensitization effect showed an improved DNA breakage and the comet
assay also revealed better radio-therapeutic effects. The sensitization enhancement
ratio measured for the gold aggregates with MCF-7 tumor cells was much higher
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than the separated gold NPs. The improved enhancement ratio resulted in reduction
of the amount of radiation dose to avoid the healthy tissues damage. The gold aggre-
gates displayed quick blood clearance and low phagocytosis. The in vitro analysis
also exhibited the enhancement of MCF-7 tumor cells sensitivity to radiotherapy.
The in vivo photoacoustic imaging displayed improved signal of the gold aggregates
as compared to the small gold NPs.

3.2 Hafnium Oxide NPs

Hafnium has a lustrous silvery-gray presence in its elemental state and does not
exist as a free element in nature. Hafnium is mostly part of superalloys [32] and
circuits used in the manufacturing of semiconductor devices. The deposition of
energy dose in the cancer cells can be increased by the introduction of hafnium
oxide NPs [33]. Among different high-k and high index materials, hafnium oxide
(HfO,) has a moderately high dielectric constant [34], broad band gap, and strong
chemical and thermal stability. Because of its high refractive index [35], the spec-
tral range is from the mid to far-IR region [36] of the electromagnetic spectrum
(250-1200 cm™!). HfO; is used for optical coating and is regarded as a refractory
material [37] because of its high melting point. The cubic phase of hafnium oxide
with low thermal conductivity [38] is used in jet and diesel engines as a thermal
barrier coating. As radiosensitizers, HfO, NPs are also used to improve the dosage
and effectiveness of radiotherapy in tumors without causing any harm to the healthy
tissues surrounding them [39]. The extremely small size of the HfO, NPs helps
them to accumulate when injected into the body for cancer treatment. Hafnium acti-
vated Radiotherapy Kkills cancer cells more efficiently than radiotherapy alone [40]
and greatly increases immune cell infiltration in both untreated and treated distant
tumors by creating a CD8 4+ lymphocyte T cell-dependent abscopal impact [41]. An
innovative research demonstrated radiotherapy-activated by hafnium oxide NPs and
outcomes a significant improvement in HCT116 cell death than radiotherapy alone.
The cGAS-STING pathway can be initiated by radiation-induced DNA damage, the
ways to increase its activation in cancer cells could give huge therapeutic advan-
tages to patients because of its important function in the activation of anti-cancer
immunity. It was observed that, in a human colorectal cancer model, Hafnium oxide
(NBTXR3) activated radiotherapy improves cell destruction, micronuclei forma-
tion, DNA double-strand breaks, and cGAS-STING pathway activation. Remarkably,
results also revealed a dose-dependency that recommended pathway activation equiv-
alent to that acquired through a higher dose of radiotherapy alone [43] (Fig. 3). These
results indicated that where radiotherapy dose reduction is paramount, NBTXR3
could be used to improve radiotherapy without altering the radiotherapy-induced
tumor cell death effectiveness. Shiryaeva et al. [42] reported a unique approach
for radio-sensitizing experimental simulations of the NPs impact in the biomimetic
system. It was observed that with the increasing contents of HfO, NPs, the number
of radicals derived from methanol increased linearly at the same exposure period.
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necrosis, (C) early apoptosis, and (D) late apoptosis (48 h after radiotherapy). Different radiation
doses (04 Gy) were employed. Reprinted from [43]

Monte Carlo simulations had used as a function of NPs concentration in the studied
systems to calculate the absorbed dose. The calculated enhancement factor of the
radical formation was lower than measured from absorbed dose, which may be justi-
fied by partial self-absorption of secondary electrons partial self-absorption produced
inside hafnium oxide NPs.

Li et al. [44] studied intravenously injectable hafnium oxide nano-assembly to
increase the efficacy of radiotherapy. Due to the enhanced sensitivity of breast cancer
cells, hafnium oxide showed improved free-radical generation to destroy cancer cells
upon X-ray irradiation. In a model of breast tumor 4T1, PEGylated hafnium oxide
nano-assemblies showed effective tumor-homing capability by intravenous injection
and demonstrated enhanced CT imaging. Excellent efficacy of tumor-killing was
accomplished by both intravenous and intra-tumoral inoculation treatment using
the radiation sensitization feature of hafnium oxide nano-assemblies. Finally, it is
advantageous that hafnium oxide nano-assemblies could be degraded and excreted
successfully in a living body and inhibited enduring toxicity.
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Maggiorella et al. [45] designed different strategies to investigate the proper inter-
action of hafnium oxide NPs with the suitable ionizing radiation The materials were
exposed to a monochromatic energy source by implementing the Monte Carlo Simu-
lations and observed approximately nine-fold dose enhancement as compared to
water. These NPs activated for radiotherapy, exhibited a high energy deposit rate in
the tumor cells, and proved to be beneficial by eradicating the probable health hazards,
due to their chemical inertness in cellular and subcellular systems. The NPs demon-
strated adequate dispersion and perseverance in the tumor cells and formed clus-
ters inside the cytoplasm of tumor cells demonstrating their anisotropic dispersion
in tumors. The deficiency of pre-existing anti-tumor immune response used to be a
challenging feature in the cancer therapeutic effects. Hafnium oxide NPs (NBTXR3)
were manufactured by Zhang et al. [46] to enhance the energy dose deposit in the
tumor cells. A mouse colorectal cancer model was used. The synthesized NPs were
radiotherapy activated and their role in producing the abscopal effect and improving
the anti-tumor immune response was investigated. The results revealed a significant
increase in the local control over the tumor growth through activating the immune
response system. The radiotherapy-activated NBTXR3 NPs ensued high immune
cell infiltrates in both the treated and untreated tumor cells. The NPs also generated
an abscopal effect mediated by CDS8 + lymphocyte T cells. Hence, the NPs proved
to be beneficial for being used as an immunotherapeutic agent with radiotherapy
for providing improved results. Le Tourneau et al. [47] took under consideration the
complications in the survival of older carcinoma (LA HNSC) patients and utilized
hafnium oxide (NBTXR3). The NBTXR3 was injected by intra-tumoral single injec-
tion to the stage III-IV LA HNSC patients. After the allocation of all the doses at
different levels and times, the CT images displayed better dispersion of NBTXR3
in the specific tumor areas. The preliminary efficiency was enhanced by NBTXR3.
The NBTXR3 showed low toxicities and high intra-tumoral bioavailability with an
enhanced survival rate.

3.3 Gadolinium NPs

Gadolinium NPs are categorized as toxic [48] which may ignite spontaneously and
emit flammable gases when in contact with water. Gadolinium is a lanthanide rare
earth element [49] that has interesting characteristics beneficial for applications such
as tuning of semiconductor materials [50], and the shielding of nuclear reactors [51].
It is used both as phosphors and scintillator crystals [52] due to higher magnetic
moment (7.94 wB), also used as a contrast agent in MRI [53] by making complexes
with EDTA ligand. In the non-invasive evaluation of cardiovascular pathologies,
gadolinium-based imaging has become a significant tool. Its recent use ranges from
detecting ischemia, determining viability, cardiomyopathy, and non-invasive angiog-
raphy [54]. It is known that NPs containing high-Z numbers boost the effectiveness
of radiotherapy [55]. Gd is especially suitable as it is a positive MRI contrast agent
that enables imaging [56] to be used simultaneously to delineate the tumor and to
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guide irradiation. Ultra-small gadolinium NPs induce both a positive contrast in MRI
and an effect of radio-sensitization [57]. Utilization of these features contributes to
an increased lifespan of rats with brain tumors, as X-ray micro-beams can cause
the radio-sensitizing effect due to Gd NPs. Gd is an adequately powerful radio-
sensitizing agent for the tumor [58], therefore, offer exciting potential for image-
guided radiotherapy. Gadolinium-based NPs were utilized by Kotb et al. [59] and
observed that some NPs persisted within the tumor cells over 24 h after intravenous
injection into animals carrying B16F10 tumor and demonstrated that single admin-
istration of NPs could be adequate for many irradiation cycles. Gadolinium-based
NPs through radiation treatment expand tumor cell damage and increases the animal’s
life expectancies bearing numerous brain melanoma metastases. A novel research
work resulted Hyaluronic acid-coated gadolinium oxide (HA-Gd,O3) NPs through
the hydrothermal process for improving the MRI-guided radiotherapy [60] (Fig. 4).
These HA functionalized NPs were 105 nm in diameter and exhibited remarkable
properties involving low cytotoxicity, exceptional biocompatibility, and dispersibility
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Fig. 4 A Hydrothermal Synthesis process of Hyaluronic acid-Gd,O3 NPs, B possible biomedical
applications. Reprinted from [60]
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in water. The NPs were transported into the cytoplasm of the tumor cells. The HA-
Gd, O3 NPs showed high longitudinal relaxivity and produced significant improve-
ment in the radio-sensitization in the manner of material dosage by instigating cell
apoptosis.

3.4 Silver NPs

Silver NPs have vital potential in biomedical applications due to their antimicrobial
nature [61] and minimal toxicity [62]. Silver NPs have distinctive optical charac-
teristics [63] as they support the surface Plasmon resonances similar to gold NPs.
The surface plasmon resonance effect is so intense [64] that it enables the use of a
traditional dark field microscope to image individual NPs as small as 20 nm size.
Liu et al. [65] assessed effectiveness of silver NPs on the hypoxic glioma cells
as radio-sensitizers. For hypoxic cells (U251 and C6), silver NPs have maximum
inhibitory concentration values of 27.53 and 30.32 g/mL respectively. The sensitiza-
tion enhancement ratio showed greater radio-sensitization potential in hypoxic cells
as compared to normoxic cells. The basic mechanism of radio-sensitization using
silver NPs in hypoxic cells was based on apoptosis and autophagy. This study recom-
mended that silver NPs might be utilized for the therapy of hypoxic glioma as an
efficient nano-radio-sensitizer. A new dosimeter gel based on silver nitrate was intro-
duced and studied in gamma radiation therapy ranging from 3—100 Gy. Exposing gel
to gamma beams yielded plasmon resonance absorption due to silver NPs at 450 nm.
With the rise in the absorbed dose to 100 Gy, the band intensity linearly increased.
Silver NPs stability in the dark was strong at 6 °C. In the 5-100 Gy dose range, the
total gel dosimeter uncertainty was calculated as approximately 4.65% [66] (Fig. 5).

Fig. 5 Stability behavior of 9 4
silver nitrate gel at different —O—6°C
conditions 6 °C, dark and g{ ® Dark
light, and analysis at 450 nm
for the different time
intervals. Reprinted with
permission from [66]
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Salih [67] used a colloidal solution of conjugated silver NPs in combination with
irradiation of high-energy gamma photons (6 meV) for treating breast cancer. The
silver NPs showed high biocompatibility and high mass-energy absorption coef-
ficient. This resulted in the improved generation of free radicals and breakage of
DNA causing the enhanced cross-section and dose deposited in tissues. The small
doses demonstrated the maximum damage because the distinct silver NPs could
induce ROS inside the tumor cells. The in vivo studies of silver NPs showed the
efficient detection as well as the targeting of tumor cells simultaneously. Therefore,
silver NPs worked as a remarkable photo-absorbing agent to offer major advances in
radiotherapy. Abdul wahid and Ali [68] combined the multifunctional silver NPs with
high-energy photons to reduce the number of cycles of radiotherapy. The photons of
energy ranging from 2—15 meV were used with silver NPs and provided a high sensi-
tivity enhancement ratio due to their high efficiency and small size. The enhancement
ratio was increased with the increase in photon energy and yielded more number of
destroyed tumor cells. The results showed that silver NPs increased the cross-section
and stimulated the photon absorption in the tumors without damaging the healthy
tissues in the vicinity. The mass absorption coefficient of the NPs was very high
and it increased the absorption of the ionizing zone of the tumor cells. The results
revealed that the destruction of the tumor cells was higher at the same photon energy
as compared to the radiotherapy performed without injecting silver NPs. The appli-
cation of the silver NPs resulted in precise tumor targeting and reduction of the
radiotherapy cycles from 30-50%, thus, result in less probability of fatigue and
exhaustion in the patient.

3.5 Quantum Dots (QDs)

The improved effects of radio-sensitization are effectively evaluated by analyzing
the cell cycle of colorectal carcinoma and the degree of apoptosis [69]. Carbon QDs’
cooperative behavior for ionizing radiation energy [70] could discernibly increase
cell G2/M stage capture, prevent cell replication and promote apoptosis. This is
principally because of the overproduction of ROS through carbon QDs and ionizing
radiations [71]. This initiates the regulating proteins associated with apoptosis and
results in tumor cell apoptosis. Consequently, carbon QDs in tumor radiotherapy
offer another nano-radio-sensitizer agent [72].

An adaptable nanomaterial based on MoS2 QDs showed great potential not only to
boost the photo-acoustic imaging/X-ray beam processed signals of tomography but
also to perform proficient cancer radiotherapy/photo-thermal treatment. In vivo tumor
could be correctly mugged and completely wiped out under the photoacoustic/X-ray
CT image-guided combinational therapy upon intravenous injection of MoS, @ PANI
hybrid NPs. These flexible nano-hybrids showed great potential to encourage
double modular imaging and synergetic photothermal/radiotherapy to acknowl-
edge improved anticancer proficiency [73]. Another potential nano-radiosensitizer is
cadmium QDs. Semiconductor QDs and NPs made out of metals, polymers or lipids
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had developed with favorable uses for early cancer detection and treatment. QDs
with interesting optical properties were normally made of Cd confined semiconduc-
tors. Cadmium is potentially hazardous, and the toxicity of such types of QDs is
not still investigated extensively. Therefore, the search for lesser harmful materials
with comparative targeting and optical characteristics was of greater importance.
However, it is pertinent to investigate luminescence NPs as light sources for the
treatment of cancer.

The diagnosis of patients with cancer glioma is improved, in recent years,
due to advancements in neurosurgery and radiotherapy [74]. Multifunctional
nanomedicine based on tungsten sulfide QDs (WS2 QDs) synthesized via phys-
ical grinding and ultrasonication by a simple and green process is reported. In
addition to X-ray computed tomography/photoacoustic imaging signal enhance-
ment, the as-synthesized tungsten sulfide QDs have notable synergistic effects of
photothermal/radiotherapy for tumor treatment. After intravenous injection, the
tumor was efficiently detected and completely annihilated with tungsten sulfide QDs
by combinational treatment. Staining, blood hematology and biochemistry study of
hematoxylin and eosin showed no significant toxicity of WS, QDs in vivo, indicating
that WS, QDs have strong biocompatibility. In order to achieve better therapeutic
efficacy, such multifunctional NPs might play a vital role in promoting simulta-
neous synergistic treatment and multimodal imaging combining photothermal and
radiotherapy [76] (Fig. 6). Du et al. [75] introduced unique gadolinium-doped
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carbon dots for dealing with the issue of radio-resistance and providing effec-
tive MRI-guided radiotherapy. The Gd-doped carbon dots were synthesized by a
hydrothermal approach with an average size of 18 nm. The NPs demonstrated high
water dispersibility and high photoluminescence stability. The doped carbon dots
were injected at the tumor sites and showed a long circulation time and effective
tumor targeting. The carbon dots were resided in the kidney from where these NPs
were eliminated easily through the bladder. The NPs showed exceptional biocompati-
bility and resulted in an enhanced longitudinal relaxivity rate with radio-sensitization
improvements. The long circulation time and increased longitudinal relaxation effi-
ciency helped in providing better target delineation, pathophysiologic and anatomical
tumor detection and accurate location for MRI-guided radiotherapy.

4 Conclusion

In this chapter, we have discussed the advancement of radiotherapy with the use
of groundbreaking radiosensitizers. The key parameters of different nanomaterials
i.e. radio-sensitizing power, biocompatibility, biodistribution and interaction of NPs
with irradiation used and ROS generation play vital role in upgrading the destructive
ability of radiotherapy. The innovative radiosensitizers have been used to improve
the target selectivity of radiotherapy and reduce the adverse effects of radiation
on the healthy tissues. This can be concluded that efficiency depends on the radi-
ation energy and the NPs used as radiosensitizer. The NPs promisingly serve as
drug delivery vehicles and enhance the cellular uptake of drugs by functionalizing
with targeting molecules. The dose enhancement effect of NPs also generates valu-
able tumor destruction in radiotherapy. The radiosensitizers thus, offer a potential
approach of improved targeted radiotherapy.
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Hamed Nosrati, Hossein Danafar, and Surender K. Sharma

Abstract Nanoradiosensitizers are attracting great interest of scientific commu-
nity due to their therapeutic benefits for the treatment of malignant tumors. This
book chapter is organized into three major parts. Firstly, it covers an introduction
of nanoradiosensitizers and related biological processes. In second part, detail of
synthesis approaches of various nanoradiosensitizers is discussed. The last part is
focused on their characterization and highlights their application and performance
in radiotherapy.

1 Introduction

Worldwide, cancer is currently one of the most challenging issues for human health.
Radiotherapy (RT) is one of the most widely used treatments for cancer. In some
cases, the only effective treatment option is RT. The use of nanoparticles with high
atomic numbers as selective radiosensitizers has gained increasing attention in recent
years. Radiosensitization of biological cells by heavy nanoparticles is attributed to
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a combination of physical and chemical effects caused by radiation [1]. Clinicians
use various cancer treatment methods, including radiotherapy, chemotherapy, and
surgery. In radiotherapy, ionizing radiation destroys cancer cells by damaging their
DNA. It can be used as a standalone treatment or in conjunction with other therapies.
Radiation therapy is one of the most effective treatments for cancer, but it has inherent
drawbacks such as toxic side effects to the human body and radiation resistance
in cancer cells. The combination of radiotherapy and radiosensitizers offers great
potential for increasing treatment efficacy and broadening the therapeutic window for
cancer patients Therefore, radiosensitizers are being further investigated to enhance
the effectiveness of radiotherapy [2].

The current understanding regarding NP-induced radiosensitization via multiple
biological pathways. Regulatory properties of nanoparticles in cancer cells have been
examined, which may provide the basis for nanoradiosensitizer development in the
future [3].

There are many applications for nanoparticles (NPs), including consumer goods,
energy, and biomedicine [4]. In various types of cancer cells, NPs have been shown
to reduce resistance to radiotherapy, both from their intrinsic radiosensitizing char-
acteristics and loading capacity for drugs and siRNAs. NPs are also able to control
other biological processes such as oxidative stress, DNA damage, cell cycle arrest,
apoptosis, and autophagy which are discussed in the following section [5].

1.1 Oxidative Stress

The oxidative stress phenomenon can result from reactive oxygen species (ROS). ROS
can cause potentially damaging biological effects. A lack of metabolic regulatory
activity results in an imbalance between the production of reactive oxygen species
and the capacity of a biological system to detoxify the reactive intermediates or repair
the damage. An excess ROS response can be overcome by cells activating enzymatic
as well as nonenzymatic antioxidant systems [6]. The hierarchical model of oxidative
stress was proposed as a model of NP-mediated oxidative stress [7]. This model posits
that cells and tissues respond to increasing levels of oxidative stress through antiox-
idant enzyme systems during NP exposure. An unopposed nuclear factor (erythroid-
derived 2)-like 2 (Nrf2) induces phase Il antioxidant enzyme transcription under condi-
tions of mild oxidative stress. A proinflammatory response is produced at a subclinical
level by mitogen-activated protein kinase (MAPK) cascades and nuclear factor kappa-
light-chain enhancer of activated B-cells (NF-B). Furthermore, extreme amounts of
oxidative stress damage mitochondrial membranes, leading to electron chain dysfunc-
tion and cell death. A key factor promoting the oxidative properties of engineered
NM is either the decreased amount of antioxidants or the increased release of reac-
tive oxygen species (ROS). An altered redox state leads to production of peroxide
to toxic levels and they can damage the genetic material, proteins, lipids, DNA, and
other components of the cell [8]. Because of its chemical reactivity, oxidative stress
can lead to DNA damage, lipid peroxidation, and the activation of signaling networks
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Table 1 Summary of nanoradiosensitizers based on oxidative stress mechanism
Compo- | Size Surface chemistry | Cell line/model Source | *DEF/SER/Effect | Refer-
sition (nm) energy ences
Gold 14 Thio-glucose SK-OV-3 90 kVp, | Increased [12]
6 MV | cytotoxicity
Gold 3 Histidine ul4 6 Gy 1.54 [11]
Gold- 18 Triphenylphos- MCF-7/4T1 4,6 Gy | Tumor volume [13]
TiO2 phine tumor-bearing inhibition
(TPP) Balb/c mouse
Silver 15 Polyvinylpyrroli- | U251 4 Gy Increased cell [14]
done death
Tron 10 Cetuximab US87MGEGEFRvVIII | 10 Gy Increased cell [15]
oxide death
Silicon <5 2-methyl Rat glioma C6 cells | 0-3 Gy | Promoted ROS [16]
2-propenoic acid production
methyl ester

2 DEF, dose enhancement factor; SER, sensitization enhancement ratio; Ref., references

responsible for loss of cell growth, fibrosis, and carcinogenesis [9]. As well as cell
damage, ROS can result from interactions of NP with several biological targets as a
result of cell respiration, metabolism, and other factors [10]. The oxygen desaturation
that occurs as aresult of occupational NM exposures as well as experimental challenge
with various NP causes swelling of the airway and interstitial fibrosis [11]. We summa-
rize the radiosensitization effect of NPs based on this oxidative stress mechanism in
(Table 1).

1.2 Nanoradiosensitizers Based on Oxidative Stress

A new radiosensitizer based on gold-based nanomaterials has been extensively
studied as a cancer radiotherapy agent. Gold nanoparticles adorned in different ways
can lead to the sensitization of cancer cells to radiation through oxidative stress. For
example, in both PEG-functionalized GNPs (s20 nm) and amino-PEG-functionalized
GNPs (10 nm) oxidative stress radiosensitizes cancer cells [17]. Gold-levonorgestrel
nanoclusters (2 nm) consisting of Au8(C21H2702)8 (Au8NC) showed bright lumi-
nescence (58.7% quantum yield) and satisfactory biocompatibility in a human
esophageal squamous cancer cell line (EC1) and in EC1 tumor-bearing nude mice
[18]. Glutathione overexpression in tumors impaired radiotherapy effects. Gold
nanoclusters with histidine caps (AuNCs @His) (3 nm) enabled radiotherapy effects
by depleting intracellular GSH in U14 cells [11].

Radiosensitization effects generated by GNPs are better if cellular uptake is
increased. Thioglucose decoration on GNPs increased cellular uptake by approxi-
mately 31% in human ovarian cancer cells (SK-OV-3) in comparison to naked GNPs,
and the former resulted in increased ROS production and enhanced radiotherapy. By
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Table 2 Summary of nanoradiosensitizers based on DNA damage mechanism

Composition | Size | Surface Cell line/model | Source DEF/SER/Effect | References
(nm) | chemistry energy
Gold 14 Polyethylenimine | A712 80 mGy/ | Increased cell [22]
min death
Gold 12 | PEG U251 4 Gy 1.3 [23]
(in vitro),
20 Gy
(in vivo)
Silver 20 Epidermal nasopharyngeal | 0, 2,4, 6, | 1.4 [24]
growth factor carcinoma 8 Gy
receptor-specific | epithelial
antibody (CNE) cells
Iron-oxide 10 Oleic acid WEHIh-164 2 Gy Inhibited cell [25]
proliferation
ZnO 7 N.A SKLC-6 2 Gy 1.23
(10 pg/mL),
1.31 (20 pg/mL

modifying GNP-PEG with positively charged peptides, we were able to significantly
increase the uptake of GNP and ROS production in LS180 colorectal cancer cells,
which led to enhanced radiosensitivity [19].

1.3 DNA Damage

Cells are continuously subjected to different types of damage to DNA, and they have
developed ingenious mechanisms to restore the damage [20]. The damage to DNA
leads to many diseases, including cancer. Cancer treatment often hinges on the risk
of DNA damage which may be induced by radiation [21]. NPs are able to radiosen-
sitize DNA damage mechanisms. The physicochemical properties of NPs regulate
DNA damage in cancer cells, which has important implications for designing nanora-
diosensitizers. Radiosensitization by nanoparticles and DNA damage mechanisms
are summarized in Table 2.

1.4 Nanoradiosensitizers Based on DNA Damage

It has been shown that the interactions between GNPs and DNA regulate radiosen-
sitization effects. The DNA of plasmids can undergo single-strand breaks under
radioactivity because of the binding of GNPs (five nanometers). Those GNPs that
have the shortest possible linkers exhibit the greatest radiosensitization effect, while
those with the longest linkers exhibit the lowest radiosensitization effect [26].
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Table 3 Summary of nanoradiosensitizers based on cell-cycle arrest mechanisms

Composition | Size Surface Cell Source | DEF/SER/Effect | References
(nm) | chemistry line/model | energy
Gold 11 Glucose DU-145 2 Gy Growth [28]
inhibition
Gold-silver | 150 l-ascorbic acid HepG2 0-10Gy | 1.8 [29]
Graphene Lateral | N.A SW620, 3,6 Gy |Increased cell [30]
size: HCT116 ¢ death
18
Iron-oxide 10 Oleic acid WEHI-164 | 2 Gy Inhibited cell [25]
proliferation
TiO2 45 SN-38, 4T1-Luc | 4,6 Gy |Inhibited cell [31]
nucleus-targeting proliferation
moieties

GNP-induced DNA damage could contribute to radiosensitization effects on cells.
Radiation sensitization of MDA-MB-231 breast cancer cells is induced by DNA
damage induced by GNPs of 2 nm pore size. In human GBM-derived cell lines treated
with PEG-decorated GNPs, DNA damage increased under irradiation with cells
coated in PEG and animals bearing an orthotopic GBM tumor survived better [23].
An increase of two-fold in the number of DNA damage sites (DSBs) in GBM cells
after gold and superparamagnetic iron oxide nanoparticle-loaded micelles (GSMs,
100 nm) were shown when combined with radiation therapy [27]. A combination
of Au@Se NP treatment with irradiation caused DNA damage by increasing the
production of ROS and the phosphorylation of related proteins, including ATM etc.

1.5 Cell-Cycle Arrest

Unlike other cell cycles, the G2/M phase is most sensitive to radiation. The cells
cycle goes through four phases: G1, S, G2, and M phases. The radiotherapy effects of
NPs that can cause cell-cycle arrest during the G2/M phase are enhanced. Radiation
sensitization has been observed to be induced by different types of nanoparticles
through cells being inhibited from cell cycle progression. They are summarized in
Table 3.

1.6 Nanoradiosensitizers Based on Cell-Cycle Arrest

The receptors in GNPs can increase the sensitivity of cancer cells to radiation during
cell-cycle arrest. GNPs (5 nm) combined with neutron/ irradiation, for example, it
inhibited cell invasion and migration by arresting cell cycle at the G2/M phase in Huh7
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and HepG2 cells [32]. It was found that the combination of radiotherapy and gold
nanoparticles (50 nm) significantly increased melanoma cell percentage in G2/M
phase, thus enhancing the results of the next radiation treatment [33]. Radiation-
resistant human prostate cancer cells DU-145 have been reported to undergo G2/M
arrest with glucose nanoparticles (Glu-GNPs, 11 nm) upon activation of CDKI1
and CDK2, thus becoming susceptible to radiation. GNPs that are decorated with
targeting moieties enhance their radiosensitivity. RGD-GNRs sensitized melanoma
A375 cells through suppression of radiation-induced integrin v3 and cell-cycle arrest
in the G2/M phase. The anti-EGFR/HGNs (55 nm) coated with the EGFR antibody
were internalized more efficiently by HeLa cells than naked HGNs. A greater number
of cells arrested in the G2/M phase following EGFR/HGN induction. In the pres-
ence of anti-EGFR/HGNs, megavoltage irradiation boosted apoptosis more than
irradiation alone [34].

Amounts of GNP impacted radiosensitizing effects of cell-cycle arrest. In MDA-
MB-231 cells, for example, the size of Glu-GNPs influenced radiosensitization
effects. The smaller GNPs internalized easier and induced greater levels of G2/M
cellular arrest. It was found that NP surface structures played a key role in enhancing
radiosensitizing effects, as reported by Cho et al. Nanoparticles shaped like day-
flowers, with a large surface area, induced significantly more ROS production in
HepG2 cells, arrested the cells during the G2/M stage, and exhibited radiosensitiza-
tion. Although spherical night-flower-like nanoparticles have a small surface area,
they do not change cell-cycle distribution and are not radiosensitizing [29].

