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Abstract 
The largest obstacle in nanoscale microscopy is the diffraction limit. Although 

several means of achieving sub-diffraction resolution exist, they all have shortcomings 

such as cost, complexity, and processing time, which make them impractical for 

widespread use. Additionally, these technologies struggle to find a balance between a 

high resolution and a large field of view. In this introduction of dissertation, we provide 

an overview of various microsphere based super-resolution techniques that address the 

shortcomings of existing platforms and consistently achieve sub-diffraction resolutions. 

Initially, the theoretical basis of photonic nanojets, which make microsphere based super-

resolution imaging possible, are discussed. In the following sections, different type of 

acoustofluidic scanning techniques and intelligent nanoscope are explored. The 

introduction concludes with an emphasis on the limitless potential of this technology, and 

the wide range of possible biomedical applications. 

First, we have documented the development of an acoutofluidic scanning 

nanoscope that can achieve both high resolution and large field of view at the same time, 

which alleviates a long-existing shortcoming of conventional microscopes. The 

acoutofluidic scanning nanoscope developed here can serve as either an add-on 

component to expand the capability of a conventional microscope, or could be paired with 

low-cost imaging platforms to develop a stand-alone microscope for portable imaging. 
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The acoutofluidic scanning nanoscope achieves high-resolution imaging without the need 

for conventional high-cost and bulky objectives with high numerical apertures. The field 

of view of the acoutofluidic scanning nanoscope is much larger than that from a 

conventional high numerical aperture objective lens, and it is able to achieve the same 

resolving power. The acoutofluidic scanning nanoscope automatically focuses and 

maintains a constant working distance during the scanning process thanks to the 

interaction of the microparticles with the liquid domain. The resolving power of the 

acoutofluidic scanning nanoscope can easily be adjusted by using microparticles of 

different sizes and refractive indices. Additionally, it may be possible to further improve 

the performance of this platform by exploring additional microparticle sizes and materials, 

in combination with various objectives. Altogether, we believe this acoutofluidic scanning 

nanoscope has potential to be integrated into a wide range of applications from portable 

nano-detection to biomedicine and microfluidics.  

Next, we developed a dual-camera acoustofluidic nanoscope with a seamless 

image merging algorithm (alpha blending process). This design allows us to precisely 

image both the sample and the microspheres simultaneously and accurately track the 

particle path and location. Therefore, the number of images required to capture the entire 

field of view (200 × 200 μm) by using our acoustofluidic scanning nanoscope is reduced 

by 55-fold compared with previous designs. Moreover, the image quality is also greatly 

improved by applying an alpha blending imaging technique, which is critical for 
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accurately depicting and identifying nanoscale objects or processes. This dual-camera 

acoustofluidic nanoscope paves the way for enhanced nanoimaging with high resolution 

and a large field of view. 

Next, we developed an acoustofluidic scanning nanoscope via fluorescence 

amplification technique. Nanoscale fluorescence signal amplification is a significant 

feature for many biomedical and cell biology research area. Different types of fluorescence 

amplification techniques were studied; however, those technologies still need a complex 

process and rely on an elaborate optical system. To conquer these limitations, we 

developed an acoustofluidic scanning nanoscope via fluorescence amplification with hard 

PDMS membrane technique. The microsphere magnification by photonic nanojets effect 

with the hard PDMS could deliver certain focal distance to maximize the amplification. 

Moreover, a bidirectional acoustofluidic scanning device with an image processing also 

developed to perform 2D scanning of large field of view area. In the image processing 

procedure, we applied a correction of lens distortion to provide a restored distortion 

image. This fluorescence amplification via acoustofluidic nanoscope allow us to afford a 

nanoscale fluorescence imaging. 

Next, we developed an intelligent nanoscope that combines machine learning and 

microsphere array-based imaging to: (1) surpass the diffraction limit of the microscope 

objective with microsphere imaging to provide high-resolution images; (2) provide large 

field-of-view imaging without the sacrifice of resolution by utilizing a microsphere array; 
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and (3) rapidly classify nanomaterials using a deep convolution neural network. The 

intelligent nanoscope delivers more than 46 magnified images from a single image frame 

so that we collected more than 1,000 images within 2 seconds. Moreover, the intelligent 

nanoscope achieves a 95% nanomaterial classification accuracy using 1,000 images of 

training sets, which is 45% more accurate than without the microsphere array. The 

intelligent nanoscope also achieves a 92% bacteria classification accuracy using 50,000 

images of training sets, which is 35% more accurate than without the microsphere array. 

This platform accomplished rapid, accurate detection and classification of nanomaterials 

with miniscule size differences. The capabilities of this device wield the potential to 

further detect and classify smaller biological nanomaterial, such as viruses or extracellular 

vesicles. 

Lastly, this chapter serves a conclusion. Here, I discuss current issues regarding 

the acoustofluidic scanning nanoscope across review the current limitations of the 

technology and give suggestions for different direction of microsphere imaging. 

Moreover, I provide my perspective on the future development of acoustofluidic scanning 

nanoscope and potential new applications. I discuss how the technologies developed in 

this dissertation can be improved and applied to new applications in nanoimaging. 
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1. Introduction  
This dissertation describes the development of acoustofluidic scanning nanoscope.  

This introduction opens with an overview of the historical background of microscopes, 

and a theoretical explanation of why current technology is limited by the Abbe diffraction 

limit. The shortcomings seen in existing technology, while attempting to solve the 

aforementioned dilemma, are touched upon in order to highlight the need for a novel 

solution. The superior features of our Microsphere-based super-resolution scanning 

nanoscope are then discussed to position it as a simple and efficient means of surpassing 

the Abbe diffraction limit. In the following section, the theoretical and mechanical aspects 

of microsphere based super-resolution images are explained in detail to provide evidence 

substantiating the previous claim. Once a basis for microsphere-based scanning is 

established the more niche aspects of the platform, specifically super-resolution based on 

static and scanning microspheres, are explored. The introduction concludes with possible 

applications of the technology and a summary of microsphere-based imaging.  

1.1 Micro-nano Scale Imaging 

The leaps and bounds made by modern medicine have led to improvements in the 

standard of life, which can be seen throughout the globe. Over the last few centuries, the 

average lifespan has experienced a significant increase, allowing for a shift in focus from 

simple survival to innovation and exploration. Thus, the advanced technology found in 

nearly every aspect of everyday life can be attributed to the societal shift in priorities 
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actuated by modern medicine. Nonetheless, it is important to consider the technology that 

fueled the rapid progression of modern medicine, the microscope.1-3 Beginning with 

rudimentary microscopes developed by scientists such as Robert Hooke and Anton Van 

Leeuwenhoek, the discovery of previously unknown biological phenomenon, such as cells 

and bacteria, was made possible.4, 5 As the microscope continued to advance, the 

understanding of the inner workings of cells and diseases grew as well, propelling the 

creation of contemporary medicine. Due to the interconnected nature of medicine and 

microscopes, a significant component of societal advancement can be attributed to 

microscopes. Over time the types of microscopes and their applications branched out. 

They are now used in a variety of contexts ranging from electron microscopes employed 

during forensic studies in the courtroom to scanning probe microscopes utilized during 

the construction of nanotechnology meant for use both in and out of the body.   

1.1.1. Diffraction Limit 

However, a problem existed, and continues to exist, among many microscopes that 

is yet to be optimally solved, the Abbe diffraction limit. More specifically, the dilemma of 

numerical aperture (NA). NA is defined as a metric that determines the capacity of an 

objective lens to gather light and make out the subject in question from a certain, fixed 

distance. NA is determined based on n * sin (α) with n being the refraction coefficient of 

the immersion medium and α being angular aperture of the objective, which is 

determined by the distance from the specimen.6 As a result, NA directly dictates both 
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resolution and field of view of a microscope. The challenge is acquiring the optimal 

configuration that produces high resolution results with a large field of view. A direct 

correlation can be seen between NA and resolution. A low NA objective lens will yield 

low resolution results, while a high NA lens produces high resolution results. 

