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Abstract: The optical trapping, sensing, and imaging of nanostructures and biological samples are
research hotspots in the fields of biomedicine and nanophotonics. However, because of the diffraction
limit of light, traditional optical tweezers and microscopy are difficult to use to trap and observe
objects smaller than 200 nm. Near-field scanning probes, metamaterial superlenses, and photonic
crystals have been designed to overcome the diffraction limit, and thus are used for nanoscale
optical trapping, sensing, and imaging. Additionally, photonic nanojets that are simply generated by
dielectric microspheres can break the diffraction limit and enhance optical forces, detection signals,
and imaging resolution. In this review, we summarize the current types of microsphere lenses, as
well as their principles and applications in nano-optical trapping, signal enhancement, and super-
resolution imaging, with particular attention paid to research progress in photonic nanojets for the
trapping, sensing, and imaging of biological cells and tissues.
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1. Introduction

Optics are widely used in modern life and production, and are one of the frontier
sciences in the field of modern science. Trapping [1–5], imaging [6–10], and sensing [11–15]
nanoscale objects with light are becoming more important in nano-photonics and
biomedicine. In 1590, Dutch eyeglass craftsman Hans Janssen and his son Zaccharias
invented the first optical microscope, thereby breaking the limit of what the human eye
could observe. With improvements by Leeuwenhoek and other scientists, optical micro-
scopes have played a pivotal role in biological sciences, materials science, and other fields,
leading to higher expectations for imaging resolution. In 1873, German physicist Abbe [16]
discovered the formula for the resolution limit of a microscope: d = λ/2nsinθ, in which λ is
the wavelength of illumination light, n is the refractive index of the imaged medium, and θ

is the half angle at which the object receives the light from the object. When the illumination
source is visible light, the resolution of the optical microscope is approximately 200 nm. In
other words, if the distance between two points reaches 200 nm, it is not distinguishable by
an optical microscope, which limits the development and progress of science. Similarly,
the focused beam of optical tweezers also has a diffraction limit. Optical tweezers rely on
a high numerical aperture. When particles with a diameter of less than 200 nm are in a
focused beam, it is difficult to sense the gradient of light intensity. Therefore, it is difficult
for optical tweezers to stably trap objects that are on the order of nanometers (<200 nm).

Researchers have recently made attempts to overcome the diffraction limit of tra-
ditional microscopes and optical tweezers [17–21]. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) have high resolution [22,23], and yet, the
samples must be placed in a vacuum environment, which is not suitable for studying
living biological samples. Fluorescence microscopy allows for the imaging of fluorescently
labeled biological cell structures [24,25], enabling super-resolution imaging on the order
of a few to several tens of nanometers. However, this technology requires the binding of
fluorescent probes to the protein of the target sample, so only one type of protein can be
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imaged at a time. Additionally, the fluorescence intensity of the sample is easily extin-
guished over time. In 1972, Ash et al. obtained super-resolution microscopic images under
an evanescent wave condition for the first time with a scanning near field microscope [26].
Soon after, researchers used a scanning near-field microscope with an optical probe tip
close to the sample surface, scanning point-by-point in the near-field region, thus breaking
the diffraction limit to obtain optical information on the sample surface [27,28]. At the
same time, this approach takes a long time to obtain a complete image and it cannot be
used to observe the sample in real time. To propagate the evanescent wave carrying sub-
wavelength information to the far field, Pendry theoretically proposed a negative refractive
index medium to enhance the evanescent wave to achieve sub-wavelength resolution,
which provides the possibility to collect information in the far field [29]. Many researchers
have used silver and other precious metal materials to prepare plasmon superlenses on
this basis [30–33]. In recent years, plasmons have also been applied to the fields of op-
tical trapping and optical manipulation [34–36]. When the wavelength of incident light
irradiates the interface between the metal and medium, the free electrons on the metal
surface oscillate. Resonance will occur when the wavelength of the incident light matches
the resonant wavelength of the surface plasmon [37,38]. Under such resonance conditions,
the energy of the electromagnetic field will be transformed into the collective vibrational
energy of free electrons on the metal surface, and the light will be confined to the sub-
wavelength range of the metal surface and be greatly enhanced. Similarly, photonic crystals
were introduced to better break the diffraction limit and stably capture nanoparticles [39].
The coupling of the photonic crystal cavity and the laser makes the light intensity in the
cavity increase, and the light force received by the nanoparticles becomes larger. However,
for the optical trapping, imaging, and sensing of plasmon optical tweezers and photonic
crystal optical tweezers, the absorption of light by the metal substrate can easily cause local
thermal effects, thereby destroying the stability of the trap. More importantly, when the
nanoparticles are biomaterials, the high temperature generated by the thermal effect will
destroy the activity of biomolecules.

Compared with these complex technologies, microlens technology has been widely
developed in the fields of super-resolution imaging [40], biosensing [41], and optical
trapping [42] on the basis of its simplicity of preparation, ease of manipulation, and it
being label-free. In 2004, the local photonic nanojet generated by the shadow surface of a
micrometer-scale circular medium cylinder illuminated by a plane wave was first proved
by Chen et al. By using high-resolution finite difference time domain (FDTD) numerical
simulations, they found that the waist of the photonic nanojet is smaller than the diffraction
limit, and it can propagate at multiple wavelengths without significant diffraction [43]. In
2011, Wang et al. [44] first reported microsphere lens nanoscopy that combines micron-
scale transparent dielectric SiO2 microspheres with conventional optical microscopy. The
nanoscopy surpassed the diffraction limit under white light conditions to obtain optical
imaging with 50 nm resolution. This simple and effective method can convert a near-field
evanescent wave with high-frequency spatial information into propagation modes [45–47],
offering the possibility to trap and detect nanoparticles [48–51], enhance the signal [52–55],
mediate backaction force [56], and improve the performance of optical systems [57,58]. In
this article, we will summarize the recent research progress of microsphere lenses, introduce
three types of microsphere lenses, focus on the applications of microsphere lenses in optical
trapping, sensing, and imaging, and discuss potential application scenarios.
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2. Types and Principles of Microsphere Superlenses
2.1. Types of Microspheres

Microsphere superlenses can be classified by the medium in which the microspheres
exist: microspheres in air medium, microspheres in liquid medium, and microspheres in
solid medium.

