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a b s t r a c t

Use of gold nanoparticles (GNPs) in medicine is an emerging field of translational research with vast
clinical implications and exciting therapeutic potential. However, the safety of using GNPs in human
subjects is an important question that remains unanswered. This study reviews over 20 clinical trials
focused on GNP safety and aims to summarize all the clinical studies, completed and ongoing, to identify
whether GNPs are safe to use in humans as a therapeutic platform. In these studies, GNPs were
implemented as drug delivery devices, for photothermal therapy, and utilized for their intrinsic thera-
peutic effects by various routes of delivery. These studies revealed no major safety concerns with the use
of GNPs; however, the number of trials and total patient number remains limited. Multi-dose, multi-
center blinded trials are required to deepen our understanding of the use of GNPs in clinical settings to
facilitate translation of this novel, multifaceted therapeutic device. Expanding clinical trials will require
collaboration between clinicians, scientists, and biotechnology companies.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanotechnology is a cutting-edge field of research that has
opened doors to widespread innovation of diagnostic and thera-
peutic medicine. Uses of organic nanomaterials such as liposomes
[1] and extracellular vesicles [2], as well as inorganic nanomaterials
such as gold and silver [3,4] have been explored. Nanotools in
medicine provide an accurate, modifiable, versatile, and cost-
effective approach to various medical applications. A particular
interest developed for gold nanoparticles (GNPs) following the
discovery of its remarkable properties which favored its use over
other nanoforms [5]. Gold has many advantages over other nano-
materials including ease of synthesis [6,7], tunable size/shape
[5,8,9], biocompatibility, low toxicity [10], and surface modifiability
[11].

GNPs can be synthesized, using various physical or chemical
approaches, into a variety of shapes including nano-spheres, -rods,
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-shells, and -clusters, which typically range from1 to 100 nm in size
[4]. The unique physical and chemical properties that results from
the nanonization of the structures have many medical applications
[12]. One unique property of metal nanoparticles is the surface
plasmon resonance (SPR) effect which describes the impact of
shape, size, surface composition, and temperature on photon
excitation and oscillation of valence electrons. The SPR effect en-
ables GNPs to generate an array of different colors and promotes its
role in color-based biosensors in diagnostic medicine [13].

The nanonization of GNPs also allows for an extremely high
surface area to volume ratio, which affects the degree and location
of GNP bioaccumulation, while also increasing the exposure of the
nanoparticle and its cargo to target tissue [14]. It is widely believed
that nanoparticles accumulate in tumor tissue due to the tumor's
characteristically permeable vasculature which allows for passive
migration, a process known as the enhanced permeation and
retention (EPR) effect [15]. However, a more recent study suggested
that the primary mechanism of nanoparticle uptake is an active
process [16]. Nonetheless, both the size and surface area to volume
ratio, enable tumor selectivity and targeted therapy to lesion sites
which has many implications for cancer treatment [15,16]. These
features could address the challenges associated with cancer
therapy by potentiating better therapeutic efficacy, lower toxicity,
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and fewer side effects. GNPs may be ideal vehicles to deliver che-
motherapeutics and other drugs [17].

To facilitate better uptake of nanosystems in targeted tissue
sites, GNP surfaces have been modified to create GNP hybrids.
Hybridization of GNPs commonly occurs with the conjugation of
biomolecules and molecular ligands such as saccharides, peptides,
oligonucleotides, monoclonal antibodies, proteins, and nucleic
acids, which facilitate better stability, biocompatibility, and tar-
geting of the system to the resident tissue. Hybrids also enhance
the system's interaction with cell surface receptors and intracel-
lular molecules to facilitate receptor-mediated endocytosis. The
ability to undergo surface modifications also enables conjugation of
GNPs with therapeutic substances such as drugs, DNA, RNA, short
interfering RNA (siRNA), proteins, peptides, and antibodies. The
surge of nanomedical research over the past decade has demon-
strated nanoparticle-based drug delivery as a promising platform
to overcoming the pharmacokinetic challenges faced with con-
ventional drug formulations.