1.7 Apoptosis

Among the types of apoptosis, there are extrinsic and intrinsic kinds. Apoptosis
resulting from extrinsic factors is triggered by activated death receptors on the cell
membrane. The intrinsic apoptosis pathway is triggered by mitochondrial or endo-
plasmic reticulum-related mechanisms [35]. This mechanism of radiosensitization
of NPs is based on apoptosis is summarized in Table 4.

1.8 Nanoradiosensitizers Based on Apoptosis

The radiosensitization effects of GNPs are based on apoptosis. At first, GNPs alone
significantly increase apoptosis rates of cancer cells [40]. In addition, GNPs conju-
gated to targeting adjuvants also exhibit excellent radiosensitization effects, leading
to apoptosis induction. For example, gold @Fe, 03 nanoparticles (44 nm) exhibited
radiosensitization effects in KB cells by increasing the apoptosis rate [41]. After irra-
diation, hollow gold nanospheres (EGFR/HGN, 55 nm) coated with EGFR antibodies
induced the downregulation of Bcl-2 and the elevation of caspase 3, Bax, and Bad in
HeLa cells. The RGD decoration of breast cancer cells significantly increased their
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Table 4 Nanoradiosensitizers based on apoptosis mechanism

Composition | Size | Surface Cell Source | DEF/SER/Effect | References
(nm) | chemistry line/model energy
Gold 20 | Cyclic RGD NCI-H446 5 Gy Inhibited tumor | [36]
tumor-bearing growth
mice
Silver 15 | Citrate U251 4 Gy 1.64 [37]
Silica 40 | Hyperbranched |SK-BR3 0-8 Gy | Inhibited tumor | [38]
polyamidoamine growth
Gold 55 EGFR antibody | HeLa 5, Increased cell [34]
10 Gy | death
Selenium 80 PEG A549 N.A Increased cell [39]
death

cellular uptake of GNRs@mSiO,; through a receptor-mediated mechanism, resulting
in an enhanced apoptosis rate and reduced tumor growth after radiation [34]. Irradi-
ating mice with GNPs conjugated with cyclic RGD (20 nm) induced higher apoptosis
rates than irradiating mice with irradiation alone. In combination with radiotherapy,
long-term exposure to cRGD-GNPs inhibited tumor tissue growth significantly [36].

The size of the GNP can change the radiosensitisation effect. BSA-GNPs exhibited
no cytotoxicity in the hepatocellular carcinoma model without exposure to radiation.
Small BSA-GNPs induced the highest caspase-3 and Bax levels in mouse tumor
tissues and the lowest Bcl-2 level [42].

1.9 Autophagy

Various types of autophagy exist, including microautophagy, macroautophagy, and
chaperone-mediated autophagy [43]. In cells, autophagy is associated with the degra-
dation of dysfunctional and unnecessary components. Autophagy plays an important
role in the pathogenesis of cancer, which has been demonstrated. Moreover, cyto-
static autophagy contributes to cancer cell death [44]. The radiosensitization effect
of NPs can be explained in terms of the autophagy mechanism is shown in Table 5.

1.10 Nanoradiosensitizers Based on Autophagy

Several types of nanoparticles can trigger autophagy, which can induce radiation-
sensitized cancer cells. AgNPs combined with irradiation led to autophagy on
hypoxic glioma cells. By inhibiting autophagy, 3-MA decreased cytotoxicity,
suggesting autophagy plays a key role in radiosensitization effects [47]. Furthermore,
Fe;04 @ Ag nanoparticles (11 nm) were found to exhibit radiosensitization in U251
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Table 5 Nanoradiosensitizers based on autophagy mechanism

Composition | Size | Surface Cell line/model | Source | DEF/SER/Effect | References
(nm) | chemistry energy
Copper NA |NA SW620 1-4 Gy | Increased cell [45]
cysteamine death
CuO 54 N.A MCF-7 cells, |0-8 Gy |Increased cell [46]
Ul4 death
tumor-bearing
nude mice
Silver 27 N.A U251 0-8Gy |1.78 [47]

cells by inhibiting protective autophagy and eventually increasing calcium-dependent
apoptosis [48]. Nanoparticles of gadolinium oxide (2—5 nm) sensitized NSCLC cells
(A548, NH1299, and NH165) to radiation and instigate autophagy [49]. In SW620
colorectal cells, copper cysteamine nanoparticles reduced mitochondrial membrane
potential and increased autophagy by lowering the mitochondrial membrane poten-
tial and triggering autophagy when exposed to X-ray irradiation. It was observed that
CuO nanoparticles (5.4 nm) induced destructive autophagy in MCF-7 cells, as well as
in U14 tumor-bearing nude mice. Nanosheets containing FePt inhibited proliferation
of NSCLC cells H1975 and enhanced their sensitivity to radiation. ROS production
and autophagy are likely responsible for radiosensitization mechanisms [50].

2 Synthesis of Radiosensitizers

Tumor cells are made prone to radiations by making use of complementary ways
like Radiosensitizers. These substances enhance are designed to improve tumor cell
cancer cells eradication without affecting normal cells adversely. Multiple elements
and compounds have been discovered as Radiosensitizers. A lot of work has been
done in order to create novel and improve the capability of previously known bio-
radiosensitizers. Substances ranging between 1-100 nm are termed as nanoparticles
(NPs). These substances exhibit less hazardous and enhanced infiltration range for
normal and cancerous cells respectively. For a very long period of time nanopar-
ticles have been a focus of main research in order to declare them as novel bio-
randiosensitizers, like natural, metallic, CNTs and Gold NPs. Some of the most
studied synthesis methods are listed below.
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2.1 Gold Based Nanoparticles

Recently cancer radiotherapy is usually being done by using different bio-
radiosensitizers e.g. gold NPs, etc. These NPs exhibit various properties like adapt-
able surface and biocompatibility, marking them as a powerful contender to be
utilized as radiosensitizers. Various animals and cell lines have been used as subjects
to determine sensitizing capabilities of these NPs. Various aspects has been studied
enthusiastically like various cell lines, concentrations, size, sources and ratios.
Cellular response exhibiting sensitivity levels of living cells sepnds upon multiple
factors like NPs type, size, quantity and irradiation vigor. Two main factors involve
in NPs improvement to be used as radiosenstizers are enhanced reactive oxygen level
and cell cycle variations. Some of the studies synthesis mechanisms are listed below.

Zhang et al. [51] devised a new strategy in order to combine chemotherapy
by creating a shrewd self-aggregating and double pH-responsive matrix of gold
NPs (Au@PAH-Pt/DMMA), acknowledging pH release and self-amassing of cyto-
plasmic prodrug by utilizing “charge-reversal like” methodology. Gold NPs were
synthesized by using sodium citrate reduction methodology. 6 mL of AuCl;H;0;
(10 mg/mL) and water (144 mL) was added, boiled and condensed for 30 min to
reflux, 17 mL of Na3CgHsO7 solution (11.5 mg mL~") was added instantly. Solution
was stirred continuously while keeping heat off after 30 min to form solution-I. Forty
mg of LA-PAH-P/DMMA and ten mL of distilled water [PAH] = 3.4 mg/mL~! was
added to form a solution-II. Solution-I and Solution-II was added with continuous
stirring in volume ratio of 1:5. Later on sodium hydroxide solution was mixed in a
volume ratio of 1:1 instantly resulting in wine red solution, lasting for 4 h. Resultant
product was centrifuged at 14,000 rpm for 35 min. Precipitates were dried at 4 °C.

Kunoh et al. [52] explained gold NPs (AuNPs) synthesis methodology by utilizing
acid guanidinium thiocyanate—phenol—hloroform (GTPC) fraction in HAuCly
solution. Solution was mixed for 4 h creating its color to change from clear yellow
to turbid brown, after 16 h stirring precipitates were formed and collected. Gold NPs
of size 5 nm diameter exhibiting spherical shape were obtained.

Ahmed et al. [53] utilized hydrothermal and chemical reduction methodology
using NazCgHs507 as reducing agent manufacturing spherical Au, Ag and Au-Ag
NPs with size 4-70 nm. HAuCly reduction by NazCgHs0; and AgNOj; reduction by
Na;3;CsH505 in gold and Ag aquos solution are usually done these days to fabricate Au
and Au NPs respectively. Bimetallic Au—Ag NPs were manufactured by fraterniza-
tion and keeping its components uninterrupted for 1 day. Synthesized nanoparticles
were proven to be novel radiosensitizing agents with radiation dosage up to 50 times
for curing malicious living cells.

Zheng et al. [54] reduced KAuCl, by suing NaBH, to synthesize Au nanoparti-
cles. 10 mL of NaBH, (I8 mM) and 10 ml of KAuCl, (3 mM) was added and stirred
until bubbles vanished in solution for almost 10 min at room temperature. Resultant
product was kept in dark at 5 °C. Plasmid DNA extracted from E. coli pellet was
dissolved in distilled water. Agarose gel electrophoresis revealed various configura-
tions of plasmid DNA like purified as 95% in supercoiled arrangement, same DNA
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sequences in twisted strands as 4% and nickec spherical structure as 1%. A mixture
of DNA and Au NPs resulted in Au-DNA complexes by using various ratios like
1:30, 2:5, 1:1,4:3 and 2:1. Now a days single Au NPs per DNA molecule is desirable
to maximize their affectively on malignant tumor cells. Hence, marking Au NPs a
powerful candidate to be applied as radiosensitizers agent.

Jim et al. [55] did pre functionalization of Gold@DTDTPA NPs utilizing near
infrared radiations to better understand the relationship between NPs radiosensitizng
characteristics and movement between cells and tumor cells. As DTDTPA provides
attachment places for covalent bonding of aminated derivative of Cys(Cys-NH,) as it
contains 3 carboxylic acid groups. Carboxylic acid condensation resulting in amide
bonds formation functionalizing gold@ DTDTPA NPs via Cys-NH,. Whole process
took place in aqueous form. Dialysis of acidic aqueous solution resulting in colloids
formations which were further processed to be used in chemotherapy.

Ma et al. [56] reacted HAuCly and silver NPs via galvanic replacement reaction
by decreasing silver nanoparticle solution about 5 mL in 140 pL of HAuCly 1%
aqueous solution to prepare Au Nano spikes by continuous stirring. Prepared mixture
was then added with 1 mL LAA solution. Resultant solution changed its color from
yellow to navy blue as a result of continuos stirring instantly indicating gold nano
spikes formation. 500 pg of HS-PEG was further added in prepared solution in order
to enhance dispensability and stability of fabricated gold NSs. Prepared mixture
helped in coating GNSs via gold—S coupling, resulting in methoxyl-PEG altered
gold nano structures. Surface modification of GNSs was done and its effect on X-ray
radiotherapy was also investigated (Fig. 1).

Zhang et al. [57] prepared Au NPs micro disks (MDs) by using PDMS stamp
containing collection of micro pillars embedded in polyelectrolyte solution in order
to impregnate polyetrolytes in solution for twelve minutes, followed by washing
with deionized water. Resultant solution utilized in manufacturing MDs had 1 wt%
of PAH-FITC (pH 5), PSS (pH 5.8), PAH (pH 4.3) and PDAC (pH 4.6), also NaCl as

Fig. 1 Surface Modification N
of GNSs and their effects on -'I\ Y el
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150 mM. Stamp was prepared by dispersing 0.5 mL of synthesized NPs and left for
forty-five minutes, later on washed with deionized water for one minute. Reputation
of previously mentioned steps resulted in various layers deposition on stamp which
was later dealt with H,O vapors in water bath at 37 °C for five seconds followed
by interaction between glass substrate glazed with polyvinyl acetate film. Prepared
stamp was separated from substrate after 45 s and processed in water bath for 25 s
at 37 °C to discharge MDs. MDs were mixed with cells and stirred mildly to attach
MDs on cells (Fig. 2).

Yi et al. [58] used Turkevich method to synthesize Au NPs. As per this method,
refulxion of HAuCly 1% weight/volume of 1 and 100 mL of distilled water for
5 min was done. NazCgHs0O7; 1% w/v (1.3 mL) was mixed and boiled for 30 min.
resultant NPs were improved by LA-PEG, by 30 min sonication followed by and
6 h stirring, providing us with PEG coated Au NPs. 100 mL of prepared NPs were
mixed in 42 mg of potassium permanganate with constant magnetic stirring for
5 min. A solution of 50 mg of PAH and 1 mL of deionized water was added in
previously prepared solution dropwise, until its color changes from violet to yellow
and then black. Attained gold @MnO, NPs were obtained by centrifuging the solution
and further processed by LBL polymer coating procedure. Particular amount of
poly acrylic acid (PAA) almost 30 mg added in previously prepared solution and
sonicated for 30 min, maintaining pH of solution at 8. In order to create cross-
networking between PAA and PAH EDC was mixed of 5 mg. Solution was stirred
and centrifuged for 6 h at 8,000 rpm in order to remove extra PAA for 10 min while
discarding supernatants. Later on, 50 mg of mPEGNH, was mixed with 1 mL of
water. This solution was slowly added in gold@MnO; solution. Prepared solution
went through ultra-sonication while adding 10 mg of EDC by 2 equal amounts, with
2 h continuous stirring. In order to remove extra PEG solution was centrifuged for
10 min at 8000 rpm. Yielded NPs were kept and stored at 4 °C.

Nicol et al. [59] prepared gold nanoparticles by using Turkevitch/Frens technique.
Reduction of 400 mL of 0.01 wt.% HAuCl, was done in order to produce citrate
capped nanoparticles (AuNP-C). PEG capped gold NPs (AuNP-P) were prepared
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by dissolving imL of distilled water and 10.68 pwg/mL of PEG-SH, followed by
AuNP-C. Resultant solutionwas stirred at room temperature creating citerate/PEG
cross-linking. Extra PEG was separated by centrifuging the solution for 90 min at
12,000 rcf.

Moreau et al. [60] utilized PVD process to synthesize Au NPs. This technique
involves accumulation of atoms in free phase, where single, un-aggregated NPs
having lesser size distribution on plane matrix are produced in argon gas envoir-
ment by magnetic sizzling of gold source. Sodium chloride substrate mounted gold
nanoparticles in water were used to provide consequent transfer. Repititive coating
cycle resulted in extra yield of gold nanoparticles.

Li et al. [61] utilized vapor deposition technique and fabricated gold NPs to
specifically aim malignant tumor cells and enhancing their radiosensitizing capa-
bilities with proton illumination of gold NPs deposited by plasma polymerized
allylamine. Yielded composites were distributed in CH;COOH buffer maintaining
pH at 5 followed by sonication for 10 min. Extra amount of NaCl and plasma-
polymerized allylamine was removed by intermittent diafilteration using an MWCO
of 10,000 g/mol as centrifugal concentrators. A solution of 17 mg of Ctxb and 17 ml
of phosphate buffered saline was prepared and termed as solution-I. Another solu-
tion containing 30.5 mg of and 20.4 mL of PBS was added in solution—I. prepared
solution was stirred for 15 min at 25 °C, followed by the addition of Au NPs with
water keeping gold concentration at 1.12 mg-ml~!. Prepared solution was stirred for
4 h while maintaining the temperature at 25 °C for 4 h. synthesized solution was
removed of unnecessary components by using centrifugal concentrator of MWCO
of 300,000 g/mol using deionized water.

Liang et al. [62] prepared fluorescent Au nanoclusters (NCs) by using one step
technique involving template of cyclic arginine-glycine-aspartic acid (c(RGDyC))
peptide. Cyclic arginine-glycine-aspartic acid /gold NPs were prepared by continuous
stirring of 100 mL of chloroauric acid in aqueous phase and 1.5 mL of peptide
solution. pH of prepared solution was maintained at 12—-13 by using 100 mL of
sodium hydroxide after 2 min. Resultant product was kept at 50 °C. Reaction was
further processed for 20 h. The reaction was allowed to proceed for more than 20 h.
yielded NCs were cleansed for 2 h by dialysis against 25 mM of HEPES buffer
having pH = 7.8. Execution of unwanted ions and peptides was done by previous
step overnight using HEPES (pH 7.8). Purified NPs were kept at 4 °C for future
applications in radiation enhancement (Fig. 3).

Fathy et al. [63] studied therapeutic effectiveness by fabricating Chitosan Capped
Au NPs encumbered with Doxorubicin (CS-GNPs-DOX) lessening hazardous after-
maths of chemo radiations on living cells while using 100 ml of chitosan (0.05%) and
1% acetic acid solution. Solution was stirred until it starts boiling. Later on 200 L of
HAuCly-3H,0/ml was added changing its color to dark red showing creation of Au
NPs. Supernatant was removed by centrifuging the solution for 30 min at 14,000 rpm
removing extra chitosan. Initially used Au weight (4.9 mg) was used to determine Au
concentration. For every mL CS-GNPs solution 125 pg of DOX-hydrochloride was
used. Prepared solution was shaked whole night kept it incubated. Excess contents
were removed by centrifuging the solution for 30 min at 14,000 rpm.
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@ HAuCI, " c(RGDyC) peptide

Fig. 3 a Capturing of Au>* by Tyr and Cys residues and its reduction into AuNCs b ¢c(RGDyC)-
AuNCs accumulation in positive tumor cells interacting with incoming radiation, producing
secondary radiation causing radiation enhancement effect. Reproduced with the permission from

[62]

Mulgaonkar et al. [64] prepared HAuNPs introducing them as novel radiosensi-
tizing particles for breast cancer treatment. Where NPs were fabricated using template
of H, Nano bubbles (NBs). These NBs were produced electrochemically. Gold clus-
ters were formed from Au+ ions in bubble borderline of high concentration of H,.
Obtained gold clusters sped up NazAu(SOs3), autocatalytic disproportionation reac-
tion, yielding gold shell formation surrounding hydrogen bubble. A sponge like
matrix of metal gold was created from NPs. Synthesized NPs were gathered using
anodic aluminum oxide (AAO) membranes having channels of 300 nm diameter,
forming NBs and NPs along AAO membrane walls.

2.2 Sulfonamides Based Radiosensitizers

Sulfonamides are considered good radiosensitizing agents especially Heterocyclic
rings containing ones are termed as one of the more effective CA inhibitors. A
lot of research has been done on sulfonamide and its derivative leading to some
new heterogeneous compounds exhibiting enhanced characteristics marking them
useful and more applicable. Some of the examples of sulfonamides are benzothia-
zole, pyrazine, pyrazoline, thiazole, etc. Sulfonamides possesses numerous biological
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properties like anti-thyroid, antibacterial, carbonic anhydrase inhibitory and carbonic
anhydrase inhibitory. Some of the major work on sulfonamides and their application
against tumor cells treatment are listed below.

Ghorab et al. [65] fabricated sulfapyridine or sulfathiazole containing 5-phenyl-
pyrrolo[2,3-d]pyrimidine derivatives 7-10, 19-24 and 2-substituted-3-cyano-4-
phenyl-pyrrole 5, 6, 11-18 series possessing Pyrroles and pyrrolo [2,3-d]pyrimidines.

Ella et al. [66] fabricated 14 derivatives bearin sulfonamide moiety and a series of
thiazolopyrane 5a—d, 11-13 and thiazolopyranopyrimidine 6-10, 7b, 8b. 2-chloro-
N-(4-sulfamoylphenyl) acetamide 2, sulfanilamide 1 and chloroacetyl chloride were
interacted, when treated with ammonium thiocyanate, resulted in product 4-(4-oxo-
4, 5-dihydrothiazol-2-ylamino) benzenesulfonamide 3 to be dealt with in a step by
step manner. Various arylidine malononitriles 4a—d were reacted with compound
3 resulting in equivalent thiazolopyrane derivatives 5a—d. On application, these
compounds applicating the synthesized compound enhances in activities upon being
irradiated with gamma radiations (Fig. 4).

Ghorab et al. [67] synthesized sulfonamide moieties having novel pyrimidine 17—
19 and pyrazole 10-16 derivatives. They reacted multiple nucleophiles and various
sulfonamides like sulfaquinoxaline, sulfapyridine and sulfadimidine to achieve
pyrimidine and pyrazole derivatives resulting in derivatives 4-9. On reaction with
hydrazine hydrate corresponding pyrazole were obtained. In comparison with the
reference medicine i.e. doxorubicin, it proved itself to be more effective in human
liver cell (HEPG;) and less effective in breast cell lines (MCF7) (Fig. 5).

Ghorab et al. [68] studied human liver tumor cell line and synthesized various
sulfonamide derivatives containing different moieties like thiophene, pyridine,
thiophene and benzothiophene. Targeted derivatives (4a,b-26) were fabricated
from N-(4-acetyl-N-(P-substituted) phenyl benzenesulfonamide (3a,b). two sepa-
rate ways were utilized to synthesize targeted samples utilizing various acetyl
group. In the first strategy, compounds 3a,b was reacted with nitrogen nucle-
ophile 2-cyanoacetohydrazide resulting in (E)-N-(4-(1-(2-(2-cyanoacetyl) hydra-
zono) ethyl)-N-(P-substituted) phenyl benzenesulfonamide 4a,b (Scheme 12a).
compound 4a, b and malononitrile in dioxane were reacted by uusing ring-closure
strategy to get (Z)-4-(1-((4,6-diamino-3-cyano-2-oxopyridin-1(2H)-yl)imino)ethyl)-
N-p-substituted-phenyl-benzenesulfonamide (5a,b) yielding target compounds Sel3.
Similarly, malononitrile in dioxane and compounds 4a, b were reacted along with
absolute ethanol and elemental sulfur having 3 drops of triethyl amine resulting in
thiophene derivatives 6a, b (Scheme 1) (Fig. 6).

DMF-DMA addition on 4b xylene resulted in N-(4-((Z)-1-(2-((E)-2-cyano-3-
(dimethylamino) acryloyl) hydrazono) ethyl) phenyl)-4-methylbenzenesulfonamide
7. Under DFM having potassium hydroxide envoirment, reaction of 4b with CS2
resulted in compound (Z)-2-cyano-3-(2-(1-(4-(4-methylphenylsulfonamido) phenyl)
ethylidene) hydrazinyl)-3-oxopropanedithioic acid 8. (Z)-N-(4-(1-(2-(3-amino-
4,5,6,7-tetrahydrobenzo[b]thiophene- 2-carbonyl) hydrazono) ethyl) phenyl)-4-
methyl benzenesulfonamide 9 were yielded upon reacting 4b with sulphur and
cyclohexanone (Scheme 2). In the presence of dioxane and pepridine as catalyst
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Fig. 4 Complete synthesis scheme of thiazolopyranopyrimidine derivatives starting from sulfon-
amide moities. Reproduced with the permission from [66]

aromatic benzylidine malononitriles 10 and 12 and 4b were reacted and yielded in
dicyanopyridinone derivatives 11 and 13 (Scheme 2).

Aromatic aldehydes and acetophenone derivative 3b were recated under KOH
envoirment in ethanol using Claisene Schmidt condensation yielding chalcones
14e19 (Scheme 3). Main aim of the study was to investigate synthesis process and
configuration of sulfonamide calcones while reacting with malignant tumor cells. In
potassium hydroxide and ethanol presence, hydroxylamine hydrochloride and chal-
cone 18 were reacted resulting in oxime derivative 20 (Scheme 3). Non isolable
hydrazones were manufactured during the reaction procedure of various hydrazine
derivatives in plain forms and compound 18. (Scheme 3) Compounds 4a, 4b, 5a, 6a,
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Fig. 5 Sulfonamide moieties containing pyrimidine 17-19 and pyrazole 10-16 derivatives.
Reproduced with the permission from [67]

6b, 8,9, 11, 13, 18 and 19 exhibited strong anti-cancer activity against tumor cells
and turned out to be more effective than reference drug doxorubicin.

Gul et al. [69] investigated the fabricating strategy of 4-[3-(aryl)-5-
substitutedphenyl-4,5-dihydro-1H-pyrazole- 1-yl]benzensulfonamides (19-36)
compounds  4-[3-(aryl)-5-substitutedphenyl-4,5-dihy ~ dro-1H-pyrazole-1-yl]
benzene sulfonamides (19-36) as shown in Scheme 1. polymethoxylated benzalde-
hyde and ketones were reacted by Claisen- Schmidt condensation using base as
catalyst to initial chalcones, 1-aryl-3-substitutedphenyl-2-propen-1-ones (1-18)
compound. Detailed synthesis procedure and spectral data polymethoxylated chal-
cones 4 and 10 was investigated for the very time in this study. Appropriate chalcone,
1-aryl-3-substitutedphenyl-2-propen-1-ones (1-18) were reacted followed by main-
taining acidic envoirment, addition of 4-hydrazinobenzensulfonamide hydrochloride
resulted in obtaining targeted compounds 4-[3-(aryl)-5-substitutedphenyl-4,5-dihy
dro-1H-pyrazole-1-yl]benzensulfonamides (19-36) (Fig. 7).

Soliman et al. [70] investigated benzoquinazolinones 5—18 synthesis procedure:
0.001 M 2-chloro-N-substituted acetamide and 4 and 0.138 g of K,CO; along
with 30 mL of dry acetone was reacted to form a solution by constant stirring for
10 h. Resultant crystals were obtained after washing with ethanol to provide 5-18
compounds. 4-isothiocyanatobenzenesulfonamide 2 and 3-amino-2-naphthoic acid
3 to form 4-(2-mercapto-4-oxobenzo[g]quinazolin-3(4H)-yl) benzenesulfonamide
4 serving as a starting materials. N-(substituted)-2-[(4-ox0-3-(4-sulfamoylphenyl)-
3,4-dihydrobenzo[g]quinazolin-2-yl)thio]acetamides 5—18 i.e. a targeted compound
was synthesized by reacting 2-chloro-N-substituted acetamide derivatives and 4 in
anhydrous K,COj3 enviorment having uquimolar dry acetone (Scheme 1) (Fig. 8).
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2.3 Zinc Based Radiosensitizers

Elements with higher atomic numbers shows greater photoelectric effects as
compared to soft tissues being irradiated with gamma radiations, marking them
as powerful entities to maximize radiation therapy effectiveness. NPs possessing
magnetic properties offers tumor cells imaging, treatment of targeted tumor cells
while keeping normal cells unbothered during medication. A category of NPs known
as spinal ferrites exhibiting less poisonousness are playing a vital role in multiple
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areas like MRI, DNA separation, drug delivery, in treating hyperthermia. One of the
most important type of these ferrites is zinc ferrites, exhibiting spinal configuration,
represented by (Zn)[Fe,]O4. This type of ferrites is marked more useful owing to its
small band gap ~1.9 eV, behavior like paramagnets at low temperatures, acting like
anti-ferromagnetic ground state at Néel temperature i.e. ~10 K.

Meidanchi et al. [71] used hydrothermal reduction procedure synthesizing
ZnFe;O4 NPs using them for cancer therapy. A solution was formed by mixing
80 mL of ethanol, 808 mg of Fe(NO3)3;-9H,0 and 298 mg of Zn(NOj3),-6H,0.
Formed mixture was stirred for 30 min at 400 rpm. Prepared mixture was placed in
furnace for 12 h at 180 °C after sealing it in a Teflon-lined stainless steel autoclave.
After cooling it down at room temperature, ZnFe,O4 was purified by washing it
multiple times with DI water, and kept for 24 h to dry at 60 °C.

Generalov et al. [72] synthesized two solutions in order to form ZnO/SiO, NPs.
Solution-I was prepared by using 40 mL of ethanol (75%) to mix 3.3 x 103 mol
PEG(COOH), and 5.36 x 10~ mol Zn(AcAc),. Using the same ethanol concentra-
tion, another solution was formed having 7.5 x 10~ mol of sodium hydroxide. After
placing Solution-I in flaks having a condenser attached to it, was stirred magnetically
at 80 °C. Solution-II was added in solution-I slowly with continuous stirring maintain
its temperature for 30 min. Resultant precipitates were cooled down at room temper-
ature, centrifuging the mixture afterwards in order to remove extra ethanol. Wahab
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etal. [73] used p-xylene (C¢H4(CH3),). And zinc acetate dihydrate (Zn(Ac),-2H,0)
to prepare zinc oxide NPs. MeOH 100 mL wased to dilute 0.3 M of Zn while stirring
it constantly for 30 min. 20 mL of p-Xylene was added in the solution to obtain
the pH level of solution at ~6.76. Prepared solution was refluxed by placing it in
a 3 necked pot while refluxing at 60 °C. after refluxing for 5 h, solution became
translucent, while we needed a white suspension. After 6 h of suspension white
suspension was finally achieved. Resultant compounds were purified via centrifuge
at 4000 rpm/minutes at10 mins. Yielded precipitates were washed and dried with
methanol and placed in a petri dish at room temperature respectively.

