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Background: Plasmonic nanomaterials as noble metal-based materials have unique optical characteristic
upon exposure to incident light with an appropriate wavelength. Today, generated plasmon by nanopar-
ticles has received increasing attention in nanomedicine; from diagnosis, tissue and tumor imaging to
therapeutic and biomedical engineering.
Aim of review: Due to rapid growing of knowledge in the inorganic nanomaterial field, this paper aims to
be a comprehensive and authoritative, critical, and broad interest to the scientific community. Here, we
introduce basic physicochemical properties of plasmonic nanoparticles and their applications in biome-
dical and tissue engineering The first part of each division explain the basic physico-chemical properties
of each nanomaterial with a graphical abstract. In the second part, concepts by describing classic exam-
ples taken from the biomedical and biomedical engineering literature are illustrated. The selected case
studies are intended to give an overview of the different systems and mechanisms utilized in nanomedi-
cine.
Key Scientific Concepts of review: In this communication, we have tried to introduce the needed concepts
of plasmonic nanomaterials and their implication in a particular part of biomedical over the last 20 years.
Moreover, in each part with insist on limitations, a perspective is presented which can guide a researcher
how they can develop or modify new scaffolds for biomedical engineering.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

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

Plasmon is an optical phenomena generated by light when the
incident light with an appropriate wavelength strikes the noble
metal surface (at the dielectric interface), the conducted electrons
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gain energy and start oscillating. This collective movement of free
electrons on the metal surface (plasmon) is limited to the particle
sizes around 300 nm [1–3].

What is surface plasmon resonance (SPR)? These oscillating free
electrons make an electromagnetic field on the noble metal sur-
face. As the energy of the both electromagnetic field (induced
electromagnetic field and incident electromagnetic field) be the
same, the resonance condition is accomplished, which is called
SPR or propagation SPR. Based on noble metal size, there are
two types of SPR: Propagation SPR (PSPR) and Localized SPR
(LSPR) [4–6]. PSPR is usually generated on metal thin films and
surface plasmon resonance can propagate along the metal/dielec-
tric surface up to hundreds of micrometers. Since this resonance
can be affected by biomolecules, this property has been used in
sensing [7]. In SPR, plasmons propagate in the x-, y- and z-
directions along the thick metal/dielectric interface. SPR is very
sensitive to the variations in surface layer leads to shifts in the
plasmon resonance condition (SPR angle) which make it a power-
ful detection technology. In a commercial SPR, incident light is
employed by using a high-reflective index glass prism in the
Kretschmann geometry of the attenuated total reflection (ATR)
method (although other methods such as waveguide coupling,
diffraction grating, or optical fibers can also be used). The reflec-
tive index changes in the metal film layers (i.e., gold, silver) in
response to analyte (which depends on proportion to the molec-
ular mass of the analyte attached to the surface). In SPR imaging,
the reflected light is captured by a charge-coupled device (CCD)
camera for more imaging analysis. The measurement conducted
by SPRI is performed at a constant wavelength and a constant
angle. The amount of brightness in each of the flow cells indicates
the amount of analyte attached.

LSPR is generated when the noble metals are smaller than the
incident wavelength (it means that they are nanosized noble
metal particles), in which surface plasmon resonant frequency
strongly depends on the composition, size, geometry, dielectric
environment and separation distance of nanoparticles (NPs) [8–
11]. LSPR is used for localized induced electromagnetic waves
that are trapped on the metal surface (typically on the order
of 30 nm). The LSPR properties such as extinction peak
(extinction = absorption + rayleigh scattering) of metal nanos-
tructures can be tuned over a wide wavelength range by varying
different parameters, including the type, size, shape, dimension,
geometry, . . ..

So, the extinction peak depends on different parameters that
can be used as a basis for the development of colorimetric sensors
with high sensitivity [12–14]. Specially gold, silver and copper NPs
exhibit LSPR effects in the visible wavelength. So they can be used
as colorimetric reporter to analyte detection [15].