All in all, GNPs have unique properties with significant ad-
vantages that make them an ideal tool in clinical research. They
can be formulated for various routes of administration (i.e.,
intravascular, topical, oral, etc.), which enhances their clinical
versatility and appeal [7]. In animal models, GNPs have been
studied in applications for multiple disease states with encour-
aging results [18e23]. Encouraging pre-clinical results have led
to clinical applications of GNPs. To date, more than 20 studies
have assessed the use of GNPs as a medical intervention that is
administered to humans. As the first step in translational
research, these studies have focused on the safety concerns
associated with GNP systems. Most of these trials were recently
completed, with several still ongoing. The objective of the pre-
sent study is to review the current evidence on GNP safety in
clinical applications and comment on their future use in humans
to aid the clinical translation of this promising new nano-
application in medicine.

2. GNP clinical trials

2.1. Drug delivery systems (DDS)

Advancements in drug delivery systems are driven by the need
to increase drug specificity and efficacy; a difficult task as
improvement in one often results in the compromise of the other.
Many pre-clinical studies using GNPs as a DDS were successful in
tackling this challenge [24e28]. Henceforth, several studies
explored clinical translation of this promising application (Table 1)
[29e32].
Table 1
Clinical trials with gold nanoparticles as a drug delivery system.

Trial Number Sponsor Device Drugs Dise

NCT00356980 National Institutes
of Health Clinical
Center,
National Cancer
Institute

CYT-6091 rhTNF Unsp
solid

NCT03020017 Northwestern
University,
National Cancer
Institute

NU-0129 Bcl2L12 specific RNAi Gliob

NCT02837094 Cardiff University C19-A3 GNP Proinsulin peptide Type

DNA_SPN_B001_17
AYUSH, Indian*

Dhanvantari Nano
Ayushadi

Nano Swarna
Bhasma

Swarna Bhasma Brea

* Permission from Indian government agent AYUSH. Bcl2L12: Bcl-2-like protein 12; GNP
RNA interference; e: no data.
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The first clinical trial to assess the use of GNPs as a DDS was
conducted by Libutti et al. [29] in 2010 (NCT00356980). In this
study, recombinant human tumor necrosis factor alpha (rhTNF)
was formulated as the therapeutic for delivery. Together, rhTNF and
thiolated polyethylene glycol (PEG) were bound to a 27 nm
colloidal GNP, a system which was coined CYT-6091. This solution
was administered intravenously to patients �18 years-old with
advanced and/or metastatic solid organ cancers. The study
exhibited safe, systemic delivery of 1.2 mg of rhTNF with none of
the dose limiting toxicities such as hypotension and hepatotoxicity
that were previously encountered with native rhTNF. The most
common adverse events that occurred with CYT-6091 treatment
included lymphopenia, hypoalbuminemia, hypokalemia, hypo-
phosphatemia, hyperbilirubinemia, and increased aminotransfer-
ases. Both GNPs and/or the drug loaded on GNPs may cause
systemic toxicities and adverse events; however, these conse-
quences were resolved with necessary protocol management, and
nonewere considered dose limiting toxicities. These results suggest
that while adverse effects were observed, they were treatable and
should not promote doubt in the safety of GNPs. Additionally, CYT-
6091 was non-antigenic and was rarely visualized in healthy tissue
[29].

In 2018, CYT-6091 was further developed as CYT-21625 to
deliver rhTNF and a paclitaxel prodrug to tumor vasculature and
cancer cells that express high levels of TNF receptor. Mice with
metastatic anaplastic thyroid cancer xenografts were treated
weekly with CYT-21625, either CYT-6091 or paclitaxel alone, or
saline as controls. Mice treated with CYT-21625 had a significantly
lower tumor burden with no toxicities observed. Because of these
promising results, translation to clinical trials was recommended
[33].

More recently, GNPs were used to promote gene silencing
through RNA interference (RNAi). In 2021, Kumthekar et al. [30]
completed a clinical trial (NCT03020017) assessing the safety and
efficacy of an RNAi mediated nanoparticle formulation, NU-0129,
for the treatment of glioblastoma. The study aimed to silence the
Bcl-2-like protein 12 (Bcl2L12) oncogene and improve glioblas-
toma prognosis by limiting tumorigenic Bcl2L12 products. NU-
0129 is composed of a spherical nanoparticle gold core cova-
lently conjugated with Bcl2L12-targeting siRNA, and oligo-
ethylene glycol backfill. Eight patients with recurrent
glioblastoma, aged 32-66 years-old, were intravenously admin-
istered 0.04 mg/kg of NU-0129 and underwent weekly assess-
ment over 21 days for the presence of adverse events. During the
follow up period, a total of seven adverse events were observed;
however, only two were considered severe: hypophosphatemia
and lymphopenia. These were only possibly related to NU-0129
ase Number of
enrolments