Unfortunately, in essence, a high NA suggests the lens is closer to the object in question, 

meaning the field of view is restricted. This invalidates the high-resolution scans due to 

their limited scope. Hundreds, if not thousands, of scans would need to be taken then 

assembled in order to produce valuable results. 

1.1.2. Super-resolution Imaging 

While technology exists to address this shortcoming in the form of “mechanical 

scanning, autofocusing, complex phase retrieval algorithms, and fluorescence labeling,” 

these processes are often complex, time consuming, and expensive. There are many 

examples of super-resolution technology that utilize these less than optimal solutions. 

Disordered nanocomposite islands for nano-speckles illumination microscopy 

(NanoSIM),7, 8 which utilizes azimuthal scanning illumination of disordered metallic 

nanocomposite island substrates to produce a full-width-at-half-maximum resolution of 

81.1 nm on average. Sub-diffraction Multicolor Imaging of the Nuclear Periphery with 3D 

Structured Illumination Microscopy (3D - SIM),9-11 which utilizes fluorescence light 

microscopy to break past the diffraction limit and produce multicolor 3D images with a 

resolution nearing 100 nm. Fluorescence microscopy with diffraction resolution barrier 
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broken by stimulated emission (STED),12, 13 which utilizes a beam whose wavelength is in 

the red edge of the fluorophore emission spectrum to deexcite molecules and produce a 

resolution of <50 nm. Stochastic Optical Reconstruction Microscopy (STORM),14-17 which 

utilizes single-molecule detection of individual fluorospheres using photoswitchable 

probes to produce a resolution of 20 to 30 nm in the lateral dimensions and 50 to 60 nm in 

the axial dimension. Photoactivated localization microscopy (PALM),18, 19 which utilizes 

photoactivatable fluorescent molecules and single-molecule imaging to acquire many low 

density single-molecule images that can be combined to create a high-density image. This 

produces a resolution of approximately 10 nm. Yet all of these suffer from the 

aforementioned problem of dependence on fluorescent labeling or complex, inefficient, 

and expensive processing. Microsphere-based super-resolution technology stands above 

other super-resolution devices due to various features that address the delineated flaws 

seen in existing technology. In particular, it achieves the optimal configuration of a high-

resolution image with a large field of view. Additionally, it is simple and easy to use due 

to its autofocusing capabilities and lack of a need for complex phase retrieval algorithms 

to produce the final image.  

1.2. Theory and Mechanism of Microsphere Imaging 

In this section, I will discuss basic information about theory and mechanism of 

microsphere based super-resolution imaging. Microsphere based super-resolution 

imaging is made possible by one simple concept, the photonic nanojets effect. While there 
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is significant debate on the idiosyncrasies of the effect, a general consensus exists about 

its overall functionality and means of operation. As seen in Fig. 1(a), the photonic nanojets 

effect is due to an electromagnetic beam originating from the “shadow-side” of the 

microsphere. Because of the wavelength of the initial beam, as well as the refractive index 

and size of the microsphere in question, a photonic nanojets is produced as Fig. 1(b). The 

medium in which the microsphere is immersed also plays a role. From the simulation 

result, the Fig.3(c) FWHM was obtained as 134.8 nm which represented that the maximum 

lateral resolution at 48.56 nm. 

 

Figure 1: Schematic figure of the microsphere super-resolution imaging. (a) 2D 
schematic of the super-resolution imaging. (b) Optical simulated analysis of super-
resolution effects of microparticle. (c) Line profile through the simulated focus and the 
Full-Width at Half Maximum (FWHM) value of 8μm of Barium titanite microparticle 
(refractive index = 2.25). The FWHM values indicate that the maximum lateral resolution 
could be achieved at 48.56 nm. 

 Primarily, nanojets formation is a result of the relative refractive index found by 

dividing the refractive index of the microsphere by the refractive index of the medium 
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and the size parameter 𝑞𝑞=2𝜋𝜋𝜋𝜋/𝜆𝜆, where R is the radius of the microsphere and 𝜆𝜆 is the 

wavelength of the incident beam.20 

In order to cause photonic nanojets formation the value of q must meet a certain 

criterion. This requires an exact relationship between the wavelength of the initial beam 

of light and the radius of the microsphere. A low q value creates an optical field similar to 

that of a magnet with two distinct, opposing lobes. If the value of q is increased through 

the use of a larger microsphere, the optical field appears to have a greater focus towards 

the front. After a certain threshold is crossed (this varies based on 𝜆𝜆) in terms of the ratio 

between R and 𝜆𝜆 a photonic nanojets forms. 

 

Figure 2: Generation of photonic nanojets and simulation result. (a) Simulation 
results of three different combination of photonic nanojets. d, 𝜆𝜆2, n1, n2 are represented 
as diameter of dielectric cylinder, light of wavelength, refractive index of cylinder, 
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refractive index of outer medium respectively. (b) Expression of the finite-difference time-
domain (FDTD) simulation. Full width half maximum (FWHM) at maximum intensity of 
photonic nanojets. (c) Simulation results of the FWHM of the nanojets by 5 μm cylinder 
with 2.1 of refractive index as a function of the outer medium from 1.0 to 1.45. the right 
panel showed that the intensity profile at 2.1 of 5 μm-cylinder and 1.22 of outer medium 
of refractive index. 

  

Thus, successful production of the photonic nanojets effect is entirely dependent 

on the relative refractive index and the size parameter 𝑞𝑞=2𝜋𝜋𝜋𝜋/𝜆𝜆. In addition to producing 

the photonic nanojets, distinct properties necessary for optimal super-resolution imaging 

usage such as beam waist size, length, intensity, light enhancement, and decay length are 

all dictated by the two previously mentioned parameters. The results of varying 

configurations can be seen in Fig. 2(a)-(c).21-24 

Once all the necessary requirements for production have been met, there are a 

variety of properties the nanojets has that make it essential for microsphere based super-

resolution imaging. As detailed upon in the previous section, the largest obstacle to 

overcome in nanoscale microscopy is the diffraction limit. The photonic nanojets is 

capable of extending over ~2λ past the microsphere and having a beamwidth far smaller 

than the diffraction limit; for microspheres a beamwidth of ~λ/3 was achieved. The 

intensity of the nanojets is nearly 1000 times that of the incident beam and can be 

produced using microspheres ranging from ~2λ to larger than 40λ, if the correct 

conditions are present. Moreover, the beam produced is non-evanescent and instead 

demonstrates wave propagation along multiwavelength paths. 
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Due to these properties, it is clear to see the immense potential of microsphere 

based super-resolution in the context of nanoscale applications. The pre-existing 

drawbacks of current methods such as low throughput, the need for an overly complex 

apparatus, high cost of processing, and an inability to hurdle the diffraction limit are all 

addressed.  

1.3. Static Microsphere Imaging 

 In this section, we discuss super-resolution imaging via static microsphere. There 

have been several advancements which utilize the static microsphere in order to achieve 

super-resolution and surmount the diffraction limit. In 2011, an optical nanoscope was 

able to achieve ~50 nm resolution in both transmission and reflection modes.25 This was 

made possible through the use of glass microspheres (n = 1.46, 2 μm < diameter < 9 μm) 

as far-field superlenses.  Fig. 3 demonstrates the specifics of the configuration used to 

achieve a λ/8 - λ/14 imagine resolution. Self-assembly was utilized to position SiO2 

microspheres upon the surface of a desired object Fig. 3(a). White light produced by a 

halogen lamp acts as the incident beam and the immediate near-field details are magnified 

in the form of virtual images. These virtual images were then magnified using a traditional 

x80 objective lens (numerical aperture NA = 0.9, Olympus MDPlan). Experiments were 

performed using both the transmission and reflection mode. Fig. 3(b) illustrates the effect 

of the microspheres. Upon closer examination, it becomes clear only surfaces where the 

microspheres were present can be made out. The rest are hindered by the diffraction limit 
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and simply appear as bright spots, which provide little to no information about the surface. 