As discussed above, after irradiating light to NPs, the reso-
nant oscillation of transmission electrons at the metal/dielectric
interface have finite lifetimes. Following which the LSPR relaxes
(the excited plasmon decay) either radiative or nonradiative
(Fig. 1) [16–18].
Radiative decay

The radiative decay (by emitting a photon) processes either
through inducing electromagnetic field near the surface of the
nanostructures (near-field effect) or by light scattering (far-field
effect). During radiative decay procedures the plasmonic NPs act
as a secondary light source. This section will describe the two
mechanisms of electromagnetic field enhancement and light (ray-
leigh) scattering that categorized within radiative effects, shown in
Fig. 1 [16–19].
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Local electromagnetic-field enhancement (in the near field)

It was explained that after irradiation of light into plasmonic
NPs results in electromagnetic fields near the NP surface which
may enhance during LSPR decay. Intense local EM fields,
strengthen some optical phenomena such as Raman scattering,
infrared absorption and the local refractive index. Accordingly, sev-
eral methods have been developed that are explained further
[16,17,20].

Surface-enhanced Raman spectroscopy and imaging (SERS &
SERSI). After light (monochromatic) strikes the molecule, some
photons can get scattered elastically (with the same energy of irra-
diated light) and inelastically (With different energy than irradi-
ated light). Inelastically scattering related to the specific
vibrational energy levels of each molecule, known as Raman Effect
(discovered by Sir C. V. Raman) [21]. One of the most important
applications of plasmonic NPs is to enhance the Raman signal
(SERS). Hence the plasmonic NP is called SERS substrate. To use
SERS as a spectroscopy and imaging tool, the rayleigh scatters
should be filtered after the sample was irradiated with laser (co-
herent source) and data processing by a charge-coupled device
(CCD) camera (Fig. 2A) [21–23]. SERS can be used as an analytical
tool in two platforms (Fig. 5A): intrinsic/direct mode and extrinsic/
indirect mode. As shown in Fig. 2B, C, D, you can see examples of
SERS in diseases diagnosis [24,25].

The local refractive index. Reflective LSPR based system employs
the sensitivity of the plasmon frequency to changes in local refrac-
tive index at the nanoparticle surface (Fig. 3A). Binding of an ana-
lyte to the surface of the NP leads to variation in refractive index at
the nanoparticle surface that in turn shifts the LSPR peak frequency
[4,10,27].

Surface-enhanced infrared absorption (SEIRA). The near field
effect of LSPR relaxation due to plasmon excitation can be
employed for surface-enhanced vibrational energy level (Raman
signal or infrared absorption spectroscopies) (Fig. 3B). So surface
enhanced infrared absorption (SEIRA) spectroscopy can provide
data about located analyte in close to plasmonic NPs, because each
molecule has unique vibrational absorptions in the IR fingerprint
region [28,29].
Light scattering (in the far field)

As shown in Fig. 1, LSPR decays either radiatively by rayleigh
scattering into the far field (occurs mainly for large plasmonic
NPs (often >50 nm)) [17,30]. Accordingly, plasmonic NPs can be
used in Dark Field Microscopy (DFM) and as a contrast agent in
medical imaging.

Dark Field Microscopy. In LSPR relaxes most photons get scat-
tered elastically (Rayleigh scattering), hence DFM was developed
in plasmonic NPs sensing. A typical configuration for a DFM is
described in Fig. 3C [31].

Contrast agent. These plasmonic NPs bear great promise in x-ray
based biomedical imaging (radiology) (Fig. 4) such as radiography,
mammography and computed tomography (CT). The x-ray imaging
is based on the difference in density between two tissues. Contrast
agents are materials with a high atomic number (z) that play a
main role in imaging with high contrast by introducing high den-
sity media into the body. Therefore, high-Z nanoparticles as con-
trast agents may permit x-ray based imaging at lower doses and
with high sensitivity and specificity [33–36]. Nanoparticle-based
X-ray contrast agents must be designed to meet the requirements
like ‘‘Go where we want”, ‘‘Do not harm along the way”, ‘‘Stay
where we want” and ‘‘Show what we want”. As shown in Fig. 4C,
in radiography, functionalized AuNPs enter the bloodstream and
can only reach the tumor tissue, after intravenous injection [37].