In 2011, SiO2 microspheres with a refractive index of 1.46 and diameter of 2–9 µm were
directly placed on the surface of a sample by self-assembly technology to achieve super-
resolution imaging of gold-plated oxide anodic alumina film with a spacing of 50 nm under
a light source with a wavelength of 600 nm [44], as shown in Figure 1a. The microsphere lens
allows for the collection of information about the object in the near field and the formation of
a magnified virtual image in the far field. A resolution of λ/8–λ/14 and a magnification of
×8 can be achieved in the air medium. In addition, according to theoretical calculations, the
super-resolution intensity of microspheres with a refractive index of 1.8 was greatest in air.
When the refractive index increases to 2.0, the super-resolution capability of microspheres
becomes smaller. This demonstrates that not all microspheres have super-resolution
capabilities; only microspheres that meet specific conditions can generate photonic nanojets
to achieve super-resolution imaging. Microspheres in liquid media can be classified into
two groups: semi-immersed in liquid and fully immersed in liquid. The experimental
setup diagram is shown in Figure 1b [59]. Hao et al. showed that when SiO2 microspheres
with a refractive index of 1.47 and diameter of 3 µm were completely submerged in an
ethanol solution, the microspheres did not have super-resolution capabilities [60]. When
part of the ethanol solution was volatilized and the microspheres were semi-submerged
in the solution, the contrast and resolution of the virtual image of the tested sample were
enhanced, allowing imaging of commercial blue light discs with a width of 100 nm. When
the ethanol solution was nearly evaporated and the microspheres were exposed to air, the
resolution became weaker, further demonstrating that semi-immersion of the microspheres
in liquid could improve the resolution of imaging. However, the volatility of the ethanol
solution was not conducive to a prolonged observation of the experiment. Darafsheh et al.
then demonstrated that super-resolution imaging can be achieved when high refractive
index microspheres were completely submerged in a liquid solution [61,62]. Barium
titanate (BaTiO3) microspheres with a refractive index of 1.9 were completely submerged
in an isopropyl alcohol solution with a refractive index of 1.37, and the super-resolution
imaging of two-dimensional gold nanodimers comprising gold nanopillars with a diameter
of 120 nm and height of 30 nm was achieved under an illumination light source with a
wavelength of 550 nm. In 2014, the team demonstrated that the imaging effect BaTiO3
microspheres with a refractive index of 2.1 submerged in an isopropane alcohol solution
was better than that of soda lime glass with a refractive index of 1.51 in air [63]. Moreover,
Darafsheh et al. proved that high refractive index microspheres embedded in a transparent
film can achieve super-resolution imaging [64]. The experimental setup of microspheres
in a solid medium is shown in Figure 1c. BaTiO3 microspheres with a refractive index of
1.9 were self-assembled and distributed on liquid polydimethylsiloxane (PDMS). After
drying and other steps to form PDMS films, the films embedded with microspheres were
placed on the sample, and an illumination source of 550 nm was passed through the film to
form a magnified virtual image below the specimen in the reflection illumination mode
with a resolution of up to λ/4. Overall, microspheres with low refractive index can be
directly imaged in air medium, and microspheres with high refractive index can be imaged
at super-resolution in liquid and solid media. The microspheres in the liquid are flexible
and can be trapped and manipulated with the help of auxiliary tools, such as optical fibers,
to realize the imaging and sensing of specific particles and positions. The microspheres in
the film can be prepared in advance and used as a cover glass for the sample, which can
avoid the evaporation of liquid in the experiment and improve the stability of imaging.
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Figure 1. Schematic diagram of different microsphere superlens experimental setups. Schematic dia-
grams of the device with microspheres in an (a) air medium, (b) liquid medium, and (c) solid medium.