Notably, the surface the microspheres were placed on impacted the resolving power and 

magnification power. While individual microspheres act as effective superlenses, Fig. 3(c) 

demonstrates images from different microspheres being fused together to form one larger 

image. 

 

Figure 3: 50 nm of nanostructure imaging by white-light microsphere nanoscope. 
(a) Experimental configuration of the imaging. White-light source with SiO2 microsphere 
were combined with conventional microscope to visualize near-field objective target. (b) 
Microsphere imaging in transmission mode. Left panels showed SEM images of 360 nm 
grating lines with 130 nm pitch and 50 nm pores. Right panels showed microsphere 
images of the targets. Magnification factor was calculated as around 8. (c) Microsphere 
imaging in reflection mode. Left panels showed SEM images of 200 nm grating lines with 
100 nm pitch and star shape structure. Right panels showed microsphere images of targets. 

In 2013, submerged microsphere optical nanoscopy was utilized to image 75 nm 

adenoviruses.26 This was notable because the superior resolution was achieved with direct 

white-light optical imaging rather than fluorescent labeling or staining. The setup of the 

device was quite simple. As seen in Fig. 4(a), transparent BaTiO3 microspheres, with a 

diameter of 100 μm, were positioned on the specimen and deionized water was used as a 

buffer between the lens and specimen. Similar to the 2011 nanoscope, both transmission 
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and reflection modes were applied. For demonstration and calibration purposes a Blu-

Ray DVD disk as Fig. 4(b) was examined. The image to the left was acquired through the 

use of a SEM and acted as a baseline. The results obtained by SMON (right) were far 

superior to anything possible microscopes inhibited by the diffraction limit. Fig. 4(c) 

bolsters the capabilities of SMON, showing high resolution imaging of pores with an 

average size of 50 nm. A SEM obtained image was once again used for reference (top). 

In the same year, a resolution of 25 nm was realized by angling a laser through 

fused silica and polystyrene microspheres and filtering the resulting image with a 

conventional scanning laser confocal microscope (SLCM).27 A single 408 nm laser beam, 

manipulated by a pair of galvanometric mirrors, pierces through the microspheres, 

creating a sub-diffractive central lobe. Imaging can then be performed due to the 

subwavelength reflecting cross-section caused by the aforementioned lobe. The signal to 

noise ratio of the cross-section of reflected light is increased due to the SLCM’s pinhole 

filtering effect, which reduces the external noises. As a result, imaging through intensity-

based point scanning allows for an impressive resolution.  

In 2014, microspheres embedded in transparent solidified films (elastomers), 

rather than liquids, were also able to bypass the diffraction limit and successfully image 

at a resolution less than 200 nm.28 The primary benefit of this method is the lack of fluid. 

The microsphere embedded elastomers can be made in advance and used as cover slips. 

The setup for this Fig. 4(d) parallels that of SMON, the elastomer is placed on the specimen 
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and the image is acquired using an upright microscope in reflection illumination mode. 

The upright microscope simply magnifies the virtual images. For this method, a Blu-Ray 

DVD disk was imaged as well (bottom). 

In the same year, coherent anti-Stokes Raman scattering (CARS) microscopy 

successfully imaged the sub-diffraction features of a Blu-ray disc with the help of SiO2 

microspheres.29 A lateral magnification factor of 5.0x was achieved, resulting in a “lateral 

resolution of at least 200 nm.” Additionally, microsphere size, laser beams focal plane 

position, and refractive index were shown to have significant effects on the level of 

resolution achieved.  

Another study was also performed where glass microspheres with a refractive 

index of 1.92 were utilized with a traditional microscope objective to observe samples 

immersed in oil or water.29, 30 The technique successfully made out the structure of 

fluorescently stained centrioles, mitochondria, chromosomes. Moreover, the 

microspheres made it possible to discern the effect of doxycycline treatment on 

mitochondrial encoded protein expression in a mouse liver cell line. 
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Figure 4: Other methods of static microsphere imaging. (a) Schematic of the 
nano-imaging with water submerged BaTiO3 microsphere. (b) Imaging of 100 nm spacing 
Blu-ray disc by SEM (left panel) and 100 μm BaTiO3 microsphere (right panel). Scale bar 
is 500 nm. (c) SEM image of anodic aluminum oxide (AAO) pores (Top panel) and 100 μm 
BaTiO3 microsphere image of AAO pores. Scale bar is 500 nm. (d) Microsphere embedded 
in a PDMS film was placed on target specimen. 200 nm width and 100 nm pitch structure 
were images by a 65 μm BaTiO3 microsphere (bottom left) and 55 μm BaTiO3 microsphere 
(bottom right). 

In 2016, studies were performed on the imaging of water immersed nanostructures, 

using BaTiO3 microspheres as Fig. 5(a).31 The size of the microspheres was varied in order 

to examine the effect of photonic nanojets with different waist sizes. It was decided the 

size of the microspheres directly influences the magnification factor. The ideal size being 

6 μm because the resulting microsphere had the smallest possible photonic nanojets waist 

size. Fig. 5(b) contains a SEM generated image of a silicon grating for reference. In Fig. 5(c) 

a standard water immersed microscope was unable to distinguish the individual grates, 

emphasizing the need for microsphere enhanced microscopy. Fig. 5(c) demonstrates the 

ability of microsphere nanoscopy to succeed where traditional microscopy could not. The 
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grates can be distinguished much more clearly than in the previous figure. Additionally, 

the effect of altering the size of the microsphere used can be observed. The 7.1 μm 

microsphere image was shown to be better than that of the 4.2 μm microsphere. This can 

be explained by Fig. 5(d). A microsphere with a diameter of ~4 has an L/I (light focusing 

capability) of ~4.3. While a microsphere with a diameter of ~7 has an L/I of ~5.3. Moreover, 

Fig. 5(e) shows a microsphere with a diameter of ~4 has a w/λ (photonic nanojets waist) 

of ~0.38; whereas a microsphere with a diameter of ~7 has a w/λ of ~0.40. However, both 

figures reinforce 6 μm as the ideal microsphere diameter because the light focusing 

capability is maximized and the nanojets waist is minimized. 

 

Figure 5: Static microsphere imaging and magnification factors in different size 
of microspheres. (a) Schematic of the microsphere imaging with magnification factor M. 
(b) SEM image of target grating nanostructure containing 120 nm width and 100 nm pitch 
(top panel) and optical microscope image by 40x water-immersion objective with NA 0.8 
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(bottom panel) (c) Microsphere imaging of the nanostructure by 4.2 μm and 7.1 μm size 
of microspheres respectively. (d) Finite element method (FEM) simulation result of the 
light focusing capability of different diameter of microspheres. L/l is the ratio between the 
width of incident light into microsphere and width of focused light from microsphere. (e) 
FEM simulation result of normalized the width of photonic nanojets divided by 
illuminated light wavelength w/λ in different diameter of microsphere. 

Thus, the various implementations of the static microsphere suggest significant 

promise in terms of replacing the SEM as a primary means of biological nanoscale 

microscopy. The requirements of a vacuum and long processing times for the SEM have 

been a major inhibitor in terms of what can be observed at the nanoscale. Although the 

microsphere-based images are not equivalent in terms of image quality, the lack of the 

aforementioned restrictions reinforces their limitless potential in future research. 