Fig. 1. Different mechanisms for LSPR relaxation: Radiative decay by (1) Local electromagnetic-field enhancement (in the near field), or by (2) Light scattering (in the far
field). Non-Radiative decay by (3) Hole-hot electron pair, or by (4) Plasmonic heating, or by (5) Plasmon Resonance Energy Transfer (PRET). (In some reports, (1) local
electromagnetic-field enhancement and (5) PRET are classified in one category.)

Fig. 2. (A) SERS-based biosensors can be used as a spectrum or imaging in twomodes: (i) label-free direct detection mode which is based on the adsorption of the molecule to
the SERS substrate and the SERS signal fingerprints of molecule and (ii) Raman label-enabled indirect detection mode is based on the use of recognition element (such as
antibody, aptamer, . . .) on the SERS substrate to bring target molecule close to the NPs surface and the strong Raman signals of the Raman reporter molecules (Raman tags).
(B) Indirect SERS-based microscopic imaging technique for targeting and imaging specific cancer markers distributed on the cell membrane by using MP (as Raman tag)/
antibody/gold nanorod. (a) Cell (no markers), (b) cell (yes marker). The left pictures are bright-field images, while the right images are Raman mapping images at the
1095 cm�1 peak of Raman reporter MP [22]. (C) Direct, label-free cell membrane biomarker detection in bodily fluid using SERS. Raman spectrum of (left) a normal eye fluid,
and (right) fluid from the three types of eye infections [21]. (D) In vivo indirect SERS-based spectra of 30-nm and 60-nm gold nanostar nanoprobes with pMBA reporter.
Specific SERS peaks can be detected at 1067 and 1588 cm�1 in the tumor, but not in the normal muscle. Mouse with primary sarcomas 3 days after 30-nm GNS injection.
Significant nanostar accumulation can be seen in the tumor (T), but not in the normal leg muscle of the contralateral leg (N) [26].
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Fig. 3. (A) In a commercially available tool, the local refractive index-based LSPR signal, incident light is used by using a high-reflective index glass prism. The reflective index
(refractive angle) changes in response to analyte. (B) In SEIRA spectroscopy, first plasmonic NPs are located at the crystal surface by different methods including sputtering,
lithography and vapor phase or wet chemical deposition. Then, analyte sample are ran at the surface and the interaction between analyte and plasmonic NPs makes a
difference in the intensity of IR absorption. (C) In the DFM, the condenser permits white light (Halogen lamp) to pass from sample with high angular. So the transmission light
is not collected by the objective, causing the background to appear dark. Only rayleigh scattered light from the sample can be collected by objective to produce the image by
CCD or by a spectrometer. (inset) MCF-7 cells after treatment with gold nanostructures [32].
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Or as shown in Fig. 4D, the AgNPs can be identified as a good con-
trast agent in mammography [38].

Computed Tomography (CT) works like conventional x-ray
radiography, except that the x-ray tube and detector rotate around
the examined body part. As can be seen in Fig. 4E, Gold nanoparti-
cles (GNPs) are able to increase contrast compared to control
(mouse without GNPs). In addition, mouse with targeted GNPs
can act as an effective strategy to improve the amount and resi-
dence time of contrast agents in tumors compared to mouse with
non-targeted GNPs [39]. In Vivo CT contrast properties of gold/sil-
ver alloy NPs were studied using a mouse without tumors (Fig. 4F).
Contrast was observed in different organs with a long circulation
half-life [40].

Non-radiative decay

As briefly illustrated in Fig. 1, LSPR relaxation is a non-radiative
decay processes. This section will describe the three mechanisms
of hole-hot electron pair, plasmonic heating, plasmon resonance
energy transfer (PRET) and their medical applications which fall
under non-radiative effects [30,41].

Hole-hot electron pair

During a non-radiative plasmon decay, energetic relaxation
generates high-energy quantum hot charge electrons (carriers) in
the conduction band and a hole in the valence band form a
hydrogen-like state due to the mutual Coulomb interaction. Such
a state is called hole-hot electron pair and about plasmonic NPs,
it is driven by intra- and inter-band excitation of the conduction
electrons. Here, ‘hot electron’ with high energy (more than fermi
level) either causes an electric current (induce an electric current)
or it can be injected (hot electron transfer (HET)) and initiate exter-
nal chemical reaction [30,42].
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Hot electron transfer (HET)

In the hot-electron injection mechanism, these charge carriers
(the hot electrons and holes) are sufficient in energy (from the
Fermi level to the work function) and lifetime transfer to a nearby
chemical species to initiate a single or multistep external chemical
processes such as enzyme like activity and radiosensitizer (for
Radiotherapy) [30].

