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ABSTRACT
The design of high-efficiency theranostic nanoagents that can be utilized in tumor diagnosis and treatment has been investigated extensively in
recent years. However, most of the existing nanoagents consist of uncommon materials and complex shell structures. Despite the efforts that
have been made, the development of a simple and easily synthesized theranostic nanoplatform that can be applied in optical-based imaging-
guided photothermal therapy still remains a challenge. In this paper, we investigated the optical characteristics of nanoparticle aggregates as
potential theranostic nanoplatforms. The mechanism of spectrum shifting and the optical properties of contacting and non-contacting short
nanochains were investigated. It was found that the near-field interaction of the gold nanosphere will not shift the localized surface plasmon
resonance peak to the near-infrared region. However, when the nanospheres are connected to each other, a low energy resonance peak will
be excited. On this basis, a simple hybrid theranostic nanoagent consisting of different nanosphere clusters was proposed. The nanohybrid
exhibits high absorption and low scattering in the first near-infrared window (NIR-I) and high scattering and near-zero absorption in the
second NIR (NIR-II). This characteristic can be beneficial to tumor diagnosis and treatment, i.e., NIR-I for photothermal therapy and NIR-II
for optical imaging. Numerical results show that the performance of the proposed hybrid theranostic nanoagent remains excellent even with
the existence of potential impurities.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0100457

I. INTRODUCTION

Laser-induced thermal therapy (LITT) is emerging as a promis-
ing alternative treatment for the early-stage tumor in recent years
owing to the absence of side effects.1–6 During LITT, imaging
methods, such as computed tomography (CT),7 optical imaging,8,9

and photoacoustic imaging,10,11 are always applied to provide guid-
ance, such as identifying the location and size of the tumor or
monitoring the temperature in the tumorous zone during ther-
apy.12 As a powerful targeted contrast agent (thermal and optical),
plasmonic nanoparticles have been frequently used to enhance the
absorption and/or scattering of the tumorous tissue and therefore
to initiate hyperthermia of the tumor and hopefully to improve the
imaging resolution. To achieve this goal, nanoparticles with differ-
ent morphologies, sizes, and components have been investigated.

However, until now, not one kind of nanoparticle can be claimed
to have the most superior properties to others. This field still
remains challenging and needs further investigation. Generally,
smaller nanoparticles (diameter smaller than 20 nm) have higher
mobility and cellular uptake rate (except phagocytes13) compared
to their larger counterparts.14 However, the absorption or scattering
ability of smaller nanoparticles in the near-infrared region (opti-
cal window) is relatively poor.15,16 Their absorption and scattering
peaks are typically located in the visible region, which is unsuitable
for therapy or imaging due to its low penetration depth. Therefore,
further investigations are needed to improve the performance of the
nanoagents.

Numerous research studies have been reported concerning
nanoparticles as theranostic agents in cancer diagnosis and treat-
ment, in which nanoparticles or nanoplatforms are served as
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thermal and imaging contrast/enhancing agents. Nanoshell is one
of the most popular nanoplatforms under investigation, which
allows different shells to have different functions, such as metal or
carbon-coated upconversion nanophosphors,17,18 metal shell dielec-
tric nanoparticles,19 and polymeride-coated metal nanoparticles.20

For instance, NaLuF4:Yb,Er@NaLuF4@Carbon was applied to
realize high spatial resolution photothermal ablation of labeled
tumor in vivo, where carbon shell generates heat when interact-
ing with 730-nm laser and NaLuF4:Yb,Er core emitting lumines-
cence under 980-nm excitation, which can be employed to label
the tumor (fluorescence imaging) and identify local temperature.17

Similarly, nanohybrids, which are the mixture of two or more dif-
ferent nanomaterials, also exhibit excellent potential to serve as
theranostic agents.20,21 Except for the above-mentioned theranos-
tic agents, other materials like nanodots22–24 and nanocapsules25 are
also widely investigated.

