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Gold-based therapy: From past to present
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Despite an abundant literature on gold nanoparticles use for biomedicine, only a few of the gold-based
nanodevices are currently tested in clinical trials, and none of them are approved by health agencies.
Conversely, ionic gold has been used for decades to treat human rheumatoid arthritis and benefits from
70-y hindsight on medical use. With a view to open up new perspectives in gold nanoparticles research and
medical use, we revisit here the literature on therapeutic gold salts. We first summarize the literature on
gold salt pharmacokinetics, therapeutic effects, adverse reactions, and the present repurposing of these
ancient drugs. Owing to these readings, we evidence the existence of a common metabolism of gold
nanoparticles and gold ions and propose to use gold salts as a “shortcut” to assess the long-term effects of
gold nanoparticles, such as their fate and toxicity, which remain challenging questions nowadays. More-
over, one of gold salts side effects (i.e., a blue discoloration of the skin exposed to light) leads us to
propose a strategy to biosynthesize large gold nanoparticles from gold salts using light irradiation. These
hypotheses, which will be further investigated in the near future, open up new avenues in the field of ionic
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gold and gold nanoparticles-based therapies.

gold nanoparticles | therapeutic gold salts | drug repurposing | nanomedicine | nanotoxicity

Gold nanoparticles (GNPs) emerged over the last
decades due to their potential for biomedical use as
imaging probes, drug delivery systems, or therapeutic
agents. GNP use has been mostly documented
in preclinical cancer research, but other prospective
therapeutic approaches were also reported for treat-
ment of Alzheimer and Parkinson diseases (1, 2), HIV/
AIDS (3), obesity and diabetes (4), tissue engineering
(5), and ophthalmology (6) as well as chemical and
biological sensing (7). So far, GNPs-based technolo-
gies are still in preclinical development, with only few
translations to clinical trials compared with the huge
amount of scientific literature devoted to GNPs.
Nevertheless, the use of gold in medicine is not
limited to GNPs, as gold compounds were used long
before the advent of nanomedicine. Robert Koch
discovered in 1890 that gold cyanide was toxic for
the tuberculosis bacillus in vitro (8). Even if it appeared
that gold cyanide was ineffective against tuberculosis
in vivo, this discovery laid the first stone in the clinical

use of gold and launched investigations related to the
biological actions and effects of this precious metal on
diverse pathologies (9). In this context, Jacques For-
estier evidenced in 1929 that ionic gold compounds
relieve joint pain of patients suffering from rheumatoid
arthritis and sometimes lead to complete remission
(10). Thereafter, gold salts therapy, also known as
chrysotherapy, had been used until the 1990s, after
which presumably less toxic and more efficient
treatments developed.

The medical use of GNPs and gold salts has
evolved in distinct fields of research, as chrysotherapy
discontinued when GNPs-based medicine emerged.
This separation in time and purpose probably explains
why acquired knowledge on gold salt use has been
poorly exploited when GNPs came under the light.
Our group recently revealed that GNPs could be
degraded by cells, which results in the formation of
intralysosomal gold deposit with a specific nanostructure
(11). Surprisingly, similar structures, called aurosomes,
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were evidenced 50 y ago (12). This similarity highlights an irrefutable
relationship between the fate of ionic gold and GNPs, evidencing
the link between gold-based therapies.

In this review, we focus on specific fundamental questions:
what can we learn from the rich and wide scientific literature about
the medical use of gold salts? Could this knowledge be exploited
to better understand the fate of GNPs and to optimize GNP
medical use? After a brief presentation of modern challenges in
nanomedicine, we will summarize the considerable work that was
performed with medical gold salts through 70 y. Acquired infor-
mation will be presented from the nanomedicine perspective, in
the attempt to help understanding of the metabolism and use of
gold in medicine.

GNPs in Medicine

GNPs Properties and Applications. The interest for GNPs in
medicine stems from their particular physicochemical properties,
which make them unique nanoplatforms for vectorization, imag-
ing, diagnostic, and therapy. Due to their very stable crystalline
form, it is generally accepted that large GNPs (>2 nm) are poorly
reactive, hardly corrodible, and poorly degradable. These fea-
tures make GNPs more stable than other metallic nanoparticles in
biological medium (13). In addition, their strong affinity for sulfu-
rized compounds enables a variety of chemical grafts at the
nanoparticle surface, which can be functionalized with drugs,
polymers, peptides, antibodies, or antifouling species (14). This
versatility is particularly useful for drug delivery and specific tar-
geting of tissues (15).

GNPs are also attractive for biomedicine because of their high
density. Gold is particularly dense in its crystalline form, which
makes it useful for radiation absorption (16). As an example, GNPs
strongly absorb X-ray radiation, which enables localization of
them in complex organisms by X-ray imaging or tomography, or
use of them in therapy as radiosensitizers.

