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Abstract

Lung failure is the main reason for mortality in COVID-19 patients, caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). To date, no drug has been clinically approved for treatment of COVID-19. Nanotechnology
has a great potential in contributing significantly to the fight against COVID-19 by developing effective therapies that can
selectively eradicate the respiratory virus load. We propose a novel COVID-19 management approach that is efficient in
eliminating the virus load from the airways and protecting the lungs from the fatal effects of the virus. This approach relies
on targeting the virus using ACE-2-functionalized gold nanorods (AuNRs) followed by irradiation with near-infrared (NIR)
light for the selective eradication of SARS-CoV-2 without off-target effects, i.e., targeted plasmonic photothermal therapy.
Using discrete dipole approximation (DDA), we quantitatively determined the efficiency of AuNRs (31 nm X 8 nm) in
absorbing NIR when present at different orientations relative to one another on the surface of the virus. The safety and the
local administration of AuNRs using a well-tolerated flexible bronchoscopy technique, commonly used for hospitalized
COVID-19 patients, ensure feasibility and clinical translation. While requiring further research, we anticipate this approach
to result in a first-line treatment for hospitalized COVID-19 patients that are experiencing severe respiratory conditions or
belong to a high-risk population, e.g., seniors and diabetic patients.
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Introduction

Hagar I. Labouta and Nasrin Hooshmand equally contributed on
this work. Since the outbreak of the novel coronavirus disease, COVID-
19 pandemic, caused by the SARS-CoV-2 virus, has spread
rapidly around the globe. To date, there is no clinically
approved treatment for COVID-19 with a solid evidence
supporting its viability and reliability. While the RNA virus
is rapidly mutating, it is crucial to think out-of-the-box for
effective management approaches that can treat COVID-19

patients and save lives.
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Photothermal therapy (PTT) has gained attention as a
localized treatment paradigm suitable for the treatment of
both cancer and bacterial infection. Photothermal agents
convert near-infrared light (NIR) to moderate heating in
a specific target region, termed hyperthermia, for tens
of minutes to kill cancer cells or pathogens [1]. Recent
advances in nanotechnology have significantly improved the
efficiency of this technique by developing novel plasmonic
nanomaterials with high photothermal conversion efficiency,
biocompatibility, and ability to selectively target cancer
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cells with minimal invasiveness to the normal cells. The
localized surface plasmon resonance (LSPR) properties of
plasmonic nanoparticles depend on several factors including
the nanoparticle type, size, shape, inter-particle separation,
and the dielectric function of the surrounding media [2—10].
Plasmonic nanoparticles made of silver [11], gold [12], and
copper [13] have been widely used for photothermal treatment
of bacterial infections. Selective binding to bacteria was made
possible via surface functionalization of nanoparticles; this
was followed by bacterial inactivation using PTT [12, 14-16].
For instance, surface functionalization of gold nanorods
(AuNRs) with DNA aptamer allowed for selective targeting of
methicillin-resistant Staphylococcus aureus (MRSA) followed
by inactivation via PTT [16]. For our purpose, we propose to
extend this conjugation technique of AuNRs to selectively
apply plasmonic PTT for the inactivation of viruses, more
specifically, SARS-CoV-2 virus.

Targeted Hyperthermia-based Eradication
of SARS-CoV-2 Virus Load in the Airways
of Infected Patients

Our proposed approach for the treatment of COVID-19
patients is based on the reported effectiveness of plasmonic
photothermal therapy in targeting and killing pathogens
[11-13], as well as the reported heat elimination of
SARS-CoV-2 infectivity [17]. The feasibility of this
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Fig.1 Novel approach for management of hospitalized COVID-19
patients. We are proposing plasmonic photothermal therapy as a safe and
effective therapy using flexible bronchoscopy to introduce the AuNRs
and apply NIR radiation locally in the distal airways. a Interaction of
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approach is justified by the ease of delivery of both gold
nanoparticle dispersion and laser energy into the distal
airways using flexible bronchoscopy, the most frequently
performed invasive procedure in pulmonary medicine [18].
Flexible bronchoscopy is a well-tolerated procedure that
is performed with relative ease in case of hospitalized
COVID-19 patients. In addition to laser treatment locally,
flexible bronchoscopy is a versatile approach that is used
for several purposes such as collecting specimens from
the lower respiratory tract, e.g., bronchoalveolar lavage
for SARS-CoV-2, removing sputum or blood clots,
injecting saline, epinephrine, vasopressin, and fibrin,
as well as injecting medications such a-interferon and
N-acetylcysteine [19, 20]. Flexible bronchoscopy is also
recommended as a safe and an effective diagnostic and
therapeutic tool in pediatric care [21].