1.4. Scanning Microsphere Imaging 

1.4.1. AFM Scanning System 

A variation of super-resolution imaging meant to bypass the diffraction limit 

comes in the form of the mechanical scanning method. In 2015, a technique known as 

scanning superlens microscopy (SSUM) was implemented by combining components of 

atomic force microscopy with super-resolution fluorescent microscopy.32 Instead of using 

the traditional microscope tip, microspheres were utilized to image the specimen. The 

individual images acquired during scanning were then “stitched together,” allowing for 

sub-diffraction-limited resolution with ~200 times the acquisition efficiency of 

conventional atomic force microscopy. The technique had two scanning modes, non-

invasive and contact; the non-invasive mode being especially successful on stiff samples 
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and the contact mode with sensitive specimens. The setup of the device is illustrated in 

Fig. 6(a), a microsphere is attached to an AFM cantilever (images to the right of the 

schematic) and an interaction force control mechanism is used to control whether non-

invasive or contact microscopy occurs. Additionally, a close-up of a virtual image 

obtained using SSUM is shown in the top right of Fig. 6(a). with an inset SEM image to act 

as a reference point. Fig. 6(b). demonstrates the contact scanning mode. The upper half 

has imaging of a Blu-ray disk obtained using traditional AFM; the bottom half displays 

the same image acquired using SSUM. The SSUM image pixel size was ~14 nm and was 

~x214 faster than AFM imaging. SSUM also demonstrated the ability to distinguish 

specific structures when used concurrently with fluorescent labeling as Fig. 6(c).  

In 2017, a further study was performed on the microscopy potential of a 

microsphere mounted on an AFM cantilever by electrostatic forces.33 This device was 

meant to provide a greater level of accuracy due to the freedom to precisely maneuver the 

produced photonic nanojet. Unfortunately, the best resolution obtained was 260 nm, 

meaning the diffraction limit was not overcome. However, this is still an efficient and cost-

effective means of microscopy in comparison to other existing technology. 

A microsphere induced photonic nanojet was utilized to write on the surface of a 

sample.34 While the diffraction limit has made it difficult to achieve a resolution of less 

than 200 nm, it has also been a major hurdle in sub-wavelength laser processing. However, 

through the use of microsphere induced photonic nanojets an optical light spot could be 
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produced in order to facilitate nanoscale laser patterning. This study also presented a 

means of observing the nanoscale patterning taking place to ensure miniscule components 

are not being destroyed during the process. This was made possible by two light paths, 

one for imaging and the other for lasering. The inability to observe laser cutting of 

components smaller than 200 nm has been a major obstacle in sub-diffraction processing. 

A 10 μm microsphere was capable of simultaneously imaging and processing a sample, 

but the field of view was too small. Thus, a 30 μm microsphere was shown to be ideal for 

this application. 

In 2020, a method to execute nanomanipulation while concurrently providing 

super-resolution imaging was realized.35 By attaching a barium titanate glass (BTG) 

microlens to an AFM probe, successful manipulation of fluorescent nanoparticles with a 

diameter of 100 nm and silver nanowires with a diameter of 80 nm was achieved. Similar 

to the 2018 study, a major hurdle in nanomanipulation is the inability to see what is taking 

place at the nanoscale. Thus, the application of microspheres to allow for simultaneous 

imaging and manipulation eliminates this issue, creating the potential for extremely 

accurate nanomanipulation. The AFM probe allowed for nanomanipulation, and the BTG 

microlens allowed for observation. 

In 2021, an imaging technology known as correlative AFM and scanning superlens 

microscopy was developed.36 Analogous to the 2020 study, a microlens was combined 

with preexisting AFM technology in order to make manipulation and observation 



 

17 

possible. However, in this study three specific imaging modes were realized.  “Fast and 

high-throughput scanning optical imaging with microlens, AFM imaging of surface fine 

structure, and microlens-AFM simultaneous imaging.” Additionally, a novel probe 

known as a “a microlensAFM probe” was developed “to implement the microlens into 

the AFM.” The apparatus demonstrated a ~4x improvement in imaging magnification and 

~8x imaging throughput when compared with a traditional AFM. 

 

Figure 6: Microsphere imaging with AFM scanning system. (a) Schematic of a 
microsphere-based a scanning superlens microscope with AFM scanning system. A 
super-resolution imaging enabled microsphere was integrated with AFM cantilever to 
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perform scanning process. (b) AFM scanning image of a Blu-ray disk surface on the top 
panel. Large field of view scanning image by the scanning superlens microscope on the 
bottom panel. (c) C2C12 cell image by white light on the left two panels. Fluorescence 
imaging of the cell on the right two panels. (Top two images) Without and (bottom two 
images) with the 56 μm microsphere enhancement scanning images. Scale bar is 5 μm. 

1.4.2. Piezo-electric Scanning System  

Although the studies mentioned thus far utilize an AFM, an alternative means of 

achieving super-resolution imaging through mechanical scanning exists. This is realized 

in the form of a stage. In 2017, an alternative microsphere-based super-resolution scanning 

optical microscope technique was developed.37 Due to the propagating nature of light, 

only the center of the field of view can be made out during imaging. This area is usually 

∼10 μm2, making it difficult to accurately image large areas of a specimen. Thus, the 

microsphere used to obtain the image must be easily manipulated. By attaching the 

microsphere to a frame, which is connected to the objective of the microscope then 

scanning a sample to generate image tiles, the aforementioned problem is eliminated. 

After performing extensive finite element simulations of the light propagation, the critical 

separation distance of ∼1 μm was decided. Above this distance super-resolution imaging 

was no longer possible. When within the critical distance sample areas had an area of ~104 

μm2 with a resolution between ~130-160 nm. In 2019, another apparatus was designed in 

order to address the restriction of the field of view.38 BTG microspheres were embedded 

into polydimethylsiloxane (PDMS) films to create microlens arrays. The arrays were then 

placed in a 3D printed holder (attached to a conventional microscope) that was used to 

scan a sample. In the study a 900 μm2 surface was stitched together using 210 scanned 
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images. Additionally, two imaging modes were developed: the microlens array-based 

dynamic scanning imaging mode and the stochastic microlens array region imaging 

overlay reconstruction mode. In 2020, a home-designed imaging probe was used to image 

a surface then stitch together the obtained images.39 The probe Fig. 7(a) is composed of a 

microsphere array (containing four microspheres attached to the two sides of an AFM 

cantilever) and a three-axis piezoelectric stage that are integrated into a standard inverted 

optical microscope. The image scanning process as Fig. 7(b) is quite simple. The area is 

split into four regions then scanned row by row. The obtained images are then stitched 

using image registration and image fusion as Fig. 7(c). demonstrates the effectiveness of 

this method by comparing it with a directly obtained image (left). Additionally, the graph 

quantifies the significant increase in sharpness and details when using the scanning 

method. 
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Figure 7: Microsphere imaging with 3-axis piezoelectric stage scanning. (a) 
Schematic of a home-designed microsphere array with three-axis piezoelectric stage to 
perform the scanning process. (b) Description of the image scanning process on the top 
panels. Super-resolution imaging of the target images by the microsphere array. (c) 
Comparison of resolution between original optical image and scanned optical image. 