2.4 Iron Based Radiosensitizers

IO-MNPs also known as Iron oxide magnetic nanoparticles are termed as perfect
radiosensitizing agent because of its two main remarkable properties. First one is
behaving like a super paramagnet, can be controlled to reach at targeted cells by
making use of externally applied magnetic field. Second one is bio compatibility.
But there are some limitations hindering its prevalence in its application in medical
field, like accumulation owing to greater surface energy. As a result of which Iron
oxide NPs coatings results in making them envoirment friendly possessing multiple
properties like enhanced stability, hydrophilicity, etc. some of the novel fabrication
technique are listed below.

Klein et al. [74] explained two fabricating techniques to manufacture both citrate
coated and uncoated super-paramagnetic iron oxide nanoparticles (SPIONs) for
treating human breast cancer cells. First method was Massart’s method where ferrous
and ferric chloride co-precipitation at lowest temperatures. Second one involves one
pot strategy at greater temperatures having alkaline co-precipitation at 22 °C in
diethylene glycol trailed by ligand exchange.

Fathy et al. [75] utilized co precipitation technique in order to fabricate Silica-
coated super iron oxide nanoparticles (SIO-MNPs). 80 mL of DI water was used
to dissolve 0.02 M of FeCl;- 6H,O and 0.01 M of FeCl,- 4H,O with continuous
stirring. Reaction was processed for another 30 min at 80 °C with constant stirring
while slowly adding 10 mL of ammonia solution. Magnetic characteristic carrying
NPs were extracted from solution by suing a magnet and purified by washing with
DI water and ethanol. Si shell coated iron ocide magnetic NPs were synthesized
by using ethanol DI water (4:1, v/v) solution for dispersing 100 mg of iron oxide
magnetic nanoparticles by sonicating the mixture for 15 min. Stirring the mixture
continuously, 2 mL of TEOS and 4.6 mL of NH; (28 wt%) solution was added.
Prepared mixture was further mixed fo another 24 h, followed by washing with DI
water and ethanol and finally drying for 10 h at 80 °C.

Klein et al. [76] used co precipitation dtrategy to synthesiz SPIONs also known
as Super-paramagnetic iron oxide nanoparticles. Massart’s method was used to form
ferrous and ferric chloride co precipitates without oxygen atmosphere at 0 °C temper-
ature. Massart [77] explained this method, which involved 500 mL NHj3 solution to
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disperse 10 mL of ferrous (2 M, in HC1 2 M) and 40 mL of ferric chloride (1 M). After
centrifuge and magnetic decantation, jelly like precipitates were obtained. Yielded
precipitates were dealt in two various ways. First one is alkaline sol: 1 M of C4H,N*
hydroxide was used to peptize alkaline Ferro fluid. Second is Acidic sol: 2 M HC1O4
was stirred with prepared precipitates to prepare acidic solution, peptizing it with
adding minute amount of DI water.

2.5 Curcumin Based Radiosensitizers

Turmeric i.e. rhizome curcuma longa roots are the main source of curcumin,
exhibiting multiple natural properties like home grown normal polyphenol, which
has various natural exercises, including cancer prevention agent, mitigating, neuro-
protective, cardioprotective, as well as antitumor limits. Radioprotective impact may
be predominantly because of its capacity to lessen oxidative stress, gene transcript
and provocative reactions.

Girdhani et al. [78] used human breast tumor cells MCF-7 to study the joint studied
the combined results of chemo radiations and curcumin, by treating malignant cells
with curcumin before irradiating cells with gamma rays. Natural combination of
curcumin mimicking commercially presented ones was utilized possessing following
compounds in various ratios: bisdemethoxycurcumin and Dimethoxy curcumin,
Curcumin C; conjugat (Bis-demethoxycurcumin 4.45%, Curcumin 73.75% and
Demethoxycurcumin 21.80%).

Sebastia et al. [79] used antioxidant polyphenols and naturally obtained Curcumin
possessing radio modulatory characteristics like protection of normal cells while
being irradiated with gamma radiations acting like a shield to save living cells inter-
action with radiation therapy. Application of previously mentioned strategy involved
synthesizing curcumin and antioxidant polyphenols reagents Stock solutions and
storing it for 24 h before treatment in the absence of light at low room temperature
like ~20 °C. 2.2 to 220 pM trans-resveratrol utlizing Gy lymphocytes, 0.14 to 7 uM
curcumin was used. While, blood cultures having enthused lymphocytes were dealt
via 2.2-220 uM of trans-resveratrol and 1.4-140 wM of curcumin.

Xu et al. [80] treated colorectal cancer cells by using self-aggregating small
peptide formation strategy against ionizing rays by creating Cur-SNF also known
as curcumin-based supramolecular nanofiber as shown in the figure blow (Figs. 9
and 10).

Minafra et al. [81] used ethanolic precipitation strategy synthesizing with and
without curcumin based solid NPs also known as Cur-SLN to enhance curcumin
radiosensitizing accessibility trailed ultraturrax homogenization. Melted lipids (ML)
were formed by heating Precirol ATO as 118 mg at 5-10 °C. For NPs preparation
20 mg of curcumin was mixed with MLs. Another solution was prepared by using
200 mg of Pluronic Fgg, 30 mg of dimethyldioctadecyl-ammonium bromide creating
ethanolic solution. 2 mL of prepared solution was added in MLs. 100 mL of DI water
at 1 + 80 °C was used to suspend synthesized mixture and resultant solution was
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centrifuged for 10 min at 17, 500 rpm. Prepared solution was removed of excess
heat by using 30 min ice bath folwed by purification via dialysis. Yielded NPs were
prevented from agglomeration by using NPs suspension named as cryoprotector
(trehalose) in aratio of 1:2 (w/w). In last steps fabricated NPs were dried by freezing
and kept in the dark.

2.6 Nitrogen Based Radiosensitizers

Hypoxic cells in comparison with aerobic cells are approximately threefold extra
resilient to radiation. Recognizing and categorizing novel approaches to deal with
ration interaction with tumor cells are the topics of keen interests in clinical radiation
oncology these days. Howard and Flanderss showed that nitric oxide gas efficiently
radio sensitize hypoxiz bacterial cells to ionize radiations. A few synthsis methods
of nitrogen based radiosensitizers are listed below.

Pietzsch [82] developed two novel coxibs based on a (pyrazolyl) benzenesulfon-
amide lead with a NO-releasing moiety (Fig. 11) using a direct NO-coupling. There is
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cells in the presence of Cur-SNFs NPs. Reproduced with the permission from [80]

experimental and clinical evidence that coxibs, like celecoxib, valdecoxib, and NS-
398, exhibit promising radiosensitizing properties. A nitric oxide-releasing coxib
(NO-coxib) would target two ‘hallmarks’ of cancer radioresistance, tumor inflam-
mation and hypoxia, concurrently. The free radical Nitric Oxide (NO) provides an
additional reaction partner for the formation of reactive oxygen/ nitrogen species, like
peroxynitrite (ONOOQO), which contribute, e.g., to fixation of radiation-induced DNA-
lesions even in highly radioresistant hypoxic tumor areas. Moreover, NO enhances
radiosensitivity via reduction of hypoxic conditions by increasing tumor perfusion
(Fig. 11).

Pietzsch [82] used NO as radiosensitizing agent in treating hypoxie mammalian
tumor cell. Sodium hydroxide (0.02 M) was used to prepare Diethanolamine/nitric
oxide solution confirming concentration using 8000 M/cm of extinction coeffi-
cient at 247 nm absorbance band. Reaction indicated that oxygen content does
not affect Diethanolamine /NO decomposition releasing NO. Tumor cells inter-
action with DEA/NO composites happened by using 10 mM?*-(2-hydroxyethyl)-
I-piperazineethanesulfonic acid buffer with pH = 7.0. Resultant effects indicated pH
variations from of 7.1-7.3.
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Reproduced with the permission from [82]

Cook et al. [83] used S-nitroso-Nacetyl penicillamine (SNAP) as nitric oxide
donor and utilized it in multiple experiments impersonating iNOS gene transfer
effects. S-nitroso-Nacetyl penicillamine functioned as negative terminal after being
oxidized for 7 days by keeping it at 37 °C, providing us with human iNOS gene
(AdiNOS).

Korde et al. [84] purified and cloned NOS; or nNOS from neuronal tissue for
the very first time. Chromosome site 12q24.2-24.31 contain its gene. 26 exon gene
residing in chromosome site 7q35-36NOS3 identified as an isoform of eNOS. iNOS
also known as NOS, is derivable, residing on chromosome 17q35 to 17q11 site. Previ-
ously mentioned NOS types were obtained by molecular O, and L-arginine. NOS
enzymes preparation requires multiple other factors like Flavin mononucleotide,
tetrahydrobiopterin, nicotinamide adenine dinucleotide phosphate.

Munaweera et al. [85] treated lung cancer tumor cells by synthesizing NO and
cisplatin releasing Si NPs. 0.3000 g of urea (5.0 mmol) and 0.5000 g of Cetylpyri-
dinium bromide (0.5000 g) and 0.3000 g of urea (5.0 mmol) was added in 10 mL
in DI water. Later on previously mentioned solution was mixed with 0.46 mL of
iso-propanol and 15 mL of cyclohexane. Prepared mixture was further processed by
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Fig. 12 Schematic diagram of synthetic trails of cisplatin- and NO- loaded AMS. Reproduced with
the permission from [85]

0.4639 mL 3-triethoxysilylpropyldiethylenetriamine (Si-DETA) and 0.9378 mL of
TEOS slowly with constant stirring for 30 min. Afterwards solution was heated for
24 h at 70 °C, followed by washing with ethanol and purification by centrifuging the
mixture. In the last step template was extracted by dispersing synthesized mixture
again in 50 mL of ethanol at 70 °C for 24 h (Fig. 12).

2.7 Other Radiosensitizers

Researchers have been doing a lot of work in the field of radiation therapy in order to
prepare novel, biocompatible, cost-effective and more effective bio radiosensitizers.
Nanopartoicles have been termed as powerful contenders to be used in this field.
Novel research have created a wide range of new composites to be used as effective
radiosensititizers for various malignant tumor cell enhancing the effect of radia-
tion therapy. Many other synthesis approaches of NPs based bio-radiosensitizers are
discussed below.

Jiang et al. [86] used instant precipitation technique to synthesize cupric oxide
showing autophagy creating capability after being interacted with malignant tumor
cells. Autosis of tumor cells was detected owing to extra autophagy levels after being
irradiated with X-rays as shown in the figure below (Fig. 13).

Rajaee et al. [87] utilized sol gel process for synthesizing and imaging bismuth
gadolinium oxide NPs to be used in tumor cells treatment. A solution of 6 mL EG
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Fig. 13 Synthetic routes and applicatory effects of copper oxide nanoparticles. Reproduced with
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and 3 mmol of Gd (NO3)3-6H,O and Bi (NO3)3-5H,0 was formed with constant
stirring until it became translucent. Solution was further stirred for 6 h by adding
equal ratios of tartaric acid to be as 1:1. A dried gel was obtained by stirring the
solution and maintaining the temperature at 120 °C, which is further processed in
powder. Formed powder was dried by keeping it in a furnace at 450 °C for 2 h and
was further hardened for 2 h by keeping the temperature at 800 °C until powder
turned orange. Synthesized powder was washed several times and centrifuged and
dried at 60 °C in vacuum.

Nosrati et al. [88] prepared a solution of 8 mL of bovine serum albumin (BSA) with
31.25 mg/mL concentration. Another solution containing 1 mL HNO3 and Bi(NO3)3
with 50 mM share of 2 M concentration was synthesized. Now BSA solution was
accommodated by Bi(NOj3)3 solution under constamnt magnetic stirring. Sodium
hydroxide was added to bio mineralize Bi,S3; and BSA under constant stirring for
12 h. As the process of bio mineralization completed, solution turned back to black, as
BSA and Bi,S3 were normalized. Resultant product was termed as BSA coated Bi,S3
which went through dialysis against water in order to purify it for 48 h providing
us with Bi;S;@BSA composites. NHS and EDC was done for Formic acid func-
tionalization on previously prepared composite in order to provide activation sites
for covenant bonding with Bi,S; @BSA. Secondly, Bi;S;@BSA and BSA amine
groups were reacted, while in the last step, dialysis of obtained composite was done
to purify it. 2.4 mg of N-Hydroxy-succinimide and 18 mg of ethylene dichloride was
used to activate 1 mL share of formic acid with 10 mg/mL concentration in alkaline
DMSO. Synthesized solution was mixed dropwise with Bi;S3; @BSA solution having
10 mg/mL concentration. 3 M of sodium hydroxide was used to create an alkaline
media. Solution was stirred for 24 h by keeping it in dark, further passed thorough
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dialysis against water. CUR loading on Bi,S; @ BSA-FA forming Bi,S; @BSA-FA-
CUR was done by mixing 2.8 mL of DI water, 10 mg Bi,S; @ BSA-FA further accom-
panied by another solution containing 200 pL acetone and 2.5 mg CUR. Resultant
solution was kept in dark under constant stirring for whole night. Prepared solution
now termed as Bi; S; @ BSAFA-CUR went through repetitive washing and centrifuge
at 18,000 rpm (Fig. 14).

3 Characterization and Performance of Various
Nanoradiosentizer

3.1 Gold-Based Nanoradiosentizer

Liang et al. [89] reported that the characterization of hollow gold nanospheres
(HGNs) and anti-c-Met/HGNSs. In Fig. 15a show that morphology was homogeneous
of the HGN’s and has the diameter 56.25 & 6.13 nm and the thickness of the wall was
6.56 £ 1.33 nm which was measured by using the TEM. In Fig. 15b clearly shown
that the red shift of the plasma resonance which were occurred by the modification
of the HGNS. In Fig. 15c the cells of the CaSki anti-c-HGNs was more affected as
compared to the HGNs at each interval of time. Peak of both HGN’s and anti-c-HGNs
was observed for 24 h and find the average numbers of nanoparticles by each cells
were 5,378 £+ 401 for the HGNs and 8,681 =+ 742 for the anti-c-Met/HGNs. Overex-
pression of the c-Met was observed in different types of pathological in cancer cells.
In the analysis of immunofluorescence, the presence of the green fluorescent layer
on the cell membrane of CaSki cells can be seen clearly (Fig. 15d).

Teraoka et al. [90] reported that the different effects of 5 nm Au nanoparticles
without X-ray treatment in the human head and neck carcinoma cell line (HSC-3).
From Fig. 16a, it was clearly shown that there were no significant results shown
between the cells of control and the treated cells such as 0.1, 0.4, 1.0 and 10.0 nM
Au nanoparticles. On the other hand, in Fig. 16b clearly show that lower radiation
dose has cytotoxicity was 4 Gy. However, the dose of radiation 4 Gy was selected
for this experiment. By using the X-ray irradiation, the effects of Au nanoparticles
were enhanced on the total numbers of cells. Without using the Au nanoparticles,
the cells were reduction by using the X-ray irradiation and when combined the Au
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Fig. 16 Effect of single
treatment with AuNPs or
X-ray irradiation on HSC-3
cell number. a HSC-3 cells
were used 5-nm AuNPs b
Different dose was used such
as 4 and 8 Gy X-ray
irradiation. Reproduced with
the permission from [90]
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nanoparticles were apparent due to the induction of the apoptosis, but there was no
shown the inhibition of cell proliferation.

Ngwa et al. [91] reported that the in Fig. 17a, b. residual yH2AX florescence
images was shown for the incubated cells with and without the Au nanoparticles.
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(a) (b)

Fig. 17 Fluorescence images which is obtained from the Residual yH2AX a with AuNP and b
without AuNP. Reproduced with the permission from [91]

The results showed that the cells were smaller with the Au nanoparticles, which was
enhanced by unrepaired radiation damage.

In Fig. 18, the residual DNA damage enhancement factor (rDEF) plot was shown
in which four irradiation experiments as well non-irradiation control samples. In the
non-irradiated samples such as 0 Gy, there were no shown any biological effects of
Au nanoparticles. The Au nanoparticle was shown minimum effects on the cells in
the absence of radiation. Furthermore, the results of the irradiated samples shown in
different range such as 1.7 to 2.3. So that, this results were indicate that the more
unrepaired radiation damage almost 70—130% which is greater for the incubator cells
with the Au nanoparticles which was consider as a significant radio sensitization by
the Au nanoparticles.

Penninckx et al. [92] reported that the two different parameters were plotted
according to the gold weight percent which shown in Fig. 19. This figure was high-

Fig. 18 With and without Dose (cGy)
using AuNP for the HeLa
4 1
cells. the rDEF is shown four 3 ¢ 2 4 E:O o ?0 1?0
different sets and also one is
no irradiation. Reproduced 25 1 5 >
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(o1] w u
g 1.5
18
05
0+ ' . . r !
0 1 2 3 4 5

Dose rate (cGy/h)



106 H. Anwar et al.

4
| © SERyy, for kV X-rays experiments
® SER,,, for MV X-rays experiments .
24 @ SER,,,, for proton experiments
~ = = Maximal Predicted X-rays Enhancement
I | Sl Maximal Predicted Proton Enhancement
*
8+ o
64 A o 1
'
41 < * ¢ :.-3{ :’
< ¢ * J'”
2 < @0 .
o oo o 2%
0 b - - - % .' ......
T 1 T
10 10° 102 10"

Gold Weight Percent [%)]

Fig. 19 Comparison of observed in vitro experimental sensitization enhancement ratio (SER) with
predicted dose enhancement values for GNPs studies. Reproduced with the permission from [92]

lights in three main deviations from the dose of enhancement of the physical pred-
ications. Firstly, many scientists were reported the significant effects of the radio
sensitization on the cells which contain less than 0.1 weight percentage. Secondly,
it was very interesting that radio sensitization effects were reported that by using
the proton beam calculation of the physical predication was enhanced only when
the increasing of dose was neglected. Finally, the overserved that the values were
enhanced generally than the predication ones as illustrated. Meanwhile, the correla-
tion between the dose of enhancement and observation of the radio sensitization was
not significant.

Ma et al. [93] reported that the in Fig. 20a, b was shown that the dose dependent
radiation which enhanced the effects of modified GNSs in the KB cells. In the results,
the GNSs was shown enhanced radio sensitization and also the fraction of the cells
was decreased by increasing the radiation dose with and without the treatment of
modified GNSs. The curve of the fraction was shown in Fig. 20c nonlinear fitting
which calculated by using the multitarget single hit model. When the dose was 4 Gy
than the X-ray radiation only decreased the cell viability at 48%. Moreover, the
vibility of the cells were reduced 42% to 24% in the presence of the GNSs, NH2-
GNSs, FA-GNSs, and TAT-GNSs, respectively. The SERs was calculated such as
1.34, 1.57, 1.84, and 2.30 for the GNSs-, NH2-GNSs-, FA-GNSs-, and TAT-GNSs-
treated, respectively. After 50 to 60 h, it was shown that in Fig. 20d, the viability of
the cells was decreased in the groups without X-ray radiation treatment.

Zhang et al. [94] reported that the cells irradiated on the microdisks with X-
rays and without nanoparticles (Fig. 21a). It showed weak green fluorescence and
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Fig. 20 Effects of different GNSs on radiosensitivity in KB cells. a KB cell colony formation
with and without Au, but the concentration of the metal is the same. b Radiation dose-dependent
survival fractions of KB cells before and after treatments with various GNSs. ¢ Multitarget single-
hit calculates the ratio of different sensitizations. d After different treatments as indicated and Cell
proliferation curves of KB cells. Reproduced with the permission from [93]

blue color due to the DAPI which was staining of DNA and small amount of y-
H2AX. From Fig. 21b, It showed the strong expression of the y-H2AX. The signal
of fluorescence was artificially decreased from the DAPI and DNA due to the green
color. The intensities of the green fluorescence were quantified with the 96 well
reader plates. Figure 21c showed that the intensities of the fluorescence in the cells
on the microdisks with nanoparticles and without X-rays radiation. Cells radiation
on the mirodisks with X-rays was less micronuclei shown in Fig. 21d. The arrows
in the Fig. 21e was show that the micronucleus from the cells after irradiation.
Figure 21f showed the number of nuclei per 2000 cells and the cells attached to the
microdisks with 0, 1, 2, 3 and 4 layers of the nanoparticles. Figure 21g showed that
the cells attached on the microdisks have not nanoparticles, the green color showed
that the cells were alive. Figure 21h shows the cells was attached on the microdisks
and also have nanoparticles and the red colors cells were dead but some microdisks
have not cells attached. In Fig. 21i shown the cell viability ratio of 97.2 & 2.5% at
36 h. the indicate that the cells were killed due to the combined effects of X-ray and
nanoparticles.

Li et al. [95] reported that the in Fig. 22. Show exponential was decreased in
the fraction for the cells irradiated by using the beam of proton of 25 keV wm™!.



108 H. Anwar et al.

1 2 3
Cell samples

o
[=1

1

5

2. 3 o4
Cell samples

Samples

Fig. 21 (a) Microdisks with attached cells in fluorescence b and Nanoparticles are attached to
microdisks containing cells (c¢), after X-ray radiation and staining with DAPI and FITC-labeled
y-H2AX antibody (d); Fluorescence images of cells without microdisks or cells attached (e) Cells
attached to microdisks that contain nanoparticles (f), after X-ray radiation and staining with DAPI
for micronucleus analysis (g) cells attached on microdisks without nanoparticles and with X-ray
(h) cells attached on microdisks with nanoparticles and X-ray (i) cell viabilities in three samples.
Reproduced with the permission from [94]

The cells of MDA-MB-453 cells and preincubated was not show the same trend with
Ctxb—AuNPs. The curve of the A431 was higher as compared with their control cells.
At 2 Gy was observed that the fraction of the cells significant decreased due to the
relevant radiation dose. The efficiency of the Ctxb—AuNPs to increase by radiation
induced A431 cells were dead by calculated the SER at the 10%. However, the cancer
cell- targeting Ctxb—AuNPs was developed and the SER higher as compered the Au
nanoparticles. The curve of the cell survival was fitted by using the linear quadratic
model.

Liang et al. [96] reported that the cytotoxicity was determined by using the assay
of CCKS. In Fig. 23A, 6 Gy irradiation was used to find the survival rate 85.6%
for the HeLa cells c(RGDyC)-AuNCs (60 mM Au). It was show that the enhanced
effects of radiation and also cell survival rate was decreased at the 54.8%. The factor
of radiation was enhanced, defined the ration of eradication cells without and with
radio sensitizers, was determined the 1.73 for the c((RGDyC)- AuNCs which was
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Reproduced with the permission from [95]

higher from the c(RADyC)-AuNCs and CMNa. Different irradiation does was used
to compare the c(RGDyC)-AuNCs and CMNa. It was illustrating that c(RGDyC)-
AuNCs stronger radiation as compared to CMNa under the radiation dose tested
shown in Fig. 23b. After 15 days, 6 Gy X-rays induced and shown the cells survival
was decreased show in Fig. 23c. Meanwhile, 40% of HeLa cells was still survived
after the radiation with the dose of 8 Gy. The cells of c(RGDyC)-AuNCs, by using
the same dose the cells of HeLLa were not completely dead. Using the multitarget
single model, to fit the curve of cell survival and also find the SER of the (RGDyC)-
AuNCs was alomost 2.04 which was higher than the c(RADyC)-AuNCs and CMNa
1.33 and 1.63, respectively shown in Fig. 23d. which was suggested the c(RGDyC)-
AuNC:s in the cells more active and also enhanced the radiation of sensitivity, and to
kill the 50% cell the radiation doses were required. To test this hypothesis, cellular
DNA was exposure radiation and performed DNA ladder assay shown in Fig. 23e.
the results were shown that without radiation and any treatment, no DNA ladder was
observed in the cells. It was suggested that only nanoclusters were not significant for
the damage the cellular DNA.

Mahmoud and Elshemey [97] reported that the to evaluate the synergistic effects of
chemo-radiotherapy by using the different concentration of CS-GNPs-DOX against
MCEF-7 cancer cells, netural red cell viability assay was used. With the external radi-
ation, all the concentrations of CS-GNPs and viability percentages of the MCF-7
cells were almost 70%, which was suitable for the biocompatibility for the synthe-
sized nano formulation shown in Fig. 24a. The rates of sensitization at different
concentration was carried out to examine the relationship between the radiation
dose, concentration of nanoparticles and sensitization effects of CS-GNPs-DOX. In
Fig. 24b and d was show the cells viability with radiation at doses of 0.5, 1 and
3 Gy was 73%, 45% and 25%, respectively. Once CS-GNPs-DOX was delivered in
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Fig. 23 Radiosensitizing effect of c((RGDyC)-AuNCs. a Cell viability and radiation for HeLa cells
treated with c(RGDyC) b under different doses radiation to Compare the radiosensitizing effect
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with the permission from [96]

the tumor cells at the lower concentration, it was enhanced the effects of radiations
damage as 2 foldes which was compared the cells treated with radiation only at
different doses. From Fig. 24c, at low concentration up to 1 Gy, it was shown that the
combined therapy regimen (CS-GNPs-DOX 4 radiation) show more effects on the
cancer cells as compared alone CS-GNPs + radiation. It was clearly suggested the
chemo-radiotherapy treatment was more effective than the single therapy regimen.
So that the effects of radio sensitization were predominates over the chemotherapy
effects. There was no significant difference between the cell viability and treated with
CS-GNPs-DOX or CS-GNPs which was exposure the different doses of radiation
shown in Fig. 24d. The results suggested that CS-GNPs-DOX was efficient for drug
delivery, local dose and simultaneously at MV energy range of radiation [10].

Zhu et al. [98] reported that the clonogenic assay was used for the HepG2 cells
with X-ray alone or combining X-ray with either GNPs or GAL-PEG-GNPs. The
results were show Fig. 25 that cell viability decreased by increasing the radiation dose
in three groups. In GAL-PEG-GNPs/X-ray treated group was show lower radiation
in 2 groups from 1 to 8 Gy, which was show enhancement radiation sensitivity
of HepG2 cells to X-ray. Due to the fitting cell survival curve, found by DO, the
SERs of GNPs/X-ray group and GAL-PEG- GNPs/X-ray group were 1.46, and 1.95,
respectively.
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Moradi et al. [99] reported that the WST-1 assay was used for calculated the
significant differences in cell viability between single treatment cells and control.
The results showed that there was no significant difference at the 70 .M gold nanopar-
ticle (GNP) concentration shown in Fig. 26. In the study of double treatment of irra-
diation (Ir), GNP and 17-allylamino-17-demethoxygeldanamycin (17-AAG) show
higher cytotoxic effects as compared the single treatments show in Fig. 27. However,
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Fig. 26  WST-1 from single treatment of (17-AAG, GNP and Ir) with untreated control cells.
Reproduced with the permission from [99]
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Fig. 27 WST-1 from double treatments (GNP, Ir/Ir,17-AAG/ GNP,17-AAG) with double treat-
ments. Reproduced with the permission from [99]
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it concluded that at the lower concentrations, 17-AAG and GNP act as a radio sensi-
tizer with the combination of Ir. 17-AAG and GNP, cell viability was decreased as
compared to the single treatments. In triple combination, GNP, Ir and 17-AAG after
24 h was shown higher cell viability as compared the double combination. Moreover,
the effects of anti-proliferative of the GNP with X-ray Ir double combinations were
decreased as compered the GNP, Ir and 17-AAG in the triple combinations.

Zhang et al. [100] reported that the HeLa cells treated with the
Cu,(OH)PO,@PAAS nanocomposites under the X-ray irradiation which was
show the strongest green fluorescence signal as compared to the groups of other
treated Cu,(OH)PO4@PAAS nanocomposites along with X-ray irradiation shown
in Fig. 28a. On the other hand, the Fenton-like reaction which was based on the
Cu(OH)PO4@PAAS nanocomposites in this regard the level of H,O, was evalu-
ated. Firstly, it was reported that concentration of H,O; in the tumor cells was higher
as compared to the normal cells. In Fig. 28b show that the irradiation with X-ray on
the human cancer cells was improved of the intercellular H,O; level at the different
intensities of the X-ray. In Fig. 28c the result indicated that the Cu,(OH)PO4@PAAS
nanocomposites have the ability to kill the tumor cells due to the higher concentra-
tion of the H,O; level in the tumor cells as compared to the normal cells. The
cytotoxicity of the Cuy(OH)PO4@PAAS nanocomposites with different concen-
trations on the human cancer cells were evaluated by using the assay of CCK-8
which is known as counting Kit-8 shown in Fig. 28d. The results were found that
no decreased cell viability to human cancer cells at different concentrations, which
indicated Cu, (OH)PO4 @PAAS nanocomposites was unable to trigger the Feton-like
reactions. After the combination of the X-ray irradiation, cell viability to the human
cancer cells were decreased with the increasing of Cu,(OH)PO,@PAAS nanocom-
posites. The human cancer cells were incubated with the hypoxia-mimic cobalt chlo-
ride show the low cell viability at the same concentration of Cu,(OH)PO4@PAAS
nanocomposites by using the X-ray irradiation. To evaluate the radiotherapeutic effi-
cacy was used for the cancer cells. Assay of clonogenic was used and observed the
efficacy on HeLa cells shown in Fig. 28e. To compare the X-ray irradiation, the
formation rates of the human cancer cells were decreased from 66.44% to 24.03%
under the treatment of Cu,(OH)PO,@PAAS nanocomposites and also it was indi-
cated the Cu,(OH)PO4@PAAS nanocomposites was capable of inhibition of cancer
cells proliferation shown in Fig. 28f and g. As shown in Fig. 28h the group treatment
with Cuy (OH)PO4 @PAAS nanocomposites by using X-ray irradiation shown signif-
icant higher results as compared to others groups. In Fig. 28i, no results of y-H2AX
immuno-fluorescent spots were observed in the control and other groups only show
in the treated groups with Cu;(OH)PO4@PAAS nanocomposites. However, the y-
H2AX immuno-fluorescent spots were considered as a higher in the group treated
with Cuy(OH)PO4@PAAS nanocomposites by using the X-ray irradiation, which
was more than 1.89-fold higher as compared to other groups with X-ray irradia-
tion shown in Fig. 28j. In these results were indicate that the Cu, (OH)PO4@PAAS
nanocomposites have the efficacy to kill the tumor cells through to control the
X-ray-triggered Feton-like reactions.