2.2. Principles of Photonic Nanojets for Optical Trapping, Sensing and Imaging

The optical properties of the photonic nanojets [65], whispering gallery mode [66], and
directional antenna [67] of the microsphere lens enhance the interaction between photons
and matter, thereby improving the ability of optical trapping, sensing, and imaging. The
imaging of a conventional optical microscope comprises light spots formed by light and
dark streaks. When two objects that are close pass through the lens, the diffracted light
spots will overlap and be indistinguishable. Therefore, the resolution of conventional
optical microscope depends on the size of the spot produced by focusing the incident light
on the far field, which is limited by diffraction. For particle scales less than one-tenth
of a wavelength, the scattered light intensity in each direction of the particle is not the
same and is prone to Rayleigh scattering; the scattering cross section increases with the
refractive index, and the electric field intensity increases with the refractive index in the
near field range. When the particle scale is larger than the wavelength, Mie scattering will
dominate and the microsphere will focus the incident beam into a photonic nanojet with a
small width and high intensity [68,69]. The mechanism of the optical trapping, sensing,
and imaging of microlens is usually explained by the photonic nanojet. The evanescent
wave close to the surface of the microsphere plays an important role in the process of
imaging the microsphere in conjunction with an optical microscope [70]. The sample is
magnified by the microsphere lens, and then magnified twice by the microscope. The
imaging mechanism of the microsphere lenses is shown in Figure 2a. The incident light
can be considered a beam of parallel light when the incident waves irradiate the surface
of the microsphere in the far-field range, and the distance between the sample and the
wavelength of the light source are the same order of magnitude. When the parallel light
passes through the surface of the microlens, it forms different angles of incidence, and
then enters the interior through refraction. At this time, the evanescent wave carrying the
high spatial frequency information of the object is converted into a propagating wave in
the microsphere, which is received by a traditional optical microscope, and an enlarged
virtual image can be produced in the far field [71]. In 2005, Li et al. demonstrated that the
nano-photonic nanojet and backscattering capabilities of the microspheres were enhanced
through FDTD simulation [72]. This shows that the microsphere lenses focus the light on
the sub-diffraction limited size, realizes super-resolution imaging, and traps and senses
particles to enhance the spectral signal [73,74]. Using an innovative 3D mapping technique,
researchers have discovered significant field intensification around the poles of dielectric
microspheres by tracking field-lines passing the critical points of the Poynting vector
distribution [75].
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Figure 2. Principle of photonic nanojet generation. (a) Imaging schematic diagram of a grating
sample using a microsphere superlens; (b) The near-field intensity and FWHM of the photonic nanojet
generated by microspheres with diameters of 1.0 µm, 2.0 µm, 3.5 µm, and 8.0 µm; (c) Theoretical
simulation of the light field distribution of microspheres on air and a Si substrate; (d) Optical intensity
distributions of light focusing and light spots by a microlens fully immersed in water, semi-immersed
in water, and suspended on the surface of a mirror.

The focusing ability of the photonic nanojet is related to the diameter and refractive
index of the microspheres. Figure 2b shows the microsphere irradiated with a plane wave
with a wavelength of 400 nm, in which the shadow side of the dielectric particles focuses a
high-intensity photonic nanojet. Microspheres with different diameters were simulated by
a finite element method. With the increase in diameter, the maximum light intensity and
a full width at half maximum (FWHM) of the microspheres gradually increased; yet, the
microspheres better convert evanescent waves into propagation waves the farther away the
focus position is from the surface of the microspheres, and the high intensity energy carries
more subwavelength information [72]. The refractive index of the microspheres also affects
the imaging resolution. When the parallel light passes through the microspheres with
high refractive index (n > 2), the focus is generated in the microspheres, so it is impossible
to perform super-resolution imaging of the object. When the light passes through the
microspheres with low refractive index (1 < n < 2), the focus is out of the microspheres,
and the super-resolution imaging of the object can be performed [48]. Lee et al. also
performed simulations using the Mie theory and found that the larger the refractive index
of the microsphere [76], the stronger the intensity of the photonic nanojet. Additionally,
the closer the strongest light intensity is to the surface of the microsphere, the higher the
resolving power of the microsphere. The presence or absence of a substrate beneath the
microsphere affects the formation of the shape and size of the photonic nanojets. As shown
in Figure 2c, the incident light focuses near the shadow surface of the microsphere, forming
a photonic nanojet with a focusing width of 150 nm. When the microsphere contacts the Si
substrate, the electric field is redistributed around the sphere, and the formed photonic
nanojet passes through the substrate with a focusing width of approximately 120 nm [77].
The properties of the photonic nanojet generated by the dielectric microspheres will change
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or even disappear for different substrate materials, leading to changes in the signal. In 2014,
Sundaram’s team further proved the importance of the substrate material on the imaging
results by comparing the imaging resolution of microspheres selected without substrate,
with aluminum oxide substrate materials and fused silica substrate materials [78]. As
shown in Figure 2d, the intensity of the light field produced by the microlens is different
in different environments [79]. When the 560 nm illuminating light is irradiated on the
fully immersed microlens, the output light is focused on the far field with a focal length is
7.0 µm, and a relatively large output spot is produced. When the middle of the microlens
is placed at the air–water interface, the output light is highly focused in the near field with
a focal length of 0.7 µm, forming a tiny spot. When the distance between the microlens
and the mirror substrate is 300 nm, the intensity of the light spot is generated by the light
increases. This is due to the enhanced coherent interference between the photonic nanojet
of the microlens and the reflected light from the specular surface.

