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Abstract: Nanotechnology has been used in many biosensing and medical applications, in the form of
noble metal (gold and silver) nanoparticles and nanostructured substrates. However, the translational
clinical and industrial applications still need improvements of the efficiency, selectivity, cost, toxicity,
reproducibility, and morphological control at the nanoscale level. In this review, we highlight the
recent progress that has been made in the replacement of expensive gold and silver metals with the
less expensive aluminum. In addition to low cost, other advantages of the aluminum plasmonic
nanostructures include a broad spectral range from deep UV to near IR, providing additional signal
enhancement and treatment mechanisms. New synergistic treatments of bacterial infections, cancer,
and coronaviruses are envisioned. Coupling with gain media and quantum optical effects improve
the performance of the aluminum nanostructures beyond gold and silver.
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1. Introduction

The combination of several treatment mechanisms enabled by aluminum (Al) nanostructures
(NSs) may be used to develop new medical devices for sensor-guided therapy, food security,
and environmental applications. For example, plasmonic ultraviolet (UV) response and enhanced
sensing properties of Al NSs such as Al nanoparticles (NPs) and metamaterial substrates could be used
for point-of-care medical treatment. To develop efficient devices, it is important to better understand
the treatment mechanisms and to optimize control strategies. The goal is to perform biomolecular
detection with high sensitivity in real time and to develop cheaper point-of-care treatment. This review
is focused on highlighting the biomedical applications of several technologies that could be improved
by using aluminum nanoplasmonics.

Classical nanoplasmonics with gold (Au) and silver (Ag) NSs is based on the local electromagnetic
near-field enhancement, with surface plasmon resonance (SPR), which depends on the size, shape,
and material properties of the NSs. Au and Ag plasmonic NSs have SPRs in the visible and near
infrared spectral range. On the other hand, Al NSs have an extended spectral range into deep UV,
which enables a broad variety of applications. Under an ambient environment, the surface of aluminum
is covered with a thin layer of Al2O3. However, the thickness of the Al2O3 layer may be used for
tuning the plasmonic response of Al NSs in a wide spectral range [1].

In this review, we first give an overview of aluminum plasmonics in Section 2, including
nanostructure fabrication (Section 2.1) and treatment mechanisms (Section 2.2). Then we review

Appl. Sci. 2020, 10, 4210; doi:10.3390/app10124210 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-8841-7657
http://www.mdpi.com/2076-3417/10/12/4210?type=check_update&version=1
http://dx.doi.org/10.3390/app10124210
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 4210 2 of 28

the biosensing applications of Au and Ag plasmonic NSs with several examples of spectroscopic
signals enhanced by Al NSs (Section 3.1). We discuss plasmonic biomedical applications in Section 3.2,
with the treatments of cancer (Section 3.2.1) and bacteria (Section 3.2.2), highlighting the advantages
and limitations of Au and Ag, and the promising applications of Al plasmonics. We discuss strategies
to improve the performance of Al NSs in Section 4, including alloys/composites (Section 4.1), chemical
enhancement (Section 4.2), quantum effects (Section 4.3), future translational applications (Section 5),
and we conclude with a summary in Section 6.

2. Aluminum Plasmonics

2.1. Nanostructure Fabrication

Only a few studies of biological systems with nanofabricated Al plasmonic substrates have been
performed. Variable shapes of Al NSs may be used to optimize the near-field enhancement and spectral
response. Figure 1 shows that the optical response of Al NPs may be tunable over a broad spectral
range by varying the NP size [1]. Recently, it was also shown that other substrate parameters may be
varied such as the shape, inter-particle distance, and the refractive index of the substrate to control the
Al plasmonic response [2–13]. Broad tunability of the plasmonic response has been achieved using
periodically designed Al NP substrates on a stretchable support [14]. Plasmonic Al nanoantennas have
been designed with controllable localized near-field hot spots [15–20].

Appl. Sci. 2020, 10, x FOR PEER REVIEW 2 of 27 

biosensing applications of Au and Ag plasmonic NSs with several examples of spectroscopic signals 
enhanced by Al NSs (Section 3.1). We discuss plasmonic biomedical applications in Section 3.2, with 
the treatments of cancer (Section 3.2.1) and bacteria (Section 3.2.2), highlighting the advantages and 
limitations of Au and Ag, and the promising applications of Al plasmonics. We discuss strategies to 
improve the performance of Al NSs in Section 4, including alloys/composites (Section 4.1), chemical 
enhancement (Section 4.2), quantum effects (Section 4.3), future translational applications (Section 5), 
and we conclude with a summary in Section 6. 

2. Aluminum Plasmonics 

2.1. Nanostructure Fabrication 

Only a few studies of biological systems with nanofabricated Al plasmonic substrates have been 
performed. Variable shapes of Al NSs may be used to optimize the near-field enhancement and 
spectral response. Figure 1 shows that the optical response of Al NPs may be tunable over a broad 
spectral range by varying the NP size [1]. Recently, it was also shown that other substrate parameters 
may be varied such as the shape, inter-particle distance, and the refractive index of the substrate to 
control the Al plasmonic response [2–13]. Broad tunability of the plasmonic response has been 
achieved using periodically designed Al NP substrates on a stretchable support [14]. Plasmonic Al 
nanoantennas have been designed with controllable localized near-field hot spots [15–20]. 