1.4.3. Optical Tweezer Scanning System  

Another alternative means of achieving super-resolution is the optical scanning 

method. This technique attempts to achieve precise control of microsphere manipulation 

without the use of a large and unwieldy apparatus.  In 2017, two preexisting technologies, 

localized plasmonic structured illumination microscopy (LPSIM) and microlens 

microscopy, were combined to create a novel super-resolution technique.40 To achieve the 

desired resolution, Polystyrene and TiO2 microspheres were trapped and manipulated on 

an LPSIM substrate, using optical tweezers. The LPSIM component of the apparatus 
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utilizes a 4f system where an excitation laser beam is aimed through two galvanometer 

scanning mirrors, a lens and a microscope objective. This laser illuminates a plasmonic 

substrate, causing the necessary excitation. The trapped microsphere is then used as a 

microlens to examine the laser enhanced specimen. A resolution of ~75 nm was realized 

with this technique. In 2020, microsphere based imaging within an enclosed microfluidic 

environment was successfully performed for the first time, using a laser manipulated 

polystyrene microsphere lens.41  The apparatus as Fig. 8(a) is composed of a microsphere 

based laser trapping system and a charge-coupled device (CCD) to collect images. A raster 

scanning pattern (Fig. 8(d) and Fig. 8(k)) was employed, and the gathered image tiles were 

stitched together to form a mosaic image as Fig. 8(b). provides an overview of the 

experimental setup utilized to execute imaging. A reference acquired through optical 

imaging as Fig. 8(c) was compared with microsphere enhanced images of the surface as 

Fig. 8(e)-(j). Imaging capabilities were successfully demonstrated on silver nanowires 

with a diameter of 90 nm using this technology. 
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Figure 8: Microsphere imaging via optical tweezer scanning method. (a) 
Schematic illustration of an optical tweezer scanning method-based microsphere imaging. 
A CW laser trapped a microsphere and performed the scanning process, and a CCD 
camera collects super-resolution images. (b) Schematic of electrodes imaging by the 
optical tweezer scanning. (c) Reference target optical image (d) Scanned mosaic images 
by six scanned images. (e-j) Various locations of microsphere imaging. (k) Motion path of 
the microsphere imaging driven by the optical trapping and scanning. 

1.5. Dissertation Outline 

In the remaining sections of this dissertation, I will discuss the development of 

several acoustofluidic scanning nanoscope. Chapter 2 will focus on the development of 

an acoustofluidic scanning nanoscope with high resolution and large field of view. I wrote 
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an article in ACS Nano that describes my initial acoustofluidic scanning nanoscope 

technology. Much of the text in Chapter 2 is reproduced and/or adopted from that 

publication. 

Chapter 3 of this dissertation focuses on the development of an acoustofluidic 

scanning nanoscope using enhanced image stacking and processing. This project, I was 

published in the journal Microsystems and Nanoengineering. Much of the text in Chapter 3 

is reproduced and/or adopted from that publication. 

Chapter 4 of this dissertation focuses on the development of an acoustofluidic 

scanning nanoscope via fluorescence amplification. At the time of writing of this 

dissertation, we are currently preparing a manuscript describing this technology. I hope 

to submit this manuscript for publication in summer of this year. 

Chapter 5 of this dissertation focuses on the other application of intelligent 

nanoscope for rapid nanomaterial identification and classification. I wrote an article in Lab 

on a chip that describes microsphere imaging with machine learning based nanomaterial 

classification. Much of the text in Chapter 5 is reproduced and/or adopted from that 

publication. 

Chapter 6 of this dissertation serves as a conclusion. Here, I discuss current issues 

regarding the acoustofluidic scanning nanoscope across review the current limitations of 

the technology and give suggestions for different direction of microsphere imaging. 

Moreover, I provide my perspective on the future development of acoustofluidic scanning 
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nanoscope and potential new applications. I discuss how the technologies developed in 

this dissertation can be improved and applied to new applications in nano imaging.  
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2. Acoustofluidic Scanning Nanoscope with High 
Resolution and Large Field of View 
Optical imaging with nanoscale resolution and a large field of view is highly 

desirable in many research areas. Unfortunately, it is challenging to achieve these two 

features simultaneously while using a conventional microscope. An objective lens with a 

low numerical aperture (NA) has a large field of view but poor resolution. In contrast, a 

high NA objective lens will have a higher resolution, but reduced field of view. In an effort 

to close the gap between these tradeoffs, we introduce an acoustofluidic scanning 

nanoscope (AS-nanoscope) that can simultaneously achieve high resolution with a large 

field of view. The AS-nanoscope relies on acoustofluidic assisted scanning of multiple 

micro-sized particles. A scanned 2D image is then compiled by processing the 

microparticle images using an automated big-data image algorithm. The AS-nanoscope 

has the potential to be integrated into a conventional microscope or could serve as a stand-

alone instrument for a wide range of applications where both high resolution and large 

field of view are required. 

2.1. Motivation 

The optical microscope - invented centuries ago - is a ubiquitous tool in many 

industrial and research settings due to its rapid and non-invasive imaging capability42, 43 

compared to higher-resolution imaging instruments, such as scanning electron 

microscopes (SEM),44, 45 atomic force microscopes (AFM),46 and transmission electron 

microscopes (TEM).47 A key element in a conventional optical microscope is the objective 
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lens, which plays the most important role in determining the resolving power of the 

imaging system and is generally expensive because of the complex stacks of lenses needed 

to correct various image aberrations. Despite its widespread usage in different fields, a 

conventional optical microscope lacks the ability to simultaneously realize high-

resolution imaging while also achieving a large field of view (FOV), features which are 

both highly desirable in many practical applications such as nanoscale metrology48-51 and 

bio-imaging.52, 53 Although the ability to achieve high-resolution imaging over a large FOV 

can be accomplished on a conventional optical microscope by mechanically scanning the 

desired area through the focus of a high numerical aperture (NA) objective lens, this 

process requires complex mechanical manipulators and auto-focusing features. Extensive 

work must be done to guarantee that the sample is always in focus as the stage moves, 

and a low speed is needed to maintain during the mechanical scan, adding to the 

complexity and cost of the technology and reducing the speed of analysis.  

  To address this critical issue, recent research into Fourier ptychography (FP) 

microscopes, which utilize illumination control and computational based post-imaging 

processing, have shown great potential to achieve both higher imaging resolution and a 

larger FOV while using a conventional optical microscope.54-63 With this platform, arrays 

of LED light sources are used to replace the light illumination in a convention optical 

microscope. LEDs are lit in sequence and a series of images are obtained at each LED 

illumination. The final, improved image is obtained from post-image processing by using 
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an iterative phase retrieval algorithm.64 As a comparison to traditional optical microscopy, 

a FP microscope with a 40×, 0.75 NA objective lens can generate an image with equivalent 

quality to that of an image from a 100×, 1.45 NA oil-immersion objective lens.65  

  The FP is known as an indirect imaging method because the sample’s spatial 

spectra are recorded on an imaging sensor and a complex algorithm has to be applied to 

recover the true image. An alternative way to achieve direct imaging with both high 

resolution and a large FOV is to replace the high-NA objective with superior imaging 

items. Micro-sized dielectric particles have proven to be a promising candidate for 

replacing the high-NA objectives in modified microscopy systems. In fact, recent research 

has extensively explored the super-resolution capability of dielectric microparticles.23, 30, 31, 

38, 40, 66-69 In these systems, dielectric microparticles are used as a ‘micro-lens,’ where the 

curvature of the bead serves to focus the light from the sample and amplify the imaging 

quality when used in combination with a lesser objective lens. For example, a lateral 

resolution better than 50 nm has been achieved when using microparticles as an imaging 

lens in combination with an 80×, 0.9 NA objective.25 Additionally, the imaging of plasmid 

DNA,70, 71 proteins,72 and molecular beacons73 with microparticles have all been 

demonstrated. Moreover, single cells have been trapped and scanned with optical 

tweezers for creating optical nanoscopes.74 A movable droplet as a microlens has also been 

demonstrated for subwavelength imaging.75 However, most of these imaging examples 
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are still limited to the small area around the focus of an individual microparticle, and a 

large FOV is hardly achievable when using a single microparticle. 