Recently, a very promising technique was proposed to improve
the localized thermal and optical effect of nanoparticles by using
nanochains or other aggregates as contrast agents instead of iso-
lated nanoparticles.26–29 Specifically, triggered aggregation of gold
nanoparticles (GNPs) by legumain is used as contrast agents dur-
ing chemotherapeutics of brain tumors.29 It was found that it can
enhance the retention of nanoparticles in targeted areas due to
the blocking of nanoparticle exocytosis and minimizing nanopar-
ticle backflow to the bloodstream, which is also stimulating for its
application in photothermal therapy of other tumors. Thermal trig-
gered assembly of gold nanoparticles is reported to be applied in
tumor photothermal therapy and multimodal imaging,27,28 in which
short nanochains of GNPs are observed to enhance the near-infrared
light absorption. Thermally triggered assembly of nanoparticles with
enhanced optical properties may lead to new directions for the stud-
ies of advanced nanoagents for various applications in biomedicine.
It should be noted that the absorption peak of gold nanorods can be
tuned to the near-infrared region. However, the uptake of nanorods
is much smaller than that of nanosphere.30 Therefore, it is better to
use gold nanosphere as theranostic nanoagent if possible. In addi-
tion, the above-mentioned short nanochains are formed in vivo,
which means cellular uptake is not a problem. It should also be noted
that luminescence of gold nanoparticles can also be applied for the
visualization of biological cells, such as two-photon or multipho-
ton luminescence, which has also been investigated extensively.31,32

In this paper, we mainly focus on the light scattering-based optical
imaging methods.

Despite the recent success in trying to utilize nanoparticle
assemblies in tumor therapy and imaging, the detailed mecha-
nisms for the enhancement of absorption and scattering and the
shift of resonance peak from visible to near-infrared still remain
unclear. Furthermore, most research studies focus on the absorption
properties of nanoparticle assemblies. The scattering properties are
always overlooked, which are extremely important for optical-based
imaging.33–37 In this paper, we investigated the near-field interac-
tion between short nanoparticle chains to illustrate the mechanism
of the redshift of resonance peak in order to guide the optimiza-
tion of nanoparticle assemblies in the application of tumor therapy
and imaging. Moreover, a simple hybrid theranostic nanoagent was
proposed, which exhibits high absorbing and low scattering in the
first near-infrared window (NIR-I, from 750 to 900 nm38), but
high scattering and near-zero absorbing in the second near-infrared

window (NIR-II, from 1000 to 1400 nm38). Due to the importance of
light–particle interaction and its wide application, several methods
have been developed to calculate the optical properties of particles,
including Generalized Multiparticle Mie-solution (GMM) Discrete
Dipole Approximation (DDA), T-matrix method, Finite Difference
Time Domain (FDTD), and Boundary Element Method (BEM).
They all have different advantages and disadvantages. In particular,
the mesh- or dipole-based methods, such as DDA, FDTD, BEM, or
Comsol, are more versatile and suitable for arbitrary-shaped parti-
cles. However, they are relatively time-consuming. The GMM and
T-matrix methods, which are based on the theoretical solution of
Maxwell’s equations, have certain limitations but are more efficient.
In this paper, short nanochains of spherical particles are applied,
where GMM and T-matrix methods are applicable. Therefore, the
GMM is adopted.

II. METHODS
Pellegrini et al. developed a GMM code to calculate the optical

properties of nanoparticle clusters, which are especially suitable for
strongly interacting plasmonic spherical particles.39 For the scat-
tering problem of N-particle cluster, the scattered field of the jth
particle can be expressed as40

Esca,j =
∞
∑

n=1

n

∑

m=−n
iEmn[a j

mnN(3)mn + b j
mnM(3)mn ], (1)
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k

ωμ

∞
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n=1

n
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Emn[b j

mnN(3)mn + a j
mnM(3)mn ], (2)

where ω is the circular frequency. k is the wavenumber, which satis-
fies k2

= ω2εμ. μ and ε are the permeability and dielectric function of
the surrounding medium, respectively. The superscript (3) indicates
that the generation function is specified by the Hankel function of
the first kind. Emn is introduced to keep the formulation consistent
with that of the Mie theory, which can be expressed as40
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, (5)

where L stands for the total sphere number. N is the number of
multipolar expansion. a j

n and b j
n are the Mie scattering coefficients

of the lth sphere. Aμν
mn(l, j) and B μν

mn(l, j) are the vector translation
coefficients.39 p j,j

mn and q j,j
mn are the expansion coefficients of the

incident wave.
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The total scattered field of the particle cluster can be
obtained by40

Esca =
∞
∑

n=1

n

∑

m=−n
iEmn[amnN(3)mn + bmnM(3)mn ], (6)

where amn and bmn can be expressed as

amn =
L

∑

l=1

∞
∑

ν=1

ν
∑

μ=−v
[al

μνAμν
mn(l, j0) + bl

μνBμν
mn(l, j0)], (7)
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L
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∞
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ν=1

ν
∑

μ=−v
[al

μνBμν
mn(l, j0) + bl

μνAμν
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After the scattered field is determined, the Poynting vector at
any location can be obtained. Then, the extinction, scattering, and
absorption cross section can be expressed as40
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4π
k2

∞
∑

n=1

n

∑

m=−n
n(n+1)(2n+1)×

(n −m)!
(n +m)!
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(9)
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2
+ ∣bmn∣