Enzyme like activity. In plasmonic NPs, hot electrons with high
kinetic energy (i.e., 1–3 eV) can be generated by the decay of sur-
face plasmons at a femtosecond timescale after exposure to light.
The plasmonic NPs as the source of electrons by LSPR exhibit the
intrinsic catalytic activity that the extent of this activity depends
on the flow of hot electrons generated at plasmonic NPs surface.
The plasmonic NPs have been developed rapidly because of their
catalytic activities and high chemical stability. Since their activity
is similar to natural enzymes like peroxidase, oxidase or catalase,
they are also called nanozymes [41,43–46]. The plasmonic NPs
(by generated hot electrons) can break down hydrogen peroxide
(H2O2) (in peroxidase mimetic activity: the OAO bond of H2O2

might be broken up into double HO� radical) or molecular oxygen
(O2) (in oxidase mimetic activity: the OAO bond might be broken
up into double O� radical) and produce radicals that can convert
reduced substrate to oxidized form and H2O [44–46]. Now, if this
substrate is a chromogenic substrate, then by converting to the
oxidized form, a color change is created that can be used in bioan-
alytical methods in a broad range from lateral flow assay [47,48],
ELISA and cell immunoassay to the detection of analytes. In all
three cases, nanozymes were used instead of enzyme to conjugate
with recognition element (antibody, aptamer,. . .). They can also
have catalase like activity, through which hydrogen peroxide is
consumed and oxygen bubbles are produced [47].

The antimicrobial effect of nanozyme was investigated on
gram-positive and negative bacterial strains. As it is known, nano-



Fig. 4. (A) The x-ray beams leave the x-ray tube, pass through the matter and hit a phosphorus film/detector. The whiteness (=density) depends on the amount of X-ray
radiation passing through the matter. (B) The more X-rays are absorbed and scattered by high atomic number matter (or high densities) and the x-ray beams do not reach the
detector. (C) Schematic display the functionalized AuNPs as x-ray contrast agents able to target and transport to the specific tumor in vivo. So it must increase the x-ray
attenuation of the tumor tissue compared with surrounding tissues. (D) The mammography images of mice immediately after subcutaneous injection of the saline (as
control) (a) and the silica@Ag contrast agent (b). the site of injection is indicated with a long arrow. (E) In vivo CT images of a mouse the Squamous-cell carcinoma before GNP
injection (a), a mouse 6 h post-injection of nonspecific Immunoglobulin G (IgG)-GNP as a passive targeting experiment (b) and a mouse 6 h post-injection of anti-epidermal
growth factor receptor (EGFR)-coated GNPs as an active targeting experiment (c). (F) In vivo CT imaging with GSAN: (a) 3D volume rendered CT images of a mouse (without a
tumor) injected with alloy NPs, (b) 2D CT images of a tumor-bearing mouse showing accumulation of alloy NPs in the tumors (yellow circles). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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zyme and hydrogen peroxide alone have no antimicrobial effect,
but their synergistic effect have shown antimicrobial effect
through the peroxidase activity of nanozyme and the production
of reactive oxygen species [49,50].

Radiotherapy. Radiation therapy (radiotherapy or RT) remains
an important piece of cancer treatment along with surgery and
chemotherapy. Radiotherapy uses an ionizing radiation, such as
X-ray, which converts water molecules into reactive oxygen spe-
cies (ROS) in a radiolysis reaction, thus high level of radicals cause
an extended damage to tumor cells [51,52]. Because ionizing radi-
ation can damage other organs, so a low dose of radiation should
be used, which means less radiation is absorbed in the tumor
microenvironment. On the other hand, due to the hypoxic condi-
tions in the tumors, less ROS is produced by radiolysis. Therefore,
to solve these problems, it is better to use radiosensitizers such
as plasmonic NPs, which in addition of a high atomic number
(high-z) can increase the rate of radiation absorption in the tumor,
can also increase the amount of produced O2 due to catalase activ-
ity (Fig. 5A) [51].

