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Controlling hydrophobicity and self-assembly of gold nanoclusters
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Gold nanoclusters (Au NCs) are metal particle composed of ten to hundred atoms (~1-3 nm)
that exhibit molecular-like properties in this ultra-small size regime1. Their physico-chemical properties
are highly driven by the nature of the protective ligands stabilizing the metal core in solution. Thanks to
their photoluminescence in the visible and in the near-infrared region and to the ability to finely control
their surface chemistry, Au NCs have found a growing interest in the field of nanomedicine. Au NCs
could be seen then as potential theranostic agents combining delivery capacity and bioimaging
features.

In this context, we design two different types of Au NC systems for cellular delivery: i) one
based on Au NCs with a precise control of his hydrophobicity to enhance the cell internalization, and ii)
a second one made of a 100 nm spherical self-assembled Au NCs to deliver biomolecules in cells.

Hydrophobicity of monodisperse Au NCs could be tuned during the synthesis using custom-made
thioctic sulfobetaine molecule with an increased of aliphatic chain length. Microscopic and physico-
chemical characterizations confirm the ultra-small size of the metal core and the influence of
hydrophobicity to reduce protein absorption on the particle surface. Optical characterization show an
enhancement photoluminescence intensity with the hydrophobicity which could either associated to
better protection of the “gold(l)-thiolate binding” to water molecules or to an increase in the rigidity of
the network enabling a more efficient metal-ligand energy transfer. Studies performed on artificial
phospholipid membranes integrated in microfluidic device and on various cell lines stress the
importance to finely tune the hydrophobicity balance of Au NCs in order to improve the penetration on
cell surface without inducing cytotoxicityz.

Self-assembly of Au NCs were produced in a fast and simple approach using cationic polymers as
cross-linkers. Monodipserse spherical self-assembled Au NC with pH dependent swelling properties
was then used as a model system to investigate aggregation induced fluorescence enhancement
mechanism as a function of the distance between Au NCs. Our observations suggest that Au NC
cross-linking has a strong effect on the ligand-to-metal charge transfer and both radiative and
nonradiative recombination rates of charge carriers could be responsible of the QY enhancement.
With the use multimodal imaging techniques it was also demonstrated the ability to load these self-
assembled Au NCs with biomolecules (peptide, antibody) with a more efficient cell uptake than the
free biomolecules®.

These studies demonstrate then the versatility of metal nanoclusters to design smart nanosystem and
open new opportunities for therapy and diagnosis.
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Unexpected intracellular degradation of gold nanoparticles
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Despite of the great interest in biomedicine, for imaging, therapy or vectorization, gold nanoparticles
(NPs) fate in biological medium, and hence in organism, is still poorly known. Following cellular uptake,
gold NPs are generally sequestrated in the cell lysosome, which is the subcellular organelle responsible
for the degradation and recycling of extracellular material after endocytosis, where they can be stored
for months. This acidic cell compartment (pH = 4-5) has been shown to been the location of metallic
NPs degradation2, however comparing to the high stability of gold, lysosome medium should be
considered as chemically mild condition regarding gold NPs.

In spite of this, a precedent study has evidence gold NPs degradation in vivo, and a reduction of the
NPs radius in mice over one year3. In our study, we reproduce this degradation in vitro to identify the
underlying degradation processes.

Primary human fibroblasts have been exposed to gold NPs (citrated, D = 5 nm), cultured, and imaged
over 6 months by electron microscopy. After only two weeks, specific and original degradation structures
shaped like cilia have been observed (fig.1). These structures, resulting of auto-organization of very
small NPs (1 to 2 nm) have been studied using high resolution scanning transmission electron
microscopy (HR STEM, EDX, diffraction). At the same time, degradation pathways have been
investigated though the use of DNA microarray sequencing. The results enlighten the implication of
thiolated proteins that can be implicated in the degradation process.

Figure 1. STEM microscopy pictures in dark and bright field. Non degraded NPs can be seen on the
bottom on the first image. Ciliary structures composed of 1 to 2 nm nanostructures auto-aligned can be
observed after degradation. Scale: 100 and 20 nm respectively
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Biological responses to encapsulating layers and cellular activities
in a co-culture system of T cells encapsulated with PSS-coated gold
nanorods
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Encapsulation of single cells is receiving increasing attention because there is a high possibility to use
this technique in various biomedical and biological applications1. In the meantime, T cell-based
therapy has been found to provide a high potential for cancer treatment and immunotherapeutic
treatments®>*. However, it was reported that T cells could interact with cells in the immune system of
recipient during cell transplantation resulting in an occurrence of some negative effects®. Due to this
reason, T cells are one type of cells that are attractive to be combined with cell encapsulation
technique for therapeutic purpose to avoid the problem of negative effect induction. Here, we
demonstrate the new approach by using polystyrene sulfonate coated-gold nanorods (PSS-GNRs) to
be an outer layer on the cell surface. We used Jurkat T cells as a model cell in our study. Jurkat T
cells were encapsulated with poly(allyamine hydrochloride) (PAH) and/or PSS-GNRs or polystyrene
sulfonate (PSS). The investigation of biological activities of T cells encapsulated with polyelectrolytes
and gold nanorods was performed. The results showed that T cells encapsulated with PSS-GNRs,
PAH and PSS, or PAH alone could survive and proliferate. In the case of a co-culture system, when
encapsulated Jurkat T cells were co-cultured with THP-1 macrophages, the co-cultures exhibited
TNF-a production enhancement. However, the TNF-a production enhancement was not found when
THP-1 macrophages were co-cultured with PSS-GNR/PAH@Jurkat or PSS/PAH@Jurkat. This
indicates that the encapsulating layer could help avoid the interaction between THP-1 macrophages
and Jurkat T cells that related to TNF-a induction. As well, no significant inductions of IL-2, IL-18,
and IL-6 were detected in a co-culture systeme. The layer of PSS-GNRs at the surface of cells
should also provide a benefit in increasing the efficiency for diagnostic or therapeutic purposes due
to the unique property of GNRs. With the positive outcome of biological activity assessment, the
data here provide promising results of the possibility of using encapsulated PSS-GNR/PAH@Jurkat
for immunotherapy application and other biomedical applications in the future.
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Anti-inflammatory effect of gold nanoparticles
supported on metal oxides
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Gold nanoparticles supported on metal oxides (Au/MOx) have attracted much attention due to
their high catalytic performance for such as room temperature CO oxidation and selective oxidations in
liquid phase. Recently, it has been revealed that Au/MOx works as a catalyst even in living organisms
(at pH 7 in water). For example, Garcia and co-workers reported that Au/CeO2 exhibits antioxidant
activity against reactive oxygen species (ROS) in Hep3B and Hela cell lines'.