Number
of centers

Status Starting
year

Ending
year

Refs.

ecified adult
tumor

60 2 Completed 2006 2009 [29]

lastoma 8 1 Completed 2017 2020 [30]

I diabetes 8 2 Completed and
data submitted

2016 2020 [31]

st cancer 3:3 2 Completed e e [32]

: gold nanoparticle; rhTNF: recombinant human tumor necrosis factor alpha; RNAi:
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formulation and improved by the end of the follow up period. As
a GNP based DDS, NU-0129 treatment was well tolerated and not
associated with long term toxicity [30].

While most of the GNP DDS research has targeted cancers,
recent expansion in its therapeutic applications has promoted a
clinical trial in a non-cancerous disease. In this study, re-
searchers from Cardiff University, United Kingdom, tested a
novel GNP formulation for the treatment of type I diabetes. The
study evaluated a proinsulin derived peptide coupled to a GNP,
termed C19-A3 GNP. A total of 8 patients between the ages of 18
and 40 with clinically diagnosed type I diabetes were adminis-
tered 50 mL of C19-A3 GNP intramuscularly every 28 days for 8
weeks. Follow up was then completed for an additional 6 weeks
after the final treatment (NCT02837094) [31]. There were no
systemic hypersensitivities, systemic gold retention, or C19-A3
GNP-related serious adverse events observed throughout the
study. All patients experienced a delayed local skin reaction at
the injection site which faded over 12e24 months but did not
fully disappear. Histopathological results showed gold retention
in the dermis with inflammatory infiltrate but no granulomas
[31].

It is evident from the DDS studies above that injection is a
common route of administration for GNPs. However, GNPs can
also be delivered parenterally. In 2020, Khoobchandani et al. [32]
published a pilot clinical trial that investigated an oral nano-
based drug, Nano Swarna Bhasma (NSB), comprised of GNPs
functionalized with phytochemicals in mango peel for the
treatment of breast cancer. NSB provides a reproducible and
scientifically verifiable formulation of ‘Swarna Bhasma’, an
ancient Indian Ayurvedic medicine with established anticancer
effects but limited development due to lack of reproducible Ay-
urvedic formulations [32]. In the study, six patients with invasive
breast carcinoma were divided into two groups and received
either “Standard of care treatment” consisting of doxorubicin and
cyclophosphamide, or “Standard of care treatment'' with NSB.
Results from the study indicated that hyperacidity and general-
ized weakness were present in one patient from each treatment
arm. Only one case of severe anemia was reported in the NSB
drug adjuvant group, but this was determined to be unrelated to
NSB. Overall, the authors believe that NSB demonstrated
acceptable safety as an adjuvant therapeutic agent in treating
human breast cancer [32].
Table 2
Clinical trials using gold nanoparticles in photothermal therapy.

Trial Number Sponsor Device Diseas

NCT01270139 Ural State Medical University
Ural Institute of Cardiology
De Haar Research Task Force
Ural Federal University
Transfiguration Clinic

Silica-GNP
Silica-Iron-GNP

Athero

CAS/OR/01/CMN/
103300410C0010-
1968/201 *

Nanospectra Biosciences, Inc. AuroShell Prosta

NCT02680535
(NBI-PC-002)

Nanospectra Biosciences, Inc. AuroShell Prosta

e Sebacia Inc. Sebashell Acne v

YK/92/2016** Nanfang University, China GNRs @ Pd
hydrogel eye patch

Dry ey

NCT02680535 Nanospectra Biosciences, Inc. AuroShell Prosta
NCT04240639 Nanospectra Biosciences, Inc. AuroShell Prosta
NCT01679470 Nanospectra Biosciences, Inc. AuroShell Lung c
NCT00848042 Nanospectra Biosciences, Inc. AuroShell Head &
NCT02219074 Sebacia Inc. Sebashell Acne v

* Research authorization number under the supervision of the Federal Commission for P
Sanitarios, COFE-PRIS); ** Research Ethics Committee from Nanfang University, China. G
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2.2. Photothermal therapy

Photothermal therapy (PTT) is a technique that uses photon-
mediated conversion of light to heat to stimulate a hyperthermic
physiological response. The characteristic SPR effect seen with
GNPs makes them ideal systems for PTT [5,34]. Classically, PTT has
been used to induce cytotoxicity in cancer cells but is expanding its
application (Table 2) [35e45].