Finally, GNPs are also attractive for biomedicine because of
their plasmonic properties. Briefly, the valence electrons of GNPs
can enter in resonance with an external electromagnetic field,
leading to a strong absorption of the radiation in the visible range
(16). This absorption can be modulated by nanoparticles shape,
size, and functionalization and covers a range going from 500 to
1,000 nm. This wide window of absorption wavelength overlaps
the tissue transparency windows (near infrared [NIR]1: 650 to
900 nm; NIR2: 1,000 to 1,300 nm; NIR3: 1,500 to 1,800 nm), which
enables photoactivation of GNPs inside tissues (19). This photo-
activation can then induce nanoparticles heating (photothermal
therapy), the production of radical species at its surface (photo-
dynamic therapy), the creation of acoustic waves (photoacoustic
imaging), the emission of photons (single- or two-photon lumi-
nescence), or the enhancement of the electric field at the nano-
particle surface (surface-enhanced Raman spectroscopy and
surface plasmon enhanced fluorescence) (20, 21).

GNP medical applications have already been the subject of
numerous reviews and will not be further detailed here, but ad-
ditional information could be found in the following works: refs. 16
and 22-24.

Current Challenges in Gold-Based Nanomedicine. Despite
promising applications involving GNPs, major concerns hamper
their use in humans. GNP fate in the organism is complex and has
not been elucidated. Empirical evidence indicates that as soon as
thesnanoparticlessententhesbodytheirsurfacesis surrounded by
a protein corona. The composition of this corona depends on
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surrounding bodily fluids and on chemical and physical parame-
ters such as GNP’s coating, size, and shape (25, 26). Depending
on nanoparticle physicochemical properties and the protein co-
rona, the biodistribution of GNPs in the organism may vary (24).
GNPs can be eliminated from the body in the urine after kidney
filtration if they are sufficiently small (generally below 8 nm, in-
cluding the coating and the protein corona) (27). Most often, the
opsonized nanoparticles are taken up by the monocyte-macro-
phage system with massive accumulation in the liver (24).

GNPs are then internalized by cells and accumulate into the
lysosomes, but little is known about their fate inside this degra-
dation organelle. The evidence of GNP biodegradation in cells
and organism is recent and suggests that even persistent nano-
particles evolve in intracellular medium (11, 28). These observa-
tions raise new questions about the long-term fate of nanoparticles,
as their structure evolves after degradation. Particularly, if GNPs
were previously considered as permanent residents within the ac-
cumulation tissues, their degradation products could possibly be
transferred to other cell types or organs or could be eliminated
through different pathways than the original nanoparticles. Overall,
the whole GNPs life cycle needs to be better understood, from its
early stages to late ones, to optimize the medical use of GNPs.

Moreover, nanoparticles toxicity is still a subject of major
concemn, as it depends on numerous parameters, including nano-
particles composition, shape, size, coating, charge, hydrophobicity,
mechanical properties, solubility, and reactivity (29). Furthermore,
nanoparticles toxicity also depends on their path in the organism
and the different biological environment they will encountered
(biofluids, intracellular media, inclusion in biovesicles. . .). Therefore,
each type of nanoparticle should be evaluated separately and
systematically for its different routes of administration. Importantly,
as gold-based nanomaterials are slowly degraded, toxicological
assessments must be conducted over extended periods of time.

In addition to these general considerations, the use of GNPs in
a medical frame opens up new questioning. To be medically
relevant, GNPs have to target specific tissues (e.g., tumor or
brain-blood barrier penetration). Nanoparticles can accumulate
within the tumor through passive targeting, mostly by the so-
called enhanced permeability and retention effect (30). The pas-
sive targeting to tumors, which was believed to occur due to the
diffusion/translocation of nanoparticles through the leaky blood
vessels that irrigate the tumor, is now increasingly subject to dis-
illusionment (31, 32). Concomitantly, the active targeting through
surface functionalization of nanoparticles has so far led to little if
any improvement compared with passive targeting because the
protein corona tends to occult specific functional groups (33, 34).
In addition, the intrinsic structure of the tumor, which is charac-
terized by a dense extracellular matrix and fibrotic tissue, hampers
the penetration of nanoparticles and limits their access to tar-
geted tumoral cells (31, 32).

The second feature that limits the use of nanoparticles in
medicine is the evolution of their properties in biological medium.
Nanoparticles are designed to have optimal therapeutic proper-
ties in model media, but the surrounding biological media and
their biotransformations can dramatically affect their properties.
GNP plasmonic properties highly depend on nanoparticles sur-
face environment and aggregation state, which are drastically
affected by its confinement within the acidic lysosome medium.
Studies indicate that GNPs tend to aggregate within the lyso-
some, which modifies their optical properties and alters their ac-
tivation under radiation (35, 36). The optimization of nanoparticles
properties in intracellular medium thus remains challenging.
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Al these constraints limit the approval of GNPs for clinical trials
and commercial use. Altogether, 57 nanotechnology-based drugs
were approved by American or European health agencies
according to recent publications, and 90 are subject to clinical trials,
which is low compared with thousands of scientific articles pub-
lished every year (37, 38). Most of them are organic nanoparticles or
iron oxide nanoparticles. However, no gold-based nanoparticles
have been approved by European and American health agencies,
and only four clinical trials have been conducted and are currently in
phase | or Il. Three of them concemn Aurolase therapy, developed
by the company Nanospectra Biosciences. These gold-coated silica
nanoparticles are developed for cancer therapy against head and
neck tumors (National Clinical Trial [NCT]01679470), lung tumors
(NCT00848042), and prostate tumors (NCT02680535). Moreover, a
GNP-based nucleic acid platform is also being testing against
glioblastoma (NCT03020017).