To address these shortcomings, we introduce an acoustofluidic scanning 

nanoscope (AS-nanoscope), which can achieve sub-diffraction-limit resolution and large 

FOV simultaneously. In the AS-nanoscope (Fig. 9(a)), acoustofluidic technology is used to 

scan multiple microparticles on a sample surface.76-99 Each microparticle serves as a high-

NA objective with a limited FOV (Fig. 9(b)). The final large-FOV image of the sample is 

obtained by numerically combining the super-resolution images from each particle. The 

AS-nanoscope has the following exceptional features: (1) super-resolution and large FOV 

(Equivalent resolution to a 20×, 0.45 NA lens achieved with a 10×, 0.30 NA lens in 

combination with our acoustofluidic system); (2) auto-focusing achieved by maintaining 

a constant working-distance from the surface topography of the sample (microparticles 

moving along the sample surface inherently maintain their position at the proper focal 

length); (3) direct imaging without complex phase retrieval algorithm (images are directly 

captured from each microparticle, and the assembled image is a numerically stitching of 

these photos, not an algorithmic generation). 
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Figure 9: Schematic of the acoustofluidic scanning nanoscope (AS-nanoscope). 
(a) Flexural acoustic waves are transmitted by the piezoelectric transducer for 
microparticle manipulation during the scanning process. Microparticles can achieve 
super-resolution effects to resolve nanometer-sized features. (b) 2D schematic of the 
super-resolution effect utilized in the acoustofluidic scanning nanoscope. 

2.2. Results and Discussion 

2.2.1. Characterization of Different Microparticles for the AS-
nanoscope 

  Super resolution can be achieved by imaging with a microparticle because of the 

so-called “photonic jet” effect of the microparticle.24, 100-103 This effect can provide a 

focused beam waist which is smaller than the diffraction limit of light, and can also enhance 

the backscattering of visible light. In order to develop our acoustofluidic scanning 

nanoscope, we first sought to determine the optical particle for leveraging the photonic jet 

effect to improve our resolution. To test the super-resolution imaging capability of different 

types of microparticles, we used a commercial Blu-ray disc with a 200 nm line width as 

the imaging target. Fig. 10(a) shows the scanning electron microscopy (SEM) image of the 

structures on the Blu-ray disc. Fig. 11 provides a relative size comparison of different 

imaging magnifications. The following microparticles were compared during testing: 
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polystyrene (PS) microparticles with diameters of 10 µm (PS-10) and 20 µm (PS-20); 

Barium titanate (BT) microparticles with diameters of 20 µm (BT-20) and 40 µm (BT-40). 

A mixture of all of these particles was diluted in deionized (DI) water (refractive index: 

1.33), and a small drop of the solution was placed on the Blu-ray disc surface. A glass 

coverslip was then placed on top of the solution to form a flat surface and prevent solution 

evaporation. Fig. 10(b) shows an optical image of the four types of particles, PS-10, PS-

20, BT-20, and BT-40 marked as (d), (e), (f), and (g) in Fig. 10(b), respectively. The image 

of the particles was taken on a conventional microscope with an objective lens (20×, 0.45 

NA) as schematically shown in Fig. 10(c). The parameter Z represents the focal height 

relative to the sample surface where the best image plane was achieved, as experimentally 

observed through the particle (Fig. 10(c)). The Z value changes with the image 

magnification of the microparticle, which is dependent on the size and refractive index of 

the microparticle. 

  The left panels in Fig. 10(d-g) show the optical images of the structures on the Blu-

ray disc that are captured using the four types of microparticles; the right panels show the 

simulated optical fields from the particles based on the finite-difference time-domain 

(FDTD) method.104, 105 The simulation clearly shows the photonic nanojet effect, wherein 

a plane wave is focused to sub-wavelength scales of nanojet waist (Fig. 12). Moreover, the 

resolution along a particular direction depends on the focal property of the microparticle in 

that particular direction. As an example, we have simulated the focus of a 2 µm PS bead 

along two orthogonal directions with a FDTD method as shown in the Fig. 13. These 

simulations indicated that the platform is capable of achieving super-resolution imaging of 
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structures which are oriented in multiple directions. Fig. 10(h) shows the line-profile of the 

four images as marked from the dashed lines in Fig. 10(d-g). Each line from Fig. 10(d) to 

(g) provides the quantified visibility of the resolution of the nanostructures imaged through 

the particles. The resolution of a microsphere is governed by the waist width of the photonic 

nanojet, which is further determined by the size and refractive index of the microsphere.25, 

31, 69 Resolutions down to 50-100 nm have previously been achieved using microspheres.25, 

31, 69 In our experiments, Ge nanoparticles with a diameter of 100 nm were successfully 

imaged through a PS-20 microparticle, as shown in the Fig. 14. The FOV of the AS-

nanoscope is dependent on the objective lens used. The higher the NA of an objective lens 

used, the smaller the FOV. Visibility is used to quantitatively evaluate the quality of the 

images as calculated using the following equation:   

𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 = (𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎 − 𝑰𝑰𝒎𝒎𝑽𝑽𝒎𝒎)
(𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎 + 𝑰𝑰𝒎𝒎𝑽𝑽𝒎𝒎)�  ,    ( 1 ) 

where 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 are the peak and trough intensity respectively. A visibility of 

0 and 1 correspond to the lowest and highest quality of imaging, respectively. The 

visibilities from the different images are 0.558, 0.589, 0.296, and 0.250 when using the PS-

10, PS-20, BT-20, and BT-40 particles, respectively. The visibility depends on several 

parameters including the type of light illumination, type of microparticle, and type of 

target sample. The PS-20 particle shows the highest visibility among these four particles; 

based on these results, we chose the PS-20 particle to be used in future experiments. 
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Figure 10: Optical analysis of different materials and sizes of microparticles 
used in the AS-nanoscope. (a) SEM image of the surface of a Blu-ray disc which has sub-
500 nm nanostructures. The scale bar is 1 μm. (b) Cropped photo of the particles of 
different size and material investigated for their photonic jet effect, as captured by a 20x 
microscope objective. (c) A visual explanation of Z parameter, which describes the focal 
distance between the substrate surface and virtual image plane. (d) Magnified 
nanostructure shape as captured through different microparticles at their optimal Z 
values (left). Simulation results of the electromagnetic radiation of an infinite circular 
cylinder based on a finite-difference time-domain method (right) for a (d) 10 μm PS (PS-
10) particle, (e) 20 μm PS (PS-20) particle, (f) 20 μm barium titanate (BT-20) solid glass 
particle, and (g) 40 μm BT (BT-40) particle, respectively. The scale bars are 10 μm. (h) Pixel 
line intensity profile comparing the particles from (d)-(g). In the graph, the center of each 
particle is represented by 0 μm. 
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Figure 11: Magnified images of Blu-ray disc surface are taken by different 
microscope objective and SEM. (a) Actual size comparison with a penny. (b) 5x, (c) 20x, 
and (d) 100x microscope images. (e) 6,000x SEM image. 

  

Figure 12: Analysis of super-resolution effects in different materials and sizes 
of microparticles. Line profile through the simulated focus and the Half-Width at Half 
Maximum (HWHM) value of (a-c) PS-10, (d-f) PS-20, (g-i) BT-20, and (j-l) BT-40, 
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respectively. The HWHM values indicate that the focused beam width is smaller than the 
wavelength of propagated illumination (532 nm). 

 

Figure 13: Simulation results of a 2 µm PS bead along two orthogonal 
directions with the FDTD method. A monochromatic 532 nm incident light was 
propagated along the positive z-axis. The polarization of the light is along the x 
direction. (a) and (b) shows the focus of the microparticle at two orthogonal planes (XZ 
and YZ plane). (c) and (d) show the line-plot cross the center of the focus of (a) and (b), 
respectively. The FWHM are 228 nm and 207 nm along the X and Y directions, 
respectively. Therefore, the resolution in the Y direction will be slightly better than that 
in the X direction. 