On the other hand, it has been reported that exposure of respiratory cells and tissues to MOx
nanoparticles induces inflammation due to their toxicity. Therefore, to evaluate the effect of exposure
of living cells to Au nanoparticles on MOx is also an important issue for the use and development of
Au/MOx materials. In this work, we examined the cytotoxic and inflammatory response of macrophagic
cells exposed to Au/MOx.

AuU/TiO2, Au/ZrO2, and Au/CeO2 were prepared by deposition-precipitation (DP) followed by
calcination at 573 K for 4 h or purchased from Haruta Gold Inc. The loading amount of gold of the
Au/MOx were 1 wt% in preparation. Decomposition of hydrogen peroxide (H20:2) by Au/MOx was
tested as a model catalytic reaction to estimate the antioxidant effect. Mice peritoneal primary
macrophages were exposed for 6—48 h to 1-100 ug/mL particles of Au/TiO2, Au/ZrO2, Au/CeO2, and
MOx alone. The viability of cells was measured by MTT assay, and the quantification of the release of
lactate dehydrogenase (LDH). Inflammatory response was evaluated by the quantification of cytokines
such as tumor necrosis factor (TNF)-a and interleukin (IL)-1B8 in cell supernatant, measured by
enzyme-linked immunosorbent assay (ELISA). To assess the effect of Au/MOx on pro-inflammatory
response, cells were exposed to lipopolysaccharide (LPS), which is a major component of Gram-
negative bacteria wall, for 2 h and then to MOx or Au/MOx for 4 h. The concentrations of TNF-a and
interleukin (IL)-1B were analyzed.

No cytotoxicity to the macrophagic cells was observed by either of MTT or LDH release
assays for all the Au/MOx materials regardless of the exposure time and the Au concentration. With
regard to the inflammatory response, a significant increase in TNF-a and IL-13 secretion was
observed by exposure to TiO2 but was much less pronounced for Au/TiO2. To examine this effect of
AuU/TiOz2 in detail, LPS-induced pro-inflammatory response was measured (Figure 1). When TiO2 was
added, the amount of the pre-existing TNF-a and IL-13 were almost consistent with that of the LPS-
induced control experlment In contrast, the amount of TNF-a and IL-1B was significantly decreased by

800 adding Au/TiO2. This result suggests that Au/TiO2 attenuates
LPS-induced inflammation. The same experiments were also
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Figure 1. TNFa levels after LPS-induced inflammation

and exposition to Au/TiO,.
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Gold nanoparticles and biology.

R. Lévy1
(1) Institute of Integrative Biology, University of Liverpool, Liverpool, UK.

Whilst nanotechnology and nanomedicine are generally seen as hot — even sometimes
“revolutionary” — topics, gold nanoparticles have in fact been used in biology for therapeutic,
diagnostic and biological research for over a hundred years. In this lecture, | will build from this
historical context and from recent controversies on the structure (Stripy nanoparticles) and
intracellular delivery of nanoparticles (SmartFlare/Spherical Nucleic Acids) to discuss some of the
current challenges and opportunities in this field, illustrated by our work on the structure of
peptide-capped gold nanoparticles and on the application of gold nanorods for in vivo cell tracking.
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Innovative polyvalent nano-platforms for nanomedicine:
from diagnosis to therapy
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We have recently achieved and patented’ an innovative process for the elaboration of a new type of
hybrid nanocapsules (Hybridosomes®), based on nanoparticles and polymers® (Figure 1). Process of
aggregation, structure and porosity/elasticity of these hybrid nanocarriers were investigated by
combining (cryo-)Transmission Electronic Microscopy, Static and Dynamic Light scattering,
Nanoparticule Tracking Analysis and Atomic Force Microscopy®.

The Hybridosomes® technology open up many perspectives for nanomedicine applications>**® like
imaging assisted diagnosis, drug delivery or particle-based therapeutics (Figure 1). Indeed, the
intrinsic properties of the inorganic nanoparticles constituting the hybridosomes® shell can be
combined and exploited i) as performant contrast agent for various type of imaging modalities (X-ray,
MRI, fluorescence, ...)* depending on the type of nanoparticles used (Au, SPIONs, QD, Ag, etc) and ii)
as intrinsic therapeutic agent (radiotherapy, hyperthermia, .. )* or tool for guided-surgery. In
addition, drugs can be easily and efficiently encapsulated. Finally Hybridosomes® can be
functionalized to target a specific cell or infectious organism.

Hybridosomes®

Drug Delivery

Figure 1. Hybridosomes®: from the original assembly process to the applications in nanomedicine.
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A new drug vector based on ultrastable gold nanoparticles
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Low vision and blindness have a very important social and financial impact. Efficiency of current active
molecules for ocular treatments is limited when they are administered by ophthalmic drops. Indeed,
despite the high drug content of eye drops, a large proportion is eliminated by the tear film during the
topical application. When optimal conditions are met, less than 0.02% of the active substance is
absorbed. Therefore, it appeared necessary to design a new drug delivery system suitable for topical
administration.