Contrary to GNPs, gold salts are approved by most public
health agencies, were used by patients for decades, and are
nowadays still subject to many clinical trials. This long experience
of the use of gold in medicine can thus open perspectives for
gold-based nanodrugs.

The Medical Use of lonic Gold

lonic Gold as Rheumatology Treatment. Gold salts were mainly
used to treat rheumatoid arthritis but have also been tested for
other types of rheumatologic diseases, such as psoriatic arthritis
(39), juvenile idiopathic arthritis (40), lupus erythematosus (41), or
Sjogren syndrome (42). In the case of rheumatoid arthritis, 70 to
75% of patients responded to the treatment, which explains the
use of gold salts for decades (43).

Auranofin, allochrysin, sanochrysin, myochrysin, and solganol
are the different gold salts-based drugs (Fig. 1). Except auranofin,
all salts were administrated by intramuscular injection, with a dose
ranging from 25 to 100 mg per injection. Auranofin was admin-
istrated orally in 3-mg tablets because of its hydrophobicity, which
gives it the ability to cross the gastrointestinal barrier (43).

The treatment was divided in two phases; the first one consisted
of one injection per week or two pills per day during 2 to 3 mo,
reaching an overall intake of 1 to 1.5 g. This first phase of treatment
corresponds to the time lapse required for the patients to observe a
decrease of their joint pain. After that, the frequency of drug ad-
ministration could be decreased. By the end of the treatment, the
patients could be exposed to several grams of gold, attaining up to
10 g (44). The beneficial effects of the treatment gradually slowed
down and stopped when it was interrupted or ceased.

Gold Salts Pharmacokinetics. After oral or parenteral adminis-
tration, gold salts spread within the body via the blood, after
diffusion from the muscle to the bloodstream in the case of
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injectable gold salts, or by crossing the gastric barrier in the case
of auranofin (45). The concentration of gold in the plasma peaks
2 h after administration for all gold salts (43, 46). The auranofin
peak has a lower intensity than injectable gold salts, as only 15 to
33% of the dose reaches the blood (43, 47, 48). Within the blood,
gold ions are mainly bound to albumin Cys-64 amino acid (80%
of gold in blood in case of auranofin and 95% of gold for inject-
able gold salts), the remaining part being fixed to globulins or to
red blood cells (43, 46, 49, 50). In the case of sodium aurothio-
malate, it has been shown that the thiolated ligand is detached
from gold within a few hours (51). The half-life time of gold in
blood is between 5 and 7 d for injectable gold and between
11 and 33 d for auranofin (43, 46). This half-life time increases with
repeated injections up to 250 d, and it takes 40 to 80 d for the
gold concentration in blood to decrease back to its normal level
after exposure (46, 52).

In human patients who received reiterated injections, traces of
gold can be found in numerous tissues, among which are the
kidney, lymph node, adrenal tissue, liver, and synovium (53, 54).
Gold can also be found in the brain, gonads, or eyes (53-57). As
these last organs are separated from the rest of the body by
specific barriers, such findings are rather surprising. Importantly,
gold was found in tissues 23 y after the end of the treatment,
which underlines that gold is never completely eliminated from
the organism (53).

Concerning its elimination from the body, gold is preferentially
eliminated in urine or excreted via the bile into the feces (75 and
25% of the eliminated amount, respectively, for injectable gold
salts; 15 and 85%, respectively, for auranofin) (43, 46). Gold can
still be found in urine several months after the last injection (46,
58). Overall, it is estimated that 40% of the dose is eliminated from
the body for injectable gold and 80% for auranofin (46).

In summary, even if some slight differences exist between in-
jectable hydrophilic salts and ingestible hydrophobic salts, both
lose their ligands within hours and distribute throughout the body.
The half-lives in the blood, distribution within the organism, and
elimination evolve after reiterated dose administration. This evo-
lution of gold pharmacokinetics can explain the time lapse and
injected dose (i.e., 1 to 6 mo and 1 to 1.5 g) that are necessary for
the treatment to become efficient, as the accumulation in joints
might not be sufficient after the first injection (43).

Aurosome Formation from Residual Gold. Gold has been
shown to persist in the body for years after the end of the treat-
ment, despite its elimination over time. More precisely, gold ac-
cumulates inside cells, which are mainly phagocytic cells, such as
neutrophils and macrophages. It forms gold deposits inside the
cell lysosomes, which had previously been called aurosomes (59).