Nanosystem Design

Gold nanoparticles are inert and biocompatible, and absorb
light in the visible and NIR region of the electromagnetic
spectrum [1, 22, 23]. Gold nanoparticles could be prepared
in different shapes: nanospheres, nanorods, and nanoshells.
Compared with nanospheres, AuNRs have a maximum
LSPR absorbance in the NIR region, whereas nanospheres
absorb strongly at the visible region [1, 24]. Knowing that
NIR has a deeper tissue penetration than the visible light
and a minimal absorption by these tissues, AuNRs are a

Gold Nanorods

AuNRs with SARS-CoV-2 is dictated by surface-functionalization with
ACE-2. b Virus-bound AuNRs absorbs NIR light, ¢ resulting in hyper-
thermia and loss of virus pathogenicity at elevated temperature
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Fig.2 a The extinction spectra of a single AuNR and dimers in
three configurations, tip-to-tip, parallel, and perpendicular. The
LSPR peak of parallel AuNRs is blue-shifted (shifted towards a
shorter wavelength) and has slightly higher intensity of the plas-
mon band, relative to the plasmon peak of a single AuNR. On the
other hand, the LSPR peak of the tip-to-tip AuNRs is red-shifted

suitable candidate for use in plasmonic PTT [25]. AuNRs
were also shown to have a significantly higher efficiency
rate of converting photons into heat when compared with
nanoshells, which also use NIR region laser for PTT [24,
26, 27]. Therefore, AuNRs will be the ideal nanoparticles for
use in plasmonic photothermal elimination of SARS-CoV-2
viral load in the respiratory tract of infected patients.

The spike (S) protein of SARS-CoV-2 facilitates viral entry
into target cells. SARS-CoV-2-S protein uses the receptor,
angiotensin-converting enzyme 2 (ACE-2) for mediating
binding with and entry into host cells. ACE-2 is a membrane-
associated aminopeptidase which is highly expressed in human
airway epithelia especially by alveolar type 2 cells of the lung,
along with other tissues and organs [28]. We are proposing
a novel therapeutic approach that employs the natural host
cell receptor binding mechanism of the virus. In specific,
functionalization of AuNRs with ACE-2 improves the selectivity
of the nanorods to SARS-CoV-2 in the airways and minimize
off-target accumulation (Fig. 1).

Plasmonic Coupling and Photothermal Heat
Generation

We examined the amount of light absorbed by protein
ACE-2-functionalized AuNRs, which then is converted to
heat energy and transferred onto the bound virus. However,
the relative spatial orientation of AuNRs determines
the amount and the wavelength of the absorbed light.
Early reports by us and others indicate that plasmonic
nanoparticles, when present a few nanometers apart
from each other, resonante with the external field and the
interaction between the nanoparticles is greatly enhanced
due to plasmonic dipolar coupling [2, 10, 29-33]. This
results in LSPR shifts in wavelengths, and change in LSPR
spectral shape and field intensity.

0.1000

(shifted towards a longer wavelength) and has the highest intensity
of absorbed light. b Calculated spatial field distribution for sin-
gle AuNR and the tip-to-tip, parallel, and perpendicular dimers of
AuNRs. The wavelength of excitation was chosen based on the max-
imum peak for each extinction spectrum: 798 nm, 851 nm, 732 nm,
and 798 nm, respectively

Herein, we used the discrete dipole approximation (DDA)
[29] as a powerful theoretical technique to model and calcu-
late the optical properties of single AuNR and AuNR dimers
(Supplementary information). The plasmonic interaction
between the AuNRs were identified by the extent of the shift
and the intensity of the plasmon band. We examined the field
strength and extinction spectra for three possible configura-
tions; tip-to-tip, parallel, and perpendicular dimers of AuNRs
potentially present in a close proximity on the surface of the
virus (i.e., SARS-COV-2). The results of these simulation
experiments are summarized in Figs 2 and S1.

Figure 2a shows the extinction spectra as a function of
the wavelength for a single AuNR and a dimer of AuNRs
in tip-to-tip, parallel, and perpendicular configuration with
inter-particle separation of 10 nm, the maximum distance
beyond which the plasmonic interaction between these
examined rods decays. Single AuNRs were shown to effi-
ciently absorb most of the incident light at the resonance
wavelength, 798 nm, with minimal proportion of the radia-
tion being scattered (Fig. S1). On exciting an individual
dimer of AnNRs with a tip-to-tip configuration with an
incident light linearly polarized along the dimer axis at the
resonance wavelength, the interaction between the AuNRs
exhibits a resonance peak at 851 nm. For the parallel and
perpendicular AuNR dimer, the LSPR wavelengths were
observed at 732 nm and 798 nm, respectively.