Yamaguchi et al. [101] reported that in Fig. 29 show the combination of control,
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Fig. 28 The efficacy of Cu(OH)PO4@PAAS NCs in vitro. a Images of HeLa cells stained b H,O;
level of HeLa cells with different treatments. ¢ Images of HUVECS staining d The cytotoxicity of
Cuy(OH)PO4@PAAS NCs on HeLa cells with different treatments e Different treatments increased
Cu2(OH)PO4@PAAS NC cytotoxicity in HUVECs. f Colony formation assay of HeLa cells with
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survival fraction of HeLa cells h Flow cytometric analysis of HeLa cells with different treatments i
X-ray irradiated Cu2(OH)PO4 @PA AS-induced DNA double-strand damage. Immunofluorescence
images. j The corresponding number of y-H2AX immuno-fluorescent spots at different treatments.
Reproduced with the permission from [100]

Silica and PAMAM-coated silica nanoparticles (PCSNs) probes which was caused
the apoptosis in the cell of SK-BR3. It was reported that the nanoparticles of silica
were induced apoptosis in many types of cells. The combination of radiation and
PCSN probes both was caused the cell growth inhibition and death of cells in the
lysosomal membrane. Moreover, humanized monoclonal antibody, Trastuzumab,
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Fig. 29 An 8-Gy Irradiation FLICA Assay ( SGV}
using PCSN probes.

Reproduced with the 6000
permission from [101]
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selectively binds to the extracellular domain of the HER2 receptor. Trastuzumab
triggers HER?2 internalization and degradation by promoting tyrosine kinase activity.

Generalov et al. [102] reported that Nanoparticles has the ability to increase the
reactions in the cells. The Zinc and silica dioxide nanoparticles were increased the
radiation induces and killed the cells shown in Fig. 30. To compare the effects between
the nanoparticles-free and containing the nanoparticles samples, the calculation of
the radiation was increased the ratio almost twofold for the LNCaP cells and almost
1.5 fold for the Dul45 cells. In some literature, the radiation induced effects in the
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Fig. 30 After radiotherapy with and without nanomaterials (RT, 200k Vp) and ZnO/SiO2 nanopar-
ticles, survival of the LNCaP and Dul45 cells was studied. Reproduced with the permission from
[102]
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silica dioxide was the main reason for the augmentation of radiotoxicity. In silica
dioxide, the formation of ionization and excitation was occur through the radiolysis.

Press [103] reported that the assay of clonogenic was used to determine the
improvement of radio sensitization in the pPGNRs@ mSiO,-RGD. The curves were
show in the Fig. 31. Such as pGNRs@ mSiO,-RGD treated and pGNRs@ mSiO,-
RGD treated with the MDA-MB-231 cells which was combined with the megavoltage
RT. By using the single hit multi target model to calculate the RT biology param-
eters in each groups. Both types of the gold nano probes was induced in the radio
sensitization, but the effects of the pGNRs@ mSiO,-RGD nanoprobes were better
as compared to the pPGNRs@mSiO,. To evaluate the clinical potential, it was very
important to assess the cytotoxicity in the GNPs. The cell viability of normal cells
such as MCF-10A was used to exposed in the pGNRs@mSi02 and pGNRs@mSiO,
—RGD nano probes were determined through CCK-8 assay. In the control groups,
the cell viability was found 100% but in the remaining groups were found 90% after
the incubation at different concentration of the gold nanoprobes, which was shown
that gold nanoprobes has low cytotoxicity.

Fathy et al. [75] reported that the MTT assay was used to examine the radio
sensitizing effects of IO-MNPs and SIO-MNPs against the breast cancer cells such
as MCF7. In Fig. 32a—f, survival curves which were shown the radiation effects on
the cancer cells after incubated with different concentrations ratios such as 0, 5, 10,
20, 40 and 80 pg/ml of the IO-MNPs and SIO-MNPs. The results were indicated
the cell viability of the treated cells only on the doses of 0.5, 1, 2, and 4 Gy was
80%, 60%, 50% and 47% respectively. After 24 h, the incubation of cancer cells
at the different concentration of the IO-MNPs and SIO-MNPs. It was shown the
damaging effects and compared with the cells treated. At the lower doses such as 0.5
and 1 Gy, the cell viability was decreased with increasing the concentration in the
IO-MNPs and SIO-MNPs compared to cells treated with radiation only. The values
of the DFF were found with different concentration in the IO-MNPs and SIO-MNPs
were exposed to 0.5 Gy such as 1.08, 1.12, 1.23, 1.37 and 1.64. At the higher doses
such as 2 and 4 Gy, there was no significant effects of concentration variation and

Fig. 31 McF-10a normal 1.0
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Fig. 32 The survival curves of MCF-7 cells exposed to various drugs (a-f). Reproduced with the
permission from [75]

the values of the DFF were lower in the IO-MNPs and SIO-MNPs. At the low doses
0.5 and 1 Gy, the cell viability in the MCF7 cells tested were decreased almost 25%
in cell treated with SIO-MNPs at the same concentrations. Due to the higher doses,
the effects in the radio sensitizer were enhancement. With the same concentration in
the IO-MNPs, almost 1.3 folds’ cell treated was increased. In the other curves, the
effects of both IO-MNPs and SIO-MNPs were as a dose modifier. The values of DFF
was increased with increasing the concentration in the IO-MNPs and SIO-MNPs and
decreased with the radiation dose increased. Overall, each dose and concentration, the
values of the DFF of SIO-MNPs was almost 1.3 folds higher than the IO-MNPs. The
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Fig. 33 AuNPs and AgNPs affect U251 cell viability, with or without radiation. Reproduced with
the permission from [37]

results were suggested that there was enhancement in the radio therapeutic effects
of IO-MNPs and SIO-MNPs.

Press [37] reported that the effects of au and ag nanoparticles on the cell viability
shown in Fig. 33a and b. The physicochemical properties were shown in different
nanoparticles which had various biological effects and cytotoxicity. By using the
CCK-8 cell viability assay, to evaluate the differential growth inhibitions effects
and toxicity in the AuNPs and AgNPs on U251 cells. The results were indicated
the both AuNPs and AgNPs on U251 cells were dose dependent but show miner
effects on the noncancerous cell line. at the same concentration, there was no signif-
icant results were shown. Moreover, at the same concentration of mass, AgNPs was
increased the growth inhibition in the glioma cells as compared to the AuNPs at
the 10% concentration. It was found that AgNPs found toxic and theirs effects were
anti-proliferative against the cancer cells. In literature survey, AuNPs was shown anti-
cancer and antimetastic properties without any functionalization while in the current
study, AuNPs was shown significant stronger inhibition effects on the U251 glioma
cells. Therefore, the deposition of the metal nanoparticles inside the nucleus was
effective in the division of the cells and also main caused directly DNA damaging,
modification of the nuclear targeted. Both of AuNPs and AgNPs were explored as a
new route which improved the treatment of outcome cancer cells.

Klein et al. [104] reported that the by using the MTT assay, to find the biocompat-
ibility of the NH,-Si nanoparticles and silicon nanoparticles for the MCF-7 and 3T3
shown in Fig. 34 A and B. The value of the cell viability in the SiNPs or NH,-SiNPs
was compared to the medium TOAB and APTES. The value of APTES has been 92%
in the MCF-7 and 97% in the 3T3. On the other hand, the value of TOAB has been
23% in the MCF-7 and 38% in the 3T3 which was caused the larger cellular damage
in the cell membrane and permeability. The lower values were found for the SiNPs
in the 3T3 and MCF-7 cells. They were damage the DNA due to the penetration of
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Fig. 34 SiNPs were tested for biocompatibility using the MTT assays (a) MCF-7 (b) cells with
TOAB, APTES, SiNPs or NH2-SiNPs. Reproduced with the permission from [104]

the Si nanoparticles in the nucleus cells. The NH,-SiNPs were slightly toxic for the
3T3 almost 95% at 72 h but it was less biocompatible for the MCF-7 cells such as
70% at 72 h.

Wardman [105] reported that to measure the oxygen tensions with relevant dose
in one model shown in Fig. 35. It was clear show that tumours cells with the frac-
tion cells and oxygen concentration which was raised the radio sensitivity and also
improved the tumour oxygenation in the hypoxic subpulations. In the hypoxic cells,
the potential gain of radio sensitizing was increased. By using 2 to 3 time higher
radiation dose caused the killing of the cells. Today hyperbaric oxygen is not used
with the X-ray radiations, it’s just used to treat late radiation damage is attracting
attention. Oxygen carriers were used to enhance the solubility parameters of the
perfluorocarbons which was compare with blood plasma and they showed mixed
results. Moreover, new approaches were developed, advanced in nanotechnology,
and also it was reasonable prospects for the development of new carries of oxygen
which have value in radiotherapy.

Mina et al. [106] reported that the results of this assay revealed the properties
of antioxidant in the curcumin. In which three lines of cells were analyzed. In
which observed that oxidative stress was increased with X-ray radiation but treatment
with curcumin and antioxidant properties of the curcumin. However, treatment with
curcumin and combination with the IR was able for the lower level in the cellular
oxidative stress as compare to the value of untreated cells. Moreover, in the combi-
nation of treatments, the level of oxidative stress was lower which observed in the
samples of subjected only irradiation, and also the efficacy of the curcumin was also
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Fig. 35 Oxygen and nitric oxide at very low concentrations radiosensitize hypoxic fibroblastlike
cells of the Chinese hamster V79-379A. Reproduced with the permission from [105]

lower in the ROS levels which was produced following administration of IR. GEP
data was obtained to analysis on MCF10A, MCF7and MDA-MB-231 cell of breast
lines which was treated with 2.5 wM Cur-SLN and irradiation with the beam of
photon using the IR dose of 2 Gy. MCF10A samples were treated with the Cur-SLN
changed the level of expression such as 657 up regulated and 189 down regulated.
On the other hand, 1265 DEGs was selected in MCF BC cells with Cur-SLN treated
in which 513 were down regulated and 752 were up regulated. Overall, in MDA-
MB-231 BC cell lines have 846 genes in which 657 were up regulated and 189 were
down regulated which was treated with the Cur-SLN and 2301 DEGs was selected
1179 up regulated and 112 were down regulated shown in Fig. 36.

Nosrati et al. [107] reported that the by used the vitro uptake analysis for the
enhancement the X-ray radiotherapy shown in Fig. 37a-e. The results showed that
the FA-conjugation particles were used as folate receptor-mediated endocytosis in
to the cells. Therefore, these particles increased the conjugation of the FA. In this
regards, the efficacy of the Bi;S; @BSA was higher than the Bi;S; @BSA-FA and
Bi,S;@BSA-FA-CUR. These results were shown that the conjunction of the FA
enhanced in to the cancer cells for using these particles. MTT assay was used to
enhance the X-ray radiotherapy which was designed by the radio sensitizer. The
effects of inhibitory on the Bi;S;@BSA as a4T1 cells was show this designed
radio sensitizer, Bi;S; @BSA and also show no significant toxicity. The effect of
the inhibitory was increased by loading the CUR, but their difference was not signif-
icant. The cells were not treated with the designed radio sensitizer but they irradiated
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with X-ray at 2 and 6 Gy. By using the 2 Gy radiation dose, the value of the cell
viability was almost 85%. The results were shown no significant differences between
with or without irradiated groups. After X-ray radiation, the result of the MTT assay
was confirmed that the cell viability was decreased. At the dose of 6 Gy, the results
were shown that were not irradiated. To enhance the ability of X-ray radio therapy and
the radio sensitizer, Bi,S; @BSA, Bi,S; @BSA-FA and Bi,S; @BSA-FA-CUR, the
cells were irradiated with X-ray at the dose of 2 and 6 Gy. The results were suggested
that the treated groups such as Bi;S; @BSA, Bi,S; @BSA-FA and Bi,S; @BSA-FA-
CUR after used the radiation at different dose 2 and 6 Gy was showed the significant
differences with or without irradiated groups. X-ray radiation of the bismuth nanopar-
ticles were generating the electrons such as secondary and Auger. Which was ionized
the water molecules and produced the ROS by including the hydroxyl radicals and
shown the results DNA damage in the cancer cells.

Sebastia et al. [108] reported that different concentration of trans resveratrol 2.2—
220 uM and curcumin 0.14-7 pM was used to test the radio protective potential but
the effect was not dose dependent. Under the different experimental conditions were
plotted by used the radiation induced chromosome fragments shown in Fig. 38. The
results were obtained by using the model of liner multiple regressions. Solvent was
not shown toxic effects and radio protective activity in the samples were not shown
significant statistically effects in the PCCs cells. In the PCCs cells were not increased
and also it was clearly observed the lymphocytes through only the curcumin and trans
resveratrol. Therefore, in the presence of the polyphenols, radiation was applied than
chromosome was damage alomost —1.37 to —1.28 per Gy.
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Fig. 38 A dose-dependent radioprotective effect of curcumin and trans-resveratrol on peripheral
blood lymphocytes. Reproduced with the permission from [108]
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Fig. 39 Radiosensitization evaluation for CuO NPs. a Photographs of colonies formed by MCF-7
cells exposed to X-rays and treated with either CuO NPs or without b cell surviving fractions of the
samples ¢ Growth results of MCF-7 cells after different treatments as indicated. Reproduced with
the permission from [109]

Jiang et al. [109] reported that the X-ray irradiation assay was used to confirm
the results of CuO nanoparticles at the concentration of 10 pg/ml. The radiosensi-
tizers effects of the CuO nanoparticles was carried out by using the assay of colony
formation. As shown in Fig. 39a and b was confirmed the cell survival fraction was
decrease with increased the X-ray irradiation dose, after the introduction of the CuO
nanoparticles, the survival fraction effects was decrease which indicated the enhance-
ment of radio sensitizations. The analysis of real time (RTCA) was confirmed the
cell proliferation in the label free, manner of real time which was used for the nonin-
vasive electrical impedance monitoring. After X-ray irradiation, the results of the
RTCA showed that the cells proliferation was significant, especially when the CuO
nanoparticles were combined. As shown Fig. 39c without using X-ray irradiation
there was no effects shown in the inhibition of CuO nanoparticles.

Klein et al. [110] reported that the main objective of this experiment was to
understand and quantify the radio enhancing of the HT-SPIONs and LT. so that, X-
ray irradiation was used on the tumor cells for enhanced the formation of the ROS,
the concentration of the ROS was used in the MCF-7 cells to measure the efficiency
of the SPIONSs for the ROS formation. However, the cells of MCF-7 were coated or
uncoated with the HT-SPIONs and LT and it was exposed to X-ray irradiation at the
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Fig. 40 Analyses of ROS levels in MCF-7 cells exposed to X-rays and non-irradiated cells loaded
with citrate-coated and uncoated SPIONs a X-ray irradiated and nonirradiated MCF-7 cells loaded
with Fe?* , Fe* or citrate-coated LT-SPIONs were compared to determine relative ROS levels b
using the DCFH-DA assay. Reproduced with the permission from [110]

single dose of 3 Gy or left it for non-irradiated shown in Fig. 40a. the concentration
of the ROS was measured through the intensity of the fluorescence of DCF which
was emerges due to the quantitative oxidation of internalized non-fluorescent DCFH
per mole ROS. The results were shown that intensity of the fluorescence was 100%
in the MCF-7 cells without coated SPIONs. The white bar was shown the value of
the relative fluorescence of non-irradiated in the MCF-7 cells by using the SPIONSs,
but the black bar was shown the MCF-7 cells cultivated with the coated SPIONs
species and also exposed the X-ray fluorescence intensity. Therefore, all the species
which was coated with the SPIONs showed the improvement of ROS formation
and also it was increased the effects the X-ray treatment. On the other hand, the
species were coated with citrate LT-SPIONs in the X-ray treated in MCF-7 cells
were shown fluorescence intensity almost 340%, which indicated the enhancement
in the formation of ROS almost 240% and it was compared with the X-ray treated
cells without internalized SPIONs. Moreover, LT-SPIONSs species was internalized
in the non-irradiated cells which caused a relative increased the concentration of
ROS up to 77%. This results confirmed that SPIONs was not only to enhance the
efficiency of X-ray on the formation of ROS. It was also act as a surface catalyst for
the cycle of Haber—Weiss and Fenton reaction which was contributed in releasing
iron ions to generate the ROS through the Haber—Weiss and Fenton reaction. As
shown Fig. 40b the non-irradiated MCF-7 cells was contained the Fe** and Fe**
ions which was shown the lower ROS concentration shown in black bar when it was
compared with the references of the MCF-7 cells. It was clearly confirmed that the
relative concentration of ROS was increased such as 60-75% shown in black bars.
The relative concentration of the ROS in MCF-7 cells with internalized the citrate
coated LT-SPIONs was fourfold greater than the non-irradiated MCF-7 cells with
internalized Fe* ions.

Klein et al. [111] reported that analogous experiment was used with Caco-2 cells
via malate coated and citrate coated SPIONS, it was stored under the conditions of
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ambient for using different time periods shown in Fig. 41. From 1 to 3 weeks, the time
of storage was increased by coating the SPIONSs, the concentration of the ROS was
measured which was lower almost 150% for the malate coating and for the citrate
ligands it was 70%. However, in the surface of the SPIONS, the oxidations ions such
as Fe?* and Fe** were produced. Due to the Fenton reaction, Fe?* ions was produced
and the formation of the hydroxyl radical stored the SPIONs which was partially lost
their activity of catalytic and also increased the formation of ROS with reduced the
extent.

Meidanchi et al. [112] reported that the destruction of cell was designed to check
the MTT cytotoxicity of the nanoparticles shown in Fig. 42. Up to 100 pgmL~!
for the nanoparticles such as ZnFe,O,, there was not observed the cytotoxicity.
However, these nanoparticles were not completely responsible for the destruction

Bl SPION
e, 3 malate-coated SPION
o 3 citrate-coated SPION

% Increase of Fluorescence

1. week 2.week 3.week

Fig. 41 DCF fluorescence as a measure of ROS concentration in X-ray-irradiated and nonirradi-
ated Caco-2, MCF-7, and 3T3 cells loaded with citrate- or malate-coated or uncoated SPIONs.
Reproduced with the permission from [111]
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Fig. 42 Viability of LNCaP cells exposed to ZnFe204 nanoparticles with and without gamma
irradiation. Reproduced with the permission from [112]



126 H. Anwar et al.

of cancer cells. MTT assay of cell viability of the LNCaP cells was exposed to the
gamma irradiation with the ZnFe,O,4 nanoparticles at different concentrations shown
inFig. 42. Without using these nanoparticles, no significant cell destruction was found
through 2 Gy gamma irradiations. It was also confirmed that the radio resistance of
the LNCaP cells against the irradiation of gamma. When the concentration was
increased of these nanoparticles from 0.01 to 100 pLgmL_l, almost 10% cells were
inactivated. Cell viability was decreased almost 53% for these nanoparticles at the
concentration of the 100 ugmL~! by using the 2 Gy gamma irradiation. By statistical
analysis, it was clearly revealed that the significant effects of synergistic were due
to the higher concentration of 100 wgmL~'. The efficacy of the cancer cells by
using these nanoparticles was 17 times greater by using the only gamma irradiation.
The efficiency of the cell destruction was increased and also assigned the effects
of photoelectric, generated the low energy Auger electron by using the ZnFe,O4
nanoparticles as a sensitizer through gamma irradiation.

Mirrahimi et al. [113] reported that the to evaluate the radiotherapy only to the
death cell by using the KB and L1929 cells, it was exposed the radiation dose of 2
and 4 Gy, and the X-ray irradiated 6 MV, and their toxicity was examined by using
the assay of MTT. It was observed that both cells not different but also when the
irradiation dose was increased there seemed no significant effect on the reducing cell
viability shown in Figs. 43 and 44. To show the effects of synergistic of the RT with
the FA-Au@Fe,Oj5 at the concentration of 20 M and then irradiated with the 2 and
4 Gy. The death cells were deepened on the increasing dose with the FA-Au@Fe, 03
and also shown significant average rate. In the KB cells, the result was shown that
the FA-Au@Fe, 03 exposed with 2 and 4 Gy and the irradiation was decreased from
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Fig. 43 Treatments of nanoparticles and radiation gave KB cancer cells varying levels of viability.
Reproduced with the permission from [113]
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Fig. 44 The viability of healthy L929 cells after being treated with nanoparticles and radiation.
Reproduced with the permission from [113]

33.53 to 15.13% which was completely staking. Overall, in the case of L.929 cells, it
was show that the enhancement of dose on the reeducation cells was not considerable.
The cells survival was decreased from 67.23 to 66.96% which was not significant.

4 Conclusion

At present, nanoradiosensitizers have developed tremendously in the last decade thus
providing new research approaches to enhance the therapeutic benefits. These bene-
fits mainly include good radiosensitivity of tumour cells and radiation dose reduction.
These are also in limelight due to their good biocompatibility and their capability
as multi drug carriers. Excellent targeting, easy functionalization and good biocom-
patibility of nanoradiosensitizers solve the difficulties of traditional radiotherapy. It
is worth mentioning that size, morphology and functionalization of these nanora-
diosensitizers affect their performance and efficiency towards treatment of tumours.
Research on the radiation sensitization mechanism will provide targets for new radi-
ation sensitizers, and interdisciplinary research will promote the further develop-
ment of nanoradiosensitizers. In summary, radiotherapy sensitizers can considerably
improve the effect of radiotherapy.
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Abstract Cancer hypoxia is considered a hallmark of almost all solid malignancy
and is responsible for diminishing the efficacy of some important cancer therapy
modalities, particularly for those dependent on oxygen, including phototherapy,
radiotherapy, and chemotherapy. Tumor hypoxia not only contributes to tumor
progression and metastasis, but also augments tumor recurrence and resistance
to conventional tumor treatments, ultimately leading to unsuccessful therapeutic
outcomes. To this end, researchers have put a lot of effort into developing
nanotechnology-based strategies to treat tumor hypoxia. Herein, we have clas-
sified the emerging strategies into two main types: (i) nanosystems with the
ability to support oxygen content in hypoxic tumors to enhance oxygen-dependent
tumor therapy, and (ii) nanomaterials with diminished oxygen dependence for
hypoxic tumor therapy. In this chapter, we summarize all the exciting advances
in nanomaterials and emerging smart strategies are making toward hypoxic tumor
therapy.
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1 Introduction

Cancer is a disease caused when cells divide uncontrollably and spread into
surrounding tissues and it negatively affects the quality of human life and imposes
significant burdens on public health worldwide. This complex disease has a very
harsh and intricate microenvironment that is regarded as a major obstacle to current
cancer therapy [1]. The cancer microenvironment is characterized by vascular anoma-
lies and malformation, which leads to altered blood flow and thus fails to provide
adequate oxygen and nutrients to further growing tumor mass [2]. Such a condition
arises because the balance between oxygen consumption and supply is disturbed due
to the rapid progression and proliferation of tumor tissues [3, 4]. This imbalance
in consumption and delivery of oxygen impairs its diffusion into the deep tumors
layers, results in a very low oxygen level (below 5—-10 mmHg) compared to normal
tissues with an oxygen level of 40-60 mmHg, which is known as tumor hypoxia
[5]. It has been well documented that cancer hypoxia is considered as a distinctive
feature of almost all solid malignancies and is responsible for reducing the efficacy of
some important cancer treatment methods, especially for oxygen-dependent ones [6].
Hypoxia can actively contribute to tumor metastasis, invasion, deterioration, progres-
sion and proliferation by regulating hypoxia-inducible-factor-1 (HIF-1) [7]. In fact,
on the one hand, hypoxia is closely associated with tumor multi drug resistance
to chemotherapeutics. On the other hand, the efficacy of oxygen-dependent cancer
treatments such as chemotherapy, photodynamic therapy (PDT) and radio therapy
(RT) has been significantly hindered by tumor hypoxia. Also, resistant tumor cells
associated with hypoxia may be emerged after RT and PDT therapy, since the effec-
tiveness of these two methods of cancer therapy is closely dependent on accessible
oxygen molecules to produce reactive oxygen species (ROS) to stimulate apoptosis
of cancer cells [8, 9]. Accordingly, tumor hypoxia may be exacerbated due to the
consumption of oxygen molecules present in tumors with hypoxia during RT or PDT,
ultimately leading to lower therapeutic potential or greater tomural cell resistance
[10]. Within the framework of these criteria, tumor oxygenation or raising the oxygen
levels in hypoxic tumors can be considered as an effective strategy to overcome all
the challenges associated with tumor hypoxia and increase the sensitivity of hypoxic
tumor cells to the oxygen-dependent cancer treatments [11, 12]. In addition, several
attempts have been conducted to date aimed at improving and modifying the tumor
hypoxia and its microenvironment, e.g. with the use of inspiratory hyperoxia, which
is considered hyperbaric oxygen therapy [13—15]. But despite all its benefits, unfortu-
nately this technique is still far from being perfect because of its intrinsic side effects,
e.g. barotrauma and hyperoxic seizures as a result of overproduced ROS in healthy
tissues and difficulty of applying this technique in a hypoxic microenvironment due
to severe structural malformation of microvessels in tumors [16]. Besides, several
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angiogenesis inhibitors have been employed to diminish oxygen consumption and
also to temporarily normalize the tumor vessels. However, normalization of vessels
may lead to oxygenation of the tumor microenvironment for only a few days, not
any more [17]. Over the past few decades, the development and production of novel
nanomaterials have rapidly increased, and researchers have also dedicated substantial
efforts to convert scientific discoveries associated with all classes of nanomaterials
into clinical use [18]. In this regard, a great number of nanocarrier-based platforms
have been reached to the clinical trials and some of them have been approved by
FDA. These nano-sized materials are also opening up new and eccentric research
areas in biomedical applications, including tumor therapy, targeted drug delivery and
bioimaging to tackle cancer-related disease [19-21]. It has been well documented that
nanomaterials tend to settle in tumor tissues, which is attributed to enhanced perme-
ability and retention (EPR) effect [22]. Moreover, nano-based materials have been
recruited as a viable drug carrier to deliver drugs (DNA, proteins, small molecules,
etc.) through encapsulation, conjugation, entrapping and surface attachment over the
past few decades [20, 21]. Nanocarrier-based platforms possessed excellent prop-
erties owing to their unique features such as high drug loading capacity, ease of
functionalization, controllable drug release and delivery, different size, shape and
flexibility to meet a variety of therapeutic requirements [23-25]. This chapter sheds
light on the application of novel nanocarrier-based platforms to overcome tumor
hypoxia.

2 Targeting Hypoxia by Nanomedicine

In recent years, great attention has been paid to addressing the dilemma of hypoxia
in cancer treatment. Once nanotechnology merges with medicine, which is so-called
nanomedicine, copious strategies and intelligent ideas would be emerged as time
demands. In this context, we tried to shed new light on approaches specifically
targeting tumor hypoxia with the use of nanomedicine. Herein, we classified the
emerging strategies into three main types (i) HIF-1 inhibitors, (ii) hypoxia-responsive
nanomaterials, e.g. hypoxia-activated linkers/prodrugs, (iii) exploiting hypoxia to
facilitate tumor therapy. Each of them is discussed in the following subsection.