We have developed a new drug delivery system based on gold nanoparticles that increases the time
of action of drugs administered by eye drops and thus reduces their frequency of administration (see
Figure 1).1 Ultrastable gold nanoparticles were synthesized by a new method. The mucoadhesion
properties were characterized by different qualitative and quantitative techniques. Finally, the
encapsulation efficiency of the gold nanoparticles for different ocular drugs was determined.

These new ultrastable gold nanoparticles can have a major impact in nanomedicine. Indeed, the
optimization of the mucoadhesion of the drugs by a new drug delivery system may significantly
increase their effectiveness, reducing their frequency of administration as well as the toxicity related to
their high content of active substance.

Mucodhesive
gold nanoparticles

Topical
administration

Mucus % ’fjﬂ"

Corneal epithelium
= e eere e

Figure 1. Mucoadhesive gold nanoparticles
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Multifunctional Gold Nanoparticles for Simultaneous PET/MR
Imaging
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Medical imaging has become a cornerstone of the fight against various diseases (cancer,
cardiovascular diseases) since it allows to detect and follow up the development of disease and to
guide therapy. The current trend is to combine several complementary imaging techniques to
exploit the advantages of each while overcoming their limitations. Among the numerous
possibilities, the combination of magnetic resonance imaging (MRI) and positron emission
tomography (PET) appears very attractive because it allies the high resolution of MRI to the
exceptional sensitivity of PET imaging. If the development of this device is in itself a significant
challenge, the design of multimodal probes also constitutes an essential step for exploiting
MRI/PET fused technology.

For monitoring the biodistribution of radiosensitizing gold nanoparticles by simultaneous PET/MR
imaging, the presence of two different types of chelator is required in the organic shell. Two
strategies have therefore been explored for immobilizing both gadolinium ion (T¢-weighted MRI)
and positron emitter (TEP) onto the gold core. The first one consists in the formation of a mixed
shell composed of two different chelating molecules (a DOTA derivative for Gd* ions and a NODA
derivative for *Cu®* ions) while the second strategy rests on the formation of the organic shell with
a single molecule but functionalized by two different chelating macrocycles for a selective
complexation of Gd** and **Cu®* ions.

The reduction of gold salt in presence of a mixture of two different dithiolated chelators (strategy 1)
or in presence of dithiolated molecules containing two specific complexation sites (strategy 2)
provides ultrasmall gold nanoparticles (core size (TEM): 2-3 nm and hydrodynamic diameter
(DLS): 6-8 nm) which are able to immobilize both gadolinium ions and 64-copper(ll) ions. As a
result, the biodistribution of these nanoparticles can be monitored by T,-weighted MRI and by PET
on a same animal with the same imaging device integrating PET and MRI modalities after a single
intravenous injection.

Each class of nanoparticles successfully behaves as imaging agent for integrated MRI/PET which
are removed by body in large part by renal clearance. Since the ultrasmall gold nanoparticles are
designed for remotely controlled therapy (radiosensitizing effect of the ultrasmall gold cores),z’3 the
data collected by combining MRI and PET will be very precious for improving the therapeutic
activity of these nanoparticles.

References

1- A. Louie, Chem. Rev. 110, 3146 (2010).

2- G. Laurent et al., Nanoscale 8, 12054 (2016).
3- I. Miladi et al., Small 10, 1116 (2014).

Corresponding author email: stephane.roux@univ-fcomte.fr



Keys to enrich layer-by-layer films with gold nanoparticles for
medical device coating

A. Pallotta’, 1. Clarot', P. Lavalle?, A. Boudier'™
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The design of layer-by-layer (LbL) polyelectrolyte films including nanoparticles is a growing field of
innovation in a wide range of biomedical applications such as the development of coatings dedicated
to medical devices. Gold nanoparticles (AuNP) are very attractive for those applications, as they can
be grafted by drugs and sensitive molecules using simple synthesis protocols conferring a
pharmacological activity to the developed medical devices.

In this study, AUNP were synthesized and characterized using classical physicochemical methods’.
They were entrapped into a tripartite film based on cycles, each made with a polycation, negatively-
charged AuNP and a polyanion. Nanostructured films can be deposited on various supports such as
glass slides. The nanostructuration of LbL films using such metallic species was dependent on the
choice of polymer and of dissolution buffer. Physicochemical parameters were evaluated to study
AuNP incorporation and film stability in terms of absence of nanoparticle/film leakage to match the
requirements of the future medical application. Methods such as visible spectrophotometry, capillary
zone electrophoresis, quartz crystal microbalance, and high performance liquid chromatography
coupled to visible detection were used. The best compromise between AuNP loading and film stability
were obtained using poly(allylamine) as the polycation and Tris buffer leading to 10" AuNP/cm? per
cycle of deposition. Lastly, AuNP reactivity was modified when they were embedded into LbL films in
comparison to the colloidal suspension. This reactivity was assessed in according to their interaction
with biomolecules or rat whole blood?. The immobilized AuNP showed less interaction with
biomolecules and induced less hemolysis compared to the colloidal suspension. Interestingly, to
complete the obtained data on their cyto/hemocompatibility, the film stability was assessed under
shear stress conditions to mimic forces applied on a medical device implanted inside an artery. We
demonstrate that neither AuNP leakage from the coating nor the AuNP dissolution (resulting in gold
salt) occurred using ion-pairing extraction and HPLC-visible quantification®.

Due to the high capacity of drug grafting on gold nanoparticles, these results are promising for the
development of nanostructured biomedical devices.
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Using bio-functionalized gold nanorods to observe the plasmonic
photothermal effect on individual BaF3 cells

P. Witthoft, L. Prisner, C. Strelow, T. Kipp, A. Mews
Institute for Physical Chemistry, University of Hamburg, Hamburg, Germany

The exploitation of the plasmonic photothermal effect of gold structures, such as gold nanorods, for
photothermal therapy in cancerous tissue is of great interest for the scientific community1. While a
wide array of medical applications for targeted and non-targeted gold nanorods has been developed in
the past, further understanding of the plasmonic photothermal effect and the parameters involved at
the cellular level is of utmost importance.