Wound healing and Antibacterial effect. The wound healing and
antimicrobial effects of some plasmonic NPs are caused by the
higher chemical reactivity of generated hot electrons and due to
higher surface area to volume ratio, leading to the increased forma-
tion of ROS [53–56]. Radical superoxide is formed by one-electron
reduction of molecular oxygen. Plasmonic NPs can act as electron
donors to molecular O2 leading to the radical reactive superoxide,
next the superoxide starts a cascade of radical forming reactions.
The antibacterial effect (Fig. 5B) of plasmonic NPs is also related
to the production of ROS because they can damage DNA, proteins
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and gram positive and negative cell walls by using radical reactions
[55].

Wound healing involves several stages of coagulation (forming
a blood clot), inflammation (release of chemicals by injured cells
resulting in leaking fluid into tissue by blood vessels, which makes
the tissue swelling), proliferation, and matrix and tissue remodel-
ing. To achieve speed recovery in wound healing with minimal
scarring, it needs to decrease cytokines like interleukin-6 (IL-6)
and TGF-b mRNA and increase in other cytokines like interferon-
c (IFN-c) production [57,58]. Some plasmonic NPs, especially silver
nanoparticles (AgNPs) use in wound healing by decreasing inflam-
mation through cytokine modulation and achieve better cosmetics.
For example as shown in Fig. 5C, in the burn wound site treated
with AgNPs, mRNA levels of TGF-b were decreased and about IL-
10, VEGF, and IFN-c were increased and so the wound healing pro-
cess accelerated. It was also found fewer neutrophils in the treated
wound on day 7 (Fig. 5C, b). This suggests a weakened inflamma-
tory response at the wound area after treatment with AgNPs [58].

Type I photodynamic therapy (PDT). Photodynamic therapy (PDT)
is a photochemical-based treatment that combines light with a
light-sensitive drug (photosensitizer). Upon illumination with
visible/near-infrared light, the photosensitizer generates radical
reactive superoxide, which can react with intracellular biological
substrates, initiating an apoptotic or necrotic processes and finally
leading to cell death. In recent years, plasmonic NPs have been
used as a photosensitizer in PDT, because they can generate singlet
oxygen by the initially created ‘‘primary hot electrons” after irradi-
ation with light in their plasmon resonance band [52,59,60]. As can
be seen in Fig. 5D, to demonstrate the potential of these nanostruc-



Fig. 5. (A) Tumor cells have high level of endogenous H2O2 and low oxygen levels (hypoxia). Due to dual function of porous platinum nanoparticles (radiosensitizer and
catalase like activity), after incubation of porous platinum nanoparticles with tumor cells, the nanoparticles on the one hand will be able to increase the amount of radiation
absorption (due to their high-z) and as a result, the damage to the DNA increases. On the other hand, it can consume endogenous H2O2 and increase the amount of O2. So the
amount of ROS increases, after irradiation. (B) Diabetic Wound after first debridement and application of magnesium sulphate in surrounding skin was treated with AgNPs
[55], and (C) AgNPs accelerate burn wound healing in mouse after treatment and achieve superior cosmetic outcome (a), and immunohistochemical staining of wound for
neutrophils (pink spots) on day 7 after burn injury before and after treatment with AgNPs (b), and expression of the serum protein markers (hemopexin (Hpx), haptoglobin
(Hpg), and serum amyloid protein component P (SAP)) of burn injury by proteomic analysis. The levels of protein markers in serum after treatment with AgNPs returned to
nearly normal levels after day 10 (c). (D) For PDT, firstly gold nanostructure would be able to interact with target cells and also capable to produce cytotoxic singlet oxygen
under irradiation. These reactive oxygen species (ROS) act as a key factor in programmed cell death (apoptosis). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Yasaman-Sadat Borghei, S. Hosseinkhani and Mohammad Reza Ganjali Journal of Advanced Research 39 (2022) 61–71
ture as a light-sensitive drug, its capability of entering the target
cell, ROS production upon NIR irradiation and cell fate must be
shown [32,61].
Induce an electric current

The injection of hot electrons generated by plasmonic NPs into
media is being extensively investigated for many applications such
as improving in regeneration of electrogenic tissues like cardiac
and neuronal tissues and involving in stem cell differentiation
pathway [57,62].