In addition to spherical microlens, structures such as dielectric cubes, asymmetric
cuboids, nanohole structured mesoscale dielectric spheres, and cylindrical objects can
generate photonic nanojet, improve the spatial resolution of the imaging system, and even
change the direction and focusing characteristics of the photonic nanojet to manipulate,
sense, and image nanoscale objects [80–86]. The cuboid solid immersion lens can generate
photonic nanojets though transmission and reflection modes to enhance the lateral resolu-
tion of the optical system [87]. When the dielectric cube is placed at the focus imaging point
of the continuous wave terahertz imaging system or placed on the substrate, the spatial
resolution of the imaging system can also be effectively improved [88,89]. Nguyen et al.
placed a Teflon cube with a refractive index of 1.46 at the imaging point of the terahertz
imaging system. After passing through the enhancer, the image contrast increased by a fac-
tor of 4.4. Besides, Ang et al. [90] attached a triangular prism to the irradiated surface of the
cube. Due to the varying in the thickness of the prism, the phase of the transmitted waves
in the upper and lower parts of the system changed, the electric field intensity became
non-symmetric, showing concave deformation, which formed a curved photonic nanojet
near the shadow surface. At the same time, the intensity of the photonic nanojet generated
by the asymmetric cuboids was higher than that generated by cuboids and caused gold
nanoparticles to move in a curved trajectory in the transmitted field (Figure 3a), to avoid
obstacles. The shape and structure of the lens will also affect the length of the photonic
nanojets. In recent years, researchers have changed the microstructure of the lens to obtain
longer photonic nanojets. As shown in Figure 3b, Zhu et al. [91] obtained the ultra-long
photonic nanojet by using the characteristics of the asymmetric two-microstructure formed
by the support stage and the spherical cap. By appropriately adjusting the radius of cur-
vature of the curved surface, an arbitrary elongated photonic nanojet can be obtained.
Furthermore, the cascaded asymmetric silica microstructure will produce stable optical
transmission and a FWHM waist close to λ/4. Gu et al. [92] used a plane wave to irradiate
a liquid-filled hollow microcylinder to obtain the longest photonic nanojets. Immersion
of the liquid-filled hollow cylinder into the solution environment can greatly spread the
light beam. Because of the refractive index difference between the filling liquid and the
immersion liquid, the focal length, attenuation length, and FWHM of the photonic nanojet
can be flexibly adjusted by changing the inner filling liquid. Moreover, the permittivity
contrast between the nanohole material and the dielectric particle results in the electric
field enhancement of the nanohole-structured electric microspheres, which can produce
high optical power and electric field intensity in the low refractive index hole material
(air) [93–96]. In other words, a nanohole created on the back surface of a mesoscale particle
in the medium can localize the field characteristics of the photonic nanojet to the size of the
nanohole, thereby improving the resolution. As shown in Figure 3c, the focal spot size and
focal volume of the nano-structured microspheres with a through hole of diameter λ/5
is larger than that without nanoholes. The larger nanoholes of λ/5 weaken the focusing
ability of the dielectric microspheres. When the hole size is reduced by λ/10 or λ/15, the
focal spot size and focal volume are significantly reduced. Similarly, dielectric microspheres
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with blind hole of diameter λ/5 on the surface, its focus ability are also weakened by the
hole. When the aperture is reduced to below λ/10, the focused light spot is mainly limited
to the blind hole.
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nanohole of size λ/5, λ/10, λ/15 and dielectric microspheres with a blind nanohole of the diameter
λ/5, λ/10, λ/40.

Furthermore, the electromagnetic mode of objects also plays a crucial role in optical
trapping, sensing, and imaging [97,98]. Using the whispering gallery mode can improve
the imaging resolution and the possibility of particle detection. In the process of collecting
point source information in whispering gallery mode, each external mode has an organized
spatial spectrum, which can form an imaging mode with less than half of the illumination
wavelength. When the object to be measured is close to the microsphere cavity, changes
occur around the microsphere cavity, disturbing the whispering gallery mode. By receiving
the resonant wavelength generated by the micro-cavity to obtain the change of the resonant
frequency, the conversion of the evanescent wave to the propagating wave can be enhanced,
and the corresponding external mode can be improved, so as to realize the detection of the
refractive index of the surrounding environment or the concentration of molecules, as well
as higher resolution imaging [99].
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3. Optical Trapping and Sensing Using Photonic Nanojets
3.1. Fluorescence Signal Enhancement of Trapped Nano-Objects

Microsphere lenses can enhance the interaction of photons with matter under incident
light irradiation, significantly enhancing the fluorescence signal [100,101] and sensing of the
signal of manipulated objects in real time, providing a convenient method for nanomaterial
characterization and biomolecular diagnosis. In 2015, Yang et al. probed the fluorescence
signal of nanoparticles in microfluidic channels. When the nanoparticles pass through 3 µm
melamine microspheres on a microcirculation channel, the photonic nanojets generated by
the microsphere array are able to be transported in the flow medium and the fluorescence
intensity of the nanoparticles is enhanced, such that the immune complexes formed on the
Au nanoparticles can be detected [102].

However, most microsphere lenses cannot be adjusted and manipulated in the sample
pool to detect objects. Lu et al. proved that the photonic nanojet generated by optical
trapped microspheres can provide greater light power, making it easier to trap single 10 nm
upconversion fluorescence nanoparticle (UCNP) [103]. The particles can be trapped and
sensed by optical forces from fiber tweezers or by photophoresis [104–108]. As shown
in Figure 4a, three-dimensional trapping and sensing the object can be implemented by
combining optical fibers with microspheres [109]. Li et al. modified polystyrene (PS)
microspheres or TiO2 microspheres to adhere to the end face of negatively charged fiber
tweezers. When trapping microlenses using fiber tweezers, the microlens generates a
high-intensity photonic nanojet that manipulates the nanoparticles, which then acts as
a high-value aperture objective for collecting the signal, and the fluorescent signal of
the nanoparticles is enhanced when being sensed by the microlens adhered to the fiber
tip. When sensing single nanoparticles in the presence of PS and TiO2 microlenses, the
fluorescence intensity of the trapped nanoparticles is 20 times and 30 times greater than
the fluorescence intensity sensed by bare optical fibers, respectively. The excitation light
passing through the microlens can produce a photonic nanojet phenomenon, in which the
electric field intensity is enhanced in the local spot generated by the photonic nanojet, and
this enhanced electric field contributes to the fluorescence excitation rate [110].