OH Au*

OH

Aurothiomalate
Myochrysin

Aurothioprol
Allochrysine

Aurothioglucose
Solganol

Fig. 1. Therapeutic gold salts structures and most common names. Structures have been drawn according to PubChem database (https://

pubchem.ncbi.nlm.nih.gov/).
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Ghadially (12) extensively described aurosomes, which appear as
dense vesicles, presenting lamellar, filamentous, or rod-shaped struc-
tures composed of small particles with <5-nm diameter (Fig. 2). Such
ultrastructures were observed in diverse organs (synovial membrane,
articular cartilage, liver, kidney, lung, and skin), as well as in different
animal species (rat, rabbit, and human) (12). Moreover, these structures
occurred independently of the route of administration (intraarticular,
intramuscular, and oral) or the type of administrated gold salt (12).
Aurosomes can be observed about 3 d after the first injection to rabbits
and can still be found years after the end of the treatment (60).

Studies of aurosomes by energy-dispersive spectroscopy
revealed that they are composed of gold, associated with sulfur
with Au/S atomic ratios around 1.5 (61). In parallel, X-rays ab-
sorption spectroscopies showed that gold is at the oxidation state
+1 and surrounded by an average 2.2 sulfur atoms per gold atom,
at an average distance of 2.30 A (50).

The nature of the proteins surrounding the gold particles and
their mechanism of assembly into sheets, rods, or filaments were
also questioned. It has been shown that an important fraction of
injected gold happened to be bound to metallothioneins in the
liver and kidneys after injection to rats (62). Metallothioneins are
cysteine-rich small proteins that are implicated in metal detoxifi-
cation and homeostasis and that are able to bind gold (63). X-ray
characterization of metallothionein—gold complexes revealed that
gold is surrounded by an average of 2.4 sulfur atoms situated at
2.29 A from the gold atom, which is comparable with what was
observed in intracellular aurosomes (50). Moreover, the use of
metallothionein—gold complex as tag to replace gold NPs immuno-
staining in electron microscopy shows that these objects look
like 1- to 2-nm particles, which are highly similar to aurosomes
building blocks (64). These observations offer an insight in the
composition of the particles observed in aurosomes, even if they do
not offer any clue on the formation of such typical ultrastructures.

Therapeutic Effects of lonic Gold. The therapeutic activity of
gold salts has been subject to multiple discussions at the climax of
their use and is still not completely understood. It is generally
considered that the anti-inflammatory effect of gold salts is mainly
due to gold itself and not to the thiolate ligands, even if thiolated
compounds have minor positive effects on rheumatoid arthritis
(51). Moreover, the beneficial effects of gold salts ceased when
the treatment stopped, while aurosomes persist in the body after
the end of the treatment. Thus, it can be assumed that aurosomes
are not therapeutically active, contrary to ionic gold.

However, it is hard to attribute its therapeutic effects to a given
gold compound. It is still unknown whether gold is active in its

+1 or +3 oxidation state, as its redox state may vary between
extra- and intracellular media. Moreover, a wide variety of ligands
can bind to gold ions (65). Hence, the question of the active form
of gold in terms of ligands and oxidative state remains open.

Takahashi et al. (66) proposed two mechanisms to explain the
action of gold salt at the molecule and protein levels. First, gold
binds to thiol-containing proteins. Such a process could disturb
enzyme-substrate or receptor-ligand recognition and affect many
proteins. Second, gold ions can be sequentially oxidized in Au®*
by ROS, then reduced to Au™ by reacting with lysosomal enzymes.
This oscillation between the two oxidation states of gold ions would
result in both a decrease of oxidative stress and an inhibition of ly-
sosomal protease activity. The first hypothesis is supported by the
reported effects of gold thiolated ligands and thiolated drugs, such as
p-penicillamine, tiopronin, or pyritinol, on rheumatoid arthritis, which
were also found to decrease joint pain (43). As thiolated compounds
have the ability to bind other thiols by disulfide bridges, they could
play the same role as gold, as suggested in the first proposed
mechanism. On the other hand, the second mechanism is not fully
convincing, as auranofin decreased ROS level in cells, but such
effect was not observed for sodium aurothiomalate (67, 68).

At the cell or the tissue level, several mechanisms were deemed
responsible for the therapeutic activity of gold salts. The results
were occasionally contradictory between studies, and several
studies were limited to in vitro measurements or were performed on
questionable animal models, so they have to be considered with
caution (69). Overall, the therapeutic action of gold salts on patients
suffering from rheumatoid arthritis can be summarized as follows.
First, they can decrease oxidative stress, through ROS scavenging
and/or inhibition of oxidative stress-related enzymes, such as thio-
redoxin reductase (68, 70). Second, they can inhibit lysosomal en-
zymes (71-73). Third, they can limit the adhesion and infiltration of
monocytes in the synovium by inhibiting E-selectin and/or prosta-
glandin synthesis by epithelial cells (74-77). Fourth, they can pre-
vent T lymphocyte proliferation by inhibiting protein kinase C
synthesis and/or altering T lymphocytes and monocytes commu-
nication (78-80). Finally, they can inhibit collagenase production
and/or activity (81, 82). At the systemic level, it results in a decrease
of joint pain and swelling (83, 84) and a decline in the concentration
of immunoglobulins and rheumatoid factor in the blood (85).