Electrically active tissue (cardiac and neuronal) engineering. A
complex process is needed for tissue engineering and regeneration,
which should start with the engineered scaffolds. These scaffolds,
along with giving physical support, provide cell adhesion, growth
and proliferation to functioning units (tissue). However, they have
shown limitations that nanostructures have recently been used to
overcome, and especially plasmonic NPs are used for engineering
electrogenic tissues due to their conduction properties [57,63].
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Cardiac tissue engineering. The goal of cardiac tissue engineer-
ing is to achieve functional tissue patches in vitro and then
implant it to the damaged myocardium to start regeneration
[64]. In general, the best design is to use a nonimmunogenic scaf-
fold with efficient electrical coupling between adjacent cells. To
address these challenges, it is better to use the patient’s own bio-
materials as scaffolds to prevent an adverse immune response
after transplantation and use of plasmonic nanoparticles to
improve transmissions of intercellular electrical signals. An exam-
ple is shown in Fig. 6A [65].

Neuronal tissue engineering. Development of neurites formation
and growth has important challenge in regenerative and engineer-
ing of neuronal tissues. It was found that silver nanoparticles to
serve as platforms for nerve regeneration and lead to a significantly
enhanced neurites outgrowth (Fig. 6B). Silver nanoparticle, in addi-
tion to the morphological effect, has the antibacterial effect and so
it has become a suitable nanomaterial for neuronal repair with a
dual activity, as its antibacterial effects improves regeneration of
a damaged region in central nervous system [66,67].



Fig. 6. (A) Schematic engineering of cardiac tissue. First, omental tissue is isolated from the patient and it became acellular. Then AuNPs with different sizes were deposited
onto the acellular omentum (as a scaffold). After that, cardiac cells were cultured on the scaffold. On day 5, cardiac patches were immunostained for a sarcomeric actinin
(pink color), a protein related to cell contraction, and connexin 43 (green color), related to electrical coupling between adjacent cells. Blue color is nuclei. (B) Growth of neuron
cells on the coated substrate with AgNPs and HRSEM images of neuroblastoma cells on uncoated glass (a) and on coated glass with AgNPs at different scale bar (b), HRSEM
image of the glass substrate after coating with AgNPs (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Stem cell differentiation. Stem cells have important role in tissue
engineering and regeneration due to their ability to differentiate
into diverse lineages and cell types. Conductive plasmonic nanos-
tructures have been shown to increase the proliferation and differ-
entiation of cells like neurons, osteoblasts, and cardiomyocytes
[68,69]. For example, AuNPs have been used with scaffold to pro-
mote stem cell differentiation due to their ability to convey electri-
cal signals. Studies show that plasmonic NPs including AgNPs and
AuNPs promoted the osteogenic differentiation (Fig. 7A) and inhib-
ited the adipogenic differentiation [70].

For example as shown in Fig. 7B, the potential of AgNPs in
osteogenesis was used to form the callus and the subsequent bone
fracture healing. For this purpose, AgNPs may cause the migration
of MSCs and fibroblasts to the fracture area and with an inductive
process, they induce MSCs to proliferate and differentiate to osteo-
blasts [71].

Also the ability of AuNPs as osteo-conductive agents was used
for dental implants. Thus as shown in the Fig. 7C, it was visually
observed that the bone density on the surface of Ti–AuNPs was
enhanced as compared with bare Ti group 3 weeks after implanta-
tion [72].

Plasmonic heating

Plasmonic NPs can convert the absorbed light into heat via a
series of nonradiative processes. Under the excitation of incident
light, plasmonic NPs give rise to generation of hot electrons with
temperatures as high as 1000 K. These excited carriers relax by a
series of energy transformation process successively (that are not
mentioned here) resulting in a temperature increase of the med-
ium. The easiest and fastest way to identify the plasmonic heating
effect is to measure the temperature around plasmonic NPs
[42,73].
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The plasmonic heating is more effective in small plasmonic NPs
(usually < 30 nm) and is used for photothermal therapy, tissue
repair and other photo-thermal catalytic reactions [74,75].