Dielectric microspheres act as microlenses to enhance fluorescence signals, and bi-
ological probes for the sensing and imaging of fluorescence signals from particles and
biological tissues are also gradually being developed [111–113]. In 2017, Li et al. [114]
used spherical yeast as a natural bio-microlens to enhance upconversion fluorescence,
as shown in Figure 4b. The optical fiber is placed in the UCNPs. A laser with a wave-
length of 980 nm and an optical power of 3 mW was emitted into the optical fiber. The
fluorescence excited by the bare optical fiber was weak. The fluorescence intensity of the
UCNPs was significantly enhanced when using fiber tweezers to trap the microlens. The
use of a biological microlens can trap Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus), which indicates that the presence of a biological microlens significantly enhances
the upconversion fluorescence of E. coli and S. aureus. In addition, S. aureus and E. coli
can be trapped and linked together, and their upconverted fluorescence signals can be
simultaneously enhanced by approximately ~110. Moreover, Li et al. used living cells as
biological lenses, demonstrating that cellular biological microlenses can also sense and
enhance the fluorescence of particles with single-cell resolution [79]. The microlenses can
also be manipulated in three dimensions by the light force generated by the optical tweez-
ers. In 2020, using an optical tweezers system, Chen et al. moved C10H7Br microlenses
of different diameters above the CdSe@ZnS quantum dots with an emission wavelength
of 550 nm [115]. The quantum dots were excited by the light of a mercury lamp filter.
Under the microlens, the quantum dot fluorescence signal was sufficiently enhanced and
detectable. By moving the microlens vertically along the Z axis, the brightest fluorescent
spot in the field of view and the light intensity distribution corresponding to the dark
field image were obtained, with a smaller diameter microlens boasting a strong signal
enhancement (Figure 4c).
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Figure 4. Fluorescence signal enhancement of microsphere superlenses. (a) Fluorescence signal
images of the fiber without (I) and with (II) microlens for the sensing of individual nanoparticles;
(b) Fluorescent image of the UCNP solution with fiber probe without (I) and with (II) biological
microlens; (c) Fluorescence images of quantum dots with different diameters of C10H7Br microlenses
using optical tweezers.

3.2. Backscattering Signal Enhancement of Trapped Nano-Objects

When the highly focused beam generated by the microlens is irradiated on nanoparti-
cles, the backscattering signal of the trapped nanoparticles can be significantly enhanced,
thereby enhancing the sensing ability of the nanoparticles. It is beneficial to sense nanopar-
ticles by analyzing the intensity and angular distribution of the enhanced backscattering
from nanoparticles located in a photonic nanojet. In 2004, Chen et al. demonstrated
through a two-dimensional numerical study that photonic nanojets can significantly en-
hance the backscattering of light by nanoparticles located within a nanojet [43]. Li et al.
further proved enhanced backscattering of visible light by nanoparticles through a study
of photonic nanojets [72]. Under light irradiation of different wavelengths, the backscat-
tered signal of nanoparticles can be enhanced, whereas the enhanced backscattered power
also varies, where dielectric microspheres act as microlenses to favor backscattered radi-
ation [116]. Soon after, Yang et al. [117] experimentally verified for the first time that a
photonic nanojet generated at visible wavelength can enhance the backscattering signal of
nanoparticles. The photonic nanojet generated by BaTiO3 microspheres with a diameter of
4.4 µm in the PDMS film can precisely locate and sense gold nanoparticle microspheres
with diameters in the range of 50–100 nm.

As technology has evolved, there is considerable interest in high-resolution sensing
systems that can trap and sense nano-objects and even single molecules in liquids. In 2015,
researchers irradiated an array of melamine microspheres self-assembled in a microfluidic
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channel using an illuminated light source from an optical microscope, and the resulting
photonic nanojets sensed 50–400 nm diameter Au nanoparticles flowing in the channel [102].
As shown in Figure 5a,b, the backscattered light intensity of Au nanoparticles at 200 nm
on the photonic nanojet is approximately 40 times stronger than the backscattered light
intensity outside the photonic nanojet. The backscattering signal of trapped nanoparticles
can be sensed more flexibly by fiber tweezers with microlenses because of the small size
of nanoparticles and their susceptibility to Brownian motion in solution. Li et al. used
fiber tweezers to trap TiO2 microlenses at the tip of a fiber probe [109], and a single
85 nm fluorescent nanoparticle was trapped and sensed by a highly focused photonic
nanojet generated by a microlens. In the process of trapping fluorescent nanoparticles,
the backscatter signal is divided into three processes: before trapping the nanoparticles,
trapping the nanoparticles, and releasing the nanoparticles. When the nanoparticles
are trapped, the intensity of the backscatter signal is significantly enhanced (Figure 5c).
In addition, plasmid DNA biomolecules with low refractive index, small volume, and
irregular shape can be sensed using the device because the photonic nanojet generated by
the microlenses can enhance the backscattering signal.
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Figure 5. Backscattering signal enhancement of microlenses. (a) Two hundred nanometer diameter
Au nanoparticles on a photonic nanojet; (b) Fluorescent image of UCNP solution with fiber probe
without (I) and with (II) biological microlens; (c) Optical trapping of fluorescent nanoparticles by
TiO2 microlenses; (d) Optical images of fluorescent nanoparticles trapped by a microlens array;
(e) Backscattering signals during trapping of multiple nanoparticles.
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Next, Li’s team assembled microsphere arrays on the end faces of fiber probes to trap
and sense nanoparticles and subwavelength cells with high throughput, single nanoparticle
resolution, and high selectivity [118]. As shown in Figure 5d,e, nanoparticles or cells were
trapped using in-parallel photonic nanojet arrays, and their backscattered signals were
sensing in real time with single-nanoparticle resolution, allowing for the detection of
multiple nanoparticles and cells. To improve the sensitivity and biocompatibility of the
detection, the team also used yeast as a biological microlens and trapped yeast using fiber
tweezers to enhance the backscattering signal of E. coli chains [114], indicating prospects
for single cell analysis and nanosensor applications.