 
Figure 1. Broadband tunable aluminum plasmonics: (a) Experimental spectra; (b) electron microscope 
images; and (c) simulated spectra of Al nanoparticles (NPs) with varying sizes. (Adapted from Knight 
et al. [1]). 

Al NP colloidal synthetic methods provide possibilities for facile scalable manufacturing [21–
23]. Considering stability and agglomeration issues, Al NPs can be synthesized via surface 
passivating agents for protection and stabilization. Templates can be used for large-scale synthesis of 
Al NPs via catalytic decomposition [22,24]. Passivation agents play an essential role in stabilizing Al 
NPs as well as protecting them from further surface oxidation. Synthesis of highly regular, faceted 
Al nanocrystals with controllable nanocrystal diameters and shapes, including nanorods and 

Figure 1. Broadband tunable aluminum plasmonics: (a) Experimental spectra; (b) electron microscope
images; and (c) simulated spectra of Al nanoparticles (NPs) with varying sizes. (Adapted from
Knight et al. [1]).

Al NP colloidal synthetic methods provide possibilities for facile scalable manufacturing [21–23].
Considering stability and agglomeration issues, Al NPs can be synthesized via surface passivating
agents for protection and stabilization. Templates can be used for large-scale synthesis of Al NPs via
catalytic decomposition [22,24]. Passivation agents play an essential role in stabilizing Al NPs as well
as protecting them from further surface oxidation. Synthesis of highly regular, faceted Al nanocrystals
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with controllable nanocrystal diameters and shapes, including nanorods and nanocubes, has been
reported [25–27]. Al nanocrystals were also decorated with size-tunable transition-metal nanoparticles
to control UV absorption and scattering [28].

Several methods have utilized inexpensive Al foil for Al NS fabrication [29–31]. We recently
developed a method of ultrasonic synthesis of irregular disk-shaped Al NPs from commercial
Al wrapping foil, and used these Al NPs to affect bacterial inactivation efficiency (Figure 2) [29].
Another sonophysical method of Al NS preparation from the commercial Al foil showed bacterial
toxicity of Al NS smaller than 25 µm [30]. Nanotexturing of commercial Al foils by anodization has
shown another promising route to plasmonic substrate fabrication [31].
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High quality Al plasmonic films may also be fabricated by thermal evaporation [32]. Coupling
of Al NS to Al films has been demonstrated with SPR linewidth narrowing and enhanced scattering
efficiency [33]. Nanovoids in Al films have been fabricated and showed localized SPR in extreme
UV range [34]. These technological advances in the fabrication of Al NSs showed great promise to
optimize biosensing efficiency and, potentially, medical treatment.

2.2. Treatment Mechanisms

2.2.1. Photothermal Therapy (PTT)

Localized heating and control of photothermal energy in metallic nanoparticles generates
several applications including nanoscale sensing [35–37], photothermal imaging [35], photothermal
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therapy [36,38–40], drug delivery [41], nanochemistry [42], and thermoelectric solar cells [43–45].
Au and Ag NPs have been extensively studied for the applications in photothermal therapy of
cancer [46–52] and bacterial inactivation [53–55]. They operate based on the photothermal inactivation
mechanism in which the plasmonic NPs absorb light in the visible or near IR spectral range and
generate extensive heating which damages the adjacent cancer or bacterial cells.

Al NPs have the potential to show similar effects with the advantages of a broad spectral range and
low cost. Al NSs may also provide additional possibilities for synergistic treatment by the combination
with other inactivation mechanisms based on UV irradiation, hot electrons, and chemical treatments.
Aluminum, as an energetic material [56], has been a source of energetic NSs. Photooxidation of Al NPs
by a Xenon flash lamp combined with plasmonic enhancement was used for photothermally activated
ignition with high local temperature and local heat control [57]. Thermoplasmonic ignition of Al NPs
by the melt dispersion mechanism also showed high local temperatures [58]. Due to large energy
density, low ignition temperatures, and fast burning rates [59], Al NPs can also be used for propulsion
systems and hydrogen generation. Due to strong plasmonic resonances in a broad spectral range,
Al NPs can be utilized for solar light harvesting. Self-assembled Al NPs on 3D porous membranes
were used for solar desalination [60].

2.2.2. Ultraviolet Therapy (UVT)

Ultraviolet radiation has found applications in photodynamic therapy (PDT), sterilization,
and medical diagnostics [61]. UV radiation has been widely used for antibacterial [62] and tissue
treatments [63]. UV light has immunomodulatory effects on neutrophils, lymphocytes, monocytes,
macrophages, and dendritic cells [63]. UV irradiation of blood has been used for the treatment of
septicemia [64,65]. Antibiotic-resistant bacteria pose a large threat to the global population [66], and UV
radiation therapy needs to be further explored as a potential treatment.

The optical response of plasmonic NPs is governed by scattering and absorption of incident
radiation. These two effects provide the main mechanisms of the Al plasmonic UV radiation treatment.
The scattering mechanism leads to near-field enhancement with the corresponding increase of the
localized surface treatment. On the other hand, absorption of UV radiation may lead to the UV
shielding effect and may reduce treatment efficiency [29].

2.2.3. Hot Electron Therapy (HET)

Hot carriers generated by coupling of the incident light to surface plasmons have been
investigated for applications in plasmon-enhanced photocatalysis [67], photovoltaics [68–70],
and photodetection [71–73]. Hot electron (HE) generation depends on the geometry of the plasmonic
NPs [74].