Side Effects and Toxicity of Gold Salts. Gold therapy can trigger
a wide variety of adverse reactions, impacting numerous organs.
Adverse reactions include severe toxic effects (86, 87) and can
rarely even lead to patient death (88). It has to be underlined that
two types of side effects should be discriminated. First, there are

B.im&

Fig: 2. (Aand B) Aurosomes observed in patient’s buttocks skin after chrysotherapy. Magnifications: (A) x 12,000; (B) x 136,000. Reprinted by permission
from ref. 44, Springer Nature: Archives of Dermatological Research, copyright (1990).
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side effects that disappear with the discontinuation of treatment.
These side effects are the ones that could take the most severe
forms, but in most cases, they are reversible. The injection of gold
salt could continue most of the time after recovery (46). The
second type of effects is long-lasting nonsevere side effects that
are irreversible and that reflect the intratissular accumulation of
gold over time.

Severe side effects are diverse and can affect skin, mucosa,
kidney, blood, bone marrow, lung, nervous system, or liver (details
and references are in SI Appendix, Table S1). However, preva-
lence is hardly assessable as adverse effects could be attributed to
gold therapy or to the autoimmune disease itself.

Irreversible adverse reactions generally occur at cumulated
doses higher than 1.5 g and can take two forms. One of these
effects is a bluish to gray skin discoloration that is called chrysiasis
(Fig. 3A) (89-91). While this side effect can be disturbing to the
patient, no pain or toxicity is associated with chrysiasis, and it is
not associated with other skin damage (92).

Chrysiasis was related to light exposure: first, it appears mainly
on exposed skin (for example, on the face or hands), probably
because of sunlight exposure (44, 93). Moreover, with the growing
use of lasers for diverse skin treatments, it appears that persons
who were treated with gold salts could develop chrysiasis after
exposure to red to near-infrared pulsed lasers (694 to 1,064 nm)
(94-98). Benn et al. (44) suggested that light induces a crystalli-
zation of gold residues, as assessed in patient skin biopsies that
showed that light-exposed skin cells contain large crystalline
particles instead of aurosomes (Fig. 3 B and C). This is in accor-
dance with the blue discoloration observed, as GNPs are colored
and could be red to blue according to their size, shape, and ag-
gregation state. Moreover, direct injection of GNPs to a patient
has been found to result in the same blue coloration of the skin (99).

The other long-term side effect of chrysotherapy is the ap-
pearance of a golden ring around the cornea called ocular or
corneal chrysiasis (57, 100, 101). The emergence of such struc-
tures does not affect the vision nor does it generate pain. Ob-
servations of gold deposits show that they mostly take the form of
aurosomes, as observed by electron microscopy (102).

Overall, two types of side effects have been described,
exhibiting reversible or irreversible character. By comparing the
kinetics of the side effects’ appearance/disappearance and the
metabolism of gold previously described, we can consider that
most toxic effects are due to the early forms of gold (i.e., sup-
posedly ionic gold). On the contrary, dermal and ocular chrysiasis
and long-term effects could be related to the presence of auro-
some in tissues and their recrystallization under light exposure.

Drug Repurposing of Gold-Based Drugs. New use of ancient
drugs is raising lots of interest nowadays, with emerging strategies
of drug repurposing to optimize new treatment development

from already approved derisked compounds. Gold salts are no
exception, particularly auranofin. Two fields are predominant in
these publications and patents. The first one is the use of gold
salts against viruses, bacteria, or parasites. The second one is their
use for cancer therapy, for which gold salts are administrated with
other anticancerous drug for additive or synergic beneficial ef-
fects. Publications and patents related to gold compounds
repurposing are summarized in SI Appendix, Table S2.
Interestingly, if some modes of action are identical to previ-
ously reported effects on rheumatoid arthritis, such as modifica-
tion of immune cell adhesion properties or impact on the immune
response (103-105), most effects are attributed to the impact of
gold salts on thioredoxin reductase. Thioredoxin reductase is a
seleno-enzyme implicated in the response to oxidative stress,
which is inhibited by gold salts in various organisms (e.g., humans,
bacteria, or parasites) (106-108). Hence, therapeutic gold salts
can alter selenium metabolism and/or H,O, capture (109-111).
Moreover, protein kinase C ioa or kallikrein-related peptidase 6
are also targeted by gold salts treatments (112, 113). Generally,
the therapeutic mechanisms of gold salts are still unclear, and no
unifying theory has been proposed so far to our knowledge de-
spite the high number of targets and mechanisms described.
The repurposing strategies that have been suggested so far ex-
ploit the biological action of ionic gold. We suggest here to take ad-
vantage of the different forms of gold that have been described so far
(i.e., ionic gold, aurosomes, and GNPs). Degradation and recrystalli-
zation processes enable the translation from one form to another,
which offers new therapeutic perspectives that will now be described.