3.3. Raman Signal Enhancement by Microsphere Superlens

Surface enhanced Raman scattering (SERS) is widely used in the analysis and sensing
of materials. The Raman enhancement method of a photonic nanojet based on microspheres
is a simple and reliable method. In 2007, Yi’s team enhanced the Raman peak of Si by
self-assembling SiO2 microspheres on a silicon substrate because of the photonic nanojet
effect produced by microspheres [119]. Transparent medium microspheres focus light to
the finite size of sub-diffraction and focus visible light strongly in the photonic nanojet. As a
result, the Raman signal of the measured object can be enhanced using microspheres [120].
In 2010, Du et al. demonstrated that a single dielectric microsphere can also enhance
the Raman signal and that the enhancement is related to the size of the microsphere [77].
As shown in Figure 6a, a Raman peak was detected at 520 cm−1 when a PS microsphere
with a refractive index of 1.59 was placed on the surface of a single crystal Si, while the
Raman spectrum of only the PS microsphere had no peak at the same wavelength. This
indicates that the characteristic peak of Si is significantly enhanced in the presence of
a microlens.

In addition, a self-assembled high refractive index droplet microlens can enhance
the Raman signal of Si wafers [115]. For bare silicon wafers or wafer regions without
droplet microlenses, the detected Raman signal was very weak. When a suspension of
the droplet microlens is placed on the silicon wafer, the microlens adheres to the silicon
wafer surface by gravity, and the Raman signal of the silicon wafer is fully enhanced. The
enhancement of the Raman signal is also different for droplet microlenses with different
diameters (Figure 6b). The combination of a microsphere superlens and a solid film can
also enhance the detection of Raman signals. Xing et al. immersed a monolayer of highly
refractive BaTiO3 microspheres into PDMS membranes and then transferred them to the
sample surface for Raman detection [121]. As shown in Figure 6c,d, flexible microspheres
embedded in thin films can enhance the Raman signal of one-dimensional carbon nan-
otubes and two-dimensional graphene. Furthermore, crystal violet molecules and Sudan I
molecules can be tracked and sensed in aqueous solutions at a concentration of 10−7 M by
coupling the flexible microsphere embedded film with silver nanoparticles or silver films.
The flexible microsphere embedded film increases the SERS of the sample by 10 times and
increases the sensing limit by at least an order of magnitude. To sense Raman signals more
flexibly, microlenses can be combined with fiber probes [122]. Laser enhancement was
achieved by focusing the incident laser on the silicon wafer surface through the micro-
sphere on the probe, and it was observed experimentally that the tapered fiber could not
effectively enhance the Raman scattering signal, and the Raman signal increased with the
distance from the Raman microscope focal length.

All of the above Raman enhancement methods use fixed microspheres to enhance
localized areas underneath them for single point acquisition of the sample. Recently, some
researchers achieved Raman mapping enhancement of samples using microspheres [123].
As shown in Figure 6e,f, 5 µm SiO2 microspheres attached to two vertical optical fibers
were placed on a polysilicon substrate. As the sample is mapped, the microsphere stays
under the laser beam of the objective lens and at the position of the microscope objective
while the substrate moves below it. Therefore, all points of the image can be enhanced, and
the signal enhancement at each point is ×4.
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Figure 6. Raman enhancement of the microsphere lens. (a) Raman spectra of a Si wafer without PS
microsphere (i) and with PS microsphere (ii); (b) Raman scattering intensity of different diameters
of C10H7Br microlenses on silicon wafers; Raman spectra of microspheres with and without high
refractive index on (c) 1D carbon nanotubes and (d) 2D graphene; Raman mapping (e) with and
(f) without microlens.

4. Super-Resolution Imaging by Photonic Nanojets
4.1. Optical Imaging of Nanostructures with Movable Microspheres

Microsphere lenses can be prepared by a variety of materials and methods [124–127],
allowing high-resolution optical imaging of solid nanostructures at very low light intensi-
ties. As shown in Figure 7a, Wang et al. used SiO2 microspheres with a diameter of 4.74 µm
to image a gold-plated porous anodic aluminum oxide film with a diameter of 50 nm under
white light conditions [44]. This method achieves real-time, label-free super-resolution
imaging under white light conditions. Darafsheh et al. [63] immersed 5 µm BaTiO3 micro-
spheres in a liquid and achieved imaging of nanoplasmonic samples with a gap of 50–60 nm
under irradiation at a wavelength of 405 nm (Figure 7b). In addition, super-resolution
imaging of 250 nm metal fringes was achieved by the nano-scale flat spherical microlens
prepared by chemically assembling the organic molecule hydroquinone from bottom to
top [118]. Lee et al. used TiO2 with a diameter of 60 µm and a refractive index of 2.2
to wrap ZnO, and the structure of 100–200 nm on Blu-ray discs was observed using a
standard optical microscope [128]. Furthermore, Fan et al. [129] compactly stacked 45 nm
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anatase TiO2 nanoparticles with a transparent refractive index of 2.55 using a solid-phase
fluidic method. When a superlens comprising TiO2 was located on a semiconductor wafer
containing a parallel line pattern or a dotted line pattern, an image with a pitch of 60 nm
and a complex structure of 50 nm was observed (Figure 7c). Dhama et al. [130] theoreti-
cally and experimentally demonstrated that a superlens comprising TiO2 nanoparticles
consistently outperformed BaTiO3 microspheres in terms of imaging contrast, sharpness,
field of view, and resolution because the tightly stacked 15 nm anatase TiO2 nanoparticle
composites have tiny air gaps between the particles, causing a dense scattering medium.
Moreover, TiO2 has almost no visible wavelength of energy dissipation. As a result, this
near-field coupling effect between adjacent nanoparticles can be effectively propagated
through the medium over long distances. The nanoparticle-synthesized medium will have
the unusual ability to transform far-field illumination into large-area, nanoscale fading-
wave illumination focused on the surface of an object in the near-field region. In addition,
Wang et al. [131] used cylindrical spider silk under a traditional white light microscope
with a wavelength of 600 nm to clearly distinguish 100 nm objects. This is due to the
near-field interaction between the spider silk and the underlying nano-object, which causes
the high spatial frequency evanescent wave at the surface boundary to be converted into a
propagating wave. However, under dry conditions, super-resolution imaging cannot be
achieved with spider silk. When isopropanol is used to fill regional gaps, the object can
be super-resolution imaged due to the capillary binding force that occurs in the interface
area. When the incident angle changes, the distance between the object and the lens also
changes, so that the magnification factor can be adjusted.