HE-based photodetectors [73] may find useful applications, especially in the UV spectral
range. The limitations of UV-based photodetectors such as high dark currents and low quantum
efficiency [75,76] have previously been addressed using Au and Ag nanostructures. However, due to the
poor plasmonic properties of Au and Ag in the UV range, other metals such as Al, Ga, and Cr have been
used [15]. The broad tunable SPR of Al NPs may be useful in fabrication of HE-based photodetectors.

2.2.4. Toxicity

Toxicity of metallic NPs has been widely studied and was shown to be inversely dependent
on the NP size [77,78]. The effects of Au, Ag, and Al NPs on human cells and tissues have been
investigated [79]. Even though the bulk Au and Ag are generally considered to have minimal effects on
health, the long-term effects of bulk Ag exposure can cause argyrosis [80]. However, several adverse
effects may be caused by Au and Ag NPs, which need to be taken into consideration when applying
the treatment on the human body. For example, Ag has been widely used for antibacterial treatment
and disinfection [81] and Ag NPs play a crucial role in healing and treatment within the biomedical
field [82]. However, with the diversity in applications such as wound and burn treatment, surgical



Appl. Sci. 2020, 10, 4210 5 of 28

equipment disinfection and drug-delivery, Ag NPs can enter the human body through various ways.
The translocation of Ag NPs into various organs in rats was shown [61]. The toxicity of Ag NPs was
shown via measurements of cell viability, reactive oxygen species (ROS), or lactate dehydrogenase
(LDH) leakage [83]. The viability of mesenchymal stem cells (MSCs) was decreased [84] and lung
tissue damage on animal studies was revealed due to the oxidative stress [85] after exposure to Ag
NPs, supporting the high toxicity of Ag NPs and presenting a potential risk to human health.

On the other hand, several studies also indicated the absence of toxicity of Ag NPs to certain
types of cells. It was shown that 20 and 80 nm diameter Au and Ag NPs had lower toxicity to
human embryonic neural precursor (HNPC) cells compared to AgNO3, but still affected the growth of
HNPCs [79]. Au NPs have lower toxicity compared to Ag NPs. Surface functionalization may affect the
toxicity of NPs. For example, Au NPs with cationic trimethylammonium ligands showed cytotoxicity
even at a low concentration of Au NPs [86]. On the other hand, many examples of noncationic Au NPs
at high concentrations showed the absence of cytotoxicity [87,88]. The toxicity of metallic NPs depends
on many factors such as NP size, shape, and surface functionalization, which may be optimized to
improve the performance of NPs. Size of Au NPs determines the translocation and NP localization
within the body [89].

Even though the toxicity of the alumina (Al2O3)-based NPs has been studied [90], there has been
limited research on the toxicity of Al NPs. Compared with Ag and Au NPs, the Al NPs are expected to
have lower cytotoxicity. However, in several cases of high doses, Al NPs have shown some adverse
effects. Al NPs reduced the viability of rat alveolar macrophages and limited phagocytic function [91].
It was shown that Al NPs may have a higher level of cytotoxicity compared to that of Al2O3 NPs [91].

In summary, the estimation of the effectiveness of the NP treatment considers toxicity, which,
depending on the application, may be optimized by the choice of the chemical composition and
morphological parameters. Al NPs, in general, have low toxicity, which could be minimized by
increasing the treatment efficiency using the thermal, UV, and hot electron mechanisms described
above, reducing the concentration of NPs required to achieve effective treatment.

3. Applications

3.1. Biosensing

In the field of biosensing, Raman, infrared (IR), and fluorescence spectroscopies have been of
outstanding importance in understanding the system response to environments at the molecular
level. Raman spectroscopy provides excellent vibrational fingerprints for fast chemical identification.
Raman microscopic imaging provides a high spatial resolution with chemical sensitivity, which enables
the label-free, on-site in vivo analysis of chemical and structural information of a wide range of biological
systems. There has been a significant progress in the development of Raman spectroscopy-based
techniques for bacterial cell analysis, clinical diagnosis, structural characterization, and detection of
biofilms [92–99]. However, the drawbacks of the spontaneous Raman technique are low sensitivity,
particularly for biological samples, and insufficient time resolution due to the long signal accumulation.

Plasmonic NSs have been used in surface-enhanced Raman scattering (SERS) [100–102],
and surface-enhanced fluorescence (SEF) [103] to increase the detection sensitivity and speed.
These developments stimulated intensive studies of applications in biosensing and optical devices.
SERS takes advantage of an electric field enhancement of several orders of magnitude in the vicinity of
plasmonic metal NSs. However, the majority of SERS studies used noble metals such as Au and Ag,
and only recently were extended to Al, which has an important advantage of SPR tunability in the UV
range [104]. While the Au and Ag NSs are significant in biosensing, Al plasmonics provide similar
results with high tunability and low cost. Most biosensing studies were also performed separately from
the medical treatment, focusing mainly on sensing and species identification, without the systematic
analysis of cell viability. Au and Ag NPs were previously used to enhance the Raman signals of
bacteria [97,105–107]. However, most measurements were performed in laboratory conditions on single
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bacterial cells dried on a substrate or in solution mixed with plasmonic NPs [108]. The cytotoxicity of
the Au and Ag NPs under these conditions has also been poorly understood.