In 2015, Kharlamov et al. [35] reported safety and feasibility in a
clinical trial for atheroprotective management of plaques
(NCT01270139). Patients were assigned to receive one of the
following treatments: nano-intervention with delivery of
silicaeGNP in a bioengineered on-artery patch grown with stem
cells pre-cultivated in medium with GNP; nano-intervention de-
livery of silicaeiron-bearing GNP using an intracoronary infusion of
stem cells and targeted micro-bubbles pre-cultivated in medium
with GNP; or stent implantation control (n ¼ 60 cases for each
group). At 12 months post-therapy, one case of definite thrombosis
was confirmed in the iron-based group and 3 cases of target lesion
revascularization were reported in each treatment group [35]. A 5-
year follow-on study confirmed lower incidence of major adverse
cardiovascular events and target lesion revascularization in both
nano treatment arms compared to the stenting control group [36].

In 2016, Stern et al. [37] implemented a gold nanoshell (Auro-
Shell) to treat prostate cancer. AuroShell is a 150 nm silica core-
based nanoparticle with a gold shell and thiolated PEG surface.
For the study, AuroShell was administered intravenously at 7.5 mL/
kg to 22 patients with prostate cancer. Patients were monitored for
six months post-intervention wherein a total of 28 adverse events
were observed. Ten of these occurred within a single individual,
and only two were considered related to the treatment: allergic
reaction or a burning sensation of the epigastrium at the time of
infusion. Both adverse events subsided with either administration
of diphenhydramine and dexamethasone or spontaneously. Over-
all, no indication of immunological or toxic consequences was
observed in this study [37].

An apparent positive safety profile in the initial AuroShell clinical
trial led to further clinical evaluation of the gold coated nano-
particle. A study conducted by Rastinehad and colleagues [38]
evaluated the thermal ablating abilities of AuroShell in prostate
cancers with the inclusion of multiparametric magnetic resonance
imaging (MRI)/ultrasound targeted fusion biopsies (NCT02680535)
e Number of
enrolments

Number
of centers

Status Starting
year

Ending
year

Refs.

sclerosis 60:60:60 Multi- Completed 2007 e [35]
[36]

te cancer 22 Multi- Completed e e [37]

te cancer 16 Multi- Completed 2016 2019 [38]

ulgaris 37 Multi- Completed e e [39]

e syndrome 20 1 Completed e e [40]

te cancer 45 Multi- Completed 2016 2019 [41]
te cancer 60 Multi- Recruiting 2020 2023 [42]
ancer 1 1 Terminated 2012 2014 [43]
neck cancer 11 2 Completed 2008 2014 [44]

ulgaris 350 2 Completed 2014 2016 [45]

rotection against Health Risks (Comision Federal para la Proteccio n contra Riesgos
NRs: Gold nanorods; Pd: Pallidium
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[41]. Results indicated that the treatment protocol was safe. Mild
negative effects including transient epigastric pain, penile bleeding,
edema, and scar formation were all noted during the 12-month
follow up period. However, several of these events were not linked
to the AuroShell composition and were deemed mitigable with
procedural modification [38]. Verification of the AuroShell safety
profile has led to a new clinical study to test three different doses of
the GNP formulation (NCT04240639) [42]. Additionally, the safety of
AuroShell was proposed to be tested for lung cancers
(NCT01679470) [43], and for head and neck cancers (NCT00848042)
[44]. However, the results from these studies remain unpublished.

While most clinical studies involving GNPs have focused on fatal
diseases, several recent trials have expanded GNP applications to
non-life-threatening conditions. Notably, in 2015, Paithankar et al.
[39] evaluated the role of GNPs in treating acne. Sebashell, a 150 nm
nanoparticle composed of a silica core coated with a gold shell and
PEG, was topically administered to 37 male and female subjects,
aged 18e40, with a diagnosis of acne vulgaris. Patients were sub-
sequently exposed to low frequency ultrasounds and a near-
infrared (NIR) laser. Results showed that ultrasonic application
promoted deep tissue penetration of Sebashell nanoparticles,
without penetrating surrounding non-follicular tissue. Further-
more, thermal activation induced thermolysis of sebaceous glands
without damaging surrounding tissue. Other than the presence of
perifollicular edema, no severe adverse events were observed in
the study [39]. A new Sebashell clinical trial with 350 patients was
completed to further evaluate the GNP formulation, but the results
have yet to be published (NCT02219074) [45].