We investigate the photothermal effect of gold nanorods in detail on the single-cell level. We have
developed a method to selectively irradiate individual cells that were incubated with bio-functionalized
gold nanorods and to monitor the induced plasmonic photothermal effect on these cells over time by
measuring trypan-blue induced color changes of the cell. Figure 1 (a) exemplarily shows micrographs
of a BaF3 cell before and at specific moments in time after light irradiation. In panel (b), the observed
color changes, which indicate the dying of the cell, are quantified in terms of an absorbance value. We
compare the efficiency of the plasmonic photothermal effect on BaF3 cells that were incubated either
with non-targeted PEG-coated nanorods or with PEG-coated nanorods targeted with the aptamer AIR-
3A that specifically binds to the Interleukin-6 receptor of the cells. We find that targeted gold nanorods
lead to color changes twice as fast as non-targeted ones. Based on our observations we discuss the
mechanism and specificity of the plasmonic photothermal effect on the single-cell level.
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Figure 1: (a) Micrographs of one individual cell before (0s) and at specific moments after laser
irradiation. (b) Absorbance transient of the same cell.
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Owing to their large range of properties which can be accurately tuned by the chemical
composition, the shape and the dimensions, multifunctional nanoparticles appear as promising
candidates for image-guided therapy.1

In this context, we developed the synthesis of gadolinium chelate coated gold nanoparticles
(Au@L-Gd with L a linear or macrocyclic polyaminocarboxylate chelator) which are designed for
image-guided radiotherapy.2 Despite promising results, the radiosensitizing effect appears to be
underexploited owing to a too rapid renal clearance which limits their accumulation in solid tumor.®
Hence the exploitation of the potential of these gold nanoparticles for image-guided radiotherapy
requires the increase of the circulation time for reaching efficiently their specific target while
preserving the ability for renal clearance.

For achieving an enhanced circulation time and therefore a greater accumulation in solid tumor,
Au@L-Gd nanoparticles were immobilized onto large bioresorbable carriers (maghemite
nanoflowers). The resulting golden nanoflowers are constituted of monocrystalline grains (11 nm)
which are assembled in a flower-shaped structure and gold nanoparticles (Au@L—Gd).“’5 Such an
association allows combining the imaging modalities and therapeutic activities of each part of the
golden nanoflowers (T4-weighted MRI, radiosensitization from Au@L-Gd nanoparticles and T,-
weighted MRI, magnetic hyperthermia from nanoflowers). The circulation of golden nanoflowers
after intravenous injection is longer-lasting: the golden nanoflowers are still observed in the tumor
1 h after the injection in contrast to Au@L-Gd nanoparticles. This was mainly attributed to the
larger size of the golden nanoflowers (30 nm vs 2.5 nm). As a consequence, the radiosensitizing
effect of the golden nanoflowers provides for a same gold content in the injected suspension a
higher increase in life span than in the case of Au@L-Gd. Moreover, the combination of magnetic
hyperthermia and radiosensitization which is rendered possible by the immobilization of gold
nanoparticles onto maghemite nanoflowers permits to control the tumor growth.

The immobilization of the gold nanoparticles Au@L-Gd onto nanoflowers allows therefore to better
exploit the radiosensitizing effect of the gold nanoparticles.
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Multi-core vs single-core Gold Nanoparticles: intracellular
confinement effect on NIR Photothermia
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Gold nanoparticles (GNPs) provide multi-functionalities for biomedical applications due to their
suitable properties for drug delivery, cancer treatment, and imaging and in vitro diagnosis. One major
input for nanomedicine is their optical properties, being able to absorb light within the Near Infrared
(NIR) window where light has its maximum depth of penetration in tissue'. Their properties can be
tuned via chemical composition, size, shape, ligands and colloidal stability.

Within the present study we decided to control GNPs confinement to tune their optical absorption
towards NIR wavelengths in cellular environment. For this single? and multi-core (not published)
pegylated GNPs have been synthesized using phosphonate ligands. Besides we obtained 10 nm
single-core GNPs and tunable multi-core GNPs from 30 to 70 nm (Figure 1). The multi-core GNPs
confinement is leading to a red shift absorption making them at potential photothemia agent. Then in
situ cellular measurement has been performed by incubating single- and multi-core GNPs with PC3
prostatic cancer cells.

We then compared their efficiency of photothermia in solution and cells. Multi-core GNPs photothermia
competed well with most efficient photothermia agent, such as nanostars?, for thermal efficiency in
water. Unexpectedly, in cellular conditions, single-core GNPs NIR photothermia ensured a
temperature rise, due to GNPs confinement in lysosomes. Single- and multi-core structure and
concentration effect have been studied leading to high heating amplification and subsequent cell
apoptosis and necrosis.
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Figure 1. From single- to multi-core Gold nanoparticles and their control intracellular optical properties
for NIR photothermia cancer treatment
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Nowadays, cancer represents worldwide one of the main leading causes of death also becoming one
of the most investigated diseases. The scientific interest is not only to detect its presence at an early
stage and get an insight on its progress, but also to treat it without harming healthy tissue. A
minimally-invasive therapy that has attracted a lot of attention and holds a great promise of success is
the Photothermal Therapy (PTT), where the ill tissue is destroyed by locally generated heat. [1] The
unique optical properties such as well-controlled size, shape and surface chemistry designate the
anisotropic gold nanoparticles as potential candidates of choice for PTT heat sources. Moreover, the
enhanced absorption induced by Localized Surface Plasmon Resonance (LSPR) is even higher when
the resonance peak is located in the near-infrared (NIR) region where the gold nanoparticles possess
high extinction coefficients — translating in high depth PPT due to high penetration of infrared light. [2]