The unique plasmonic properties of Al NPs enable promising applications in biosensing via
SERS [109–111] and refractive index measurements [112–115]. In this review, we discuss the combination
of medical treatment and sensing using Al NPs towards the development of inexpensive devices
that will lead to new breakthroughs not only in biosensing, but also in other fields such as medical
treatment, industrial materials processing, and quality control.

Many biomolecules including DNA and proteins have UV resonances, which enable resonance
Raman spectroscopy with low fluorescence background [116]. Due to low losses in UV range,
Al substrates were used for deep-UV SERS [117], showing several orders of magnitude enhancement
for adenine on Al nanovoid substrates (Figure 3c) [118]. Large enhancement factors of resonance
Raman signals of biomolecules using aluminum film-over nanosphere (ALFON) substrates were
observed (Figure 3d) [119]. Al bowtie nanoantennas showed large UV resonance Raman enhancement
in benzene [120]. Similar performance of SERS on Al NSs was shown in one-to-one comparison with
Ag and Au [121]. These studies showed successful examples of the combined action of the plasmonic
and UV resonance enhancement mechanisms in biosensing.

SEF has also been used for the detection of biomolecules. For example, Al substrates may provide
effective adenine fluorescence enhancement in the UV spectral range [122]. Weak fluorescence
of biomolecules such as proteins and DNA [123–125] was enhanced by Al NPs [126–128].
Al nanostructured substrates were used to enhance the fluorescence of proteins with a different
number of tryptophan residues (Figure 3a) [129]. The weak intrinsic fluorescence of adenine was
enhanced by Al NP arrays upon UV excitation (Figure 3b) [130]. Polyelectrolyte layer-by-layer assembly
with Al NPs was used to enhance the fluorescence intensity of BSA and IgG [127].
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Figure 3. Biosensing using Al NSs. (a) Fluorescence intensities of biomolecules show the enhancement
on Al nanostructured substrates compared to quartz. (Adapted from Ray et al. [129]). (b) Fluorescence
spectra of adenine on Al NP array show large enhancement compared to bare quartz. (Adapted from
Jha et al. [130]). (c) Surface-enhanced Raman scattering (SERS) of adenine on Al nanovoids. (Adapted
from Ding et al. [118]). (d) Enhancement factors of biomolecules on various substrates show largest
resonance Raman enhancement on ALFON. (Adapted from Sharma et al. [119]).
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3.2. Plasmonic Medicine

3.2.1. Plasmonic Cancer Diagnosis and Treatment

Current major cancer treatments involve chemotherapy, radiation, immunotherapy, and surgical
resection [131–133]. In addition to the commonly used anticancer drugs [134], new, potent proteasome
inhibitors designed to trigger cell death in tumorigenic cells have been used [135]. Radiation therapy
has recently advanced, delivering direct, topography-based radiation to patients even through skull or
spinal bones [136]. Minimally invasive surgery as well as endoscopic resection has been employed
to treat patients with less side-effects than their traditional counterparts [137,138]. Despite this
progress, there is still a need for alternative therapies [139]. For example, chemotherapy, in addition
to being cytotoxic, can induce tumor growth and support its spread throughout the body [140].
New therapies based on photosensitizers and NPs have been developed [141–144]. The benefits of
nanotechnology have been applied to healthcare, advancing the nanomedical applications [145,146].
Au NPs have found many applications in cancer treatment due to their high accumulation rates
as well as surface chemistry that is amenable to molecular attachments [147–149]. Many different
morphologies, including nanospheres, nanorods, nanoshells, nanocages, and triangular nanoprisms,
were investigated [12,150–158].

Integration of the in vivo SERS imaging and PTT using Au NPs has been reported [157,158].
SERS imaging with Au and Ag NPs has been used for cancer detection [159], with the potential promise
of high sensitivity of biosensing down to femtomolar concentrations [160]. In addition to the enhanced
sensitivity, SERS molecular fingerprints permit excellent multiplexing potentials due to the narrow
spectral width of Raman peaks [161,162]. Additional advantages of SERS include the ability to use a
single excitation source for multiple probes, reduced photobleaching, and minimal background signal
from water [163]. SERS also allows for the possibility of monitoring more than one biomarker at a
time, as was shown by the improved accuracy of lung cancer diagnostics using functionalized hollow
Au nanospheres [164]. SERS imaging enhanced the reproducibility of point-based analysis [165].
The development of Au nano-popcorn SERS probes that integrate selective cell targeting has led to
localized heating, and selective cancer cell damage [166]. Aptamers and SERS nanotag reporters can be
co-anchored on the surface of Au NPs, leading to precise cancer detection and efficient treatment [167].
SERS nanotags on hollow Au nanospheres showed negligible cytotoxicity and recognized MCF-7 cells
with high specificity and selectivity [168].

Al plasmonic substrates for SERS-based cancer diagnosis were fabricated using femtosecond laser
ablation [169]. This resulted in wrinkled Al NSs, which showed strong molecular SERS signals from
crystal violet and cysteine and were used for in vitro cancer detection.

Photodynamic therapy (PDT) also benefits from Au NPs to increase the photosensitizer
efficiency for cancer treatment [170–173] and wound healing [174]. Several challenges for NP-based
phototherapy include passive accumulation of NPs [175], limited accessibility of NIR light [176],
and biodegradability [177]. Al NPs are promising candidates to address these issues due to their broad
spectral response and unique chemical properties.