2.1 Hpypoxia-Inducible Factor-1(HIF-1) as a Potential
Therapeutic Target

One of the most common clinical conditions associated with tumor tissue is hypoxia.
Such a condition occurs in the tumor microenvironment as a result of inadequate
oxygen supply and results in augmented metastatic potential of tumor cells as well
as altered their metabolism [26]. Due to the dynamic tumor microenvironment and
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low level of oxygen in tumor tissue, cancer cells rapidly adapt their metabolism and
growth to this hypoxic condition, which is influenced mainly by hypoxia-inducible
factors (HIFs), predominantly HIF-1 [27, 28]. A growing body of evidence indi-
cates that HIF-1 plays direct and vital roles in tumor metastasis, metabolism and
proliferation, Fig. 1. HIF-1 mainly encompasses two subunits, there are HIF-1a
and HIF-18. Expression of HIF-1a has been widely identified as the major transcrip-
tional regulator of numerous cellular responses to the low oxygen condition of tumor
tissues. Moreover, the undeniable role of HIF-1 in the development of multi-drug
resistance (MDR), invasion and migration of tumoral cells, promotion of tumor cell
motility, maintenance and development of cancer stem cells, poor prognosis, glucose
metabolism and tumor angiogenesis, indicates that tumor hypoxia is an ideal target
for cancer therapy [26, 29-31]. Lamentably, bioactive administered to target HIF-1a
currently exhibit low chances of reaching therapeutic concentration. Accordingly,
combination of HIF-1a inhibitors with other modalities such as smart nanovehicles
might result in boosted therapeutic potential, as these two approaches could produce
synergistic/additive effects.

Recently, piceatannol, an active natural polyhydroxylated stilbene, has shown
great anti-tumor and chemo-preventive properties through inhibition of HIF-1a
expression particularly in colorectal cancer cells. In this respect, Aljabali et al.
developed a bovine serum albumin (BSA)-based nanovehicle with piceatannol as
a bioactive agent to boost the in vitro anti-cancer potential of free piceatannol and
confine the colony formation, invasion and migration against HT-29 (human colon
cancer cell lines). Accordingly, the BSA-loaded piceatannol was more effective in
down-regulating HIF-1 compared to bare piceatannol. In addition, in vivo results
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Fig. 1 Oxygen-dependent HIF-1a pathway. CPB: CREB-binding protein; Ub: ubiquitin; Cul2:
cullin 2; R: ring-box 1; C: elongin C; B: elongin-B; aKG: a-ketoglutarate; HRE: hypoxia response
element; EPO: erythropoietin; EMT: epithelial-mesenchymal transition
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in tumor-bearing mice revealed that the produced nanomaterials could potentially
reduce tumor size and be used as a safe and effective therapeutic for colon cancer
[32]. HIF-1a siRNA has been considered as a potential tool to suppress cancer
cell proliferation and growth. Ilhan et al. prepared biogenic silver nanoparticles
using Piper longum fruit extract and investigated its potential anticancer activity
against human prostate cancer cells. In conclusion, the developed nanosystem with
an average particle size of less than 100 nm exhibited significant anti-cancer activity
in a concentration-dependent manner. Moreover, the biosynthesized nanoparticle
could actively restrict the expression of HIF-1a and vascular endothelial growth
factor (VEGF) and inhibit cell migration as well [33].

Montigaud et al. fabricated reverse micelle containing acriflavine (ACF), a
promising HIF inhibitor, and then prepared micellar suspension was introduced into
the lipid nanocapsules. According to their results, the prepared nanoparticles exhib-
ited high encapsulation efficiency of about 80% and presented great cytotoxicity
against 4T1 cells by down-regulating HIF expression.

It was found that the in vivo anti-tumor activity of ACF-loaded nanoparticles at
a dose of 5 mg/kg ACF was found to be notably higher than that of free ACF, and
similar results were observed for ACF-loaded nanoparticles at a lower frequency of
administration in comparison with bare ACF [34].

In another study, Izadi et al. developed carboxylated graphene oxide (CGO)-based
nanocomposites for dual dinaciclib and HIF-1a siRNA delivery to suppress different
cancer cells. It was reported that this nanocomposites-based combinational therapy
could considerably suppressed the expression of HIF-1a and Cyclin-Dependent
Kinase (CDK), resulting in reduced colony formation, angiogenesis, migration and
proliferation in tumor cells [35].

Similar research was conducted by Wan et al. They constructed folic acid- func-
tionalized graphene oxide nanoparticles containing HIF-1a siRNA to precisely
deliver their payload to Patu8988 cells. The prepared nanovehicle was able to
suppress cells growth, metastasis, invasion, and proliferation by silencing of the HIF-
la gene. Furthermore, glucose transporter-1 expression was also reduced by admin-
istration of HIF-1a siRNA-loaded graphene oxide nanoparticles in Patu8988 cancer
cells, resulting in tumor cell death and prolonging the survival rate of tumor-bearing
mice [36]. Tzeng and colleagues fabricated pterostilbene nanoparticles by nanopre-
cipitation with the aid of polyvinyl alcohol (PVA) and Eudragit® e100 (EE). This
nanovehicle presented superior anti-cancer activity against HepG2 cells compared
to free drug. The obtained results indicated that pterostilbene nanoparticles could
effectively hamper the proliferation of HepG2 cells by down-regulating antiapop-
totic and hypoxia-induced proteins, including BCL-2, CAV-3, CAV-1, and HIF-1a
[37].

In the research conducted by Kang et al., a novel nanobody based on VHH212 [a
single-domain antibody (nanobody)] was prepared to reduce gemcitabine resistance
in the treatment of cancer. In addition, anti-HIF-1ae VHH212 nanobody was imple-
mented to suppress angiogenesis. Notably, in vivo results in the xenograft model
demonstrated that combination therapy using VHH212 nanobody and gemcitabine
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could substantially restrict tumor growth with tumor inhibition of 80.44% compared
to free gemcitabine [38].

In order to vanquish hypoxia-induced drug resistance as well as to sensitize tumor
cells to the chemotherapy, Xie et al. created stimulus-responsive pegylated dendrimer
nanoparticles containing HIF-1a siRNA and DOX. Under hypoxic microenviron-
ment, the azobenzene linkage between PEG and the dendrimer could be cleaved,
thereby reducing the particle size, and altering the surface charge into positive zeta
potential. The anti-tumor potential of the co-loaded drug/gene was notably enhanced,
furthermore, the expression of HIF-1a was effectively suppressed by the incorpo-
rated siRNA [39]. Similar research was carried out by Huang and colleagues, who
developed a metal-organic framework with azoreductase linker (MOFs) using 4,4-
azobisbenzoic acid and Fe (III). HIF-1a siRNA and DOX were co-loaded within
AMOFs. They reported that the introduction of HIF-1a siRNA could significantly
inhibit the expressions of P-glycoprotein, multidrug resistance gene 1 and HIF-
la, enhancing the anti-cancer potential of DOX against MCF-7 cells [40]. Chen
et al. created chitosan nanoparticles containing 5-fluorouracil and HIF-1a siRNA to
overcome multidrug resistance in SGC-7901 cells. In their research, co-treatment
based approaches revealed a promising strategy for gene silencing. In addition, the
combined treatment could not only restrict the expression of HIF-1a proteins, but
also promote apoptosis of SGC-7901 cells [41]. Zhang et al. designed and fabri-
cated nano self-assembled micelles based on two drugs with amphipathic features to
suppress the VEGF and HIF-1a proteins. This nanosystem composed of hydrophilic
irinotecan (Ir) block and hydrophobic block of HIF-1a inhibitor (YC-1). Accord-
ingly, this nanosystem could also enhance the water solubility of irinotecan drug.
Expression of VEGF and HIF-1a proteins was significantly down-regulated by the
fabricated nanomicelle, and antitumor activity was increased 5.7-fold in comparison
with free Ir in A549 cells [42].

Cancer therapy with co-treatment modalities such as photodynamic therapy and
HIF-1a inhibitors can be considered as an effective treatment option. It has been
fully clarified that photodynamic therapy entails oxygen molecules for consumption
to induce cellular damages, which may exacerbate the tumor hypoxia. As a result,
the HIF-1a is upregulated and provokes resistance to the photodynamic therapy [43,
44]. Accordingly, suppression of HIF-1a could potentially improve photodynamic
therapy efficacy. To make this clear, Sun and colleagues designed and fabricated
multifunctional nanovehicles based on cationic porphyrin-grafted lipid microbubble
containing HIF-1a siRNA. These unique drug/gene carriers could be self-assembled
into microbubbles and converted into nanoparticles at tumor sites using ultrasound.
The results revealed that porphyrin were preferentially accumulated within tumor
tissues and the expression of HIF-1a was actively inhibited, which augmented photo-
dynamic therapy efficacy [45]. In another research study, Chen et al. employed lipid—
calcium—phosphate nanoparticles loaded HIF-1a siRNA for the treatment of head
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and neck tumors. In addition, intravenous administration of fabricated nanovehi-
cles containing HIF-1a siRNA into the tumor-bearing mice was found to signif-
icantly suppress HIF-1a expression. Remarkably, the use of the prepared nano-
system in combination with photodynamic therapy exhibited superior tumor inhi-
bition compared to either photodynamic therapy or HIF-1a siRNA alone [46]. Some
similar studies have confirmed that the combination of photodynamic therapy with
HIF-1a inhibitors exerts a synergistic effect in suppressing tumor growth [47, 48]. A
summary of hypoxia-inducible factor-1 (HIF-1) targeting with selected nanoparticles
is given in Table 1.

2.2 Hpypoxia-Activated Linkers/Prodrugs

Conventional drug delivery systems based on physical entrapment of chemotherapeu-
tics suffer from drug leakage, toxicity, unwanted side effects, broad biodistribution,
low efficacy, poor bioavailability, low stability, drug resistance and, etc. The use of
prodrugs in treatment of cancer is potentially superior to conventional therapy due
to the aforementioned drawbacks. In addition, prodrugs can potentially lead to accu-
mulation of drugs at tumor sites, resulting in decreased drug index and more targeted
treatment [52].

Various parameters have been exploited in drug delivery formulation, such as
enzyme utilization, temperature, pH and redox potential, to liberate drugs at the
intended site of action via stimuli-cleavable linkage [20, 21, 23].

The hypoxic tumor microenvironment has proven to be reductive, so bioreductive-
based prodrugs can be considered a cornerstone in cancer therapy. Typically, two
forms of prodrugs have been exploited to diminish tumor hypoxia problems: (i)
hypoxia-responsive linkers (HRLs) and (ii) hypoxia-responsive prodrugs (HRPs)
[53]. Prodrugs are not toxic under normoxia condition, whereas they become
toxic through redox reactions in hypoxic tumor microenvironment [54]. Moreover,
glutathione (GSH) as a reducing agent in the hypoxic tumor microenvironment was
found to be in high concentration compared to that of present in normoxic cells.
Therefore, redox-responsive linkage, such as disulfide bonds, has often been consid-
ered in the design and fabrication of nanovehicles for drug delivery to the hypoxic
microenvironment. In other words, both redox-responsive nanosystems and hypoxia-
activated prodrugs (HAPs) are potential tools for smart drug delivery to the hypoxic
microenvironment, with effective outcomes (Fig. 2) [55, 56].

Besides, there are several other types of hypoxia-activated prodrugs based on
their skeletal structure such as transition metal complexes, N-oxide analogs, nitro-
groups and quinones (Fig. 3) [57]. Altogether, the implementation of HRLs/HRPs
in conjunction with nanomedicine can be harnessed for boosting the efficacy of
cancer therapy by effectively delivering various chemotherapeutics to hypoxic tumor
tissue. Herein, we summarized some recent advances in hypoxia-activated prodrugs
and redox-responsive nanocarriers and discuss their potential application in cancer
treatment.
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Table 1 Hypoxia-inducible factor-1(HIF-1) targeting with selected nanoparticles

Selected nanoparticles Encapsulated Cancer/cell | Brief outcomes References
Drugs/genes line
Metal nanoparticles Biogenic silver | PC-3 Inhibited cell [33]
(ATCC, migration
CRL-1435) | Suppression of
and DU-145 | VEGF and HIF-1a
(ATCC, expression
HTBS81)
Liposomes Zinc SK-ChA-1 | Induced apoptosis | [47]
phthalocyanine Downregulated
and acriflavine VEGF and HIF-1a
Reduced tumor
volume
Lipid microbubble Porphyrin and HUVECs Suppression of [45]
nanoparticles HIF-1a siRNA VEGF and HIF-1a
expression
Graphene oxide Dinacicliband | TM3,4 T1, | Suppression of [35]
nanocomposites HIF-1a siRNA | B16-F10 HIF-1a and
and CT26 Cyclin-Dependent
Kinase (CDK)
expression
Lipid—calcium—phosphate | Photosan and SCC4 Reduced tumor [46]
(LCP) HIF-1a siRNA volume
nanoparticles Suppression of
HIF-1a expression
ZnPc@Cur-S-OA Curcumin B16F10 Downregulated [48]
nanoparticles HIF-1o and
depleted GSH
Chitosan nanoparticles 5-fluorouracil SGC-7901 | Reduced drug [41]
and HIF-1a resistance, Induced
siRNA apoptosis
Downregulated
VEGF and HIF-1a
MnO, nanoparticles Acriflavine CT26 Suppression of the | [49]
expression of
MMP-9, VEGF and
HIF-1a
Micelle Irinotecan and A549 Suppression of the | [42]

HIF-1a inhibitor
(YC-1)

expression of
VEGF and HIF-1a
Reduced tumor
volume

(continued)
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Table 1 (continued)
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Selected nanoparticles

Encapsulated
Drugs/genes

Cancer/cell
line

Brief outcomes

References

MOFs

DOX and
HIF-1a siRNA

MCEF-7

Reduced tumor
volume
Suppression of the
expression of
HIF-1a

[40]

Nanobody

VHH212
nanobody

MIA
PaCa-2,
BxPC-3, and
PANC-1

Suppression of the
expression of
VEGF and HIF-1a
Reduced tumor
volume

[38]

CdTe quantum dots

DOX and
HIF-1a siRNA

HepG2,
USTMG,
SGC-7901
and MCF-7

Reduced tumor
volume, Reduced
GLUT-1 receptor,
Suppression of the
expression of
VEGF and HIF-1a

[50]

Pterostilbene
nanoparticles

Pterostilbene

HepG2

Down-regulation of
antiapoptotic and
hypoxia-induced
proteins, including
BCL-2, CAV-3,
CAV-1, and HIF-1a

[37]

PAMAM dendrimer

DOX and H
IF-1a siRNA

MCEF-7

Increased ROS
Suppression of the
expression of
HIF-1a

Reduced tumor
volume

[39]

Graphene oxide
nanoparticles

HIF-1a siRNA

Patu8988

Reduced tumor
volume Suppression
of the expression of
18F-
fluorodeoxyglucose
Glut-1 and HIF-1a

[36]

BSA nanoparticles

Piceatannol

HT-29 and
CaCo-2

Reduced tumor
volume,
Downregulated
HIF-1a and p65

[32]

Chitosan nanoparticles

HIF-1a siRNA

OVKI18#2

Suppression of the
expression of
VEGEF and HIF-1a

[51]
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Fig. 2 Schematic representation of redox-responsive nanoparticles and hypoxia-activated prodrugs

Recently, Guo et al. fabricated redox-responsive nanosized prodrugs based on
Au nanorods for the smart delivery of Pt as an effective cancer treatment modality.
The results showed that fabricated Pt-based prodrugs displayed the advantages of
minimized sever side effect, triggered drug release, and high drug encapsulation effi-
ciency. Immunohistochemistry and live animal imaging results revealed that expres-
sion of VEGF and HIF-1a was upregulated under mild hyperthermia, resulting
in induction of angiogenesis. The prepared nanosized prodrugs with accelerating
angiogenic vessel and increasing blood flow exhibited a positive impact on accu-
mulation of prodrugs in the tumor tissue. The higher accumulation of prodrugs in
cancer cells resulted in boosting the efficacy of cancer therapy. Additionally, this
stimuli-responsive prodrug disclosed an outstanding regression and inhibition of
tumor growth, indicating the fact that tumor accumulation as well as long blood
circulation time were the crucial factors for cancer treatment. In some mice, tumors
were completely eradicated under short-term NIR irradiation due to the synergistic
effect [58]. In addition, the same research group developed nanogel poly-drugs based
on Pt(IV) loaded with hypoxia-activated and bioreductive prodrug tirapazamine
for hypoxia-activated synergistic chemotherapy (Fig. 4). As a result of activation
of Pt and TPZ under hypoxia and redox microenvironment, extremely cytotoxic
radicals were generated, potentiating the efficacy of chemotherapy. Moreover, this
unique nanosized prodrug represented the advantages of prolonged blood circula-
tion, superior tumor accumulation, and redox-responsive drug release [59]. In another
study, Zhao et al. created self-assembled polymeric micelles containing PR104A as a
hypoxia-activated prodrug for synergistic photodynamic cancer therapy. These poly-
meric nanoparticles had zeta potential of around —30 mV and average particle size
ranging from 90 to 100 nm in diameter. It was found that this nanosystem exhib-
ited stimuli trigger drug release pattern which minimized drug side effects and was
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favored in cancer therapy. In addition, this was confirmed by an in vivo pharmacoki-
netic study where the majority of prodrugs (>90%) were intact in the bloodstream,
resulting in a reduction of adverse effects on normal tissues. Fluorescence quantita-
tive analysis revealed that the developed prodrugs were not broadly distributed in the
major organs of the mice after 36 h of prodrug administration. Pegylation and EPR
effects caused the prodrug nanoparticles to be more localized in tumor sites rather
than other organs, primarily the spleen and liver. In vivo results demonstrated that
this nano-prodrugs could potentially inhibit tumor growth as well [60].
Unfortunately, to date, hypoxia-activated prodrugs have failed to reach clinics,
regardless of all promising results achieved in vitro. This is largely because of insuf-
ficient accumulation of HAPs within tumor sites as the tumor hypoxia is not adjacent
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from Ref. [59]. Copyright 2020, with permission from RSC

to blood vessels. In this regard, Evans et al. developed a drug delivery system based
on macrophage nanoparticles to augment the accumulation and penetration of HAPs
to the tumors site. This drug carrier took advantage of phagocytic and chemotactic
capacities of macrophages to boost hypoxia-activated prodrug efficiency of tirapaza-
mine loaded nanoparticles. Some in vitro assessments were employed to elucidate
the potential of the developed drug vehicles by maximizing therapeutic efficacy
while minimizing carrier cell toxicity. This system was found to improve and facili-
tate drug accumulation within the hypoxic microenvironment of tumors and caused
more DNA double-strand breaks in the hypoxic regions of tumors. These results
were also observed and repeated by in vivo experiments, which demonstrated that
the created drug vehicle increased accumulation of tirapazamine in hypoxic areas of
4T1 breast tumors and suppressed the tumor growth. Overall, Evans et al. claimed
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that macrophage-based delivery systems could considerably enhance the efficacy
and transport of HAPs through high drug concentration at the tumor site, pointing to
a potential strategy to harness these nanoparticles to diminish the hypoxia-activated
prodrug problems [61].

In another study, Yang and colleagues prepared a novel combinational treat-
ment modality using vascular disrupting agent (VDA) combretastatin A4 (CA4)
nanoparticles and bioreductive tirapazamine for killing hypoxic cells. Hypoxia probe
immunofluorescence staining and PA imaging revealed that the produced CA4
nanoparticles were able to selectively eradicate blood vessels as well as induced
intense hypoxia within tumors. Accordingly, this profound hypoxia level could acti-
vate prodrugs, enhancing the therapeutic and antimetastatic effects of tirapazamine
in metastatic 4T1 breast tumors. Combination therapy based on CA4 nanoparti-
cles and tirapazamine demonstrated superior antitumor efficacy on each modality
where complete ablation of the tumor was observed for mice with moderate tumor
volume (*2180 mm?). In addition, this system also showed remarkable antimetastatic
effects and significantly shrunk large tumors (22500 mm?) [62]. Dai et al. designed
and synthesized multifunctional liposomes containing hypoxia-activated prodrugs
tirapazamine and indocyanine green for imaging and cancer therapy (Fig. 5). This
theranostic liposome was modified with cRGD and gadolinium. It was found that
the fabricated system could potentially reach the tumor site by cRGD-mediated
active targeting ability and EPR effects. Additionally, PDT exacerbated the hypoxia
condition, which altered tirapazamine to its active form and kill the tumor hypoxia
cells. Overall, Dai et al. showed that this system can be used for multiple purposes,
such as imaging, tumor hypoxia therapy, and intelligent nanotheranostics owing
to its optimized therapeutic efficiency [63]. A summary of the hypoxia-activated
linkers/prodrugs and selected nanoparticles is given in Table 2.

2.3 Taking Advantage of Hypoxia to Modulate Tumor
Therapy

Although the hypoxic tumor microenvironment is responsible for failure of most
oxygen-dependence therapies, the intrinsic features of tumor microenvironment can
also assist tumor treatment through different strategies. Due to the low oxygen content
within the tumor, the use environmentally sensitive drugs or other bioactive agents
with low oxygen content may facilitate tumor therapy. Moreover, there are certain
components that are overexpressed in hypoxic condition, thus chemotherapeutics
sensitive to these agents have great potential to modulate tumor therapy. Some of
these strategies enable the nano-based drug delivery system to specifically target the
hypoxic tumor microenvironment, whereas the others induce cell death /injury [71-
73]. Therefore, herein we divided the strategies of hypoxia that assist to treatment into
two classes: (i) controlled release of the cargo under a tumor hypoxia condition; (ii)



148 H. Rashidzadeh et al.

a A
4 %o: o
—prinr )
\ 3\"\0\ Oo.* *g{). f M1
\) \\.w,‘ Self-assembly “:*\é’ f/- "TPZ l..mdlng ’fj‘:‘:g PAI
.\ /',.G j
Wk 5%;?? N
~C Lecithin -9+ DSPE-PEG-cRGD
<=_~— quenched mPEG-Ce6(Gd)-C;; W ICG e TPZ L

808 nm LPTT 660 nm

o
S ' ~ i‘..éﬁ'- . Drug Release " o* e,°°-n-:.»°
~ ; ol @ ™ .?*g."'
j °"q‘.°%°0?| ‘:‘{
) °
0:___0, !ﬁ_ ; I.PDT \? ; } A
i L)

I ?
oz Hypoxia
¥ Bloreduction  _®

“‘(—————— °0 °
TPZ Radical TPZ

Fig. 5 Schematic illustration of developed multifunctional Nano liposomes for hypoxia activated
prodrugs and therasontics a Synthesis of liposomes loaded tirapazamine and indocyanine green;
b activation of prodrugs by PDT induced hypoxia. Reproduced with permission from Ref. [63].
Copyright 2019, with permission from ACS

inducing cell toxicity for synergistic therapy via taking advantages of tumor hypoxia
(Table 3).

One of the promising approaches in cancer therapy is to harness the power of
bacteria, specifically anaerobic bacteria or facultative anaerobic bacteria, in favor of
tumor hypoxia treatment. Luo and colleagues used two strains of anaerobic bacte-
rial to enhance drug accumulation within tumor sites. In this context, B. breve
UCC2003 was used as a targeting agent to guide nanoparticles directly into the
hypoxic tumor tissues, while another bacterium (C. difficile CCUG 37,780) was
applied to increase the efficacy of tumor therapy and indirectly target tumor tissue.
These strategies were recruited to provide the treatment of hypoxia with excel-
lent outcomes as well as imaging capability [81]. Similarly, Chen and colleagues
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Table 3 Strategies of hypoxia facilitate tumor therapy

151

Assistance

Nano-systems

Approaches

References

Hypoxic
condition of
tumor tissue

HCHOA

Azobenzene linkage
dissociation under hypoxic
condition

[74]

CAGE

Fabrication of
hypoxia-sensitive linker to
control the release of
payloads

[75]

Hybrid PEG-FTn

Development of
ferritin-based nanosystem
to be sensitive to hypoxic
condition

[76]

Polymeric nanoparticles with
semiconducting properties

Control release of
chemodrug induced by the
hypoxic microenvironment

(771

CAIX-C4.16

Enabling nanoparticles to
target the hypoxic tumor by
overexpression of CA IX
within tumor
microenvironment

(78]

WOACC

CCL-28 chemokine
overexpression as well as
targeting tumor tissue with
propitious targeting agents

[79]

DOX/CP-NI

Targeting tumor via
polymeric nanoparticles
containing DOX and
2-nitroimidazole as
hypoxia-sensitive agents

[80]

Bacteria-UCNRs

Targeting hypoxic tumor
microenvironment using
facultative anaerobic
bacterial

[81]

pDA-VNP

Targeting hypoxic tumor
microenvironment using
VNP20009 strains as an
anaerobic bacteria

[82]

Synergistic
effects

Hs-IMQ + CA4

Activation of IMQ by
overexpression of
nitroreductase within
hypoxia tumor, resulting in
potentiate immunological
responses

[83]

Polyoxometalate cluster based
on Mo

Photothermal effect of
polyoxometalate improved
by hypoxia condition

[84]

(continued)
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Table 3 (continued)

Assistance Nano-systems Approaches References

Mg, Si Application as a [85]
deoxygenating agent for
tumor-starving therapy
HMBRN-GOx/TPZ Cytotoxicity of prodrug [86]
activated by hypoxia
condition
BCETPZ@(GOx + CAT) Activation of cytotoxicity | [87]
of prodrug by hypoxia
condition

liposome-AQ4N Hypoxia induce [88]
cytotoxicity of prodrug
AQ4N-hCe6-liposome Hypoxia induce [89]
cytotoxicity of prodrug

PM-coated MTD@P Cytotoxicity of TPZ [90]
induced by hypoxia
condition
PPPPB-CO-TPZ Cytotoxicity of TPZ caused | [91]
by hypoxia condition
CD133/TAT/TPZ-Fe;04@ Induction of TPZ [92]
mSiO; cytotoxicity using hypoxia
condition

iNP/IT Induction of TPZ [93]
cytotoxicity using hypoxia
condition

TPZ-UC/PS Induction of TPZ [94]
cytotoxicity using hypoxia
condition

developed dopamine nanoparticles decorated with a facultative anaerobic bacterium
(VNP20009). The results showed that the fabricated nanosystem could potentially
improve the photothermal therapy owing to its targeting features [82]. Regardless
of all these benefits associated with anaerobic bacteria, potential side effects and
toxicity have hindered their application, consequently, hypoxia-sensitive nanosys-
tems possess superiorities in terms of safety. It has been reported that carbonic
anhydrase IX (CA IX) is overexpressed within hypoxic tumor tissue. Accordingly,
Alsaab et al. combined this targeting agent along with other modalities such as apop-
tosis inducer (CFM 4.16) and monoclonal antibody (Sorafenib) to diminish drug
resistance in renal cancer, and the results revealed a potent effect [78]. Some link-
ages and bonds are prone to dissociate under specific condition, thereby enabling
drug loaded nanoparticles to liberate its cargo at their intended site of action, ulti-
mately minimizing drug side effects and toxicity while boosting treatment efficacy.
Yang et al. developed hypoxia sensitive nanosystem based on albumin (HCHOA) to
potentiate tumor therapy and drug accumulation within the tumor site. They used
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hypoxia-sensitive linkage based on azobenzene groups to bind both the oxaliplatin
prodrug and photosensitizer Ce6 (Fig. 6a). Once the prepared nanosytems reached
the hypoxic microenvironment, the azobenzene bond dissociated, and consequently,
the fabricated HCHOA (100-150 nm) decreased in size and shrunk to a smaller
size (10 nm). Tumor penetration and diffusion were enhanced by decreasing in size.
They also developed an indissociable nanosystem (HCHOH) as a contrast agent for
imaging as well. HCHOA was found to represent large tumor accumulation and
therapeutics efficacy (Fig. 6 c—d) [74].