Building Bridges between GNPs and lonic Gold

From GNPs to Aurosomes. As previously mentioned, we re-
cently found a parallel between gold salts and nanogold thera-
pies, as aurosomes were observed inside cells in vitro after
exposure to GNPs (11). Briefly, primary human fibroblasts were
exposed to three sizes of citrate-coated GNPs (diameters of 4, 17,
and 22 nm), and cells were observed by transmission electron
microscopy over a period of 6 mo following nanoparticles expo-
sure. Two weeks after nanoparticles incubation, gold-containing
degradation products were observed within lysosomes containing
4-nm GNPs (Fig. 4). These degradation products appeared as
diffuse curved structures and were found to be two-dimensional
(2D) structures thanks to electron tomography. We also revealed
that these 2D structures were composed of self-assembled crys-
talline clusters with an average diameter of 2.5 nm. Moreover,
elemental analysis revealed that gold was associated with sulfur
within these degradation products, while sulfur was not present in the
areas containing the original GNPs. The study of the transcriptomic
response to GNPs over time strongly suggests that the sulfur signal
observed from degradation products can be due to cysteine-
containing protein and more precisely, to metallothioneins. Similar

Fig. 3. (A) Case of skin chrysiasis that appears after laser exposure. Reprinted with permission from ref. 94. (B and C) Aurosomes recrystallization
observed in patient’s face skin after chrysotherapy. Large biosynthesized nanoparticle is indicated by a white arrow. Magnifications: (B) x 5,400;
(C) x 57,000. Reprinted by permission from ref. 44, Springer Nature: Archives of Dermatological Research, copyright (1990).
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Fig. 4. (A and B) Transmission electron microscopy observation of human fibroblast incubated with 4-nm GNPs and observed 2 wk after
incubation. The dark orange arrows indicate nondegraded GNPs, while light orange arrow shows the structure formed after GNP degradation.

Reproduced from ref. 11.

gold structures were observed when cells were exposed to 17- and
22-nm nanoparticles, but the occurrence of such degradation prod-
ucts was visible only after several months postexposure, suggesting
slower degradation of larger GNPs.

Interestingly, we discovered that the chemical features and the
morphology of degradation products originating from GNPs were
identical to aurosomes formed after the administration of gold
salts. This was the first indication that there is a common evolution
of gold inside the cell, independently of its original chemical form
(ionic or crystalline). This finding is particularly interesting because
the long-term fate of GNPs could be understood in view of a
shared metabolism for the different gold species. The experience
acquired after administration of gold salts could thus be used in
gold-based nanotherapies. For example, studies suggest that
gold can be eliminated in urines several months and even up to
1y after the last injection of gold salts (46, 58). Knowing that after
such a long period after injection, gold is resident in the tissue,
this finding could indicate that ionic gold or aurosomes them-
selves can be released into the bloodstream after aurosome for-
mation. Moreover, after in the bloodstream, gold, regardless of its
chemical form, can then be eliminated by the kidneys. Probably
the aurosomes formed after nanoparticles degradation could follow
the same route over time, meaning that gold can be exocytosed
and eliminated with time. Although this hypothesis demands fur-
ther investigations to be confirmed in vivo, it introduces a novel
perspective on the long-term fate of GNPs, which are believed to
remain in tissues after eliminated from the bloodstream.

The presumably shared fate of GNPs and gold salts also pro-
vides new avenues to explore the aging and toxicity of GNPs.
Indeed, the pharmacokinetics of gold salts and the concomitant
adverse reaction strongly suggest that aurosomes are not toxic for
patients. To a certain extent, this fact is reassuring in regard to the
long-term toxicity of nanoparticles after they are degraded. How-
ever, this presumption should be taken with caution since there are

(A (.
bt Internalization
into cells
Gold ~days Lysosome
nanoparticles sequestration

no long-term studies to date on the development of diseases after
gold salt treatment, while it is known that metal deposits are found
in cancer and neurodegenerative diseases, without any consensus
in their physiopathological implication (114).

More generally, using gold salts could be considered as an
alternative to study the long-term effects of GNPs while limiting
the duration of the experiments. As gold salts rapidly form auro-
somes within tissues, they could be used as a “shortcut” to de-
termine the ultimate fate of GNPs and to distinguish the effects
related to the nanocrystal’s size, shape, protein corona, mechan-
ical properties, or surface reactivity with respect to those related
to the gold element (Fig. 5).