Hot electron generation mechanism (HET), described above, plays an important role in plasmonic
phototherapy. For example, femtosecond transient absorption spectroscopy studies revealed the
dynamics of temperature evolution and photo-induced HE generation in Au NPs [178]. The interplay
of high temperature and HE effects could provide an improved synergistic cancer treatment.
A combination of carbon nanotubes (CNTs) and Ag NPs have shown an advancement in PTT
using hot electrons [179]. Hot electrons generated in Au NPs were used in biomedical applications.
HET showed a synergistic combination of PTT and PDT on HeLa cells by generation of reactive oxygen
species (ROS) from TiO2 Au nanorod (NR) conjugates (Figure 4a,b) [180]. A different mechanism
of photothermal therapy of HeLa cells was also shown by using continuous wave and pulsed laser
sources on Au NPs to produce singlet oxygen (1O2) by hot electrons (Figure 4c) [181].
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for the treatment of HeLa cells under visible and NIR radiation using TiO2 Au NR conjugates.
(b) A combination of visible and IR radiation shows stronger green fluorescence than visible light only,
implying enhanced reactive oxygen species (ROS) generation by synergistic effect of visible light and heat
generation, leading to high cell death efficacy. (Adapted from Lee et al. [180]). (c) Schematic of singlet
oxygen generation upon laser irradiation of naked Au NPs. (Adapted from Pasparakis et al. [181]).

The biomedical applications of hot electrons go beyond PTT and PDT. Hot electron transfer from
Au NPs was used to generate plasmon-induced activated (PIA) water with reduced intermolecular
hydrogen bonds [182]. PIA water has shown anti-inflammatory and anti-oxidative properties,
thereby preventing the oxidative stress caused by the acute inflammation [183].

Alumina (Al2O3) NPs have also been used in cancer therapy. Poly-γ-glutamic acid functionalized
alumina nanoparticles (γ-PAN) were evaluated for protein adsorption ability, and found to lower
cell viability in a prostate cancer cell (PC-3) line through ROS production and oxidative stress [184].
Therapeutic cancer vaccination based on T-cells is hindered by difficulties to produce large amounts
of cells using current vaccine carrier systems [185]. Al2O3 NPs were shown to carry antigens to
autophagosomes in dendritic cells, reducing the number of antigens required to activate T-cells [186].
It was found that immunization of mice with Al2O3 NPs conjugated to tumor antigens resulted in
tumor regression. These studies encourage the use of Al2O3 NPs as adjuvants for cancer vaccines [187].

Alumina NPs can depolarize cell membranes, causing cytotoxicity in human epithelial A549 lung
cells [188]. In order to enrich ubiquitinated proteins from cancer cells, Al2O3 NPs were covalently
linked to ubiquitin-binding protein and showed that dendritic cells could more effectively phagocytize
the protein/alumina nanoparticle complexes, increasing the antitumor response [189]. Aluminum
garnet particles were also used for imaging and PDT of cancer cells [190].

3.2.2. Plasmonic Antibacterial Treatment

Over the past years, the number of infections associated with bacteria has increased, many of
which are accompanied by the formation of biofilms [97,105–107,191]. Some of the common bacterial
pathogens, which cause diseases in humans, are E. coli, S. aureus, V. cholerae, P. aeruginosa, E. faecalis,
S. epidermidis, S. viridans, K. pneumonia, and P. mirabilis. Many bacteria developed tolerance/resistance
against common organic antibacterial agents and continue to be one of the serious health challenges
worldwide. Therefore, developing point-of-care devices for direct and early detection and treatment of



Appl. Sci. 2020, 10, 4210 9 of 28

infections is the need of the hour. In this context, NPs with unique physicochemical characteristics
have proven effectiveness for imaging, diagnosis, and therapy. However, real-time detection/diagnosis
and quantitative evaluation of the type of pathogens are still a challenging task. Nevertheless,
certain properties of some metal NPs, such as Al, Ag, and Au NPs, can be combined with smart optical
techniques, such as handheld fluorescence and Raman spectroscopy, to develop affordable and routine
diagnosis tools for early pathogen detection and treatment effectiveness assessment.

Microorganisms form complex biofilm structures via self-produced extracellular matrix composed
of hydrated extracellular polymeric substances (EPS), which include proteins, lipids, nucleic acids,
and polysaccharides [192]. Biofilms are bacterial microenvironments that are widely found in nature,
including the human body, and present multiple negative consequences such as energy losses,
equipment damage, imbalance in the ecosystem and human diseases [193,194]. EPS serves many
crucial roles through providing not only mechanical stability for the biofilm but also acting as an
external digestive system [195]. Cystic fibrosis (CF) is one of the genetic disorders that affect lungs
causing bacterial infection and biofilm formation. The clinical treatment of other types of biofilm
infections related to fungi or yeast, such as, for example, oral candidiasis [196], could also benefit from
the plasmonic NPs.

Bacterial infections are often associated with biofilms in catheters, valves, and surgery.
Microorganisms in biofilms are a common reason for medical device-caused infections, estimating up
to 80% of infections in hospitals related to biofilms [197]. Biofilm-encapsulated bacteria show more than
three orders of magnitude larger antibiotic resistance compared to their planktonic counterparts [198].
As a result, biofilm treatment presents a big challenge both for traditional antibiotic [199] and alternative
plasmonic NP treatments.