PTThasalsobeendelivered locally throughaneyepatch.Pangetal.
[40] engineered a 20mmhydrogel eye patch for the treatment of dry
eye syndrome. The patchwas composed of gelatin incorporatedwith
palladium-coated gold nanorods up to 100 nm long. The activated
patch created a gentle heat source at the lacrimal gland to stimulate
tear secretion. Twenty healthy patients between 18 and 30 years-old
wore eye patches while watching a 3 h video. The patch did not
produce adverse effects and did not affect the outermost lipid layer of
the tearfilmwhich is largely responsible for tearfilmevaporation in a
significant portion of the total dry eye population [40].

2.3. Gold nanocrystalline as a therapeutic agent

Bulk gold is recognized as chemically inert. Contrary, recent
research has revealed that gold at the nanoscale can be highly
catalytic. This property has been widely used in industrial appli-
cations [46] and by biologists [47]. One of the important reactions
in the body is the oxidation of nicotinamide adenine dinucleotide
hydride (NADH) to nicotinamide adenine dinucleotide (NADþ) [48].
NADþ and NADH serve as the essential redox couple for adenosine
triphosphate (ATP)-generation, oxidative phosphorylation, and
glycolysis [49]. Furthermore, NADH oxidation is crucial in the
energetically demanding process of myelination in the central
nerve system (CNS) [50,51]. This pathway has been tested to pro-
mote remyelination in neurogenerative disorders with GNPs, as
they facilitate the oxidation of NADH to NADþ.

CNM-Au8 is a novel preparation of clean-surfaced, faceted gold
nanocrystals developed by Clene Nanomedicine. CNM-Au8 nano-
crystals are approximately 13 nm in diameter and suspended in a
drinkable bicarbonate solution. In vitro studies evaluating gold
nanocrystal treatment of oligodendrocyte precursor cells resulted
in oligodendrocyte maturation and expression of myelin differen-
tiation markers. Further, in response to gold nanocrystals, CNS cells
exhibited elevated levels of NADþ, intracellular ATP, and extracel-
lular lactate, along with upregulation of myelin-synthesis related
genes. Oral delivery of gold nanocrystals demonstrated robust
remyelinating activity in rodent models as well [52].
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Following favorable preclinical results, an initial CNM-Au8
clinical trial assessed the safety profile of the preparation in
humans (NCT02755870) [53]. CNM-Au8 dosages of 15, 30, 60, or
90 mg were administered orally to 86 healthy subjects who were
then monitored for 21 days. While no peer-reviewed publications
are available for this study, an additional 9 CNM-Au8 trials have
followed, evaluating the role of CNM-Au8 in patients with a variety
of neurodegenerative diseases. Safety remains a primary end point
for these studies, but a focus on therapeutic effects is now also
taking center-stage. Assessment of CNS metabolic effects, phar-
macokinetics (PK), and pharmacodynamics (PD) of CNM-Au8 are all
factors assessed in ongoing trials (Table 3) [53e62].

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative dis-
order characterized by demyelination. As such, CNM-Au8 is being
evaluated as a therapeutic intervention for patients with ALS in the
REPAIR-ALS (NCT03843710) [54] clinical study. The trial is currently
active as a single-center open label pilot, sequential group, investi-
gator, and patient blinded study at the University of Texas South-
western Medical Center. The primary endpoint of this study is the
ratio of NADþ: NADH, measured non-invasively by 31phosphorous
magnetic resonance spectroscopy. The University of Texas South-
western Medical Center has also devised two other clinical trials,
REPAIR-MS (NCT03993171) [55] and REPAIR-PD (NCT03815916) [56],
nearly identical to REPAIR-ALS (NCT03843710) [54], other than the
diseases of interest being relapsing multiple sclerosis and Parkin-
son's Disease, respectively.