It has been well documented that the potential toxicity of various drugs is highly
dependent on the hypoxia condition, making them excellent candidates to specif-
ically addressing tumor cells while ensuring the safety of healthy tissues. TPZ is
a kind prodrug that can be activated via several reductase agents inside cells to
generate cytotoxic radical species. However, these radicals can readily return to their
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Fig. 6 Hypoxia responsive nano-systems for cancer therapy. a Components for fabrication of
HCHOA. b Dissociation mechanism of HCHOA under hypoxia condition. ¢ Deep tumor penetra-
tion of HCHOA after dissociation by tumor hypoxia. d Fluorescence images of different fabricated
nano-systems in mouse models. e Tumor masses after treatment with different groups. Reproduced
with permission from Ref. [74]. Copyright 2019, with permission from Wiley
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Fig. 7 Treatment of cancer using photodynamic therapy by employing AQ4N-64Cu-hCe6-
liposome and PPPPB-CO-TPZ nanoparticles. a Fabrication of PPPPB-CO-TPZ NP as well as mech-
anism of activation. Reproduced with permission from Ref. [91]. Copyright 2019, with permission
from Elsevier. b Activation mechanism related to AQ4N-64Cu-hCe6-liposome and its components.
Reproduced with permission from Ref. [89]. Copyright 2017, with permission from ACS

origin molecules in the normal oxygen condition. Moreover, these cytotoxic radical
species can damage macromolecules found in hypoxic tumors by removing their
hydrogen atoms. Li and colleagues created polymer-conjugated TPZ nanoparticles
(PPPPB-CO-TPZ NPs) compassing different components, such as pentacarbonyl
iron to generate carbon monoxide (CO), PB nanoparticles as photothermal therapy
reagent, and TPZ to kill cells. By introducing the fabricated nanoparticles, the PB
nanoparticles induced local hyperthermia by NIR radiation (808 nm) and promoted
pentacarbonyl iron to produce carbon monoxide for hypoxia augmentation and mito-
chondria exhaustion, which ultimately activated TPZ to induce cytotoxicity (Fig. 7a)
[91]. In addition, another prodrug (AQ4N) is also known to induce cytotoxicity
through the hypoxia condition. In this regard, Feng and colleagues fabricated lipo-
somal nano-formulation termed AQ4N-%Cu-hCe6 containing AQ4N prodrug, *Cu
as contrast agent and Ce6 as photosensitizer to efficiently eradicate hypoxic tumors
(Fig. 7b) [89].

It can be concluded that the hypoxic microenvironment may also assist tumor
therapy through hypoxia-activated toxicity or the controlled-release of drugs. In
general, some challenges and issues such as complete protection of normal tissue
from these anaerobia and cytotoxic drugs have not been fully elucidated and it is
strongly recommended to consider these difficulties in the design and fabrication of
such nanosystems.

3 Tumor Oxygenation by Nanomedicine

Over the decades, several strategies have been conducted to treat cancer disease,
including immunotherapy [95, 96], photodynamic therapy [97], radiotherapy [98,
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99], and chemotherapy [100], either alone or in combination with other modali-
ties. However, all these strategies to treat tumors need oxygen. Tumor hypoxia has
impeded the efficacy of the aforementioned strategies in cancer therapy. To address
these challenges, various approaches have been undertaken to modulate the oxygen
level in the hypoxic microenvironment [101]. In this context, oxygen-generating
nanomaterials and oxygen-loaded nanomaterials have been utilized as promising
strategies to improve the therapeutic effects of such oxygen-dependent treatments
by supplying oxygen at the hypoxic tumor sites. Moreover, oxygen content can
be temporarily enhanced by inhibiting respiration to economize oxygen in tumor
cells [102]. Applications of oxygen-loaded and oxygen-generating nanosystems are
discussed separately below.

3.1 Oxygen-Loaded Nanocarriers

The use of oxygen-loaded nanocarriers has shown great potential in relieving tumor
hypoxia and mitigating challenges associated with hypoxic tumors [103]. Although
this approach cannot deliver and supply oxygen to all tumor sites, it provides adequate
amount of oxygen for radiotherapy and photodynamic therapy. Promising exam-
ples of nanomaterials for oxygen delivery to the hypoxic microenvironment are
summarized Table 4.

Core-shell nanobubbles, as oxygen loaded nanovehicles, are comprised of a gas
core and a stabilized mono layer shell [ 115, 116]. Ithas been reported that this oxygen-
loaded nanovehicle could potentially carry oxygen molecules to the hypoxic microen-
vironments such as tumors, thereby increasing the efficacy of tumor therapy [117,
118]. The shell layer of such oxygen-loaded nanovehicles is commonly prepared
with gas vesicles, dextran, polymer and lipid, while the core is made of oxygen [119,
120]. In addition, chemotherapeutic agents can be loaded within the oxygen-loaded
nanovehicles either in the shell or the core depending on the intrinsic features of
drugs (hydrophobicity or hydrophilicity).

Oxygen-loaded nanovehicles have been employed to improve the therapeutic
effects of chemotherapy and radiotherapy by suppressing HIF-1« expression [121].
Furthermore, stimuli-responsive oxygen release in hypoxic tumor sites may limit
the unpleasant side effects associated with premature oxygen release. In this regard,
Song and colleagues developed pH-responsive oxygen-loaded nanovehicles enclosed
by an acetylated dextran shell, thus enabling burst release of oxygen to alleviate
hypoxia within weakly acidic tumor tissue [118]. However, with all the progress in
this era, some problems such as storage and stability of oxygen-loaded nanovehicles
to prevent premature oxygen release remain an unresolved concern [122]. As one of
the main components of blood, erythrocytes play a vital role in the modulation of
oxygen inside the living organisms such as mammals. Erythrocytes or red blood cells
(RBCs) can assist cell breathing due to the ability of their hemoglobin (Hb) to bind or
release of oxygen as the oxygen partial pressure changes. Hb facilitates the efficient
binding of oxygen under high oxygen pressure, while modulating the rapid release
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Table 4 Promising nanomaterial for delivery of oxygen to the hypoxic microenvironment

Vehicles Nanoparticles Approaches References
Hemoglobin LIH Utilizing hemoglobin to [104]
carry oxygen
BP@RB-Hb 92 Utilizing hemoglobin to [105]
supply oxygen
ICG-loaded artificial red cells | Utilizing hemoglobin to [106]
(I-ARCs) Elevate oxygen
concentration in tumor
Fluorocarbon IR780@0,-FHMON Using perfluorocarbon to [107]
supply oxygen
Perfluoropentane | O, — PFP@HMCP Using perfluoropentane [108]
to deliver oxygen
CuTz-1 CuTz-1-0, @F127 Implementation of [109]
CuTz-1-O2@F127 to carry
oxygen
TaOx @PFC-PEG Promotion of oxygen [110]

concentration in tumor by
using perfluorocarbon

PFC Applying perfluorocarbon | [111]
to supply oxygen
Perfluorocarbon PFC@PLGA-RBCM Utilizing perfluorocarbon | [112]

to elevate oxygen
concentration in tumor

Oxy-PDT agent Utilizing perfluorocarbon | [113]
to promote oxygen level in
tumor

PEG-Bi;Se; @PFC@0, Utilizing perfluorocarbon | [114]

to supply oxygen

of oxygen under hypoxia condition. To put it briefly, the tumor hypoxia microen-
vironment induces Hbs or RBCs to dismiss their oxygen to assist therapy [123].
Consequently, RBCs have been extensively exploited as safe biological vehicles for
the delivery of drugs as well as oxygen shuttles for cancer therapy owing to their
long circulation time and unique biocompatibility [124—126]. Tang and colleagues
developed a ferritin-based nanocapcule conjugated with ZnF16Pc as photosensitizer
on the surface of RBCs for co-delivery of photosensitizers and oxygen to enhance
photodynamic therapy [127]. This was achieved by the sustained release of oxygen
adjacent to photosensitizers by RBCs, even under low level of oxygen concentra-
tion. However, despite all the benefits, the size of large RBCs (micrometer) may limit
their ability to diffuse deep into hypoxic tumor tissue. On the contrary, as the main
compartment of erythrocytes, Hb has an ideal size for oxygen supply and delivery.
However, the clinical translation and in vivo use of Hb is far from perfect due to its
undesirable biocompatibility features such as poor stability, potential side effect, and
short half-life. Hb-based oxygen vehicles enclosed with biodegradable nanomaterials



Harnessing the Power of Nanomaterials to Alleviate Tumor Hypoxia ... 157

or chemical modifications can overcome the disadvantages associated with cell-free
Hb [105, 128-130]. Compared to micron-sized RBCs, Hb-based nano sized vehicles
can profoundly diffuse into the hypoxic tumor microenvironment, thereby providing
more oxygen supply [106, 131, 132]. Among bio-inspired nano sized vehicles, RBC-
based oxygen/drug carriers have gained substantial attention, accordingly, Liu and
colleagues fabricated a universal oxygen-self-supply system based on aggressive
man-made erythrocytes called AmmRBCs to diminish photodynamic tumor resis-
tance caused by the hypoxia microenvironment. Such biomimetic aggressive pseudo-
RBCs systems were constructed by entrapping polydopamine (PDA), polydopamine-
adsorbed photosensitizer, and methylene blue (MB) in biovesicle engineered from
recombined RBC membranes. This novel platform represented excellent biocom-
patibility owing to the identical outer layer to erythrocytes. Hb is susceptible to
oxide when it encounters to blood stream, so there are some antioxidant agents
within biological RBCs, such as superoxide dismutase (SOD), catalase (CAT), and
glutathione (GSH). Thus, in this case, PDA was also applied as an enzyme-mimicking
agent capable of simulating the functions of SOD and CAT to protect Hb from the
oxidation damage during the circulation. Overall, this bioengineered platform was
proposed as a potential self-oxygenating system to diminish limitations of oxygen-
dependent therapy modalities such as radiotherapy, chemotherapy, and photodynamic
therapy, because PDA can embed a variety of desired active agents [133]. Recently,
as an artificial blood product, perfluorocarbon (PFC), which possesses great oxygen
and carbon dioxide solubility along with good hemocompatibility, has been widely
utilized as oxygen vehicles to moderate tumor hypoxia as well as contrast agents
[134-136]. Cheng and colleagues synthesized an oxygen-self-supplied nanoplatform
(Oxy-PDT) based on PFCs nanodroplets loaded with IR780 (a near-infrared photo-
sensitizer) for photodynamic therapy. This nanoplatform exhibited longer singlet
oxygen lifetime and great oxygen capacity, so the photodynamic efficacy of fabri-
cated PFC nanodroplets loaded with IR780 increased significantly [113]. In another
study, Gao et al. fabricated artificial RBCs based on PFC nanoparticles enclosed by
erythrocyte membrane to potentially carry oxygen and improve radiation response
[112]. Although PFC exhibits high oxygen solubility, oxygen release is controlled
by the diffusion process caused by the oxygen level gradient, which results in a low
delivery efficacy. To solve this weakness point, several approaches have been imple-
mented, such as the use of ultrasound (US) or near-infrared (NIR) light, which could
promote the oxygen release and facilitate tumor oxygenation [107, 114]. Song and
colleagues synthesized hollow Bi,Ses nanosized particles containing PFC to accel-
erate oxygen release induced by NIR laser irradiation to suppress hypoxia-mediated
radio-resistance by promoting more oxygen to hypoxic tumors [114]. Similarly, Song
et al. applied an external low-power/low-frequency US modality to accelerate burst
oxygen release from the fabricated nano-PFC to modulate hypoxia-related challenges
to improve the efficiency of radiotherapy and photodynamic therapy [111].

Several other studies have demonstrated that PFC can be fabricated by self-
assembly of polymers or proteins (e.g. PLGA, HA, HSA) to form nanosized micelles
to accelerate cancer therapy. In this regard, Hu et al. prepared oxygen self-supplied
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Fig. 8 Schematic representation of PFH@HSC nanoparticles fabrication (a), The mechanism of
PFH@HSC nanoparticles in promoting efficiency of photodynamic therapy to relieve hypoxia (b),
Fluorescence images of tumor-bearing mice (c), Tumor growth curves of mice treated with various
groups (d) Reproduced with permission from Ref. [137]. Copyright 2019, with permission from
Wiley

nanoplatforms (PFH@HSC) by conjugating chlorin e6 (Ce6) to HA viaredox respon-
sive linkages (HSC) and entrapping PFC inside micelles for selective tumor targeting
(Fig. 8 a—d). Due to the presence of HA in the construction of these nanoparticles,
their endocytosis was fascinated, resulting in high accumulation of PFH@HSC at
tumor sites. Afterwards, PFH@HSC was fragmented under redox microenvironment
of tumor tissue and supplied oxygen by PFC, resulting in the promotion of ROS
products for cancer therapy [137]. In another study, Guo et al. created liposomes
containing Hb/photosensitizer to enhance the efficacy of photodynamic therapy,
which successfully downregulates the expression of VEGF and HIF-1a as well [104].

In recent years, among various PFC formulations, emulsion has reached the late-
phase clinical trials as either an artificial blood constitute or clinical translation. In
conclusion, nano-PFC could be considered as potential tool in addressing cancer-
associated challenges and have a promising approach for future clinical translation.
Of note, PFCs are not completely safe, it has been reported that extensive expo-
sure to these agents may cause several unpleasant problems such as chest tightness,
pulmonary hypertension, elevated central venous pressure, fever, cutaneous flushing,
and hypotension [138].

3.2 Oxygen Generators

In situ oxygen generation within the tumor microenvironment serves as a promising
approach to modulate tumor hypoxia. This strategy will also minimize toxicity and
side effects associated with oxygen in the blood during circulation. Recent studies
have revealed that there is a high concentration of hydrogen peroxide in tumor
microenvironment due to abnormal metabolic processes. The catalytic degradation
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of hydrogen peroxide in the tumor microenvironment is local. This phenomena may
also be accompanied by the generation of oxygen, which can be used to relieve
hypoxia and facilitate tumor therapy.

Nanomaterials/nanozymes with catalytic activity features have great potential for
in situ oxygenation of hypoxic tumor, thus providing better tumor therapy efficacy
for oxygen-dependent modalities such as radiotherapy, chemotherapy and photo-
dynamic therapy. These nanomaterials with above-mentioned properties are mostly
based on CAT/CAT like nanoenzymes that can potentially decompose hydrogen
peroxide to produce oxygen. Although natural-based CAT can boost catalyzes
of hydrogen peroxide, its poor half-life and in vivo instability have significantly
hampered the biomedical applications of CAT [139]. To address these challenges,
researchers have devoted their great efforts to the renovation of CAT. In this context,
to prevent CAT from being affected by the degradation process, Zhang’s research
group fabricated MOFs containing CAT [140, 141]. MOFs containing CAT and other
chemotherapeutics such as doxorubicin and AlPcS4 were developed to enhance the
efficacy of chemotherapy and photodynamic therapy, respectively (Fig. 9a). Also,
covalent conjugation of CAT with polymers can improve the biological efficacy
of CAT. In order to promote the oxygen level in tumor microenvironment as well
as enhance photo/sonodaynamic therapy, both fluorinated polyethyleneimine (PEI)
and HA have been applied to carry CAT [142-144]. In another study, Meng et al.
synthesized hydrogel encapsulating CAT to supply oxygen to tumor sites to improve
photo-immunotherapy [145]. It has been well documented that with overwhelming
hypoxia, tumor radiotherapy could be significantly enhanced. Accordingly, Song and
colleagues created tantalum oxide (TaOX) nanoshells containing CAT to promote
the efficacy of tumor radiotherapy. The results indicated that radiation-induced DNA
damage was achieved by tantalum as a high-Z element and hypoxia was relieved by
decomposition of hydrogen peroxide at tumor sites [146]. As noted above, natural
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Fig. 9 Nanomaterials with oxygen-generating properties to alleviate hypoxic tumor. a MOFs
containing CAT with cell-like biomimetic membrane for highly efficient tumor-targeted photody-
namic therapy. Reproduced with permission from Ref. [140] Copyright 2016, with permission from
Wiley. b Preparation of core—shell nanoplatforms based on Pt for generation of oxygen to boost the
efficacy of photodynamic therapy. Reproduced with permission from Ref. [170]. Copyright 2018,
with permission from Wiley
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CAT exhibits high activity and specificity, but suffers from instability and is vulner-
able to degradation in vivo due to the availability of some physiological proteases,
especially during circulation. Additionally, large-scale production and extraction
of this active agent is costly. Nanozymes are defined as nanosized materials with
enzyme-like features as well as the ability to mimic key biologically relevant natural
enzymes properties [147, 148]. In recent years, design and fabrication of nanozymes
has been rapid as our knowledge of catalytic science and nanotechnology related
era has been promoted. Compared to natural enzymes, nanozymes exhibited several
superior benefits such as longer durability, tunable activity, high stability, low cost
and easy mass production. Various nanosized enzymes have been fabricated so far,
but among them only CAT-like nanozymes containing metal oxides/metals or Prus-
sian Blue (PB) could effectively catalyze the decomposition of hydrogen peroxides
to generate oxygen and water [149]. Accordingly, we highlight these classes of
nanozymes as potential agents for in situ oxygenation of hypoxic tumor hypoxia for
mitigating challenges and enhancing tumor therapy efficacy. Manganese, as an essen-
tial ion, has demonstrated a fundamental role in a wide range of biological processes.
This ion also occupies the active sites of several enzymes, including CAT, photo-
system II oxygen-evolving complex, manganese SOD, etc. The design and devel-
opment of manganese-based catalysts has gained considerable attention in recent
years due to their great ability to generate water and especially oxygen by decom-
posing hydrogen peroxides. Accordingly, different forms of nanosized materials
made of manganese can be designed with diverse structures and constituents. Among
them, manganese dioxide (MnO;) nanoparticles has been the most widely utilized
manganese-based nanomaterials to generate oxygen in hypoxia tumor therapy [150—
152]. In this regard, several studies have been conducted on manganese dioxide
nanosheets, manganese dioxide nanodots and hollow manganese dioxide nanopar-
ticles, for catalyzing hydrogen peroxides and consequently oxygen generation to
enhance tumor therapy [153-156]. The hollow manganese dioxide nanoparticles
can act as dual sward as well, besides catalyzing the decomposition of hydrogen
peroxides to relieve the hypoxic tumor microenvironment by oxygen production.
Due to its acid-responsive characteristics, it can also be used as a drug vehicle with
specifically controlled release of its payload. In addition, manganese ions released
from nanoparticles can be utilized in MRI for both treatment and diagnosis. . Hollow
manganese dioxide nanoparticles are uniform and have great potential for biomedical
application [157]. The combination of manganese dioxide nanoparticles with other
materials may result in higher therapeutic efficacy, called synergistic effects. For
example, manganese dioxide nanosheets anchored by calcinated titanium dioxide-
coated upconversion nanoparticles (UCNPs) were fabricated by Zhang et al. to alle-
viate hypoxic condition of tumor microenvironment through generation of oxygen
and ROS [158]. Both bare metal ions and metal ion complexes are frequently
conducted as dopant agents to modify manganese-based nanosized particles. Liu
and colleagues fabricated mesoporous copper/manganese silicate nanospheres to
promote the GSH-activated Fenton reaction and ROS generation, and ultimately
improved the chemo/photodynamic synergistic therapy [159]. In another study,
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mesoporous silica nanoparticles doped with ceria and manganese ferrite were fabri-
cated to generate oxygen as well as scavenge ROS for the treatment of rheumatoid
arthritis [160]. Numerous manganese-based nanoparticles have been designed and
fabricated, but there are still no clinically approved manganese-based nanoparti-
cles, indicating that most of them remain at the lab stage and have not yet reached
clinical use. Moreover, the biodegradation of manganese-based nanoparticles may
impose human tissues and cells to high concentrations of manganese ions that can
damage tissues and cells. The faith of manganese ions released after biodegradation
still remains unclear as well. Therefore, further investigation should be implemented
to verify their potential toxicity and biocompatibility before reaching to the clin-
ical translation. Prussian Blue (PB) is a deep blue dye applied to textiles and is
produced by oxidation of ferrous ferrocyanide salts. The most striking application
of this pigment in medicine is the detoxification of patients in case of poisoning
by metals/elements. PB is considered as an antidote for thallotoxicosis and has
already been approved by the FDA, indicating its potential biocompatibility for
further clinical use. In 2016, Zhang and colleagues revealed for the first time that
PB exhibits multienzyme-like activity such as SOD, peroxidase (POD) and CAT
[161]. Afterwards, it has been emerged as a new multienzyme mimetic and has been
applied to generate oxygen for enhanced tumor therapy, especially due to its CAT-
like activity. Nanosized PB particles were enclosed by mesoporous organosilicon
containing photosensitizer to enhance the efficacy of photodynamic therapy [162,
163]. In recent years, hollow nanoparticles have gained special interest due to their
high drug loading capacity. In addition, PB-containing hollow structure nanoparticles
could efficiently promote the oxygen generation by catalyzing hydrogen peroxides,
and by loading glucose oxidase the efficacy of tumor hypoxia therapy was boosted as
well [164]. Additionally, PB-containing hollow nanoparticles can be used for gener-
ation of heat by NIR light irradiation, providing a potential approach to potentiate
photothermal therapy by boosted starvation therapy. Despite all these unique features
of PB, such as catalytic activity for oxygen generation by hydrogen peroxide decom-
position and highly desired biocompatibility, the weakly acidic condition in the tumor
microenvironment limited the catalytic activity of PB. Over the past years, nanoma-
terials with the ability to absorb NIR light, such as Platinum (Pt) nanoparticles, have
received much attention in biomedical applications of tumor treatment and diag-
nosis [165-167]. Depending on the pH and temperature of the microenvironment, Pt
nanoparticles may represent POD-like or CAT-like activity [168]. Different forms of
Pt have been applied to relieve hypoxic tumor microenvironment using of Pt’s ability
to induce tumor oxygenation [12, 169]. Accordingly, Zhang and colleagues designed
and fabricated a promising nanoplatform based on Pt core—shell nanoparticles to
promote ROS generation and relieve tumor hypoxia and ultimately restrict tumor
invasion and metastasis. The use of Pt in construction of this hybrid nanoplatform
augmented tumor therapy by catalyzing hydrogen peroxide to oxygen (Fig. 9b) [170].
Similarly, Liu et al. developed a novel Pt-based nanozyme termed PtFe @Fe; 04 with
dual enzyme-like activities. PtFe @Fe3;0, could operate even under the acidic tumor
microenvironment, therefore, in this challenging condition, it displayed dual enzyme-
like activities, including POD-like activities and CAT-like activities. This Pt-based
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nanozyme can successfully alleviate hypoxia and suppress the pancreatic cell growth
[171]. Besides the dual CAT/POD enzyme activities of Pt, its combination with Au
nanoparticles can lead to generation of a new type of enzyme like-activity called
glucose oxidase-like nanozyme [172]. Xu et al. synthesized Pt and oxygen self-
supplied micelles to alleviate hypoxia-triggered photodynamic resistance. Upon NIR
irradiation, this self-assembled nanocomposite released Pt(Il) and oxygen by gener-
ating oxygen and ROS, consequently enhancing photochemotherapy and antitumor
efficiency [173].

In addition to Pt-based nanoparticles, their complexes such as cis, trans, cis-
[Pt(N3),(OH),(NH3),], were fabricated for generation of oxygen to relieve hypoxia
tumor under light irradiation [173]. Regardless of the ability of these nanozymes
in catalyzing hydrogen peroxide to oxygenate of hypoxic tumor sites, the amount
of hydrogen peroxide present in tumor microenvironment is limited, thus limiting
adequate generation of oxygen for efficient tumor therapy [174-176]. Liu and
colleagues independently fabricated liposomes to carry and deliver CAT and
hydrogen peroxide to tumor tissue. This approach produced adequate oxygen,
overcoming the restrictions of endogenous hydrogen peroxide contents. It also
augmented the therapeutic efficacy of radiotherapy and facilitated antitumor immu-
nity by restricting the immunosuppressive tumor microenvironment [177]. However,
this novel approach encountered with some challenges. Hydrogen peroxide has
been reported to exhibit strong oxidizing features, so direct introducition of this
agent into the bloodstream to compensate for the insufficient content of endoge-
nous hydrogen peroxide in the tumor microenvironment can cause severe toxicity
to tissues. To address this issue, researchers sought to find an alternative agent for
hydrogen peroxide to generate oxygen. Among the potential solutions, dihydrogen
monoxide (H,O) was selected as an abundant agent at tumor sites, considering the
above-mentioned problem. In recent years, water-splitting materials (from water
to hydrogen and oxygen) have received substantial attention due to their potential
applications in a variety of industrial fields, particularly in the energy and environ-
ment applications. Advances in materials science and engineering have expanded
the demand for water-splitting materials into biomedical applications as well. As a
natural material, thylakoid has been utilized to provide efficient oxygen generation.
The thylakoid membrane could efficiently generate oxygen by participating in some
complex reactions called photosynthetic electron-transfer reactions upon laser irradi-
ation at 660 nm. Synthetic nanoparticles enclosed by the thylakoid membrane could
suppress anaerobic respiration and re-oxygenate the hypoxic microenvironment to
alleviate tumor hypoxia for improved treatment efficacy (Fig. 10a) [178]. However,
there are still some problems in the implementation of thylakoid for biomedical
use, as its preservation and extraction is intricate and some physiological parame-
ters affect the efficiency of oxygen generation. As a water-splitting material, C3Ny
(Carbon nitride) has attracted significant attention due to its potential in biomed-
ical applications without requiring any metal elements. Unfortunately, this attractive
agent is also far from being perfect, as its absorption is in the ultraviolet and visible
range, indicating low penetration depth which is responsible for any skin damage
and associated side effects. Considering this problem, carbon dots were introduced
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(b)

Fig. 10 Nanomaterials with oxygen-generating properties based on water decomposition to relieve
hypoxic tumor. a Normalization of tumor microenvironment using thylakoid membrane-coated
nanoparticles to generate oxygen. Reproduced with permission from Ref. [178]. Copyright 2018,
with permission from ACS. b The mechanism of light-induced water splitting based nanocom-
posite to generate oxygen and sensitizing tumor cells to photodynamic therapy. Reproduced with
permission from Ref. [179]. Copyright 2016, with permission from ACS

into carbon nitride to enhance red light absorption and consequently modulate water
decomposition for oxygen generation [179]. Furthermore, by introducing photosen-
sitizer into carbon nitride, tumor hypoxia was potentially restricted and the efficiency
of photodynamic therapy was enhanced (Fig. 10b).

The combination of with iron (Fe) has also been exploited under two-photon
irradiation because of its potential to generate oxygen to diminish oxygen dependency
of photodynamic therapy [180]. As noted above, the absorption of red-shift by carbon
nitride can be achieved by applying some modifications, but this is intricate and time-
consuming. Apart from carbon nitride, tungsten nitride (WN) is another promising
material that can operate at a wavelength of 765 nm and has water-splitting properties.
This water-splitting material has been used directly to raise the oxygen level in the
hypoxic microenvironment to treat tumor [181]. However, there is insufficient data on
the biocompatibility of these water-splitting materials and should not be overlooked
before their clinical use. Table 5 provides a summary of selective strategies based on
nanomaterials to decompose hydrogen peroxide or water to generate oxygen.