 

Figure 14: (a) SEM image of Ge nanoparticles. (b) 100 nm Ge nanoparticles 
imaging through a PS-20 microsphere with a 100x/0.9 NA objective lens. (c) and (d) 
optical images in the area marked with a red box in Fig. 14(b). 
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2.2.2. The Effect of Different Objectives on Imaging Performance 

Having determined that the PS-20 particle provides the highest visibility, we 

explored the imaging capabilities when combining the particles with objective lenses of 

different magnification and NA. Fig. 15(a) through Fig. 15(d) show the images of the Blu-

ray disc that have been imaged through a PS-20 particle under four different objectives – 

(5x, NA=0.15, FOV=4.4 mm), (10x, NA=0.30, FOV=2.2 mm), (20x, NA=0.45, FOV=1.1 mm), 

and (50x, NA=0.80, FOV=0.44 mm), respectively. The PS-20 particle is placed on the 

boundary of the Blu-ray disc nanostructures, such that nanostructures are present under 

the right half of the spherical particle, and no nanostructures are present under the left 

half of the particle. Fig. 15(e-h) shows the line-profiles of the optical images as marked 

with red and blue dashed lines. The red dashed lines pass through the images from the 

PS-20 particle (Z = 7.5 μm), while the blue dashed line passes through the images that are 

directly imaged with the objective lenses (Z = 0 μm). The fine nanostructures can be 

resolved by imaging through the PS-20 particle with a 10x or 20x objective lens (visibility 

of 0.600 and 0.649 for the 10x and 20x objective lenses, respectively). However, these 

features cannot be resolved when only using the objective lenses. The nanostructures can 

be resolved when solely using a 50x objective lens with a visibility of 0.159, but the 

presence of the PS-20 particle can further improve the visibility to 0.426. The fine 

nanostructures of the Blu-ray disk cannot be resolved with the 5x objective lens even with 

the presence of the PS-20 particle. Results for the visibility achieved using each imaging 
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combination are provided in Table 1. From these results, it is obvious that combining a 

PS-20 particle with either a 10x (FOV=2.2 mm) or 20x (FOV=1.1 mm) objective lens allows 

us to achieve both a large FOV as well as higher resolutions that cannot be realized with 

an objective lens in isolation. Moreover, the overall depth of field (DOF) of the AS-

nanoscope is still limited to the DOF of the objective lens. A larger depth of field will 

guarantee all the images from the microparticles are still in focus. Due to the effects of 

gravity acting on the microsphere, the microsphere is expected to automatically follow 

the curvature of a sample surface as it is moved. A rough sample surface consisting of 100 

nm Ge nanoparticles was successfully imaged from two separate PS-20 at two different 

positions, as shown in the Fig. 14. 

Table 1: Comparison of visibility values when observing nanostructures on a 
Blu-ray disc as viewed through a PS-20 microparticle with different magnifications of 

the microscope objective. Comparative values of the objective lens without 
microparticles are also provided. 

 5x 10x 20x 50x 

With PS-20 0.439 0.600 0.649 0.426 

Without PS-20 0.058 0.088 0.128 0.159 
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Figure 15: Comparison of optical resolutions of nanostructures on a Blu-ray disc 
when using a PS-20 microparticle with different magnifications of the microscope 
objective. (a) PS-20 microparticle (top) on a Blu-ray disc in the same region of interest but 
at a different Z value as the image taken with just the objective lens (bottom). The 
nanostructure is best focused through the microparticle when Z is 7.5 μm (top), and 
focused without the microparticle when Z is 0 μm (bottom) for the 5x microscope objective. 
(b) 10x, (c) 20x, (d) 50x objective imaging results respectively. (e) Line plot profile of the 
nanostructures captured at different focal distances (i) through the microparticle and (ii) 
without the microparticle using a 5x objective. (f) 10x, (g) 20x, (h) 50x objective imaging 
results, respectively. 

2.2.3. The Effect of Illumination on the Imaging Quality 

Illumination can play an important role in determining the overall imaging quality 

when using an optical microscope. Thus, we experimented with two different types of 

illumination (transmission mode and reflection mode) to determine the optimal method 
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for improving imaging performance. In the transmission mode, the illuminating light is 

first transmitted through the nanostructures and then passes through the PS-20 particle 

and exits through the 10x objective lens. In the reflection mode, the illuminating light first 

passes through the 10x objective lens, and then through the PS-20 particle. The light is 

then reflected off of the sample, and collected by the same PS-20 particle before returning 

to the 10x objective lens. Fig. 16(a) and 16(b) show optical images of the same 

nanostructures that have been imaged through a PS-20 particle with a 10x objective lens 

in the transmission and reflection illumination modes, respectively. Because the Blu-ray 

disk does not transmit green light, a grating pattern consisting of 800 nm wide chrome 

lines on a glass substrate (Micro Lithography Services Ltd, UK) were used for the 

experiments in this section. Under the same experimental condition, improved imaging 

quality is obtained when using the transmission mode, as seen by comparing Fig. 16(a) 

and Fig. 16(b), and as shown in the line-profile in Fig. 16(c). The red and blue dotted lines 

show the line-profiles from the images shown in Fig. 16(a) and (b), as marked by the red 

and blue dashed lines, respectively. The same result is observed in the use of a 20x 

objective lens as shown in Fig. 16(d) and (e); these images show the corresponding images 

generated when using the transmission and reflection modes to analyze the same 

nanostructure with a 20x objective lens. Fig. 16(f) shows the line-profile from the images 

shown in Fig. 16(d) and (e) as marked by the red and blue dashed lines, respectively.  In 

both cases, the images in transmission modes have a higher visibility (0.684-10x and 0.664-
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20x) than that of the reflection mode (0.182-10x and 0.356-20x). This phenomenon is likely 

caused by the fact that the double-light passing through the PS-20 particle in the reflection 

mode produces larger aberrations than that of a single-light passing through the particle 

in the transmission mode as shown Fig. 17. 

 

Figure 16: Resolution comparison between transmitted light and reflected light 
passing through the microparticles using 10x and 20x microscope objectives. 800 nm 
chrome grating patterns are resolved using PS-20 microparticles and (a) transmitted light 
or (b) reflected light with a 10x microscope objective. (c) Line plot profiles of the 800 nm 
chrome grating patterns extracted when using transmitted light (i) or reflected light (ii). 
(d), (e), (f) Same comparison using a 20x microscope objective. 
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Figure 17: Schematic explanation of two different light illuminations. Black 
arrow shows a light pathway from a source, and red arrow shows a light pathway after 
through microparticle. (a) Reflected light illumination is passing through microparticle 
two times. (b) Transmitted light illumination is passing through microparticle once. 
Optical image of an 800 nm chrome grating with an 100x NA 0.9 objective lens in (c) the 
reflection mode and (d) the transmission mode, respectively. 

2.2.4. Acoustofluidic Scanning System 

 Even though a static PS-20 particle can be used to significantly improve the 

resolution of a conventional microscope, its maximum FOV is limited to the physical 

diameter of the microparticle. To overcome this limitation, we designed an acoustofluidic 

scanning system that allows us to simultaneously scan multiple PS-20 particles across a 

2.2 mm FOV size with a 10x objective lens; the combination of the microparticles with the 

10x objective achieves the same FOV as the standard 10x objective, but offers the same 
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resolution as a 20x objective. We use the acoustofluidic device to translate the particles 

and capture high-resolution images of the entire FOV without moving the objective, as 

opposed to requiring manual FOV manipulation or integrating a costly automated 

mechanical scanning device. It should be noted that other methods, such as 

hydrodynamic forces, could also be used to move the microparticles for scanning. 