To further increase the field of view of the microspheres in super-resolution imaging,
large-area imaging can be achieved at a controllable position. Li et al. achieved stable and
controllable image scanning of samples using chemical dynamics to drive the microsphere
lens [132]. In addition, various attempts have been made to improve the field of view of
microspheres in super-resolution imaging and achieve large-area imaging in a controllable
position [133,134]. Krivitsky et al. achieved sample imaging of gold split squares deposited
on silicon substrates with 73 nm gaps using a micropipette for accurate positioning between
the squares [135], as shown in Figure 7d. The microsphere can also be combined with
the cantilever of an atomic force microscope. The position of the microsphere can be
changed by moving the cantilever, so that near-field information of the target position can
be collected, and super-resolution images of any sample area can be obtained [136]. As
shown in Figure 7e, the microspheres on the cantilever are used to approach the sample
to realize imaging of the disc with a spacing of 80 nm. Moreover, the fiber probe can
also act as a cantilever to improve the flexibility of imaging, using fiber tweezers to trap
cells and scan the characters etched on the silicon substrate at a rate of ~20 µm/s [79], as
shown in Figure 7f. Additionally, a 2 × 2 C10H7Br droplet microlens array was assembled
using optical tweezers [115] and the assembled droplet microlens was transferred to the
polystyrene nanoparticle surface of the stack, where the contour of the nanoparticle became
apparent in the field of view of the microscope (Figure 7g). Allen et al. [137] used high
refractive index (n = 2) BaTiO3 microspheres embedded in PDMS films to achieve large area
imaging of 60 nm Au dimer spacing and 15 nm butterfly junction arrays. Zhang et al. [138]
used BaTiO3 microspheres embedded in PDMS films to image the streak structure on the
surface of a Blu-ray disc (Figure 7h). Furthermore, through the dynamic scanning imaging
mode of the microlens array and the superimposed reconstruction mode of the random
microlens array area imaging, a 900 µm2 surface image stitched by 210 images was realized
(Figure 7i), which can reduce the number of images needed, improve imaging efficiency,
and improve the observation range.
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The ring structure and γ-tubulin fluorescence labeling of the two centrioles was observed 
when the microsphere was placed above the centrosome, and even the junction of the two 
centrioles was identified. The mitochondria were then stained, and the fluorescence im-
ages of mitochondria were obtained using traditional light microscopy and microspheres. 
The complex shapes of the mitochondria were distinguished using BaTiO3 microspheres. 
The influence of liquid evaporation on the imaging effect can be reduced by embedding 
the microspheres in transparent film and imaging with an inverted microscope. Darafsheh 
et al. obtained conventional fluorescence micrographs of cells under a fluorescence 

Figure 7. Optical imaging of nanostructures with microspheres. (a) SiO2 microspheres on gold-plated
porous anodic aluminum oxide film; (b) BaTiO3 microspheres on nano-plasma samples with a gap of
50–60 nm; (c) TiO2 microsphere superlenses on 60 nm wafers; (d) Magnified image of gold splitting
square nanostructures imaged using microspheres combined with micropipettes; (e) Magnified image
of a microsphere combined with an AFM cantilever against a DVD; (f) Optical images of nanopatterns
trapped on the fiber of a biomagnifier; (g) Optical images of PS nanoparticles by a 2 × 2 microlens
array; (h) Large-area imaging of Blu-ray discs by BaTiO3 microlenses; (i) The Blu-ray disc surface
recorded using the random microlens array area imaging superimposed reconstruction mode.