4 Challenges and Conclusion

The natural hypoxic microenvironment within tumor sites is often responsible for
failure of most oxygen-dependence therapies, such as chemotherapy, radiotherapy
and photodynamic therapy. Herein we provide a brief overview of current strate-
gies to modulate hypoxic tumor condition in favor of cancer therapy. Different
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Table 5 Selective strategies based on nanomaterials to decompose hydrogen peroxide or water to

generate oxygen

Decomposing agent

Nanoparticles

Approaches

References

Water (H,0)

GDYO®i-RBM

Ultrathin graphdiyne
oxide (GDYO) catalyzes
the oxidation of water to
release oxygen

[182]

PCCN

Decomposing of water
by carbon nitride (C3Ny)

[179]

PLANT

Oxygen generation by
mimicking
photosynthesis

[178]

iOCOMs

Using manganese
dioxide to catalyze the
decomposition of
hydrogen peroxide

[183]

WS2-10/S@MO-PEG

Decomposition of
hydrogen peroxide by
applying manganese
dioxide

[184]

H-MnO,-PEG/C&D

Utilizing manganese
dioxide to assist
hydrogen peroxide
decomposition

[157]

SPN-Ms

Manganese dioxide to
facilitate decomposition
of hydrogen peroxide

[185]

ACF@MnO»

Applying manganese
dioxide to supply oxygen
by catalyzing hydrogen
peroxide

[49]

Ce6@MnO,-PEG

Elevating oxygen
concentration by using
manganese dioxide to
decompose hydrogen
peroxide

[186]

HSA-MnO,-Ce6&Pt
(HMCP)

Employing manganese
dioxide to promote
oxygen level by
catalyzing hydrogen
peroxide

[187]

Hydrogen peroxide
(H202)

1311 HSA-CAT

Catalyze to decompose
hydrogen peroxide

[188]

PLGA-R837@ Cat

Accelerating
decomposition of
hydrogen peroxide

[176]

(continued)
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Table 5 (continued)

Decomposing agent | Nanoparticles Approaches References

CAT @S/Ce6-CTPP/DPEG Catalyze to decompose | [189]
hydrogen peroxide

Ce6-CAT/PEGDA Facilitate decomposition | [145]
of hydrogen peroxide

CAT @liposome Catalyze to decompose | [177]
hydrogen peroxide

CACH-PEG Accelerating [190]
decomposition of
hydrogen peroxide

HAOP NP Facilitate decomposition |[191]
of hydrogen peroxide

HSA-Ce6-Cat-PTX Catalyze to decompose | [192]
hydrogen peroxide

TaOx @Cat-PEG Accelerating [146]

decomposition of
hydrogen peroxide

approaches/strategies based on nanomaterials are also summarized with typical
examples for increasing the oxygen concentration in tumor microenvironment or
reducing the oxygen dependence of therapies. Low oxygen level within the tumor
microenvironment can be alleviated through nanomaterials that provide oxygen
directly or indirectly. In direct way, tumor oxygenation can be achieved by applying
oxygen-carrying nanomaterials, while indirectly oxygen-generating nanomaterials
or in situ oxygen-generating nanomaterials can be used. In addition to the strate-
gies mentioned above, due to the convolution of the tumor microenvironment, some
researchers have recently been fascinated by strategies using nanomaterials with
reduced oxygen-dependent properties, HIF-1 inhibitory effects, and hypoxia acti-
vated linkers/prodrugs for enhanced hypoxic tumor therapy. Despite all these unique
characteristics and positive outcomes associated with nanomaterials, some chal-
lenges and unresolved concerns, such as long-term biosafety, validity, biodistribu-
tion, and biocompatibility of nanomaterials for the treatment of hypoxic tumors have
impaired their clinical applications. In addition, the negative impact of nanomate-
rials containing heavy metals on human health is recognized as a growing concern,
limiting their biological and clinical applications. But, since implantable nanomate-
rials exhibited good biocompatibility through surface modification, we believe that
many of these nanomaterials can achieve clinical translation by simply changing their
surface chemically or physically. The release of oxygen from oxygen-carrying nano-
materials into the bloodstream may cause severe toxicity to host tissues, which should
not be overlooked in their design and fabrication. Accordingly, the development of
nano-based oxygen carriers with the ability to release their payload in a controllable
manner can efficiently diminish the premature release of oxygen during blood circu-
lation. Fortunately, over the last decades, numerous nanocarrier-based platforms have
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been developed to release their payload via endogenous or exogenous stimulation, so
these strategies can also be utilized for controllable release of oxygen. Additionally,
another promising approach to address any concerns about oxygen-related nanoma-
terials is to use nanomaterials with diminished oxygen-dependency. However, these
nanoscale agents require some modification for specific eradication of tumor cells.
In this case, nanomaterials with diminished oxygen dependency should be tuned and
functionalized with appropriate targeting moieties. Furthermore, laser irradiation is
considered an integral part of the treatment of hypoxic tumors based on nanomate-
rials, but its low penetration depth in the body limits its efficacy. Therefore, strategies
based on nanomaterials with diminished laser irradiation dependency are required for
treatment of hypoxic tumors. Overall, nanocarrier-based platforms for effective treat-
ment of the hypoxic tumor microenvironment are novel approaches that remain in its
infancy and requires further attention. In conclusion, endeavors should be continued
to hasten the clinical translation of these systems in hypoxic tumor therapy.

References

1. Nejad AE et al (2021) The role of hypoxia in the tumor microenvironment and development
of cancer stem cell: a novel approach to developing treatment. Cancer Cell Int 21(1):1-26
2. Roy S et al (2020) Hypoxic tumor microenvironment: Implications for cancer therapy. Exp
Biol Med 245(13):1073-1086
3. Jin M-Z, Jin W-L (2020) The updated landscape of tumor microenvironment and drug
repurposing. Signal Transduct Target Ther 5(1):1-16
4. Brown JM, Wilson WR (2004) Exploiting tumour hypoxia in cancer treatment. Nat Rev
Cancer 4(6):437-447
5. Kim Y et al (2009) Hypoxic tumor microenvironment and cancer cell differentiation. Curr
Mol Med 9(4):425-434
6. Jahanban-Esfahlan R et al (2018) Modulating tumor hypoxia by nanomedicine for effective
cancer therapy. J Cell Physiol 233(3):2019-2031
7. Greijer A, Van der Wall E (2004) The role of hypoxia inducible factor 1 (HIF-1) in hypoxia
induced apoptosis. J Clin Pathol 57(10):1009-1014
8. Graham K, Unger E (2018) Overcoming tumor hypoxia as a barrier to radiotherapy,
chemotherapy and immunotherapy in cancer treatment. Int J Nanomed 13:6049
9. Hu D et al (2020) Application of nanotechnology for enhancing photodynamic therapy via
ameliorating, neglecting, or exploiting tumor hypoxia. View 1(1):e6
10. Huang L et al (2021) Photodynamic therapy for hypoxic tumors: Advances and perspectives.
Coord Chem Rev 438:213888
11. Yang B, Chen Y, Shi J (2019) Reactive oxygen species (ROS)-based nanomedicine. Chem
Rev 119(8):4881-4985
12. WeiJ et al (2018) A novel theranostic nanoplatform based on Pd@ Pt-PEG-Ce6 for enhanced
photodynamic therapy by modulating tumor hypoxia microenvironment. Adv Func Mater
28(17):1706310
13. Wang X et al (2021) Boosting nanomedicine efficacy with hyperbaric oxygen therapy. Bio-
nanomedicine for cancer therapy. Springer, pp 77-95
14. Zhang L et al (2021) Hyperbaric oxygen therapy represses the Warburg effect and epithelial—
mesenchymal transition in hypoxic NSCLC cells via the HIF-1a/PFKP axis. Front Oncol
11:691762



Harnessing the Power of Nanomaterials to Alleviate Tumor Hypoxia ... 167

—

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

5.

Liu X et al (2021) Hyperbaric oxygen regulates tumor microenvironment and boosts commer-
cialized nanomedicine delivery for potent eradication of cancer stem-like cells. Nano Today
40:101248

Moen I, Stuhr LE (2012) Hyperbaric oxygen therapy and cancer—a review. Target Oncol
7(4):233-242

Liu J-N, Bu W, Shi J (2017) Chemical design and synthesis of functionalized probes for
imaging and treating tumor hypoxia. Chem Rev 117(9):6160-6224

Rashidzadeh H et al (2021) Recent advances in targeting malaria with nanotechnology-based
drug carriers. Pharm Dev Technol (just-accepted): 1-40

Cheon J, Chan W, Zuhorn I (2019) The Future of nanotechnology: cross-disciplined progress
to improve health and medicine. Acc Chem Res 52(9):2405-2405

Rashidzadeh H et al (2021) pH-sensitive curcumin conjugated micelles for tumor triggered
drug delivery. J Biomater Sci Polym Ed 32(3):320-336

Rezaei SIT et al (2020) pH-triggered prodrug micelles for cisplatin delivery: preparation and
in vitro/vivo evaluation. React Funct Polym 146:104399

Huang D et al (2021) Nanodrug delivery systems modulate tumor vessels to increase the
enhanced permeability and retention effect. Journal of Personalized Medicine 11(2):124
Yoozbashi M et al (2021) Magnetic nanostructured lipid carrier for dual triggered curcumin
delivery: Preparation, characterization and toxicity evaluation on isolated rat liver mitochon-
dria. J Biomater Appl 36(6):1055-1063

Liu Y et al (2018) Modulating hypoxia via nanomaterials chemistry for efficient treatment of
solid tumors. Acc Chem Res 51(10):2502-2511

Rahmati M-A et al (2021) Self-assembled magnetic polymeric micelles for delivery of
quercetin: Toxicity evaluation on isolated rat liver mitochondria. J. Biomater Sci Polym Ed.
(just-accepted):1-14

Choudhry H, Harris AL (2018) Advances in hypoxia-inducible factor biology. Cell Metab
27(2):281-298

Semenza GL (2010) Defining the role of hypoxia-inducible factor 1 in cancer biology and
therapeutics. Oncogene 29(5):625-634

Semenza GL, Wang GL (1992) A nuclear factor induced by hypoxia via de novo protein
synthesis binds to the human erythropoietin gene enhancer at a site required for transcriptional
activation. Mol Cell Biol 12(12):5447-5454

Semenza GL (2008) Hypoxia-inducible factor 1 and cancer pathogenesis. [IUBMB Life
60(9):591-597

Semenza GL (2009) Regulation of cancer cell metabolism by hypoxia-inducible factor 1, in
Seminars in cancer biology. Elsevier

Ma Z et al (2021) Targeting hypoxia-inducible factor-1-mediated metastasis for cancer
therapy. Antioxid Redox Signal 34(18):1484-1497

Aljabali AA et al (2020) Albumin nano-encapsulation of piceatannol enhances its anticancer
potential in colon cancer via down regulation of nuclear p65 and HIF-1a. Cancers 12:113.
(Correction: Aljabali AAA et al, Cancers, 2020. 12(12): 3587)

Ilhan S, Pulat CCP (2021) Biogenic silver nanoparticles synthesized from Piper longum fruit
extract inhibit HIF-10/VEGF mediated angiogenesis in prostate cancer cells. Cumhur Sci J
42(2): 236244

Montigaud Y et al (2018) Optimized acriflavine-loaded lipid nanocapsules as a safe and
effective delivery system to treat breast cancer. Int J Pharm 551(1-2):322-328

Izadi S et al (2020) Codelivery of HIF-1a siRNA and dinaciclib by carboxylated graphene
oxide-trimethyl chitosan-hyaluronate nanoparticles significantly suppresses cancer cell
progression. Pharm Res 37(10):1-20

Wan R et al (2019) The target therapeutic effect of functionalized graphene oxide nanopar-
ticles graphene oxide—polyethylene glycol—folic acid-1-pyrenemethylamine hydrochloride-
mediated RNA interference of HIF-1a gene in human pancreatic cancer cells. ] Biomater
Appl 34(2):155-177



168

37

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

H. Rashidzadeh et al.

Tzeng W-S et al (2021) Pterostilbene nanoparticles downregulate hypoxia-inducible factors
in hepatoma cells under hypoxic conditions. Int J Nanomed 16:867

Kang G et al (2021) VHH212 nanobody targeting the hypoxia-inducible factor 1o suppresses
angiogenesis and potentiates gemcitabine therapy in pancreatic cancer in vivo. Cancer Biol
Med 18(3):772

Xie Z et al (2018) Targeting tumor hypoxia with stimulus-responsive nanocarriers in
overcoming drug resistance and monitoring anticancer efficacy. Acta Biomater 71:351-362
Huang C et al (2019) Azoreductase-responsive metal-organic framework-based nanodrug for
enhanced cancer therapy via breaking hypoxia-induced chemoresistance. ACS Appl Mater
Interfaces 11(29):25740-25749

Chen Y et al (2017) Co-delivery of hypoxia inducible factor-1a small interfering RNA and
5-fluorouracil to overcome drug resistance in gastric cancer SGC-7901 cells. J Gene Med
19(12):2998

Zhang B et al (2019) Promoting antitumor efficacy by suppressing hypoxia via nano self-
assembly of two irinotecan-based dual drug conjugates having a HIF-1a inhibitor. J] Mater
Chem B 7(35):5352-5362

Ji Z et al (2006) Induction of hypoxia-inducible factor-1a overexpression by cobalt chloride
enhances cellular resistance to photodynamic therapy. Cancer Lett 244(2):182-189
Lamberti MJ et al (2017) Transcriptional activation of HIF-1 by a ROS-ERK axis underlies
the resistance to photodynamic therapy. PLoS ONE 12(5):e0177801

Sun S et al (2018) Ultrasound-targeted photodynamic and gene dual therapy for effectively
inhibiting triple negative breast cancer by cationic porphyrin lipid microbubbles loaded with
HIF1a-siRNA. Nanoscale 10(42):19945-19956

Chen W-H et al (2015) Nanoparticle delivery of HIF1a siRNA combined with photodynamic
therapy as a potential treatment strategy for head-and-neck cancer. Cancer Lett 359(1):65-74
Weijer R et al (2016) Inhibition of hypoxia inducible factor 1 and topoisomerase with
acriflavine sensitizes perihilar cholangiocarcinomas to photodynamic therapy. Oncotarget
7(3):3341

Zhang Z et al (2020) Self-delivered and self-monitored chemo-photodynamic nanoparti-
cles with light-triggered synergistic antitumor therapies by downregulation of HIF-1a and
depletion of GSH. ACS Appl Mater Interfaces 12(5):5680-5694

Meng L et al (2018) Tumor oxygenation and hypoxia inducible factor-1 functional inhibition
via a reactive oxygen species responsive nanoplatform for enhancing radiation therapy and
abscopal effects. ACS Nano 12(8):8308-8322

Zhu H et al (2015) pH-responsive hybrid quantum dots for targeting hypoxic tumor siRNA
delivery. J Control Release 220:529-544

Li TSC, Yawata T, Honke K (2014) Efficient siRNA delivery and tumor accumulation medi-
ated by ionically cross-linked folic acid—poly (ethylene glycol)—chitosan oligosaccharide
lactate nanoparticles: For the potential targeted ovarian cancer gene therapy. Eur J Pharm
Sci 52:48-61

Fattahi N et al (2021) Enhancement of the brain delivery of methotrexate with administration
of mid-chain ester prodrugs: In vitro and in vivo studies. Int J Pharm 600:120479

Anduran E et al (2021) Hypoxia-activated prodrug derivatives of anti-cancer drugs: a patent
review 2006-2021. Expert Opin Ther Pat (just-accepted)

Meaney C, Rhebergen S, Kohandel M (2020) In silico analysis of hypoxia activated prodrugs
in combination with anti angiogenic therapy through nanocell delivery. PLoS Comput Biol
16(5):¢1007926

Thomas RG, Surendran SP, Jeong YY (2020) Tumor microenvironment-stimuli responsive
nanoparticles for anticancer therapy. Front Mol Biosci 7:414

Zeng Y et al (2018) Hypoxia-activated prodrugs and redox-responsive nanocarriers. Int J
Nanomed 13:6551

Denny WA (2010) Hypoxia-activated prodrugs in cancer therapy: progress to the clinic. Future
Oncol 6(3):419-428



Harnessing the Power of Nanomaterials to Alleviate Tumor Hypoxia ... 169

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

71.

78.

79.

. Guo D et al (2021) A Redox-Responsive, in-situ polymerized polyplatinum (IV)-coated
gold nanorod as an amplifier of tumor accumulation for enhanced thermo-chemotherapy.
Biomaterials 266:120400

Guo D et al (2020) Tirapazamine-embedded polyplatinum (iv) complex: a prodrug combo for
hypoxia-activated synergistic chemotherapy. Biomater Sci 8(2):694—701

Zhao D et al (2020) Light-triggered dual-modality drug release of self-assembled prodrug-
nanoparticles for synergistic photodynamic and hypoxia-activated therapy. Nanoscale Horiz
5(5):886-894

Evans MA et al (2020) Macrophage-mediated delivery of hypoxia-activated prodrug nanopar-
ticles. Adv Ther 3(2):1900162

Yang S et al (2019) Selectively potentiating hypoxia levels by combretastatin A4
nanomedicine: toward highly enhanced hypoxia-activated prodrug tirapazamine therapy for
metastatic tumors. Adv Mater 31(11):1805955

Dai Y et al (2019) Multifunctional theranostic liposomes loaded with a hypoxia-activated
prodrug for cascade-activated tumor selective combination therapy. ACS Appl Mater
Interfaces 11(43):39410-39423

Li X et al (2021) In Vivo-assembled phthalocyanine/albumin supramolecular complexes
combined with a hypoxia-activated prodrug for enhanced photodynamic immunotherapy of
cancer. Biomaterials 266:120430

Yin H et al (2021) 2D Core/shell-structured mesoporous silicene@ silica for targeted and
synergistic NIR-II-induced photothermal ablation and hypoxia-activated chemotherapy of
tumor. Adv Funct Mater 2102043

Zhang G et al (2021) Novel semiconducting nano-agents incorporating tirapazamine for
imaging guided synergistic cancer hypoxia activated photo-chemotherapy. J Mater Chem
B9, 5318-5328

Zhong Y et al (2021) A light and hypoxia-activated nanodrug for cascade photodynamic-
chemo cancer therapy. Biomater Sci 9, 5218-5226

Wang C et al (2021) Photodynamic creation of artificial tumor microenvironments to
collectively facilitate hypoxia-activated chemotherapy delivered by coagulation-targeting
liposomes. Chem Eng J 414:128731

Hong X et al (2021) Hyaluronan-fullerene/AIEgen nanogel as CD44-targeted delivery of
tirapazamine for synergistic photodynamic-hypoxia activated therapy. Nanotechnology

He Z et al (2019) Hybrid nanomedicine fabricated from photosensitizer-terminated metal-
organic framework nanoparticles for photodynamic therapy and hypoxia-activated cascade
chemotherapy. Small 15(4):1804131

Wilson WR, Hay MP (2011) Targeting hypoxia in cancer therapy. Nat Rev Cancer 11(6):393—
410

Kumari R, Sunil D, Ningthoujam RS (2020) Hypoxia-responsive nanoparticle based drug
delivery systems in cancer therapy: an up-to-date review. J Control Release 319:135-156
Sharma A et al (2019) Hypoxia-targeted drug delivery. Chem Soc Rev 48(3):771-813

Yang G et al (2019) A hypoxia-responsive albumin-based nanosystem for deep tumor
penetration and excellent therapeutic efficacy. Adv Mater 31(25):1901513

Im S et al (2018) Hypoxia-triggered transforming immunomodulator for cancer
immunotherapy via photodynamically enhanced antigen presentation of dendritic cell. ACS
Nano 13(1):476-488

Huang X et al (2018) Hypoxia-tropic protein nanocages for modulation of tumor-and
chemotherapy-associated hypoxia. ACS Nano 13(1):236-247

Cui D et al (2019) A semiconducting polymer nano-prodrug for hypoxia-activated photody-
namic cancer therapy. Angew Chem 131(18):5981-5985

Alsaab HO et al (2018) Tumor hypoxia directed multimodal nanotherapy for overcoming drug
resistance in renal cell carcinoma and reprogramming macrophages. Biomaterials 183:280—
294

Huo D et al (2017) Hypoxia-targeting, tumor microenvironment responsive nanocluster bomb
for radical-enhanced radiotherapy. ACS Nano 11(10):10159-10174



170

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

H. Rashidzadeh et al.

. Qian C et al (2016) Light-activated hypoxia-responsive nanocarriers for enhanced anticancer
therapy. Adv Mater 28(17):3313-3320

Luo C-H et al (2016) Bacteria-mediated hypoxia-specific delivery of nanoparticles for tumors
imaging and therapy. Nano Lett 16(6):3493-3499

Chen W et al (2018) Bacteria-driven hypoxia targeting for combined biotherapy and
photothermal therapy. ACS Nano 12(6):5995-6005

Shen N et al (2019) Combretastatin A4 nanoparticles combined with hypoxia-sensitive
imiquimod: a new paradigm for the modulation of host immunological responses during
cancer treatment. Nano Lett 19(11):8021-8031

Zhang C et al (2016) A polyoxometalate cluster paradigm with self-adaptive electronic struc-
ture for acidity/reducibility-specific photothermal conversion. J Am Chem Soc 138(26):8156—
8164

Zhang C et al (2017) Magnesium silicide nanoparticles as a deoxygenation agent for cancer
starvation therapy. Nat Nanotechnol 12(4):378-386

Shan L et al (2019) Organosilica-based hollow mesoporous bilirubin nanoparticles for
antioxidation-activated self-protection and tumor-specific deoxygenation-driven synergistic
therapy. ACS Nano 13(8):8903-8916

Ma Y et al (2019) Nanoclustered cascaded enzymes for targeted tumor starvation and
deoxygenation-activated chemotherapy without systemic toxicity. ACS Nano 13(8):8890-
8902

Zhang R et al (2018) Glucose & oxygen exhausting liposomes for combined cancer starvation
and hypoxia-activated therapy. Biomaterials 162:123-131

Feng L et al (2017) Theranostic liposomes with hypoxia-activated prodrug to effectively
destruct hypoxic tumors post-photodynamic therapy. ACS Nano 11(1):927-937

Zhang M et al (2019) Platelet-mimicking biotaxis targeting vasculature-disrupted tumors for
cascade amplification of hypoxia-sensitive therapy. ACS Nano 13(12):14230-14240

Li Y et al (2019) Carbon monoxide (CO)-Strengthened cooperative bioreductive anti-tumor
therapy via mitochondrial exhaustion and hypoxia induction. Biomaterials 209:138-151

Li H et al (2019) Nucleus-targeted nano delivery system eradicates cancer stem cells by
combined thermotherapy and hypoxia-activated chemotherapy. Biomaterials 200:1-14
Wang Y et al (2017) Tumor-penetrating nanoparticles for enhanced anticancer activity of
combined photodynamic and hypoxia-activated therapy. ACS Nano 11(2):2227-2238

Liu Y et al (2015) Hypoxia induced by upconversion-based photodynamic therapy: towards
highly effective synergistic bioreductive therapy in tumors. Angew Chem 127(28):8223-8227
Palazon A et al (2012) Molecular pathways: hypoxia response in immune cells fighting or
promoting cancer. Clin Cancer Res 18(5):1207-1213

Ruf M, Moch H, Schraml P (2016) PD-L1 expression is regulated by hypoxia inducible factor
in clear cell renal cell carcinoma. Int J Cancer 139(2):396-403

Lu J et al (2019) Photodynamic therapy for hypoxic solid tumors via Mn-MOF as a
photosensitizer. Chem Commun 55(72):10792-10795

Li J et al (2018) Advanced nanomaterials targeting hypoxia to enhance radiotherapy. Int J
Nanomed 13:5925

Yang Y et al (2019) NIR-II driven plasmon-enhanced catalysis for a timely supply of oxygen
to overcome hypoxia-induced radiotherapy tolerance. Angew Chem 131(42):15213-15219
Tian H et al (2017) Cancer cell membrane-biomimetic oxygen nanocarrier for breaking
hypoxia-induced chemoresistance. Adv Func Mater 27(38):1703197

Xu M et al (2020) Smart strategies to overcome tumor hypoxia toward the enhancement of
cancer therapy. Nanoscale 12(42):21519-21533

Zou M-Z et al (2021) Advances in nanomaterials for treatment of hypoxic tumor. Natl Sci
Rev 8(2):nwaal60

Ruan C et al (2021) Nanomaterials for tumor hypoxia relief to improve the efficacy of ROS-
generated cancer therapy. Front Chem 9

Guo X et al (2018) Synchronous delivery of oxygen and photosensitizer for alleviation of
hypoxia tumor microenvironment and dramatically enhanced photodynamic therapy. Drug
Delivery 25(1):585-599



Harnessing the Power of Nanomaterials to Alleviate Tumor Hypoxia ... 171

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Cao H et al (2018) An assembled nanocomplex for improving both therapeutic efficiency and
treatment depth in photodynamic therapy. Angew Chem 130(26):7885-7889

Luo Z et al (2016) Self-monitoring artificial red cells with sufficient oxygen supply for
enhanced photodynamic therapy. Sci Rep 6(1):1-11

Chen J et al (2017) Oxygen-self-produced nanoplatform for relieving hypoxia and breaking
resistance to sonodynamic treatment of pancreatic cancer. ACS Nano 11(12):12849-12862
Lu N et al (2018) Biodegradable hollow mesoporous organosilica nanotheranostics for
mild hyperthermia-induced bubble-enhanced oxygen-sensitized radiotherapy. ACS Nano
12(2):1580-1591

Cai X et al (2019) Monodispersed copper (I)-based nano metal-organic framework as
a biodegradable drug carrier with enhanced photodynamic therapy efficacy. Adv Sci
6(15):1900848

Song G et al (2017) TaOx decorated perfluorocarbon nanodroplets as oxygen reservoirs to
overcome tumor hypoxia and enhance cancer radiotherapy. Biomaterials 112:257-263

Song X et al (2016) Ultrasound triggered tumor oxygenation with oxygen-shuttle nanop-
erfluorocarbon to overcome hypoxia-associated resistance in cancer therapies. Nano Lett
16(10):6145-6153

Gao M et al (2017) Erythrocyte-membrane-enveloped perfluorocarbon as nanoscale artifi-
cial red blood cells to relieve tumor hypoxia and enhance cancer radiotherapy. Adv Mater
29(35):1701429

Cheng Y et al (2015) Perfluorocarbon nanoparticles enhance reactive oxygen levels and
tumour growth inhibition in photodynamic therapy. Nat Commun 6(1):1-8

Song G et al (2016) Perfluorocarbon-loaded hollow Bi2Se3 nanoparticles for timely supply
of oxygen under near-infrared light to enhance the radiotherapy of cancer. Adv Mater
28(14):2716-2723

Iijima M et al (2018) Development of single nanometer-sized ultrafine oxygen bubbles to
overcome the hypoxia-induced resistance to radiation therapy via the suppression of hypoxia-
inducible factor-1a. Int J Oncol 52(3):679-686

Khan MS et al (2019) Anti-tumor drug-loaded oxygen nanobubbles for the degradation of
HIF-1a and the upregulation of reactive oxygen species in tumor cells. Cancers 11(10):1464
Bhandari PN et al (2017) Oxygen nanobubbles revert hypoxia by methylation programming.
Sci Rep 7(1):1-14

Song R et al (2019) pH-responsive oxygen nanobubbles for spontaneous oxygen delivery in
hypoxic tumors. Langmuir 35(31):10166-10172

Owen J et al (2016) Reducing tumour hypoxia via oral administration of oxygen nanobubbles.
PLoS ONE 11(12):e0168088

Song R etal (2018) Lipid-polymer bilaminar oxygen nanobubbles for enhanced photodynamic
therapy of cancer. ACS Appl Mater Interfaces 10(43):36805-36813

Song L et al (2020) Biogenic nanobubbles for effective oxygen delivery and enhanced
photodynamic therapy of cancer. Acta Biomater 108:313-325

Cavalli R, Soster M, Argenziano M (2016) Nanobubbles: a promising efficienft tool for
therapeutic delivery. Ther Deliv 7(2):117-138

Jensen FB (2009) The dual roles of red blood cells in tissue oxygen delivery: oxygen carriers
and regulators of local blood flow. J Exp Biol 212(21):3387-3393

Wang P et al (2017) Orthogonal near-infrared upconversion co-regulated site-specific 02
delivery and photodynamic therapy for hypoxia tumor by using red blood cell microcarriers.
Biomaterials 125:90-100

Sun X et al (2015) Remotely controlled red blood cell carriers for cancer targeting and
near-infrared light-triggered drug release in combined photothermal-chemotherapy. Adv Func
Mater 25(16):2386-2394

Wang L-Y et al (2013) Versatile RBC-derived vesicles as nanoparticle vector of photosensi-
tizers for photodynamic therapy. Nanoscale 5(1):416-421

Tang W et al (2016) Red blood cell-facilitated photodynamic therapy for cancer treatment.
Adv Func Mater 26(11):1757-1768



172

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

H. Rashidzadeh et al.

Hu J et al (2020) Polydopamine-based surface modification of hemoglobin particles for
stability enhancement of oxygen carriers. J Colloid Interface Sci 571:326-336

Jansman MM, Hosta-Rigau L (2018) Recent and prominent examples of nano-and microar-
chitectures as hemoglobin-based oxygen carriers. Adv Coll Interface Sci 260:65-84
Paciello A et al (2016) Hemoglobin-conjugated gelatin microsphere as a smart oxygen
releasing biomaterial. Adv Healthcare Mater 5(20):2655-2666

Zhao P et al (2016) Oxygen nanocarrier for combined cancer therapy: oxygen-boosted ATP-
responsive chemotherapy with amplified ROS lethality. Adv Healthcare Mater 5(17):2161—
2167

JiaY,DuanL, LiJ (2016) Hemoglobin-based nanoarchitectonic assemblies as oxygen carriers.
Adv Mater 28(6):1312-1318

Liu WL et al (2018) Aggressive man-made red blood cells for hypoxia-resistant photodynamic
therapy. Adv Mater 30(35):1802006

Liang X et al (2020) Perfluorocarbon@ porphyrin nanoparticles for tumor hypoxia relief
to enhance photodynamic therapy against liver metastasis of colon cancer. ACS Nano
14(10):13569-13583

Que Y et al (2016) Enhancing photodynamic therapy efficacy by using fluorinated nanoplat-
form. ACS Macro Lett 5(2):168-173

Wu L et al (2018) Local intratracheal delivery of perfluorocarbon nanoparticles to lung cancer
demonstrated with magnetic resonance multimodal imaging. Theranostics 8(2):563

Hu D et al (2019) Perfluorocarbon-loaded and redox-activatable photosensitizing agent
with oxygen supply for enhancement of fluorescence/photoacoustic imaging guided tumor
photodynamic therapy. Adv Func Mater 29(9):1806199