In this work, we present a meticulous study of the photothermal properties of two similarly-shaped gold
nanostructures, nanobipyramids (AuBP) and nanorods (AuNR), in almost identical experimental
conditions. AuNR have been already investigated how their morphology affects the photothermal
effects [3], but to our knowledge such a characterization is missing in the case of AuBP as well as a
comparison between them. Firstly, we synthesized both AuBP and AuNR with longitudinal LSPR
responses spanning from the visible to the NIR region of the spectrum. The extinction spectra show
intense narrow bands which reflect a high yield and monodispersity, Transmission Electron
Microscopy (TEM) images confirm the homogeneity of the nanoparticle shapes, while along with
Dynamic Light Scattering (DLS) measurements the AuBP and AuNR dimensions are determined. The
as-prepared colloidal nanostructures are covered in a double-layer of surfactant which is removed by
performing two washing steps according to nanoparticle characteristics without affecting their stability
in solution. The samples were irradiated using two different laser excitation wavelengths, 785 and 808
nm, respectively, in continuous mode for 30 minutes. In order to determine the photothermal
properties of each sample, the experimental parameters such as sample volume, optical density,
measure area and laser power have been varied one at a time. The aim of the study is to determine
which is the optimal morphology for efficient PTT and what are the irradiation conditions to achieve
maximum energy conversion in the shortest time possible. The most efficient system will be further
used for in vitro investigations in view of implementing PTT alone or in combination with other
plasmon-based therapies.

Acknowledgments Funding by the CNCS-UEFISCDI Romania, under the project number PN-III-P4-
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DNA and protein-based detection methods have many applications in clinical diagnosis, food science,
and environmental control. However, most of the analytical techniques currently in use, such as ELISA
and PCR, are expensive, cumbersome and time consuming. Today, there is a clear need for a
disruptive detection technique meeting the following key criteria: small sampling volumes, single step
analysis and accuracy. To tackle these challenges, we have recently introduced a novel analytical
technique based on Photon Cross Correlation Spectroscopy (PhoCCS) of metallic nanoparticles
(NPs)."2 It opens new and breakthrough features for diagnosis, by providing increased sensitivity,
rapid detection and reduced costs. PhoCCs is a dual-color technique, enabling to distinguish the
scattering properties of two spectrally distinct nanoparticles (e.g. silver NPs and gold nanorods
(AuNRSs)) in solution phase (= 10 pl drop) (Fig 1). Upon illumination using two laser beams, the NPs
passing through the volume of analysis are excited and their resulting scattered lights are collected
and analyzed together. In the absence of target, both NPs move independently and their signals are
uncorrelated. Upon target addition, the probe-anchored NPs (probes A and B) assemble via molecular
recognition with the target, giving rise to temporal coincidences.

Here, we will demonstrate its effectiveness for the detection of a specific DNA fragment of sesame, an
allergenic food ingredient, as well as for the detection of human free prostate-specific antigen (f-PSA),
a prostate cancer biomarker. The technique implies a single mixing step, no washing, and allows
sensitive detection within less than one hour for the total assay duration.
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Figure 1. Schema representing the dual-color light scattering detection system. In the presence of the
target DNA, nanoparticle probes A and B associate, yielding temporal coincidence between the
detection channels
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Colorimetric detection methods are convenient and effective in many applications as their major
advantage is that readout requires only human eye.' In many routine clinical diagnostics, the
concentration of analyte is often not high enough to generate a visible signal readable by naked eye.

Colloidal gold nanoparticles (AuNPs) display an intense absorption band in the visible range with
extremely large extinction coefficient, which is due to the localized surface plasmon resonance (LSPR)
phenomenon. This enables its high potential use for colorimetric reporting of molecular recognition
events through readout by naked eye or for a quantitative detection by standard absorbance
measurements.?

Some strains of Staphylococcus aureus produce staphylococcal enterotoxins (SEs) and it is generally
admitted that ingestion of 100 ng of toxin may be sufficient to cause intoxication symptoms. Twenty-
one different SEs have been identified to date with staphylococcal enterotoxin A (SEA) being the most
frequent toxin involved in food poisoning outbreaks by S. aureus.?

Here we established a sandwich-format colorimetric biosensor on glass slides based on AuNPs for
SEA detection. The sensing layer was built up by treatment of glass with either epoxide- or amine-
terminated alkoxysilane, with or without adding protein A to immobilize the antibody, which was
applied to capture target SEA. AuNP-labeled Ab served as a revelation reagent by forming a sandwich
immune complex. The optimized sensor was applied for SEA detection in model buffer medium and in
milk.

In the absence of SEA, no immunogold was bound to the capture Ab. In the presence of SEA in
samples, a red color was produced within the detection zone on glass slide and could be easily
distinguished by the naked eye (see figure 1), down to SEA quantity of 1 ng. The signal was further
quantified using a benchtop UV-Vis spectrometer. The limit of detection (LOD) of SEA spiked in real
milk samples reached 6 ng/mL from the dose-response curve.

.

Blank Increasing [SEA]

Figure 1. Readout of colorimetric assay of detection of SEA at different concentration by naked eye

A specific, sensitive colorimetric biosensor for detection of SEA was well established, which requires
simple optical equipment or even visual detection. This simple method gives an even better LOD
compared with the well-established methods, for instance quartz crystal microbalance.
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Streptomycin is an antibiotic used to treat some bacterial infections like tuberculosis and
Mycobacterium avium complex. Nowadays, owing to its large use in agriculture, livestock and
aviculture, there is a great need to quantify the concentration of streptomycin to prevent antibiotic
resistance. Previous study' on this molecule showed that there is an aptamer which could recognize
streptomycin with good affinity and selectivity.

We propose to detect this molecule by coupling SERS and QCM techniques with streptomycin
aptamer.