2
),

(10)

Cabs = Cext − Csca. (11)

Then, the absorption and scattering efficiencies of nanoparti-
cles can be calculated by

Qabs =
Cabs

n ⋅ πR2 , (12)

Qsca =
Csca

n ⋅ πR2 , (13)

where R is the radius of the nanoparticle, and n is the number of par-
ticles in a nanoparticle aggregate. For single nanoparticles, n equals
1. The detailed description can be found in Ref. 40 and will not
be repeated here. The dielectric constant of gold is obtained from
Ref. 41 with cubic spline interpolation for the intermediate data.
In this paper, the GMM code developed by Pellegrini et al.39 was
utilized to obtain the absorption and scattering properties of gold
nanosphere clusters. If not specified, all the results are averaged
for the situations where the polarization directions of the elec-
tromagnetic field are perpendicular and parallel to the nanochain
axis.

III. RESULTS AND DISCUSSIONS
The gap distance and particle numbers in a nanoparticle chain

can be controlled precisely by tuning the surface charge density,
potential of mean force, or the corona of ligands surrounding the
gold nanoparticles.42–44 Therefore, we first studied the absorption
efficiency of different short nanoparticle chains (Fig. 1).

It can be seen that the near-field interaction of non-contacting
nanoparticles will not generate an absorption peak in the near-
infrared band. The redshift of absorption peak is limited to the
visible region with the increasing of nanoparticle number when the
interparticle gap is fixed at 5 nm. However, when nanoparticles are
attached to each other, an additional absorption peak will generate
in the near-infrared region. Moreover, with the increase in particle
number, a redshift of the absorption peak will be observed. Fur-
thermore, for nanoparticle chains consisting of nanospheres with
a 40 nm radius, the absorption peak can reach NIR-II. It is also

FIG. 1. Absorption efficiency of touching
and non-connected (5 nm gap) nanopar-
ticles aggregates (dimer, trimer, and
tetramer) consisting of nanoparticles with
the same size: (a) R = 20 nm; (b)
R = 40 nm.

AIP Advances 12, 085105 (2022); doi: 10.1063/5.0100457 12, 085105-3

© Author(s) 2022

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 2. Absorption efficiency of nanoparticle dimer with different gap distances
(R = 30 nm for a single nanoparticle).

interesting to note that with increasing of nanoparticle radius and
numbers, the resonance linewidth also broadens.

On this basis, we further studied the situations of smaller nar-
row gaps for nanoparticle dimers (see Fig. 2). For simplicity, the
results are only for the situation when the polarization direction of
incident light is parallel to the dimer axis. It can be seen that with
decreasing of the interparticle gap, the redshift of absorption peak
can be observed, which has also been pointed out by Ref. 45. From
Figs. 1 and 2, we can know that the additional absorption peak is
caused by the redshift due to the interaction of nanoparticles. In the
meantime, we should know that even if the nanoparticles in prac-
tical applications are not touching with each other, the plasmon
resonance can also be tuned to the NIR region with a slight blue
shift.

As mentioned, the scattering properties of nanoparticles also
need to be investigated to serve as theranostic nanoagent for optical-
based imaging-guided photothermal therapy. In general, the poten-
tial candidate agent should satisfy the condition that it has a strong
absorption and weak scattering in one waveband (for localized heat-
ing), and a strong scattering and weak absorption in a separated
band (for optical contrast). For small nanoparticles, the absorption
and scattering peaks are almost identical with each other, which
does not meet the above requirements. For larger nanoparticles, the
absorption efficiency is much smaller than the scattering efficiency
in the near-infrared range. However, the absorption peak is in the
visible region, which is not suitable for thermal therapy due to the
strong absorption of biological tissue. Meanwhile, the increase in
nanoparticle size will affect the transport of nanoparticles in the
human circulatory system (see the supplementary material).

Figure 3 shows the absorption and scattering efficiencies of
nanoparticle dimer, trimers, and tetramer with radii of 10, 30, 50,
and 80 nm. It can be seen that for the nanochains of smaller
nanoparticles (R = 10 nm), absorption dominates in the NIR-I
region. With the increase in nanoparticle size, the optical properties
of nanochains turn from absorption dominated to scattering domi-
nated. In the meantime, the scattering peaks redshift from the NIR-I
region to NIR-II region. Most importantly, in the NIR-I region, the
scattering efficiencies of larger nanoparticle chains (R = 80 nm) are
much smaller compared to the absorption efficiencies of smaller
nanoparticle chains (R = 10 nm). And in NIR-II, the absorption effi-
ciencies of smaller nanoparticle chains are negligible compared to
the scattering efficiencies of larger nanoparticle chains. Therefore, it
can be realized to use this property of nanoparticles hybrid to opti-
cal detection in the NIR-I region and thermal effect in the NIR-II
region.