Overall, the formation of aurosomes with well-conserved 2D
structures and curvature ubiquitously present in different species,
tissues, and cells suggests a general response to gold overload in
lysosomes. For therapeutic use of gold, it is of crucial importance
to unravel the mechanism of aurosome formation and their evo-
lution over time. The discovery of these ubiquitous gold structures
opens up new perspectives for the nanotoxicology field and the
biomedical applications of gold compounds.

From Aurosome to GNPs. Previous studies indicate that gold can
crystallize within cells, forming in situ biosynthesized GNPs. This
process has been mostly observed in bacteria, plants, and algae
after exposure of these organisms to ionic gold (115-117). Re-
garding mammal-mediated biosynthesis, several studies describe
in vitro and in vivo nanoparticles synthesis after exposure of cells
or mice to ionic gold, mostly HAuCl,. Nevertheless, published
studies do not compare aurosome formation and biosynthesized
GNPs, showing that the data obtained in chrysotherapy re-
main unknown to the majority of scientists operating within
nanotechnology fields. However, described data are in agree-
ment with aurosomes ultrastructure, as studies on GNPs biosyn-
thesis describe the formation of crystalline gold clusters with

Internalization into cells
Crystallization
~days

Degradation
Recrystallization
~weeks to years

Aurosomes

Fig. 5. lllustration of cellular metabolism of GNPs and ionic gold, with estimative period for each phenomenon. lllustrations credit: Servier
Medical Art (http://smart.servier.com/), which is licensed under CC BY 3.0.
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Gold
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Gold
intracellular
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ez

lonic gold

Fig. 6. (A-D) Aurosomes recrystallization under the electron beam operating at 80 keV during transmission electron microscopy observation. The
time lapse between two images is about 2 min. The aurosomes were obtained from 4-nm GNPs é mo after incubation in primary human
fibroblasts. Original nondegraded nanoparticles can be seen at the right bottom corner. (E) Biotransitions between the different forms of gold,
summarizing ancient and recent literature. lllustration credit: Servier Medical Art (http://smart.servier.com/), which is licensed under CC BY 3.0.

diameters ranging from 1.8 to 3.5 nm, which are in the same order
of magnitude as the clusters that constitute the aurosomes (118).

It has to be stressed that a second biosynthesis phenomenon
emerged from the literature on chrysotherapy, which is light-
mediated biosynthesis. The observation of chrysiasis, a blue dis-
coloration of the skin after exposure to solar light or laser, strongly
suggests that larger crystalline GNPs can be formed under light
exposure. Biopsies of discolored skin support this hypothesis, as
dense and large granules that look very different from aurosomes
were observed by electron microscopy (Fig. 3 B and C) (44).

This light-induced crystallization seems to be caused by the
instability of aurosomes upon irradiation. Recent studies de-
scribed that thiol-coated clusters tend to be destabilized by the
electron beam during transmission electron microscopy obser-
vations, forming larger GNPs with time (119). The same process
was confirmed by our own observations on aurosomes. Fig. 6 A-D
presents a series of micrographs that were taken sequentially after
concentration of the electron beam on the studied area. It can be
clearly seen that the electron beam triggers a reorganization of
nanostructures into clusters. This observation raises question about
the real nature of the aurosomes and the reality of the existence of
the previously described self-assembled clusters. Nevertheless, this
finding also suggests an instability of aurosomes with respect to
external irradiation, leading to the formation of the previously de-
scribed “granules.” Fig. 6E summarizes the biotranformations of
gold inside cells and the transition between its three identified
states: ionic gold, aurosomes, and GNPs.

The in situ formation of GNP could result in enormous ad-
vantages in nanomedicine. First, the injection of ionic gold could
drastically improve the penetration of gold compounds inside the
tumor. While GNPs can be rapidly opsonized and taken up by liver
macrophages or could be blocked by the fibrotic tissues and
dense extracellular matrix around the tumor, gold ions would
avoid opsonization and diffuse much more easily within the tumor.
After the ions would penetrate the tumor, the zone of interest
could be exposed to a laser operating at wavelengths in the tissue
transparency windows. Indeed, laser-triggered chrysiasis was de-
scribed for lasers with wavelengths varying from 694 to 1,064 nm.
This would allow the formation of GNPs inside the tumor itself and
not in peripheral tissues. Moreover, this synthesis would occur di-
rectly within the lysosomes of target cells, limiting nanoparticles
transfer to other organs. The remotely activated biosynthesized
GNPs could subsequently be used as therapeutic agents for pho-
tothermal or photodynamic therapy.

We thus hypothesize that the administration of ionic gold
followed by light-activated nanoparticles formation in situ within
targetedwareasycouldspresentyanparadigmeshift to current
nanoparticle-based medicines and a solution to the issue of low

Balfourier et al.

GNPs delivery to tumor. We also emphasize that gold salts are
approved by health agencies, which would facilitate clinical trials.
Despite mentioned advantages and exciting perspectives, much
work will be required to achieve, control, and characterize re-
motely activated light-induced intracellular biosynthesis of GNPs.
While nanoparticles formation has thus far only been observed by
accident and was considered as a side effect of chrysotherapy, we
could indeed exploit this phenomenon in nanomedicine.