QCM is a technique that measures the change in resonance frequency of quartz crystal resonator
sandwiched between two gold electrodes. We propose to add nanostructures onto the gold surface to
perform SERS as well.

We present here our work on the construction of arrays of gold nanocylinders on a gold surface so
that the SERS and QCM signals are optimal. Gold nanostructures deposited on gold thin film exhibit
specific optical properties with the observation of localised surface plasmon (LSP) as well as Bragg
modes where the propagating and localized modes are resonantly coupled through the array
periodicity.? It has already been demonstrated that Surface Enhanced Raman Scattering (SERS) is
higher in this configuration compared to the one recorded for gold nanostructures on insulating media.
The nanostructures were made by e-beam lithography in the shape of nanocylinders with a diameter
between 80 and 250 nm and a periodicity of 400nm on a gold subfilm with a thickness between 20 and
50 nm. Thanks to this study we defined the optimal nanostructures to couple QCM and SERS.

In a second step, this biosensor was validated for the detection and the quantification of the
streptomycin. Thanks to its capture by its associated aptamer chemisorbed on the nanostructured
QCM sensor, we tested this biosensor with different concentrations of streptomycin.

The authors acknowledge the International ANR project Nanobiosensor (ANR-15-CE29-0026) for
financial support and the Centrale de proximité en nanotechnologies C(PN)2 of University Paris 13
and Jeanne Solard for technical support.
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Aptamers are single-stranded DNA or RNA molecules capable of binding to target molecules like
proteins, metal ions or drugs. Due to their specific binding affinities and other advantages compared to
antibodies (higher stability, lower cost, easy chemical modification...), they provide a great opportunity
to produce sensing surfaces for effective and selective detection of small molecules.

Surface Plasmon Resonance imaging (SPRi) has become one of the most widely used label-free
method for the study of bio-recognition events on surfaces. This technique provides a rapid approach,
however, limited in sensitivity by low refractive index changes occurring when small molecules (<500
Da) are captured on the biosensor. Whereas significant reflectivity variation are observed upon the
interaction of large molecules like proteins to the sensing interface, for small targets such as
adenosine, the reflectivity variation is often too small to be detected by SPRi. Thereby, only few
studies have been reported on developing SPRi-based biosensor for small molecules detection using
aptamers.

We developed a bioassay based on three different but compatible and complementary strategies™2:

1/ the engineering of split aptamer sequences adapted from the adenosine model aptamer,

2/ the use of gold nanoparticles for Surface Plasmon Resonance amplification signal and

3/ the thermodynamic stability of the complex formed to quantify the small molecule adenosine.

The experimental results have demonstrated that the combined strategies allow us to obtain state-of-
the-art detection limit below 50nM. Furthermore, the determination of the melting temperatures of
the complex formed by the split aptamers and the adenosine targets open the door for an access to
the thermodynamical parameters.
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Figure 1. Adenosine detection from melting temperature shift of split-aptamer functionalized AUNP
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Thin gold films are a key component of most commercial and laboratory-built plasmonic biosensors,
which have found their applications in various fields, ranging from biochemical and pharmaceutical
research to medical diagnostics. The biosensing principle of such devices is based on the excitation of
surface plasmon resonance (SPR) in gold films and monitoring of excitation conditions during
biosensing assay. The performance of plasmonic biosensors depends on optical properties of metal
films and, in particular, on optical losses in metal, which in turn are partially determined by electron
scattering on crystallite boundaries'. Here, we investigate how crystalline structure of gold films
influences sensitivity and resolution of plasmonic biosensing. The SPR excitation was considered
according to the Kretschmann’s configuration, which composes 1) the glass prism with refractive index
(RI) 1.523; 2) 47-nm-thick gold films; and 3) the top aqueous layer with Rl of 1.332. Figure 1(a) shows
the SPR angular reflectivity curves for structures comprising polycrystalline gold films with different
crystallinity. The full-width at half-maximum (FWHM) arwnm of SPR angular curve is a characteristic of
optical losses and, therefore, depends on the crystallite size D (Figure 1(b)). The resolution of SPR
biosensing can be described by the figure of merit (FOM), defined as a ratio of biosensing sensitivity
to FWHM. The dependence of FOM on the crystallite size is also shown in Figure 1(b), which
demonstrates the increase of FOM up to 60% for different crystallites sizes. So, the performance of
gold-based plasmonic biosensors strongly depends on the crystalline structure of metal films used for
the excitation of SPR. Due to this, the development of efficient plasmonic biosensors should carefully
address various aspects of gold film deposition, including substrate preparation as well as the choice
of a fabrication method and corresponding deposition regimes.

This work was supported by the Russian Foundation for Basic Research, grants no. 18-07-01339-a
and 18-07-01379-a.
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Figure 1. (a) SPR angular reflectivity curves for polycrystalline gold films with crystal sizes of 14 and
49 nm. (b) Full-width at half-maximum and figure of merit for SPR biosensing based on thin gold films
with different crystallinity.
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in vivo observations have greatly progressed due to the remarkable development of fluorescence
single-molecule detection techniques using visible lights. These single-molecular techniques have
provided positional information at an accuracy of about wavelength/100, far below the optical
diffraction limit (wavelength/2). In 1998, we achieved time-resolved x-ray (wavelength~0.1nm)
observations of 3-dimentional (3D) picometer-scale (wavelength/100) Brownian motions in individual
DNA molecules’. We proposed a method to observe intramolecular motions by labeling gold
nanocrystals with individual single protein molecule and observing the motions of diffracted X-ray
spots from labeled individual gold nanocrystals. This DXT (=Diffracted X-ray Tracking) can trace all
rotational 3D motions within single protein molecule using white X-rays. The cysteine and methionine
site in the protein molecules can have a covalent bond to the surface of gold nanocrystals. Therefore,
we succeeded time-resolved (to nano-seconds from micro-seconds) x-ray observations of dynamical
Brownian motions of individual single channel in aqueous solutions through the labeled gold
nanocrystals for the first time in the world2. Until now, we are trying to observe Brownian motions of
actin-myosin interactions, denatured proteins3#4, functional protein membranes2® (bacteriorhodopsin,
AChBP, AChR, and KvAP), antigen- antibody interactions®’, peptide/MHC complex for T cell
activation®, and monitoring super-weak force (pN).