Various plasmonic metal (such as Au, Ag, Cu, Al) and metal oxide (such as TiO2, ZnO, and MgO)
NPs were investigated for bacterial cell and biofilm inactivation [200]. Au and Ag NPs have been
most widely studied separately and in combined antibiotic treatments [201,202]. However, there are
limitations that need to be addressed to translate the Au and Ag treatments to a broad range of bacterial
and environmental conditions. For example, Pseudomonas and E. coli bacteria were shown to develop
resistance to Ag NPs after multiple exposures [203]. TiO2 NPs showed toxicity to healthy cells and
tissues via oxidative DNA damage in human cells even without photoactivation [204]. AgNO3 used as
an antibacterial treatment of eye infection in infants was shown to have potential toxicity in corneal
damage [205].

Al plasmonics may provide an alternative biofilm sensing and treatment approach that could
be less expensive, more scalable, less toxic, and more efficient under certain conditions. There has
been much less research on Al plasmonic applications to antibacterial treatment. Here, we review the
benefits and drawbacks of using Al NPs and plasmonic substrates for biomedical applications.

Monitoring and treatment of biofilms plays an important role in biomedical and industrial
applications. Methods for monitoring biofilm formation, its mechanical stability, and early detection
provide many benefits. For example, biofilm monitoring techniques based on a combination of SPR,
leaky mode spectroscopy, and attenuated total internal reflection spectroscopy (ATR) on Al films
were used to monitor the daily growth of Cytophaga biofilm in various environments (Figure 5) [206].
Chemical stability of Al compared to Ag in aqueous environments provides an advantage of Al
plasmonics in biomedical applications, in addition to the low cost. Moreover, the metal toxicity also
needs to be considered for a specific application [206]. Biofilm formation monitoring via SPR is based
on measuring the refractive index of the suspension of microorganisms and nutrients that interact with
the Al plasmonic substrate, which requires proper control measurements and calibrations.
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Monitoring the SPR shift of Al plasmonic substrates in an aqueous organic environment containing
Pseudomonas aeruginosa allowed for bacterial biofilm sensing via extracellular polymeric substance
(EPS) formation, and to evaluate the Al corrosion over time [207]. Low corrosion rates of Al in the
presence of the biofilm show the advantage of Al plasmonic sensing compared to that of Ag, which is
less stable in the aqueous solution and may more easily detach from the plasmonic sensing device.

Due to the challenges of the Al plasmonic nanostructure fabrication, it is desirable to explore the
alternative approaches. Previous work used a commercial plasmonic Al-covered digital versatile disk
(DVD) to inactivate E. coli and Geobacillus stearothermophilus via 785 nm laser-induced heating, showing
promising effective hyperthermal sterilization with inexpensive, scalable substrates (Figure 6) [208].
The antibacterial effect was based on the thermal inactivation mechanism using NIR excitation. It can
be further enhanced by combining it with the UV excitation with ROS inactivation mechanisms.
The control experiment on an Al-covered flat Si wafer showed a low sterilization efficiency, confirming
the SPR-enabled Al plasmonic heating effect (Figure 6C).

Bacterial viability culture tests were performed by scraping the treated bacteria off the DVD and
placing the carbenicillin-resistant E. coli on LB agar to eliminate contamination. A similar procedure
was repeated for thermally-resistant G. stearothermophilus spores cultured at 55 ◦C without carbenicillin.
The effect of the thermally resistant G. stearothermophilus treatment on Al-covered DVD confirms the
high temperature effect. This approach may provide an effective, inexpensive, and scalable strategy for
improved medical device sterilization and food safety.

It is desirable to combine the plasmonic bacterial treatment with simultaneous monitoring of
the treatment efficiency. Recent studies of inactivation and bacterial viability detection on noble
metal Au and Ag NPs reported promising results [209]. However, the nature of the enhancement
(electromagnetic vs. chemical) remained unclear and the controllability of inactivation was limited.
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that the thermal stability of Ag was improved by alloying it with Al [74,222–224]. Optical properties 
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Figure 6. (A) Scanning electron microscopy (SEM) image of Al plasmonic substrate made of an
inexpensive commercial DVD of a King Kong, 2005 movie, showing patterned rod-shaped Al
nanostructures. Inset shows a magnified part of the substrate. (B) Fluorescence image of two
785 nm laser-illuminated spots in GFP tagged E. coli-covered DVD, showing laser-induced thermal
damage. (C) Photograph of bacterial cultures and counts in colony-forming units (CFU) of E. coli on
DVD and flat Al-covered Si showing efficient bacterial inactivation due to Al plasmonic treatment.
(D) Simulated distribution of temperature of a 2 mm diameter DVD piece illuminated by a 400 µm
diameter laser spot, showing high temperature T > 400 K, enough to inactivate bacteria. (Adapted
from Dou et al. [208]).

4. Enhancing Al Plasmonic Effects

4.1. Alloys and Composites

Plasmonic metal alloys have been of considerable interest [210–212] for enhanced optical properties,
reduced chemical reactivity, and optical loss [213]. Alloying of Al with coinage metals has shown
promising applications. For example, Al addition to Au was shown to be an effective bleaching
agent for jewelry, but also showed the undesirable increase in optical loss [214]. On the other hand,
the addition of Al to Cu showed the enhanced SPR [215].