Other institutions are also exploring the role of CNM-Au8 in
patients with ALS. Led by Massachusetts General Hospital, two
clinical trials are characterizing the effects of CNM-Au8
(NCT04081714, NCT04414345) [57,58]. In the single-center study
(NCT04081714) [57], researchers are assessing the safety, PK, and
PD of CNM-Au8 alone. Moreover, to compare CNM-Au8 against
other investigational products for ALS, the perpetual multi-center,
multi-regimen clinical study (NCT04297683) [59] is evaluating
several ALS treatment products. In this trial, Regimen C
(NCT04414345) [58] will evaluate CNM-Au8. Expanding beyond the
North American border, the RESCUE-ALS clinical trial in Australia
similarly aims to characterize the safety, PK and PD of CNM-Au8 in
ALS patients. The RESCUE-ALS trial will further identify the role of
CNM-Au8 by utilizing electrophysiological measures to detect
preservation of motor neuron function (NCT04098406) [60].

As a result of promising CNM-Au8 trials, extension studies are
currently being developed. VISIONARY-MS is a study imple-
menting CNM-Au8 as a remyelinating treatment for vision-
impairing MS lesions in participants who have relapsing-
remitting multiple sclerosis (NCT03536559) [61]. An open-label,
long-term extension study for participants who have completed
this trial will be continued in the VISIONARY-LTE study
(NCT04626921) [62]. With results of many of these trials to be
released in the coming years, support for CNM-Au8 efficacy and
safety may promote further expansion of GNPs as a conventional
medical intervention.

3. Discussion

Over the last two decades, several hundred research articles on
GNPs have been published. These studies paved the way of nano
fabrication of GNP preparations and pre-testing of GNPs both
in vitro (e.g., cell cultures) and in vivo (e.g., animal models). We
are pleased to find more than 20 clinical studies, either recently
published, or currently registered in the national clinical trial
database that are evaluating the safety profile of GNP formula-
tions. More than 700 patients have been tested with the results
collected, and more than 1,200 new cases are undergoing with
results expected in the coming years.



Table 3
Clinical trials with gold nanoparticles as a therapeutic agent.

Trial Number Sponsor Device Disease Number of
enrolments

Number
of centers

Status Starting
year

Ending
year

Refs.

NCT02755870 Clene Nanomedicine CNM-Au8 Healthy volunteers 86 1 Completed 2015 2016 [53]
NCT03843710

(REPAIR-ALS)
Clene Nanomedicine
University of Texas
Southwestern Medical
Center

CNM-Au8 Amyotrophic lateral
sclerosis

24 1 Not yet recruiting 2019 2022 [54]

NCT03993171
(REPAIR-MS)

Clene Nanomedicine
University of Texas
Southwestern Medical
Center

CNM-Au8 Relapsing multiple
sclerosis

30 1 Recruiting 2019 2021 [55]

NCT03815916
(REPAIR-PD)

Clene Nanomedicine
University of Texas
Southwestern Medical
Center

CNM-Au8 Parkinson's disease 30 1 Recruiting 2019 2021 [56]

NCT04081714 Clene Nanomedicine
Massachusetts General
Hospital

CNM-Au8 Amyotrophic lateral
sclerosis

�30 1 Ongoing 2019 e [57]

NCT04414345
(HEALEY ALS
Regimen C)

Clene Nanomedicine, CNM-Au8 Amyotrophic lateral
sclerosis

160 Multi- Recruiting 2020 2022 [58]

NCT04297683
(HEALEY ALS)

Clene Nanomedicine
Massachusetts General
Hospital

Zilucoplan
Verdiperstat
CNM-Au8
Pridopidine

Amyotrophic lateral
sclerosis

640 Multi- Recruiting 2020 2022 [59]

NCT04098406
(RESCUE-ALS)

Clene Nanomedicine,
Clene Australia Pty Ltd

CNM-Au8 Amyotrophic lateral
sclerosis

42 2 Recruiting 2019 2022 [60]

NCT03536559
(VISIONARY-MS)

Clene Nanomedicine,
Clene Australia Pty Ltd

CNM-Au8 Relapsing multiple
sclerosis

150 Multi- Recruiting 2018 2022 [61]

NCT04626921
(VISIONARY-LTE
(long term
extension))

Clene Nanomedicine
George Clinical

CNM-Au8 Relapsing multiple
sclerosis

150 Multi- Recruiting 2020 2024 [62]

ALS: amyotrophic lateral sclerosis; LTE: long-term extension; MS: multiple sclerosis; PD: Parkinson's disease.
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3.1. Clinical safety and limitations of current clinical trials on GNPs

In the clinical trials summarized above, various compositions of
GNP-systems, from nanorods to gold-covered particles, were tested
and delivered through various routes of administration (i.e., intra-
venous, parenteral, intramuscular). They demonstrated good safety
profiles with reported adverse events which were either transient,
clinically manageable, or deemed unrelated to GNP-based treat-
ment. Overall, GNPs tested in clinical trials thus far do not raise
major safety concerns. Recently, multi-dose, multi-center blinded
trials have been initiated to further expand the clinical under-
standing of GNPs.