Photothermal therapy (PTT). Photothermal therapy involves the
use of light and a photoabsorber to generate heat from light
absorption for therapeutic purposes. In some cases, PTT is prefer-
able to PDT because oxygen is not required at PTT, which may be
of importance when a tumor is in a hypoxic condition. Plasmonic
NPs mediated-photothermal therapy involves the irradiation of a
NP to generate localized heat. Intracellular heating perform once
the NP has been taken up within the cell while extracellular heat-
ing occurs by attaching to the external membranes of target cells
[9,74,76]. To investigate the in vivo PTT performance, it was done
in mice bearing primary sarcomas. The tumors treated with gold
nanostar and laser irradiation, in addition to reaching a tempera-
ture about 50 �C after only 4 min of treatment do not have any
measurable size one day after PTT [26].

Photoacoustic imaging (PAI). Photoacoustic imaging (optoacous-
tic imaging) involves the photoacoustic effect and ultrasound
waves (Fig. 8A). In the photoacoustic effect, the absorption of the
pulsed light/radiofrequency wave by sonophore leads to local heat-
ing and thermoelastic expansion which can generate wideband
ultrasonic waves (photoacoustic waves) [77–79]. Many molecules
can be utilized as endogenous or exogenous sonophore, as long
as they absorb light [35,80]. As shown in Fig. 8B, C, plasmonic
NPs as an exogenous sonophore was used for contrast
enhancement.

Tissue welding. For wound closure and tissue welding, there are
different conventional methods including sutures, staples and bio-
logical glues that each one has its own drawbacks, for example in
the case of suturing, in addition to the fluid and air leakage, there is
a possibility of physical damage to the surrounding tissue or about
biological glues such as cyanoacrylates strongly adhere to tissues



Fig. 7. (A) SEM image of MSCs after 7 days culture (a), TEM images of the internalization of AuNPs into MSCs after treatment MSCs with AuNPs (b), and SEM image of cultured
MSCs in the presence of AuNPs, after 7 days. (B) mouse MSCs were cultured in osteogenic differentiation medium with AgNPs for 21 days and then stained with Alizarin Red S
(stain calcium deposits) (a), to in vivo studies, AgNPs were encapsulated in scaffold and transplanted into the bone fracture site. The healing process was investigated by
radiography. (broken line shows the un-filled fracture gap) (C) First, titanium implant surface coated with 3-Mercaptopropyl-AuNPs and then the bare Ti (a) and Ti-AuNPs (b)
were implanted into tapped holes of the rabbit femora and both groups were analyzed for bone density by mCT analysis. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 8. (A) Principles of PAI. During PAI, pulses of light/RF illuminate the target tissue. Sonophore absorbs light and transient heating gives rise to acoustic waves which are
detected by US transducer. (B) PA contrast arising from AuNPs encapsulated into biodegradable polymer injected in the tight muscle of mice. The grayscale images are
ultrasound images (left) acquired simultaneously with the PA images (right) [81]. (C) Open-skull photograph of the mouse brain cortex (a), PA imaging of a mouse brain
in vivo before (b), 5 min (c) and 2 h (d) after the intravenous injection of nanosphere and NIR light irradiation [82].
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and have toxic side effects. Recently, laser tissue welding (LTW) or
laser tissue soldering (LTS) have been used for tissue repair [76,83].
In fact, the laser generates local thermal at tissue and leads to loss
of the structure of the collagenous fibers in the connective tissue,
and subsequent cooling leads to reorganization of the fibers. This
68
method provide several advantages over conventional suturing
and stapling methods including higher speed, reduced tissue
trauma, scar reduction, inflammatory response reduction, and fas-
ter healing. Moreover, major concerns about LTW carried out with
laser irradiation alone include low effectiveness and peripheral tis-



Fig. 9. (A) Gold nanorods adsorption to albumin electrospun fiber scaffolds to form cardiac patch, the cardiac cells were seeded into scaffold. Finally the patch is placed on the
heart and irradiated with an 808 nm laser (tissue adhesion was assessed by a mechanical tester). (B) Gold nanorods were added into the polypeptide scaffold and then
composite was applied to the rupture site of intestine. Laser irradiation provided optimal tissue welding and resulted in tissue leaking recovery. (C) Photographs of closed
incisions made in rat skin from day 0 and day 32 by gold nanoshells with maximal extinction at 820 nm.