Zhou Z et al (2016) Reactive oxygen species generating systems meeting challenges of
photodynamic cancer therapy. Chem Soc Rev 45(23):6597-6626

Gu Z et al (2011) Tailoring nanocarriers for intracellular protein delivery. Chem Soc Rev
40(7):3638-3655

Cheng H et al (2016) An O2 self-sufficient biomimetic nanoplatform for highly specific and
efficient photodynamic therapy. Adv Func Mater 26(43):7847-7860

Zou MZ et al (2018) A multifunctional biomimetic nanoplatform for relieving hypoxia to
enhance chemotherapy and inhibit the PD-1/PD-L1 axis. Small 14(28):1801120

Li G et al (2020) Fluorinated chitosan to enhance transmucosal delivery of sonosensitizer-
conjugated catalase for sonodynamic bladder cancer treatment post-intravesical instillation.
ACS Nano 14(2):1586-1599

Li G et al (2019) Fluorinated polyethylenimine to enable transmucosal delivery of
photosensitizer-conjugated catalase for photodynamic therapy of orthotopic bladder tumors
postintravesical instillation. Adv Func Mater 29(40):1901932

Phua SZF et al (2019) Catalase-integrated hyaluronic acid as nanocarriers for enhanced
photodynamic therapy in solid tumor. ACS Nano 13(4):4742-4751

Meng Z et al (2019) Light-triggered in situ gelation to enable robust photodynamic-
immunotherapy by repeated stimulations. Adv Mater 31(24):1900927

Song G et al (2016) Catalase-loaded TaOx nanoshells as bio-nanoreactors combining high-Z
element and enzyme delivery for enhancing radiotherapy. Adv Mater 28(33):7143-7148
Wu J et al (2019) Nanomaterials with enzyme-like characteristics (nanozymes): next-
generation artificial enzymes (II). Chem Soc Rev 48(4):1004-1076

Wong EL, Vuong KQ, Chow E (2021) Nanozymes for environmental pollutant monitoring
and remediation. Sensors 21(2):408

Liang M, Yan X (2019) Nanozymes: from new concepts, mechanisms, and standards to
applications. Acc Chem Res 52(8):2190-2200

Yang G,Ji J, Liu Z (20214) Multifunctional MnO2 nanoparticles for tumor microenviron-
ment modulation and cancer therapy, in Wiley interdisciplinary reviews: nanomedicine and
nanobiotechnology, p €1720

Zhang L et al (2021) MnO 2-capped silk fibroin (SF) nanoparticles with chlorin e6 (Ce6)
encapsulation for augmented photo-driven therapy by modulating the tumor microenviron-
ment. ] Mater Chem B 9(17):3677-3688



Harnessing the Power of Nanomaterials to Alleviate Tumor Hypoxia ... 173

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Chang C-C et al (2020) Nanoparticle delivery of MnO2 and antiangiogenic therapy to over-
come hypoxia-driven tumor escape and suppress hepatocellular carcinoma. ACS Appl Mater
Interfaces 12(40):44407-44419

Yu M et al (2019) Multifunctional nanoregulator reshapes immune microenvironment and
enhances immune memory for tumor immunotherapy. Adv Sci 6(16):1900037

Zhang X et al (2019) Gold cube-in-cube based oxygen nanogenerator: a theranostic
nanoplatform for modulating tumor microenvironment for precise chemo-phototherapy and
multimodal imaging. ACS Nano 13(5):5306-5325

Gordijo CR et al (2015) Design of hybrid MnO2-polymer-lipid nanoparticles with tunable
oxygen generation rates and tumor accumulation for cancer treatment. Adv Func Mater
25(12):1858-1872

Zhang W et al (2018) Oxygen-generating MnO2 nanodots-anchored versatile nanoplat-
form for combined chemo-photodynamic therapy in hypoxic cancer. Adv Func Mater
28(13):1706375

Yang G et al (2017) Hollow MnO 2 as a tumor-microenvironment-responsive biodegradable
nano-platform for combination therapy favoring antitumor immune responses. Nat Commun
8(1):1-13

Zhang C et al (2017) An O2 self-supplementing and reactive-oxygen-species-circulating
amplified nanoplatform via H20/H202 splitting for tumor imaging and photodynamic
therapy. Adv Func Mater 27(43):1700626

Liu C et al (2019) Biodegradable biomimic copper/manganese silicate nanospheres for
chemodynamic/photodynamic synergistic therapy with simultaneous glutathione depletion
and hypoxia relief. ACS Nano 13(4):4267-4277

Kim J et al (2019) Synergistic oxygen generation and reactive oxygen species scavenging by
manganese ferrite/ceria co-decorated nanoparticles for rheumatoid arthritis treatment. ACS
Nano 13(3):3206-3217

Zhang W et al (2016) Prussian blue nanoparticles as multienzyme mimetics and reactive
oxygen species scavengers. ] Am Chem Soc 138(18):5860-5865

Hu J-J et al (2019) Augment of oxidative damage with enhanced photodynamic process and
MTHLI1 inhibition for tumor therapy. Nano Lett 19(8):5568-5576

Yang ZL et al (2018) Oxygen-evolving mesoporous organosilica coated prussian blue
nanoplatform for highly efficient photodynamic therapy of tumors. Adv Sci 5(5):1700847
Zhou J et al (2018) Engineering of a nanosized biocatalyst for combined tumor starvation and
low-temperature photothermal therapy. ACS Nano 12(3):2858-2872

Song Y et al (2021) Fabrication of the biomimetic DOX/Au@ Pt nanoparticles hybrid
nanostructures for the combinational chemo/photothermal cancer therapy. J Alloys Compd
160592

Yang X et al (2021) Platinum nanoenzyme functionalized black phosphorus nanosheets for
photothermal and enhanced-photodynamic therapy. Chem Eng J 409:127381

Sathiyaraj G et al (2021) Bio-directed synthesis of Pt-nanoparticles from aqueous extract of
red algae Halymenia dilatata and their biomedical applications. Colloids Surf A 618:126434
Fan J et al (2011) Direct evidence for catalase and peroxidase activities of ferritin—platinum
nanoparticles. Biomaterials 32(6):1611-1618

Liang S et al (2019) Intelligent hollow Pt-CuS janus architecture for synergistic catalysis-
enhanced sonodynamic and photothermal cancer therapy. Nano Lett 19(6):4134-4145
Wang XS et al (2018) A versatile Pt-based core-shell nanoplatform as a nanofactory for
enhanced tumor therapy. Adv Func Mater 28(36):1801783



174

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

H. Rashidzadeh et al.

Li S et al (2019) A nanozyme with photo-enhanced dual enzyme-like activities for deep
pancreatic cancer therapy. Angew Chem 131(36):12754-12761

Liu C et al (2019) Nanozymes-engineered metal-organic frameworks for catalytic cascades-
enhanced synergistic cancer therapy. Nano Lett 19(8):5674-5682

Xu S et al (2018) Oxygen and Pt (II) self-generating conjugate for synergistic photo-chemo
therapy of hypoxic tumor. Nat Commun 9(1):1-9

Huo M et al (2017) Tumor-selective catalytic nanomedicine by nanocatalyst delivery. Nat
Commun 8(1):1-12

Zhang L et al (2018) An adenosine triphosphate-responsive autocatalytic fenton nanoparticle
for tumor ablation with self-supplied H202 and acceleration of Fe (iii)/Fe (ii) conversion.
Nano Lett 18(12):7609-7618

Chen Q et al (2019) Nanoparticle-enhanced radiotherapy to trigger robust cancer
immunotherapy. Adv Mater 31(10):1802228

Song X et al (2018) Self-supplied tumor oxygenation through separated liposomal delivery
of H202 and catalase for enhanced radio-immunotherapy of cancer. Nano Lett 18(10):6360-
6368

Zheng D et al (2018) Normalizing tumor microenvironment based on photosynthetic
abiotic/biotic nanoparticles. ACS Nano 12(6):6218-6227

Zheng D-W et al (2016) Carbon-dot-decorated carbon nitride nanoparticles for enhanced
photodynamic therapy against hypoxic tumor via water splitting. ACS Nano 10(9):8715-8722
Li R-Q et al (2019) A two-photon excited O2-evolving nanocomposite for efficient
photodynamic therapy against hypoxic tumor. Biomaterials 194:84-93

Wang SB et al (2019) A tungsten nitride-based O2 self-sufficient nanoplatform for enhanced
photodynamic therapy against hypoxic tumors. Advanced Therapeutics 2(6):1900012

Jiang W et al (2019) Tumor reoxygenation and blood perfusion enhanced photodynamic
therapy using ultrathin graphdiyne oxide nanosheets. Nano Lett 19(6):4060-4067

Revuri V etal (2019) In situ oxygenic nanopods targeting tumor adaption to hypoxia potentiate
image-guided photothermal therapy. ACS Appl Mater Interfaces 11(22):19782-19792

Yang G et al (2018) Manganese dioxide coated WS2@ Fe304/sSiO2 nanocomposites for
pH-responsive MR imaging and oxygen-elevated synergetic therapy. Small 14(2):1702664
Zhu H et al (2018) Oxygenic hybrid semiconducting nanoparticles for enhanced photodynamic
therapy. Nano Lett 18(1):586-594

Zhu W et al (2016) Modulation of hypoxia in solid tumor microenvironment with MnO2
nanoparticles to enhance photodynamic therapy. Adv Func Mater 26(30):5490-5498

Chen Q et al (2016) Intelligent albumin—-MnO?2 nanoparticles as pH-/H202-responsive disso-
ciable nanocarriers to modulate tumor hypoxia for effective combination therapy. Adv Mater
28(33):7129-7136

Chen J et al (2019) Hybrid protein nano-reactors enable simultaneous increments of
tumor oxygenation and iodine-131 delivery for enhanced radionuclide therapy. Small
15(46):1903628

Yang G et al (2018) Smart nanoreactors for pH-responsive tumor homing, mitochondria-
targeting, and enhanced photodynamic-immunotherapy of cancer. Nano Lett 18(4):2475—
2484

Yang Y et al (2018) G-quadruplex-based nanoscale coordination polymers to modulate tumor
hypoxia and achieve nuclear-targeted drug delivery for enhanced photodynamic therapy. Nano
Lett 18(11):6867-6875

Chen H et al (2015) H202-activatable and O2-evolving nanoparticles for highly efficient and
selective photodynamic therapy against hypoxic tumor cells. J Am Chem Soc 137(4):1539-
1547

Chen Qetal (2017) Drug-induced co-assembly of albumin/catalase as smart nano-theranostics
for deep intra-tumoral penetration, hypoxia relieve, and synergistic combination therapy. J
Control Release 263:79-89



Application of Nanoradioprotective )
Agents in Cancer Therapy L

Faezeh Mozafari, Hamid Rashidzadeh, Murat Barsbay,
Mohammadreza Ghaffarlou, Marziyeh Salehiabar, Ali Ramazani,
Morteza Abazari, Mohammad-Amin Rahmati, Gopal Niraula,
Surender K. Sharma, and Hossein Danafar

Abstract Radiotherapy (RT) has been widely employed in health centers and hospi-
tals for the treatment of several malignant tumors. The main goal of RT is to augment
the therapeutic efficacy of treatment by delivering supreme dose of ionizing radia-
tion to tumor sites while diminishing undesirable radiation dose to healthy tissues to
restrict the severe adverse effects. However, despite all the advances and progressions
in radiation therapy technology, irradiation of surrounding normal tissues always
occurs and results in damage and side effects. Accordingly, radiation protectors with
the ability to protect healthy tissue can be a promising approach for radiation escala-
tion, thereby expanding the therapeutic ratio. Although several radiation protectors
are available for clinical use to protect healthy tissue from the deleterious effects of
radiation, some drawbacks such as short plasma half-life and rapid clearance greatly
hamper sustainable biological applications. Over the past few years, multifunctional
nanomaterials have emerged as very promising tools in the biological and medical
field, opening a new route for developing potential nanoradioprotective agents as
some nanoparticles exhibit intrinsic radioprotective properties. Accordingly, within
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the framework of these criteria, this chapter summarizes some exciting advances in
protection of normal tissue from inevitable radiation during RT by multifunctional
nanomaterials. In addition, this review highlights an outlook of nanomaterial designs
for potential radioprotection applications and also discusses the challenges followed.

Keywords Radioprotection - Radiotherapy + Nanomaterials - Healthy tissue -
Ionizing radiation

1 Introduction

Radiotherapy is one of the most common (more than 50%) treatments for cancer
patients. It exploits high-energy radiations that generate ions to destroy tumor cells
[1, 2]. But like any other treatment, it has its drawbacks; nearby healthy tissues are
also damaged. Serious side effects occur by damaging healthy tissue [3], so there is
anurge to shield healthy cells; that’s where radioprotectors come into play. Molecular
radioprotectors are mostly organic and insoluble in water. They have a short half-life,
short circulation time and fast metabolism. Therefore, these organic molecules are
not as efficient as expected [4, 5]. As promising drug delivery tools to overcome the
mentioned challenges, nanocarriers can be utilized to increase blood circulation time
and molecule stability to enhance bioavailability [6]. Thus, it is advantageous to use
a carrier to achieve a higher bioavailability [7-9]. As a paradigm, poly(lactide-co-
glycolide) (PLGA) microspheres loaded with a radioprotector demonstrate improved
stability and slower drug release, giving higher radioprotection efficacy to PLGA-
drug-loaded nanosystems compared to bare drug [10]. Meanwhile, novel radio-
protectors should be considered as a great substitute for conventional molecular
radioprotectors.

Nanocarriers may be intrinsically radioprotective -called multifunctional
nanomaterials- or they may carry molecular radioprotectors and indirectly help
radioprotection. For instance, modified Cg fullerene nanomaterials can scavenge
radiation-induced free radicals and protect healthy tissue from radical-mediated
damages. Thus, nanosystems can serve radioprotection of healthy tissue directly
or indirectly [11]. In this context, nanoradioprotectors are potential substitutes for
conventional radioprotective drugs as they exhibit better characteristics. Beside these
advantages, if the nanomaterial itself can function as a radioproctective agent, then
the superiority of the system would be undeniable.

2 Delivery of Molecular Radioprotectors by Nanocarriers

Molecular radioprotectors utilize different cardinal mechanisms to defend healthy
tissue. They can scavenge free radicals, prevent DNA double strand damage, improve
DNA repair or cause hypoxia in normal cells. Some of these molecules are widely
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used in clinical practice, such as amifostine. Curcumin, methylproamine, and sesamol
are examples of molecular radioprotectors that use different mechanisms for radio-
protection; that is, by scavenging free radicals [10], preventing double-strand DNA
(dsDNA) break and improving DNA repair [12], respectively. Amifostine employs
all of the above mechanisms [13] but other molecules may use only one of the mecha-
nisms to become a radioprotector. The therapeutic efficacy of these molecules cannot
reach to its potential because of their natural counter-effect in the body, water insolu-
bility, fast metabolism rate and short half-life. To overcome this problem, nanotech-
nology can intervene. Biocompatible nanomaterials with high drug loading capacity
provide better stability, higher drug circulation time, attenuated metabolism rate and
eventually a controlled release feature. Thus, improved bioavailability and efficacy
canbe achieved by using nanomaterials as nanocarriers for molecular radioprotectors.

2.1 Organic Polymeric Carriers

Biodegradability is a major advantage of such carriers, making them the most
frequently used carrier for different molecular radioprotectors, as demonstrated in
case of oral controlled delivery of amifostine by biodegradable PLGA microcap-
sules [4, 5, 10]. PLGA nanocarriers in particular are in the center of focus due to the
biodegradability of PLGA. After loading the PLGA microspheres with curcumin,
the stability of this radioprotector was increased, its release was prolonged, and the
overall radioprotective efficacy of curcumin increased [10]. When PLGA nanocar-
riers were administered orally 1 h before exposure to gamma radiation, PLGA-loaded
amifostine-nanoparticles appeared to significantly promote jejunal crypt cell survival
and hematopoietic progenitor cell survival for 30 days compared to the untreated
group [14]. Morover, in another study, oral administration (1 h before radiation expo-
sure) of PLGA nanoparticles loaded with N-(2-mercaptoethyl)1,3-diaminopropane
(WR1065) were able to remarkably attenuate bone marrow suppression, increase
survival over 30 days, and decrease intestinal damages. As an active metabolite of
amifostine, WR1065 is widely employed in cancer radiotherapy to protect untrans-
formed cells [15]. Potassium iodide and penicillamine, conventional radioprotective
drugs, were loaded separately on PLGA nanoparticles, resulting in longer circula-
tion in blood and improved efficacy compared to implementation of the same dose
of free drug in gamma-exposed mice [16]. Chitosan, a natural, biocompatible and
non-toxic polymer, was designed as a nanocarrier for ferulic acid, a radioprotec-
tive agent, to improve its circulation time [15]. Green tea polyphenols have been
proved to alleviate post-radiation injuries in several experiments. Three-day oral
pretreatment with Bovine serum albumin-Green tea polyphenol-Chitosan Nanopar-
ticles (BGCN) significantly mitigated gamma-radiation-induced mortality in mice,
Fig. 1 [17]. According to pathological data, BGCN also caused increased cell count
of bone marrow, hematological parameters and spleen index in irradiated mice.
Furthermore, BGCN plays a role in attenuating the unbalance of the intracellular
redox system following radiation exposure resulting from the green tea polyphenol’s
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Fig. 1 Fabrication of BSA-green tea polyphenols-chitosan nanoparticles and its role in radio-
protection. Reproduced with permission from Ref. [17]. Copyright 2016, with permission from
ACS

ability to affect Nrf2-ERK pathway, reduce Bax expression, and consequently alle-
viate oxidative stress damage as well as restoring cell’s redox balance. Finally, it is
noteworthy that chitosan can improve bioavailability of molecular radioprotective
drugs, as radioprotective efficacy of BGCNs is greater than that of free green tea
polyphenols, Fig. 2.

Solid lipid nanoparticles (SLNs) can also encapsulate and deliver these molecules,
such as trans-resveratrol (RVL) [5]. SLNs can significantly increase the solubility,
blood circulation time, and radioprotection and antioxidant ability of RVL compared
to the group that received RVL without any carrier.

Du and colleagues developed novel versatile theranostics based on
poly(vinylpyrollidone)- and selenocysteine-modified BiySe; nanoparticles (PVP-
Bi;Se; @Sec NPs) to enhance radiotherapy efficacy of tumors while promoting
the radioprotection of healthy tissues. In vivo results indicated that the radiopro-
tection of the developed system was dependent on the release of selenium moiety
and its entry into the bloodstream [18]. Nosrati et al. fabricated Bi,S;—Au hybrid
nanoparticles containing methotrexate (MTX) and curcumin (CUR) for complete
ablation of tumors. Due to the presence of CUR as a component of designed hybrid
system, the fabricated nanoparticles not only served as nutritional supplement for
chemotherapy, but also displayed a key role in radioprotection of healthy cells [19].
This research group also exploited radioprotective effect of CUR-conjugated BSA
nanoparticles. It was found that the fabricated nanoparticles could serve as profi-
cient carriers to promote the potential radioprotective effect of CUR [20]. Lagoda
et al. exploited the radioprotective efficiency of sugar-containing compounds. In
this context condensation products of thiol-containing hydrazides with mono- and
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Fig. 2 a) Sustained release polyphenols and stability in PBS (PH = 7.4). b) Free radical scav-
enging activity. DPPH scavenging activity of BGCN, green tea polyphenols (GTP) and BGN. ¢)
Effect of BGCN, green tea polyphenols (GTP) and BGN on survival rate. D-1) Bone marrow
cell count in peripheral blood. D-2) Lymphocytes and platelets count. D-3) Erythrocytes count
and hemoglobin content. E-1) Reactive oxygen species (ROS), E-2) DNA damage, E-3) Apop-
tosis and E-4) mitochondrial membrane potential (MMP) in splenocytes of irradiated mice. F)
Effect of BGCN, BGN and GTP on the mRNA expression of NQO-1, HO-1, nrf-2, ERK and Bax.
Reproducedwith permission from Ref. [17]. Copyright 2016, with permission from ACS

disaccharides were fabricated. Results showed that implementation of monosaccha-
rides D-glucose-thioglycolic and D-maltose-thiosalicylic preparations promoted the
survival rate of lethally irradiated animals by 25% when administered 1 h before
irradiation, and 40% when administered 24 h before irradiation [21]. Liu et al. fabri-
cated polymeric nanoparticles based on WR-1065 loaded PEG-PCL conjugated CUR
as an efficient carrier for co-delivery of CUR and WR-1065 (the active ingredient
of amifostine) and investigated its potential synergistic radioprotection capability.
In vivo results revealed that the developed polymeric nanosystem exhibited great
radioprotective activity on the hematopoietic system and prevented intestinal injury.
Interestingly, all mice survived after exposure to the half-lethal dose (7.2 Gy) of total
body irradiation for time periods of 30 days [22].

2.2 Inorganic Carriers

In recent years, several inorganic carriers have been employed and have exhibited
promising results. As an example, melanin, an insoluble radioprotective pigment, was
loaded into silica nanoparticles. To ensure their radioprotective properties, melanin
precursors were polymerized and decorated on the surface of silica nanoparticles
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Fig. 3 a) TEM (Transmission electron microscopy) (up) and immunofluorescence (down) image of
MNs (melanin-covered nanoparticles) made with L-DOPA. The bar is 200 nm. b) Shielding effects
of MNs on the bone marrow of mice during whole-body irradiation and radioimmunotherapy (RIT).
b-1) WBC and b-2) platelet counts for CD-1 mice irradiated with 125 cGy. b-3) Change of tumor
volume and b-4) WBC count after RIT in nude mice bearing A2058 melanoma tumors pretreated
with MNs. Reproduced with permission from Ref. [23]. Copyright 2010, with permission from
Elsevier

for IV administration. These melanin-covered nanoparticles minimized hemato-
logical toxicity and showed no protection against tumor cells in mice exposed to
external beam radiation or undergone radio-immunotherapy (Fig. 3) [23]. Melanin-
silica nanoparticles inhibited radical formation and consequently protected the bone
marrow from ionizing radiation. Glycyrrhizic acid (known as a radioprotector) was
complexed with silver nanoparticles (SN-GLY), which was also employed in mice for
radioprotection before/after exposure to ionizing radiation. The nanoparticles were
effective when administered orally both before and after irradiation by accelerating
DNA repair, demonstrated by micronucleus formation and reduction of chromosomal
aberrations [24-26].

Silver nanoparticles were also exploited by Chandrasekharan et al. to deliver
another radioprotector, PasAG (6-palmitoyl ascorbic acid-2-glucoside), which is
a vitamin C derivative. PASAG-silver nanoparticles (SN-PASAG complex) were
demonstrated to protect DNA as shown in comet assay during ex-vivo, in vivo and
in vitro irradiation following oral administration. The complex with promising radio-
protection enhanced radiation-induced DNA breakage in various tissues and DNA
repair [27]. To enhance the radioprotective properties of curcumin and increase its
cancer therapeutic efficacy through synergistic therapy and radioprotection of healthy
cells, Xie et al. tailored curcumin to BCNP-TPGS (bamboo charcoal nanoparticles-
D-a-tocopherol polyethylene glycol 1000 succinate) and consequently effectively
alleviated DNA damage in HUVECs (human umbilical vein endothelial cells)
following radiation. Curcumin is known for its shortcomings, such as low solubility
in water, high metabolism, and being a P-gp substrate, which limit its application
in biomedicine. TPGS was functionalized with bamboo charcoal, which responds
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to NIR radiation (808 nm) and generates heat as a result. NIR-triggered heat gener-
ated by bamboo charcoal nanoparticles promotes radioprotector release from TPGS-
BCNP@Curcumin. The rapid and significant release of curcumin after NIR expo-
sure is due to attenuated drug-vehicle interaction, which is a consequence of the heat
generated by TPGS-BCNPs. The nanocarrier (TPGS), which considerably increased
drug accumulation in cancer cells due to its size, triggered drug release and inhibited
the P-gp efflux pomp. Both curcumin and BCNP (carbon materials such as graphene
and carbon nanotubes scavenge free radicals) have been used in the structure of this
mesoporous nanoparticles for their radical scavenging ability and protecting normal
tissue (Fig. 4) [28].

Cao et al. fabricated metal-organic frameworks (MOFs) for the co-delivery of
radioprotective agents. In this regard, they developed a novel nanovehicle based on
MIL-101(Fe) and containing both glutathione (GSH) and WR-1065. Afterwards, the
prepared nanoparticles were decorated with PEG moieties to enhance stability and
permeability. The results showed that modification with PEG promoted the radio-
protection properties of MIL-101(Fe) nanoparticles. Moreover, both in vitro and
in vivo results indicated that the developed MOF-based radioprotector could poten-
tially improve cell viability through scavenging accumulated ROS and resisting
DNA damage after irradiation. Additionally, these systems could ameliorate the
hematopoietic injury of mice caused by radiation [29]. Similarly, this group also
produced MIL-101(Cr) nanoparticles decorated with PEG chains for hematopoietic
radioprotection. In conclusion, inorganic nanocarriers can be counted as promising
tools for the delivery of molecular radioprotectors to ameliorate their bioavailability
and thus their efficacy in radioprotection.
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3 Nanoradioprotectors

Nanomaterials are widely used as carriers for radioprotective molecules. In addition
to their ability to roleplay as carriers, multifunctional nanomaterials with intrinsic
radioprotective characteristic are endowed with the ability to circulate longer in blood
stream due to their lower metabolism rate, in contrast to molecular radioprotectors.
Thus the term *nanoradioprotectors’ indicates specific multifunctional nanoparticles
with radioprotective nature, also called new generation of radioprotectors [30].

3.1 Principle

Regarding the rational comprehension of the design of nanoradioprotectors, there is
an impulse to discern the destructive mechanisms of ionizing radiation to the cells.
There are two ways in which the radiation can damage healthy tissue: it can directly
damage DNA or indirectly damage macromolecules and cell structure by gener-
ating excessive amounts of ROS through water decomposition, ultimately leading
to cell dysfunction and death [31, 32, 35, 34]. Discussing the indirect pathway in
greater depth, radiation interacts with water molecules, which ultimately generates
ROS and strongly damages cell macromolecules including RNA, DNA, protein, cell
membrane and other cell constitutions. DNA damage, macromolecular impairment,
and cellular organization disruption all together lead to the transformation of healthy
cells into dysfunctional, dead cells. Assuming that 60% of the total body weight
is composed of water, it can be concluded that the indirect pathway involves major
damage caused by irradiation [33, 34, 35, 36]. Therefore, the most common principle
pursued in nanoradioprotector design is based on the free radical scavenging ability
of nanomaterials. By neutralizing ROS, the goal of decreasing damage to normal
cells as a result of free radical production can be achieved.

The common nanoradioprotectors

The discussion in the following section will focus on the development of various
nanosized radioprotectors, including carbon-based, cerium-based and noble metal
nanoradioprotectors.

Carbon-based nanoradioprotectors

The most widely investigated and cutting-edge carbon-based nanomaterials for
radiation protection, along with their mechanisms and applications, are discussed
below.
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3.2 Based on Cgy Fullerene

Fullerenes, a category of molecules with a spherical structure, are composed of sp>
carbon atoms, where each carbon is directly bonded to three other carbons, forming a
hollow cage construction in an arrangement of five- and six-carbon rings. Since their
discovery in 1985, C¢o has been widely investigated due to its I-symmetrical struc-
ture [37]. Among fullerenes, Cgy can be reduced 6 times reversibly [38], but in practice
this cannot happen. Pristine Fullerenes, the only soluble form of carbon [39], exhibit
very low solubility in water [40] due to their highly hydrophobic properties. Medical
applications of fullerenes have been limited by their cytotoxicity due to their poor
solubility in water which is generally associated with elevated toxicity of substance.
Although singlet oxygen toxicity leading to membrane damage and cell death was
observed in Cgy aqueous solution, no toxic effects were observed in Chinese-hamster
V79 cells following administration of Cgy aqueous solution [41]. Cytotoxicity, which
may be necessary as in cancer therapy, was magnified over 7 orders by decreasing
exohedral functionalization [42]. The addition of polar, hydrophilic groups capable of
forming hydrogen binding to fullerenes is necessary to achieve medicinal application
of fullerenes. Streaming blood consists mainly of water in which drugs are admin-
istered intravenously to be delivered [43]. Because water solubility causes reduced
recognition of fullerenes as foreign bodies by the immune system, and higher drug
solubility in the blood leads to a longer retention time of fullerenes [44]. A number
of water solubilizing methods of fullerenes were discussed by Rasovic et al., such as
covalent functionalization including exohedral (amination, hydrohylation, prato and
bingel reaction) and endohedral functionalization, encapsulation in water soluble
carriers, and 