However, the major limitation of these studies is the sparsity of
trials and their relatively small sample sizes. Most of these initial
trials also only evaluated one therapeutic dose. Additionally, quality
of trials should be improved as some earlier publications were not
registered in the national clinical trial database, and some of these
studies have not been published.

GNPs, as inorganic nanoparticles, are not degradable. Therefore,
long-term toxicity of GNPs will require further investigation and
potential cumulative toxicity should be considered when repeated
treatments are developed. Preclinical studies with CYT-6091
showed that gold content remained in the liver for up to 120
days [63]. In the clinical study using NU-0129, gold content was
identified in two tumors that recurred up to 174 days following
treatment and over 40% of initial GNP levels were still detectable in
tumors [30]. This suggests that although GNPs undergo hepatic
elimination and demonstrate good tumor targeting, future studies
will require further investigations into the potential side effects of
long-term gold accumulation.

While gold is a common feature, different surface compositions
play a primary role in determining type and severity of side effects.
964
Both CYT-6091 and CYT-21625 demonstrated good tumor traf-
ficking which restricted biodistribution and improved the safety of
higher doses of rhTNF by utilizing a combination of passive and
active mechanisms through the well-known EPR effect and rhTNF's
tumor-targeting properties, respectively [29,33]. Future studies
might consider utilizing a combination of tumor-targeting ligands
on GNP-based DDS as a strategy to improve safety of nano-
medicines. Further studies must test each preparation individually
to elucidate the toxicological profile of GNPs in humans, as each
nanoparticle formulation could promote different pharmacological
reactions. Moreover, pharmacokinetic behaviors (i.e., half-life,
clearance rate, etc.) and tissue distribution of GNPs in human
should be studied in clinical trials. Results from pre-clinical animal
studies should be carefully reviewed for guidance to address the
differences between humans and animals in terms of pharmaco-
kinetics and tolerance to toxicity.

While this review broadly summarizes the safety profile of cur-
rent GNP-based interventions, most clinical studies report specific
information regarding the dose of drug administered to patients, the
respective dose strength of GNPs, the physical properties of the GNPs
(i.e., different size, shape, manufacturalmethods), and the stability of
the formulations, which are all factors that may affect the pharma-
cokinetics and toxicological profile of specific GNP systems.
Furthermore, in clinical practice co-medications may affect the
pharmacokinetics and toxicity of GNPs. Thus, all these factors should
be further tested in future clinical studies.

3.2. Diversified clinical applications of GNPs

The relative safe profiles of GNPs reported in the present review
encouraged exploration of more clinical applications of GNP-based
technology. Most pre-clinical literature has capitalized on
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applications of GNPs as a DDS. While various types of cargo (rhTNF,
RNAi, proinsulin peptide, etc.) have been tested in humans, many
other therapeutic agents can be delivered in a similar fashion. For
example, peptide-GNP hybrids can modify immune responses [64]
to attenuate Toll-like receptor signaling related to inflammation
[65]. A peptide-GNP hybrid that inhibits protein kinase C delta
activity showed protective effects on ischemia-reperfusion induced
acute lung injury, and it attenuated more severe lung injury at
much lower dose in comparison to the drug-peptide delivered by a
Tat cell penetration peptide [66]. These GNP-cargo hybrids could be
further assessed in clinical trials, which may provide more thera-
peutic reagents to the bedside.