Fig. 10. The effect of distance between a fluorophore and a plasmonic NP on its fluorescence intensity.
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sue thermal damage. This challenge can be addressed by using
plasmonic NPs that absorb light in the laser’s specific wavelength
and induce a more local heating response. Their resonant extinc-
tion spectra can be tuned between 600 and 1000 nm and since
most types of tissues have poor absorption between 700 and
900 nm, this ensures that the laser radiation is absorbed by plas-
monic NPs, not tissue components [76,83–85]. As shown in
Fig. 9A, for repairing the infarcted heart, a patch is engineered with
albumin fibers and gold nanorods with plasmon resonant peak
around 800 nm [84]. After near IR irradiation, the gold nanorods
absorb the light and convert it to thermal energy, which locally
renewed the structure of albumin fibrous, and strongly joined
the patch to the wall of the heart. In another work, elastin-like
polypeptides were used along with gold nanorods to weld rup-
tured intestinal tissue using NIR illumination (Fig. 9B) [85]. In addi-
tion, gold nanoshells have been shown to be non-cytotoxic and
biocompatible as well as capable of inducing in vivo rat skin
wound-healing model (Fig. 9C) [83].
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Plasmon Resonance Energy Transfer (PRET)

Following light absorption by plasmonic NPs, Plasmon Reso-
nance Energy Transfer (PRET) or plasmon-induced resonance
energy transfer (PIRET) occurs by LSPR nonradiative decay when
the resonant energy is transferred from the metal to the adjacent
fluorophore [41].

Metal-enhanced fluorescence (MEF). Plasmonic NPs can effect on
optical properties of nearby fluorophore [86–88]. Direct contact or
less than 5 nm distance of fluorophore from NP surface leads to
quenching of fluorescence (Fig. 10(1)). If a fluorophore is placed
too far from NP surface there is no effect on the resulting fluores-
cence intensity of fluorophore (Fig. 10(3)). PRET between fluo-
rophore and NPs as well as Purcell effect decides the
enhancement or quenching effect on fluorescence intensity of flu-
orophore which placed at an appropriate distance from a NP sur-
face (Fig. 10(2)). This effect is dependent on the spectral overlap
between the LSPR spectrum (extinction peak) of plasmonic NP
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and absorption spectrum or emission spectrum of fluorophore.
Spectral overlapping between fluorophore’s absorption and LSPR
of NP will lead to enhanced emission of fluorophore by improving
the quantum yield. This phenomenon is called metal-enhanced flu-
orescence (MEF) or surface-enhanced fluorescence (SEF). If LSPR
spectrum overlaps the fluorescence spectrum of the fluorophore,
the fluorophore will be quenched. The extent of this enhancement
or quenching is related to many factors, such as size and shape of
the NPs, the orientation of the fluorophore dipole moments, the
organic solvents and quantum yield of the fluorophore.

Summary and outlook

In summary, we have portrayed a comprehensive understand-
ing of plasmonic materials for applications in medicine and tissue
engineering. Main aspects of the current review are (1) Consider-
able attention to physicochemical aspects of plasmonic nanoparti-
cles and their connection to sensing, imaging, labeling, therapy,
drug delivery and tissue engineering. (2) This review thoroughly
surveys all of the opportunities and challenges associated with
clinical translations and plasmonic nanomaterials. (3) The reader
can choose the best nanoparticle needed to carry out his project
in the field of diagnostic, therapeutic, or biomedical engineering.
(4) Results of clinical trials obtained with plasmonic nanomaterials
highlights the potential advantages and future directions in clinical
translations. (5) All of the overriding principles that govern the
successful design of plasmonic nanomaterial-based biomedical
engineering are schematically summarized.
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