4.2. Super-Resolution Imaging of Living Cells by Photonic Nanojets

The combination of microsphere superlenses and an optical imaging device for biologi-
cal imaging and analysis has been confirmed by many researchers. Fluorescence microscopy
is generally used to observe cell structure and image bacteria, but the observation of specific
biological organelles in vitro requires staining [139]. In 2014, Yang et al. [140] combined
fluorescence microscopy with BaTiO3 microspheres with a refractive index n = 1.92 and
a diameter of 60 µm to image several different organelles in the alpha mouse liver 12
(AML12) cell line. As shown in Figure 8a, the traditional optical microscope can be used
to identify the existence of centrioles, but it cannot observe their fine structure. The ring
structure and γ-tubulin fluorescence labeling of the two centrioles was observed when the
microsphere was placed above the centrosome, and even the junction of the two centrioles
was identified. The mitochondria were then stained, and the fluorescence images of mito-
chondria were obtained using traditional light microscopy and microspheres. The complex
shapes of the mitochondria were distinguished using BaTiO3 microspheres. The influence
of liquid evaporation on the imaging effect can be reduced by embedding the microspheres
in transparent film and imaging with an inverted microscope. Darafsheh et al. obtained
conventional fluorescence micrographs of cells under a fluorescence imaging mode by
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immersing 130 µm BaTiO3 microspheres in PDMS films and placing them on the specimen
under excitation at 365 nm [64]. At an excitation of 594 nm, the BaTiO3 microspheres act as
an auxiliary microlens to form a magnified virtual image below the sample surface. The
red lesions of proton beam induced double-stranded DNA breaks were observed through
the objective lens (Figure 8b).

In addition, the super-resolution imaging of certain organisms can be performed
without fluorescent labeling. Li et al. used BaTiO3 microspheres with a refractive index
of 1.9 and diameter of 100 µm to image adenovirus at 75 nm under white light without
fluorescent labeling or staining [59]. When BaTiO3 microspheres were placed on the virus,
the adenovirus could not be distinguished using a low magnification objective. When
passed through a high-magnification objective, the microsphere converted the evanescent
wave in the near field into an amplified extended wave in the far field through a frustrated
total internal reflection mechanism, and individual adenoviruses were resolved and imaged
below the sample surface (Figure 8c). The focusing of light by the microspheres forms
a nanojet, which transmits the converted propagating waves to the space outside the
sphere, which plays an important role in enhancing the image contrast. Furthermore,
Chernomyrdin et al. used a method of the terahertz solid immersion microscope to focus
electromagnetic waves to the evanescent field volume through a lens, thereby reducing the
size of the terahertz beam caustics [141]. When articular hyaline cartilage of male sheep
is placed on the scanning window of the system, the tissue ellipsoid of sub-wavelength
diameter can be distinguished.

The optical imaging of subcellular structures is generally achieved by the combination
of a microsphere lens and microscope. However, trapping the microlens with fiber tweezers
can magnify and image any position of the biological sample in real time. As shown in
Figure 8d, it is difficult to distinguish the bilayer structure of the fibrous cytoskeleton and
cell membrane in the cell under an ordinary light microscope, and yet, after trapping the cell
microlens with fiber tweezers and placing it above the epithelial cells, the bilayer structure
of the fibrous cytoskeleton and cell membrane were clearly observed by enhancing the
interaction between light and matter through the interference of incident and reflected
light [79]. At the same time, Li et al. performed a numerical simulation analysis on the
semi-immersed microlens above the mirror and obtained the focused photonic nanojet of
the microlens. The theoretical imaging resolution is 85 nm, which is slightly smaller than
the experimental resolution. This deviation is mainly due to the geometric configuration
and refractive index of the cell microlens is defined as completely symmetrical and uniform
in the simulation. In addition, Wang et al. proposed the use of atomic force microscopy in
combination with microlenses to achieve large-area observations of living cell morphology
or submembrane structures at sub-diffraction limited resolution [142]. As Figure 8e shows
a fluorescent picture of C2C12 cells, the actin filaments in the cells can be clearly observed
by moving the 56 µm diameter BaTiO3 microspheres to the cell surface with the cantilever
of an AFM, which is an important step for real-time monitoring of the status of a cell.
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Figure 8. Super-resolution imaging of organisms. (a) Imaging of centrioles (I–II) and mitochondria
(III–IV) of mouse hepatocyte lineage cells using conventional fluorescence microscopy and micro-
sphere superlenses; (b) Optical images of cells without (I) and with (II) a microlens, and fluorescence
images of cell nuclear double-stranded DNA imaging without a microlens (III) and with a micro-
sphere superlens (IV); (c) SEM images of adenovirus by BaTiO3 microspheres under white light (I)
and imaging under BaTiO3 (II).; (d) Imaging of the bilayer structure of the fibrous cytoskeleton and
cell membrane without a microlens (I) and with a cellular lens (II); (e) Fluorescence imaging of C2C12
cells (I) and enhanced images with 56 µm diameter microsphere superlenses (II).

5. Conclusions and Outlook

This review systematically describes the application and progress of microsphere
lenses in nano-optical trapping, sensing, and imaging from the types and principles of
microsphere lenses. Thanks to the advantages of simple preparation, microsphere lenses
provide a simple method for super-resolution imaging of biological samples and sensing
of tiny particles, with potential value in biomedicine, microfluidics and nanophotonics.
For another, microspheres can be combined with optical fibers, optical tweezers, and other
tools to improve flexibility. Therefore, microspheres are expected to be constructed as
photonic devices for biomedical imaging and real-time monitoring of samples, providing
more promising technologies for biophotonics, nanophotonics, and biomedicine.

Most of the optical sensing and imaging based on microlenses are performed in vitro.
However, these in vitro conditions cannot fully reflect the biological environment and
conditions in vivo. Because the microlens is implantable, it has broad application prospects
in in vivo nanomanipulation and biological detection. In addition, optical tweezers or
optical traps provide a unique method of manipulating and controlling biological objects
both in vivo and in vitro. The strong laser of light capture is prone to optical damage,
which limits the exposure time of the captured sample. The photonic nanojet generated by
the microlens may overcome optical opticution and allow the optical trapping of living
cells to be widely implemented.
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