Another property of GNPs which should be further explored is
their SPR effect in photoimaging to address MRI and computer to-
mography (CT) limitations. The use of GNPs could offer an alter-
native contrast agent for patients sensitive to the standard
iodinated contrasts [67]. This approach should not raise any safety
concerns, as in preclinical studies, GNPs' use in imaging systems
have demonstrated a favorable safety profile [68,69]. Additionally,
given the modifiable size and surface composition of GNPs, clini-
cians can tailor the circulation time and region of accumulation of
the GNPs to promote more precise diagnosis [70]. In relation to
cancer treatment, GNPs’ intrinsic ability to promote increased
relaxivity for MRI [71,72] supports better contrasted images which
can lead to better tumor visualization. The accumulation of GNPs at
the tumor site during the imaging process can guide PTT more
precisely to the tumor and limit damage to surrounding tissue.
Additional cancer fighting properties of GNPs are also present in
their intrinsic radiosensitivity abilities as high Zmaterials. While an
abundance of pre-clinical data has shown potential use of GNPs as
radiosensitizer, this application has not been translated into clinical
setting [73]. This uncertainty further supports the necessity to
better understand the safety of GNPs in clinical settings.

The clean-surface, faceted gold nanocrystalline opens a new
avenue for the use of GNPs as a primary therapeutic. In addition to
oxidation of NADH to NADþ, GNPs have demonstrated peroxidase,
oxidase, catalase, and super oxide dismutase-like properties
[74,75]. These effects could lead to the use of GNPs in a new wide
spectrum of clinical disorders [76,77].

Finally, GNPs and related preparations accommodate several
routes of administration (intravenously, intramuscularly, orally, and
locally) in several disease states (e.g., type I diabetes, atheroscle-
rosis, acne vulgaris, ALS, relapsing multiple sclerosis and Parkin-
son's disease). Different routes of administration and clinical
applications suggest GNPs can be modified depending on the
clinical presentations.

3.3. Collaborations among basic and clinician scientists and
industry

For conventional clinical drug studies, the tested therapeutics
are usually produced by pharmaceutical companies, with many
already clinically available and tested drugs for repurposing. In
contrast, clinical grade GNPs are usually prepared by biotechnology
companies. The relatively small quantity of GNP preparations leads
to higher costs. Since these therapeutics are still under develop-
ment, most of the clinical trials require collaborations among basic
and clinician scientists with sponsorship from biotechnology
companies. Promotion of collaborations among academic, medical,
and industry personnel/institutions will bring together resources
necessary to overcome the technical and financial obstacles in GNP
translation.

Facilitating these collaborations can be promoted through
external financial support. Government aid in the form of grants for
nanotechnological work will foster the translation of GNPs to the
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clinic. One of the largest campaigns is the National Nano-
technological Initiative (NNI) in the United States which advocates
and supports nanotechnology-based approaches. Focused on
contributing to the full spectrum of development (i.e., student
training, research, design of clinical trials, and clinical application),
the NNI requested $1.7 billion in federal support for 2021 [78].
Advertisement and development of programs like the NNI could
significantly reduce the financial burden for biotechnological
companies, while concurrently attracting more basic scientists and
clinicians to investigate GNP based applications.

Government support for GNPs should not be limited to nano-
technology specific grants alone. Broad funding categories which
nanotechnology may fall under, i.e., biomanufacturing, offer an
alternative avenue of financial subsidization. Further, collabora-
tions with diverse industries that may optimize GNP use, such as
artificial intelligence to streamline the manufacturing and appli-
cation processes, will also have their own independent grants to
indirectly support GNP translation. In focusing on the collaborative
approach, global partnerships offering diverse specializations will
form and can further improve GNP applications. Thus, this strategy
will not only offer financial relief, but also optimize GNP
translation.

4. Conclusion

All GNP-based clinical trials conducted thus far demonstrated
good safety profiles with minimal adverse events. However, the
limited quantity of trials, small sample sizes, and lack of under-
standing of the adverse effects of long-term gold accumulation
remain major limitations to the translation of GNP to clinical set-
tings. Furthermore, as GNPs have the advantage of being highly
modifiable structures, each formulation must be studied individu-
ally in the future to understand the pharmacokinetics, bio-
distribution, and toxicological profile of the GNP system. The
clinical applications of GNPs are expanding as researchers begin to
employ different characteristics such as its surface modifiability for
hybridizing DDS, the SPR effect for enhancing medical imaging, its
radiosensitivity as a high Z material for combatting cancer, and its
intrinsic ability to promote oxidization of coenzymes for the
treatment of neurodegenerative disorders. A global and collabora-
tive approach is essential to the success of GNPs in clinic. Recent
rapid development of clinical trials has demonstrated promising
safety and efficacy of GNP-based therapeutics. Encouraging future
clinical trials with GNPs as therapeutic devices will lead to novel
therapies for patients in need of hope for new treatments.
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