Additionally, we successfully observed the nano-scale dynamics of supersaturated protein (lysozyme)
solutions with time-resolved X-ray observations®. We demonstrated that supersaturated protein
solutions have femto newton-scale force fields. This observed force field by manipulated nanocrystal
is originated from asymmetric Brownian motions, we call as nano-flow field.

As described above, normal DXT must use white x-rays. Therefore, when using monochromatic X-
rays, it is impossible to track all motions of diffraction spots. However, we detected a clear blinking in
diffracted X-ray intensity. Now, we call Diffracted X-ray Blinking (DXB). The observed X-ray blinking
intensity from the labeled and moving gold nanocrystals correlated with the velocity of the diffraction
spots by autocorrelation function (ACF). Recently, we developed this technique to observe the
molecular dynamics using laboratory X-ray source; Rigaku FR-D (Cu anode, 50kV, 60mA) and a high
sensitive detector; PILATUS-100K. We try to distinguish molecular dynamics of AChBP between with
or without toxin using new our laboratory analytical instrumentation. We have recently succeeded in
being able to measure in vivo single molecular observations in living cells with DXB even with a
laboratory x-ray source for the first time in the world.
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Gold nanoparticle (AuNP) are interesting for biomedical applications due to their optical properties as
well as high biocompatibility. Furthermore, they can be easily functionalized with biomolecules via thiol
chemistry, forming hybrid materials termed nano-bio-conjugates (NBC). Laser ablation in liquids (LAL)
is an emerging technique' for the synthesis of AuUNP-NBC suitable for biomedicine, in particular
because no organic additives are required and toxic cross effects can be avoided. Size control of
these AuNP can be achieved by the addition of electrolytes at low salinity during synthesis, resulting in
monodisperse particles with average diameters <10 nm 2. Furthermore, the totally ligand-free surface
of the LAL-generated AuNP eases bioconjugation with functional molecules, vyielding surface
coverages up to five times higher than for AUNP synthesized by ligand exchange.? In this work, two
recent applications of LAL-fabricated AuNP-NBC are presented. In one approach, monodisperse
AuNP (< 10 nm) were utilized as a platform for functional peptide ligands, aiming at the dissociation of
protein aggregates, believed to be involved in the pathology of neurodegenerative diseases like
Alzheimer’s disease using the model protein AB. With a set of complementary biophysical methods we
could conclusively show that the conjugates performed similar, in some cases even better than the
free ligands in dissolving A fibrils and oligomers (Figure 1a)*. A second approach entailed the use of
deliberately agglomerated AuNP-peptide-conjugates as platforms for photo-induced intracellular
release The AuNP agglomerates were internalized by model cell lines and pulsed laser irradiation
induced a controlled endosomal rupture and desagglomeration of the particles. This went along with
the release of cargo molecules (dyes) into the cytoplasm (Figure 1b), while overall cell viability was
unaffected.5 This work could offer novel strategies in laser-induced drug delivery.
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Figure 1 a) ThT fluorescence assay, indicating B-sheet aggregate content in AB, with free D3 peptide
ligands as well as D3-gold-nanoconjugates. Ligands with different positive net charges (5+ - 8+) were
tested. 4 b) TEM images of AUNP agglomerates localized within endosomes (EE=early endosomes,
LE=late endosomes) as well as confocal images of cells prior to and after laser irradiation, indicating
endosomal rupture and even distribution of a cargo dye in the cytoplasm.®
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In moving towards more efficient and targeted treatment of cancer, the design of systems capable of
simultaneously imaging and providing treatment is now imperative. Nanostructures are proposed as
ideal platforms for such multi-modal systems as the nanostructure itself can have enhanced optical or
therapeutic capabilities, but additionally, the main property gained at this scale, increased surface area
to volume ratio, allow for the incorporation and grafting of different compounds and bio-molecules onto
a single particle. This allows for some degree of creativity in conceptualizing what combination of
materials will give the greatest advantage. With respect to advances in cancer treatment, gold
nanostructures have been demonstrated as photothermal agents in laser-mediated localized
hyperthermic treatment of cancer?, due to its ability to convert incident light energy corresponding to its
plasmon resonance band into thermal energy, and by careful manipulation of the nanostructure
design, the characteristic plasmon band can be tuned. Additionally, inorganic harmonic nanoparticles
have recently emerged as viable tissue imaging probes for multi-photon microscopies due to their
inherent non-linear optic activity that allows the second harmonic generation (SHG) of an incident light
beam?2. Their attractiveness when compared to traditional fluorescent probes lies in the absence of
photo bleaching, the tuneability of the excitation and emission wavelengths and the inherent high
resolution of multi-photon microscopy.