The addition of Al to Ag has also been of widespread interest [216–221]. It has been reported
that the thermal stability of Ag was improved by alloying it with Al [74,222–224]. Optical properties
of α-phase Ag–Al thin films revealed that the addition of 1–2% of Al not only reduced the surface
roughness of Ag but was also beneficial for its dielectric function applications [219]. Incorporation
of a low percentage of Al assisted in the continuous film growth of Ag, which is highly desirable for
large area flexible organic photovoltaics (OPVs). The addition of Al in Ag is a promising alternative
to transport conductivity electrodes because of its high transmittance and high conductivity [223].
Tunable plasmonic properties of Al–Ag alloy NPs with radius ~10 nm embedded in silica showed a
linear increase in the width of SPR bands in both Ag1−xAlx and Al1−xAgx alloys (Figure 7a,b) [224].
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The combination of the strong SEF of Ag and large UV SPR in Al NPs was investigated by FDTD
simulations of the Ag–Al bimetallic alloy to increase the emission enhancement of amino acids
NATA-tyr and NATA (Figure 7c,d) and proteins in the UV range [225].
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Figure 7. Extinction spectra of Ag1−xAlx and Al1−xAgx alloys for varying molar concentrations of Al:
(a) With increasing concentration of Al, the SPR peak blueshifts from the elemental Ag NP. (b) SPR peak
redshifts from the elemental Al NP with increasing concentration of Ag. (Adapted from Kuiri [224]).
(c,d) Fluorescence enhancement of NATA-tyr and NATA on quartz and bimetallic substrates. (Adapted
from Chowdhury et al. [225]).

4.2. Chemical Enhancement

The chemical mechanism (CM) of surface enhancement is commonly used to explain additional
contributions to the enhancement factor beyond the electromagnetic near-field enhancement (EM).
It is attributed to the chemical interactions between the adsorbed biomolecules and the plasmonic
substrate leading to the changes in electronic structure and charge transfer processes [226–230]. The CM
enhancement depends on the nature of the molecule and NP and can play a bigger role in the Al
plasmonic systems due to the smaller EM contribution compared to that of Au and Ag. This opens the
possibilities to explore the interplay of both CM and EM effects in Al plasmonic substrates.

For example, the optical response of pyridine adsorbed on Ag and Al NPs was studied
using time-dependent density functional theory (TDDFT), revealing significant differences between
molecule–substrate interactions [231]. Figure 8 shows the simulated optical absorption spectra of a
pyridine molecule adsorbed perpendicular (A,B) and parallel (C,D) to the NP surface of Ag (A,C) and
Al (B,D) NPs. These results showed that the spectra are not significantly influenced by the pyridine
orientation in the case of Ag NPs, but showed drastic changes for the Al NPs. The corresponding
transition density plots showed larger contributions of the plasmonic excitation in Ag NPs via the
dipolar shape of the transition densities (Figure 8A,C). They also showed larger contributions of the
charge transfer excitation in Al NPs via the mixed densities on NPs and large densities on pyridine



Appl. Sci. 2020, 10, 4210 13 of 28

(Figure 8B,D). The parallel orientation showed a larger charge transfer contribution compared to the
perpendicular orientation. These results indicate potential promising applications of the Al plasmonics
to investigate single-molecule interactions relevant to biosensing, light harvesting, and photocatalysis.
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Figure 8. Time-dependent density functional theory (TDDFT) simulations of the optical response of
pyridine adsorbed on Ag and Al NSs: Optical absorption spectra and transition density plots of the
NP-pyridine systems with perpendicular (A,B) and parallel (C,D) orientations of pyridine, with respect
to the NP surface. Red and green colors denote electron density accumulation (depletion) regions
during the excitation, respectively. (Adapted from Mokkath [231]).

4.3. Quantum Enhancement

One drawback of Al plasmonics is the strong plasmon damping relative to Au and Ag. As a
result, near-field enhancement in Al NSs is weaker than that in Au and Ag NSs [216]. An approach to
minimize losses by coupling plasmonic NSs with gain media based on surface plasmon amplification
by stimulated emission of radiation (spaser) was proposed [232,233] and experimentally realized in
noble metal NPs [234,235]. This stimulated generation of coherent plasmons leads to stronger near
fields at the surface of NSs, which could be used for enhanced phototherapy. For example, a wound
or tumor may be treated with Al NSs and irradiated with a weak UV light, serving as incoherent
pump, g, to excite the three-level gain media, such as molecular dyes or quantum dots (Figure 9a).
The zoomed-in picture of one of the Al NSs is shown in Figure 9b. It represents a spherical nanoshell
filled with gain media particles with energy levels matching the NS SPRs. The localized UV near fields
of Al NPs may be used for the enhanced treatment near the surface of the wound without affecting the
surrounding healthy tissue. The role of Al NSs in this process is the nanoscale focusing of UV light at
the surface of NS attached to the target tissue, lowering the required incident power, and increasing
the treatment efficiency. Experimental realizations of Al nanolasers have been reported [236–238].
However, their practical applications require optimization of structural and optical properties [239].
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Figure 9. Quantum medicine model of wound or cancer treatment using Al NSs irradiated by incoherent
UV light and coherent visible or infrared laser. Al NSs in the wound localize the incident UV fields at
the surface, leading to faster and more efficient treatment with lower UV dose. (a) Schematic picture
of Al NSs inside a wound or tumor. (b) Zoomed-in schematic of Al nanoshell filled with gain media
particles surrounded by biomolecules. (c) Energy level diagram showing various states of the Al
NS (nanoshell) and gain medium, coupled by UV pump (g) and an additional laser drive (Ωa) field.
The quantum coherence generated between states 2 and 3 by the drive field leads to stronger near fields
(d) and more efficient treatment. (Adapted from Withers et al. [216]).