The formation of a strong field (hot spots) between the
nanorods can offer additional source of heat at the surface of
the virus. This was calculated by solving the appropriate Max-
well’s equations (Fig. 2b) [34]. In the tip-to-tip AuNR dimer,
the oscillating dipoles extracted from the facing tips were
shown to have a strong effect on the LSPR coupling of AuNRs
resulting in hot spots formed between the two nanorods. This
is due to the strong plasmonic coupling between the two facing
tips in the tip-to-tip AuNR dimer resulting in a higher intensity
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of absorbed light, as compared with other potential configura-
tions (Fig. 2). This suggests that for the tip-to-tip dimer, the
increased electron density generated at the tip of each nanorod
results in a stronger field at the region in-between the two
nanorods. Within the biological environment, this narrow gap
can occur in case of nanorod aggregates, resulting in highly
localized photothermal heat generation that has a significant
influence on the bound virus viability and the increase in the
total photothermal temperature can drive the deformation of
the bound virus.

In summary, our results demonstrate that the field and the
extinction intensities are highly tunable and sensitive to the
assembly structures. The NIR light is efficiently absorbed by
single AuNRs. Among the different possible orientations of
the aggregated AuNRs, the field intensity is stronger in the
case of tip-to-tip orientation due to the strong hot spot gener-
ated between the two nanorods. This optical property and the
subsequent heat generation of AuNRs will result in elevated
temperatures (in the order of few tens of degrees) of the species
(i.e., virus) bound to the surface of AuNRs or localized in their
vicinity (gap region) [35]. In this regard, the tip-to-tip orienta-
tion is the best potential configuration with a high efficiency of
inducing hyperthermia.

Immune Recognition of AuNRs

Another point of consideration is the potential recognition and
uptake of AuNRs by the immune cells, e.g., macrophages at
the distal airways [36]. Due to the ability of macrophages to
internalize gold nanoparticles, there is a risk of hyperthermia
in these host cells and toxicity when photothermal therapy
is used to eradicate viruses in the lung [37]. This could be
avoided by tailoring the characteristics of AuNRs to minimize
off-target accumulation. For instance, uptake of gold nanorods
by macrophages is size-dependent [38]. Therefore, optimizing
the size of AuNRs will reduce accumulation inside the mac-
rophage and, hence, minimize unwanted effects. Alternatively,
the functionalization of nanoparticles with polyethylene gly-
col (PEG) is a common technique to reduce opsonization and
thereby reduce nanoparticle recognition by immune cells [39].
Because of the immune-modulating effects of PEG surface
coatings, particles coated with PEG are often referred to as
“stealth” particles [40, 41].

Elimination of AuNRs from the Respiratory Tract

After developing a selective plasmonic PTT for the elimi-
nation of SARS-CoV-2 virus from the respiratory tract, the
safety and the clearance of AuNRs must also be considered.
Nanoparticles are known to be able to translocate through
the alveolar epithelium into the systemic circulation, and this
translocation has been shown to be inversely proportional
to the size of gold nanoparticles, but, independent from the
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nanoparticle concentration [42]. Upon entering the systemic
circulation, most of the AuNRs have been found to local-
ize themselves in the macrophages in liver and spleen [43].
Therefore, size optimization of AuNRs can allow us to regu-
late the post-therapy elimination rate.

Impact on the Global Response
to the COVID-19 Pandemic

Given the absence of efficient therapies for COVID-19, we
propose a novel approach to respond to the current need to
address the significant stress that this pandemic places on
the healthcare systems [44]. Taking advantage of the plas-
monic photothermal properties of AuNRs, we project that
research in this direction will result in a safe and an efficient
therapy for hospitalized COVID-19 patients. This could be
life-saving to high-risk populations, e.g., seniors and diabet-
ics. This clinical approach has a high potential of translation
to fast-track clinical trials based on a well-tolerated flex-
ible bronchoscopy procedure that is performed with a rela-
tive ease for hospitalized COVID-19 patients, the approved
efficiency of plasmonic photothermal therapy for pathogen
targeting and eradication, and the established safety of gold
nanoparticles.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11468-020-01353-x.
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