FIG. 3. Absorption and scattering effi-
ciencies of nanoparticle dimer (red lines),
trimer (blue lines), and tetramer (orange
lines) for different nanoparticle radius:
(a) R = 10 nm; (b) R = 30 nm; (c) R
= 50 nm; (d) R = 80 nm. The solid and
dashed lines represent the absorption
and scattering efficiencies, respectively.
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FIG. 4. Absorption and scattering efficiencies of hybrid nanoparticles: (a)
Nanosphere tetramer (R = 10 nm) + nanosphere tetramer (R = 50 nm) and (b)
nanosphere tetramer (R = 10 nm) + nanosphere dimer (R = 80 nm).

To be more specific, here, we show the optical properties of two
kinds of nanohybrids (see Fig. 4): one is the hybrid of nanosphere
tetramer (R = 10 nm) and nanosphere tetramer (R = 50 nm), and the
other is nanosphere tetramer (R = 10 nm) and nanosphere dimer
(R = 80 nm). It can be seen more clearly that the proposed nanohy-
brids exhibit high absorbing and low scattering in the NIR-I region
and high scattering and near-zero absorbing in the NIR-II region.
In addition, it should be noted that in the synthetic or intracellular

FIG. 5. The second absorption peak of the absorption efficiencies and the corre-
sponding ratio of scattering/absorption efficiencies for (a) nanoparticle dimers and
(b) nanoparticle tetramers.

triggered process of the nanoparticle chains, there may exist other
impurities due to uncontrolled aggregation. For example, in the
hybrid shown in Fig. 5(b), there may also exist single nanoparticles
(R = 10 and 80 nm), dimers (R = 10 nm), trimers (R = 10 and 80 nm),
and tetramers (80 nm). From Figs. 3 and 4, it is obvious that in
NIR-I, the absorption ability of the nanoagent is enhanced without
improving the scattering ability. Meanwhile, in NIR-II, the scatter-
ing ability is enhanced without affecting the absorption efficiency.
Therefore, the performance of the proposed theranostic nanoagent
is reliable even with potential impurities.

On this basis, the redshift of the second absorption peak of the
nanoparticle dimers and tetramers was investigated as a reference
for the development of other possible hybrid theranostic nanoagents
(see Fig. 5). The absorption and scattering efficiencies were obtained
for the situation where the polarization of the incident light is paral-
lel to the nanochain axis. The blue curve shows that with the increase
in particle sizes, the absorption/scattering peak has an obvious
redshift trend. In the meantime, the nanochains turn from absorp-
tion dominating to scattering dominating. Therefore, we can pick
from these figures to obtain a nanohybrid that can achieve scatter-
ing dominating in the NIR-II region and absorption dominating in
the NIR-I region.

IV. CONCLUSIONS
In conclusion, we studied the optical characteristic of short

nanoparticle chains (including dimer, trimer, and tetramer). It
was found that the near-field interaction between non-contacting
nanoparticle short chains will not shift the localized surface plas-
mon resonance peak to the near-infrared region. However, when
the nanospheres are contacted with each other, their absorption
and scattering abilities are strongly enhanced in the near-infrared
region. Moreover, the scattering and absorption peaks for short
nanochain or small nanoparticles are almost identical, which is not
suitable for serving as a theranostic nanoagent. However, for larger
nanoparticles, the scattering and absorption peaks are apart from
each other, with the absorption resonance peak located in the visible
region, which is not a good choice for photothermal therapy. Most
importantly, it was found that in different near-infrared regions,
nanochains of different nanoparticles exhibit different optical prop-
erties, to be specific, either scattering dominated or absorption
dominated. On this basis, a simple hybrid theranostic nanoagent
consisting of different nanoparticle chains without complex shell
structures and uncommon materials was proposed. The nanohy-
brid exhibits high scattering and near-zero absorption in NIR-II, but
high absorption and low scattering in NIR-I. This characteristic can
be beneficial to the tumor diagnosis and treatment, i.e., NIR-I for
photothermal therapy and NIR-II for optical imaging. Numerical
results show that the performance of the proposed hybrid theranos-
tic nanoagent remains excellent even with the existence of potential
impurities. Future research will be focused on the experimental
investigation of the performance of the proposed nanohybrids on
optical imaging-guided photothermal therapy.

SUPPLEMENTARY MATERIAL

See the supplementary material for the optical properties of
single nanoparticles and the validation of GMM methods.
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