The overall efficiency is limited by the near-field enhancement factors of the Al NSs and the
maximum allowed UV dose for the target tissue. These limits may be overcome by using the quantum
optical effects, proposed for the Ag [240] and recently extended to the Al NSs [216]. The efficiency of
plasmon generation in Al NS spasers can be increased by generating quantum coherence between the
states of the gain media using an additional drive laser field that can break the detailed balance and
suppress the radiative damping (Figure 9c). Figure 9d shows a comparison of the number of plasmons
generated in Al and Ag NS spasers as a function of the pump, g, for different drive fields, Ωa. It shows
more than an order of magnitude increase of the number of plasmons in Al NSs due to the quantum
coherence generated by the drive. The inset of Figure 9d shows the corresponding decrease of the
spasing threshold, that is, the required minimum pump strength to generate spaser action. That is
another advantage of the quantum coherence as it reduces the UV dose absorbed by tissue due to
the UV pump excitation. Other methods may be used to further enhance the performance of Al NS
spasers to optimize energy transfer and field enhancement by the coherent control of field propagation
in coupled plasmonic systems [241], as well as by transient [242] and feedback-controlled effects [243],
leading to more efficient quantum medicine.

5. Translational Applications and Outlook

The quantum medicine approach may also be used to improve the UV treatment of coronaviruses.
Effective pathogen inactivation systems based on UV radiation have been developed for West
Nile, Zika, hepatitis E, dengue, and other viruses [244–251]. However, the dosage of the effective
UV radiation varies with different viruses and genome types, depending on the size and other
factors [252–259]. The underlying mechanisms of virus inactivation is the degradation of the genome
or capsid proteins [260–264].

UV irradiation can have synergistic effects in combination with other treatments. Acid and heat
stable enteroviruses EV70 and EV71 were treated with UV radiation [265–268]. A dual wavelength
(260 and 280 nm) UVC-LED device was used for the inactivation of human enteroviruses [266].
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Heat, UV radiation, and chemical treatments of viruses have been analyzed [269]. Among the most
UV-resistant viruses, adenovirus (AD41) was inactivated using germicidal UV radiation (254 nm) with
dosages ranging from 75 to 225 mJ/cm2 [270]. Viral capsid damage in adenovirus (AD5) by low- (LP)
and medium-pressure (MP) UV radiation revealed a more efficient inactivation in the 230–245 nm
range [271]. Additional experiments on AD5 and AD41 showed the enhanced effects of UV inactivation
followed by chlorine treatment [272]. Comparison of the UVC irradiation of the non-enveloped feline
calicivirus (FCV) at 255, 261, 277, and 281 nm revealed a larger absorbance at 255 nm, making it more
suitable for the treatment [273].

The Covid-19 (SARS-CoV-2) pandemic has been a cause of major concerns and challenges to
understand the viral epidemiology and clinical characteristics [274,275]. A functioning methodology
of the virus inactivation has been the urgent research question. The use of UV radiation as a method of
SARS-associated virus inactivation has been proposed by clinicians and scientists [276]. For example,
the use of germicidal UV (UVGI) radiation for the decontamination of N95 filtering facepiece respirators
(N95FFs) has been reported [277–280]. Detailed UVGI decontamination of the N95FFs procedure
was also developed, which involves the inactivation of bacterial and viral surrogate organisms [281].
Novel approaches for practical build-at-home UVC disinfection systems for decontaminating PPE
have also been actively developed [282].

Previous studies used UV radiation to inactivate coronaviruses, facing successes and challenges.
For example, germicidal UVC had low efficiency for the inactivation of canine coronavirus (CCoV),
requiring up to 3 days of exposure to achieve viral inactivation [283]. On the other hand, the successful
coronavirus inactivation by UV radiation, heat treatment, pH changes, formalin, and glutaraldehyde
treatments has been reported [284,285]. UVC inactivation of SARS-CoV revealed that a 1 min exposure
of 254 nm UVC leads to partial inactivation, with a complete inactivation achieved upon 15 min
exposure [285]. These challenges need to be addressed to develop effective real-time disinfection
devices, and quantum-coherence-enhanced Al NSs provide a promising approach.

6. Summary

In summary, several biomedical applications of technologies that could be improved by using
aluminum plasmonics were highlighted. The toxicity of various NPs was discussed and, while other
metals are more prevalent in NP research, aluminum is less toxic and therefore requires less material to
achieve effective treatment.

Aluminum plasmonics in SERS and SEF have the important advantage of SPR tunability in the
UV range. While Au and Ag NPs are of great importance in biosensing, Al NPs provide similar results
with higher tunability and lower cost. In plasmonic medicine, Au and Ag NPs have been investigated
in PTT and SERS imaging. While NP-based PDT has limitations, Al NPs are promising candidates
to overcome the issues due to their broad spectral response and unique chemical properties. Several
enhancements to aluminum plasmonic effects such as alloys, chemical enhancement, and quantum
effects were discussed.

In conclusion, this review underlines the opportunities of the aluminum plasmonics research
in biomedical applications including biosensing, imaging, and phototherapy. Al NSs are promising
candidates for these improvements with the advantages of low toxicity and cost. It is our hope
that future research will focus more heavily on aluminum plasmonics and on the great potential for
developing the field of quantum medicine.
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