The aim of this work is to encapsulate harmonic nanoparticles of lithium niobate (LiNbO3) with a gold
shell, where both core and shell are activated under near infrared (NIR) light, to allow for the imaging
and photothermal treatment of cancer cells. The controlled thickness of this gold shell is a crucial step
in this work because it directly influences the plasmon band position in the NIR spectral region.
Therefore, we will detail our synthesis protocol for growing a homogenous gold shell onto LiNbO3
nanoparticles using an ion-reducible layer-by-layer approach to precisely control shell thickness and
consequently the plasmon band position. SHG emission of these core-shell nanoparticles will then be
investigated.
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Several theoretical and experimental studies have confirmed the therapeutic potential of gold
nanoparticles (Au NPs) as sensitizers for radiotherapy. In particular, the irradiation of Au NPs with low-
energy photons such in low-dose rate brachytherapy (e.g. with the radioisotope '°Pd, ~ 20 keV
photons; Figure 1.A), is particularly efficient for controlling the volume of prostate cancer tumors over
months’. In fact, the probability of photons to interact with Au atoms through the photoelectric effect, is
much higher at low photon energies and this has been considered until now as the driving mechanism
for tumour control with Au NPs coupled to low dose rate brachytherapy. However, the secondary
emissions produced by the photon-Au interaction (e.g. secondary electrons) are not very energetic
and it is not clear at this step if their trajectory could reach the nucleuses and impact on the DNA. To
improve our understanding of the radiosensiting effect provided by Au NPs irradiated by low energy
photons, microdosimetry studies are needed. In the present study, radioactive 1%pd:Pd:Au core-shell
nanoparticles were synthesized according to a recently published methodology (Figure 1.B).2 The
particles were injected in prostate tumours grown in the mouse model (PC3 cells injected in the flank
of nude mice). The tumours were harvested at time points, sliced, and observed in transmission
electron microscopy (TEM), thereby revealing biodistribution maps of Au NPs at the micrometric scale
(Figure 1, C). A Monte Carlo-based dosimetric model was developed to evaluate at the sub-cellular
scale (100 x 100 x 100 nm® voxels) and based on the biological TEM images, energy deposition in the
tissues containing '%pd:Pd:Au NPs. The simulation results confirmed high-intensity dose deposition in
the immediate vicinity of Au NPs, and not close to the nucleuses. This suggests that the strong tumour
volume control observed experimentally in previous studies', is most likely attributed to indirect
damage (e.g. production of reactive oxygen species). Such mechanisms should be integrated in the
model in the perspective of transferring Au NPs as radiosensitizers for low dose rate brachytherapy.
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Figure 1. A) Conventional low dose-rate brachytherapy procedure for prostate cancer and B) new
procedure involving injections of radioactive particles (103Pd:Pd-Au NPs). C) The intratumoral
distribution of Au NPs was studied at the cell level with TEM (here: 24 h after injection). D) A
microdosimetry study based these images and on a Monte-Carlo calculation approach, revealed
energy deposition maps (Edep) at the cellular level (expressed in units of MeV/mCi).
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Could quantification of radicals help us in understanding gold
nanoparticles radiosensitization mechanism?
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In 2004 Hainfeld et al. highlighted the important role gold nanoparticles (GNP) could play for therapy1.
They demonstrated in mice that the adjunction of GNP to X-ray treatment could lead to complete
tumor regression. Surprisingly, this promising effect is not yet transposed to clinical phases. One main
reason could be the absence of consensus about the benefit obtained by coupling GNP and
irradiation. Not only the adding value of GNP can be quite different from a publication to another, but
the GNP efficiency highly varies from a cell type to another®. With this in mind, we decided to study the
GNP-radiation interaction in order to get a good knowledge of the mechanisms involved and
developed a protocol to quantify the electrons and hydroxyl radicals emitted by irradiated
nanoparticles’. For uncoated GNP, massive quantities of both species were quantified and
unexpectedly, gamma rays induce more radicals than X-rays. We propose a key role of interfacial
water around nanoparticles, with a specific organization responsible for high radical production. As
nanoparticles need to be coated for biological applications, we also studied the impact of
functionalization on radical production. This work highlights the fact that a strategic coating choice
appears necessary to design the most efficient radiosensitizing nanoparticle.
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Investigation of the role of gold nanoparticles in radiation induced
oxidation of amino acids and proteins.
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Proteins are one of the most important building blocks of life and are also one of most
accessible target for oxidative damage by reactive oxygen species (ROS). Under normal
circumstances, there is a well-managed balance between formation and neutralization of ROS so that
there is minimal modification of biomolecules. Under oxidative stress conditions, biomolecules become
subjected to attack by excess ROS and significant molecular and physiological damage can occur’.
Nanoparticles are being increasingly used in the field of biomedicine as drug carrier and also for
imaging purpose. Detailed investigation of the interaction of NPs with biomolecules has there fore
gained momentum. ,

We synthesized gold nanoparticles by using Creightons chemical reduction method”. The

effect of free radical induced oxidation in bovine serum albumin and the role of gold nanoparticle in the
oxidation mechanism was investigated using UV-visible spectroscopy, fluorescence, Fourier
transform infrared spectroscopy (FTIR), circular dichriosm(CD), sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and DTNB assay.

The y-irradiation of the protein causes the disruption of the ordered structure of protein. The
CD study shows that % o helix after irradiation in presence of AuNPs is more (61%) as compared to
when irradiated in absence of AUNPs (53%). SDS-PAGE study shows that the degradation of protein
on irradiation was prevented partially in the presence of gold nanoparticles. Estimation of thiol content
after irradiation suggest significant protection of the thiol groups against radiation induced oxidation in
presence of AuNPs. To understand in detail, the role AuNPs in these oxidation reaction, tyrosine, one
of the two fluorescent amino acid in BSA was selected. *OH induced oxidation of tyrosine leads to the
*OH adduct, 3,4-dihydroxy phenylalanine (DOPA) or dityrosine (via one e oxidation pathway).3 In our
study it was observed that the reaction leading to formation of DOPA is less in the presence of AuNPs,
as is evident from Gty calculated from our steady state experiments
Interestingly our product analysis studies (LC-MS, UV-
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+$$§:i\ne Visible) have revealed that the pathway leading to the
5x10° | e Yl formation of DOPA is influenced by the presence of

AuNPs. The concentration of DOPA formed in
presence of AuNPs was found to be lower than that
irradiated in absence of AuNPs. The mechanism of
the *OH induced oxidation of Tyr and the effect of
AuNPs on this mechanism will be discussed in detail.
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Figure 1: a) linear plot area Vs dose (Gy) of tyrosine irradiated at different dose in presence and
absence of AuNPs from HPLC.
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