Gold Metabolism Transcriptomic Signature. From a more fun-
damental point of view, the convergent fate of GNPs and ionic
gold suggests a common metabolism for these two forms and a
similar cellular response to different gold compounds. The tran-
scriptomic response to GNPs was previously described by our
group during GNPs degradation and formation of aurosomes in
primary fibroblasts (11). Briefly, we reported that oxidative species
were created within the lysosome, which was associated with
NADPH production and was balanced by oxidative stress re-
sponse via nuclear factor erythroid 2 pathway. In parallel, metal-
lothioneins and glutathione were up-regulated and implicated in
the clustering of ionic gold.

To what extent can we compare the transcriptomics response
to GNP intracellular degradation and recrystallization as auro-
somes to the transcriptomics response to gold salts? We looked
for publicly available transcriptomic data on cell response to
therapeutic ionic gold compounds. Using the National Center for
Biotechnology Information database Gene Expression Omnibus,
we found one study that describes the transcriptomic response of
three human B cell lines (OCl-Ly3, OCl-Ly7, and U2932) to
92 drugs, including auranofin (120). The effect of the drug was
followed 6, 12, and 24 h after exposure. The methodology for this
analysis can be found in SI Appendix.

To identify the response to auranofin independently of the
time of exposure and cell type, the differential expression was first
calculated for each condition and then averaged over the three
cells lines and times of studies. Twenty of the 20,218 studied
genes were found to have an average differential expression over
one in log; fold change. The comparison between these 20 genes
and the transcriptomic answer to GNPs during their biodegrada-
tion reveals that 12 genes were shared between the two condi-
tions (i.e., auranofin and 4-nm GNPs exposure). Interestingly,
these genes encode for the response to oxidative stress (NQOT,
OSGIN1, TXND1, HMOX1, SLC48A1), metallothioneins (MT1G,
MT1E, MT1X), glutathione (SLC7A11, GCLM), and two proteins
that intervene in gene expression regulation (SQSTM1, PIR). On
the contrary, no gene had an average differential expression be-
low -1 in log fold change, indicating that no gene is clearly down-
regulated by auranofin.
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This comparison between cellular response to ionic gold and
to GNPs clearly evidences the involvement of similar genes, even
if different cell types were studied (i.e., B cells and fibroblasts,
respectively). This result supports the concept of “gold metabo-
lism” as a common response shared by different forms of gold and
relies on known detoxification process, such as oxidative stress
proteins and metallothioneins. However, both oxidative stress
and metallothioneins are involved in the response to metal ions,
which makes it difficult to determine which genes are highly
specific to gold and which ones are shared with other metals. This
underlines how this similarity between ionic and nanoparticulate
gold cellular response must be further investigated and compared
with other metals’ response in order to have a more precise def-
inition of gold metabolism.

Conclusion

While the scientific literature overflows with suggestions for vari-
ous prospective biomedical applications of GNPs for therapy,
imaging, or drug delivery, only a few of the GNPs-based systems
are tested in clinical trials, and none of them are actually approved
by health agencies. Numerous questions remain on the fate of
GNPs after medical use and on their potential toxicity. Previous
works evidenced that GNPs and therapeutic gold salts end up as
aurosomes (i.e., gold deposits within the lysosomes), which ex-
hibit a clearly identifiable ultrastructure. This structural conver-
gence motivated us to vastly review the literature dedicated to
therapeutic gold salts use in rheumatology, focusing on gold salts
pharmacokinetics, their therapeutic action, their side effects, and
the potential repurposing of these drugs.

The thorough assessment of published literature enabled us to
draw hypotheses on the long-term fate and toxicity of GNPs.
Moreover, the data gathered from this past literature not only
suggest that we can anticipate the fate of GNPs, and we put
forward the use of gold salts as a surrogate approach to evaluate

GNP fate and toxicity in the long term. Importantly, we herein
emphasize a singular phenomenon, the light-induced biosynthe-
sis of GNPs within tissues. This phenomenon results in the for-
mation of large GNPs from ionic precursor, unlike previously
observed biosynthesis phenomenon that results in tiny gold
clusters. This remotely activated light-induced biosynthesis can
be triggered locally by a laser and elicits the appearance of a blue
coloration of the tissues. This phenomenon could be of great
importance to design GNPs-based therapies and imaging using
gold salts that were already approved by health agencies. We also
note that gold metabolism can be identified from the commonly
expressed genes that are observed after GNPs or gold salt ex-
posure, implying notably metallothioneins and oxidative stress.
Overall, this revisited review of past and forgotten literature pro-
vides new insights into a wide diversity of questions, ranging from
the current concerns of GNP medical use to new therapeutic
strategies using gold, and fundamental findings on gold man-
agement at the cellular level.

Data Availability
All study data are included in the article, SI Appendix, and
Dataset S1.
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