Acoustic waves were chosen in this work because it is convenient to load the 

microparticles onto the sample and integrate the acoustic transducer for programmable 

and real-time particle manipulation. The acoustofluidic scanning device (Fig.18 b, top) 

utilizes a low-cost (~$1) piezoelectric transducer that is bonded on the top surface of a 

glass coverslip to generate flexural mode acoustic waves in the coverslip. The target 

sample to be imaged is placed under the bottom surface of the coverslip, with a thin fluid 

layer with microparticles being contained between them, as shown in Fig. 9. The excitation 

voltage signal for the piezoelectric transducer, which is generated by a function generator 

(AFG 3011, Tektronix), contains sine waves in a burst mode with a duty cycle of 50% and 

a burst rate of 0.5 Hz, as shown in Fig. 18(a). Upon excitation, the acoustofluidic scanning 

device can generate flexural mode acoustic waves in the glass coverslip; the wave energy 

further transmits into the fluid layer under the bottom surface of the coverslip to push the 

microparticles forward along the wave propagation direction. The three optical images 

from (i) to (iii) in Fig. 18(a) show that a PS-20 particle (marked in a white circle) is pushed 

away by the acoustic wave every two seconds.  



 

42 

  To visualize the acoustic waves generated by the acoustofluidic device, 

simulations are performed using the finite element software COMSOL Multiphysics (see 

Method section). The finite element model is built using the piezoelectric multiphysics, 

solid mechanics, and electrostatics modules. Using a time-domain study, we are able to 

visualize the acoustic waves that are generated by the piezoelectric transducer which are 

transmitted into the fluid layer between the glass coverslip and the target sample to be 

imaged. Fig. 18(b, bottom) shows the simulated wavefield on the glass coverslip layer; it 

can be seen that the generated waves propagate away from the transducer where they 

cause streaming in the fluid beneath the coverslip, which moves the PS-20 particles for the 

scanning process. 

To investigate the scanning efficiency, we experimentally characterized the 

particle-moving ratio, which is defined as the number of moving particles divided by the 

total number of particles per activation period (period of the burst) of the transducer. In 

this experiment, PS-20 particles in DI water are added between the glass cover slip and 

the target sample to be imaged. The excitation voltage for the piezoelectric transducer is 

kept at 3 VPP, while the frequency of the excitation sine signal is swept from 100 Hz to 4 

kHz with an increment of 100 Hz. The number of particles that move under influence from 

the acoustic wave are imaged and counted with a 10x objective lens. The experiment is 

repeated 3 times in the same experimental condition. Recorded image frames were 

processed by using the ImageJ software. Fig. 18(c) plots the particle ratio with respect to 
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the excitation frequency, showing that the highest particle-moving ratio of 93% can be 

achieved at 2.1 kHz. Fig. 18(d) shows a stacked image acquired during the moving of the 

PS-20 particles. The stacked image shows that most of the particles move in the same 

direction as the propagation direction of the acoustic wave. Although a higher flow speed 

and a denser particle loading can lead to increased imaging speed, these factors may also 

lead to image blurring and particle overlapping. Therefore, a trade-off has to be made 

between the imaging speed and the flow speed and particle density.  

 

Figure 18: Acoustofluidic particle manipulation. (a, top) Illustration of the burst 
mode excitation with a duty cycle of 50% and a burst period of 2 secs. (a, bottom) Time-
lapse images acquired every 2 secs after the completion of each burst. (b, top) Schematic 
figure of the acoustofluidic device composed of a circular piezoelectric transducer bonded 
onto a glass coverslip. (b, bottom) COMSOL simulation result of the acoustic field in the 
coverslip. Waves propagate out from the transducer, pushing particles in the fluid domain. 
(c) Relationship between moving particle ratio and excitation frequency under a 3 VPP 
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amplitude excitation. (d) Stacked image of PS-20 particle movement. The imaging area 
corresponds to the blue box area in (b). The scale bar is 300 μm. 

2.2.5. Image Processing when Using the AS-nanoscope 

 Using moving microparticles, a series of nanoscale-resolution images 

corresponding to different positions of particles can be acquired; moving the 

microparticles ensures that a high-resolution image of each area within the FOV can be 

obtained. Stitching all of the acquired images together generates a high-resolution image 

over a large FOV. To experimentally demonstrate the capability of the AS-nanoscope, a 

target sample with the word “DUKE” was fabricated on a glass mask with 800 nm wide 

chrome grating lines and 800 nm spaces between adjacent features. A video was captured 

on a normal color CCD camera as the letter “DUKE” is imaged with the moving PS-20 

particles and a 10x objective. A MATLAB image-processing tool was developed to process 

the images in the video and to form the final image with a high resolution and large FOV. 

The image-processing tool includes two parts: (1) particle recognition and position 

identification; and (2) recursive image merging. First, we developed a particle recognition 

algorithm which includes particle locating, cropping, and pasting, as demonstrated in the 

left panel of Fig. 19(a). At the same time, the central positions of each particle (x, y) relative 

to the imaging sample are automatically retrieved, which will be used during the image 

merging process. Microparticle images are pasted into the final image by specific αx and 

αy coordination. α=γ⁄(β=) 1.52 is the magnification factor that is obtained from the pitch 

ratio between the real image and virtual image as shown in the right panel of Fig. 19(a). 
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Second, we designed a recursive image merging algorithm that can merge the scanned 

images captured through the microparticles. In the left panel of Fig. 19(b), red arrows 

show trajectories of six PS-20 particles. The final merged image from the six moving PS-

20 particles are formed by applying the recursive image merging algorithm as shown in 

the right panel of Fig. 19(b). For this merged image, 100 image frames were processed. Fig. 

19(c) represents the image construction process of the letter “D” as the number of frames 

increases from 5 to 1,000; as more frames are used to form the merged image, a 

successively more complete letter is formed. The top and bottom rows of Fig. 19(d) show 

the scanned images of the word “DUKE” based on our acoustofluidic method, and using 

a 10x objective in isolation, respectfully. Each image generated with the acoustofluidic 

method consists of 3,500 image frames, which covers 99% of the imaged area (Table 2). 

The image in the red boxes (i) and (ii) of Fig. 19(d) provide close-ups of parts of the letter 

“K”. The fine detail of the letter is well resolved when using the acoustofluidic method, 

as opposed to boxes (iii) and (iv) which provide images from the 10x objective lens. In this 

experiment, the PS-20 particles in combination with the 10x objective lens (NA=0.3, 

visibility of 0.682) have a resolving power similar to a 20x objective lens (NA=0.45, 

visibility of 0.664), but has much larger FOV than that of a 20x objective lens. The FOV of 

the AS-nanoscope is only limited by the field view of the 10x objective lens, which is 2 

times larger than the 20x objective lens as shown as Fig. 20. 
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Figure 19: Image processing procedure for automatic 2D scanning through 
acoustofluidic microparticle manipulation. (a-ii) Selective microparticle image cropping 
and pasting by using a circle finding procedure in MATLAB. Microparticles are searched 
by (ii) an automated circle finding algorithm and pasted into (iii) a final result image based 
on their α value. The α value is determined by a ratio between real image intensity and 
virtual image intensity as shown in the right side of the figure. (b) By using a circle finding 
function, a 2D line grating image is generated by following a microparticle’s movement. 
(c) Scanned letter “D” images generated with different numbers of image frames from 5 
to 1000. (d) (top) Scanned 2D images of the word “DUKE” using PS-20 microparticles and 
a 10x microscope objective; (bottom) 10x microscope objective photo of the same word. 
Red boxes (i) and (ii) show magnified images in scanned letter “K”, and red boxes (iii) and 
(iv) show the same region of interest captured with a 10x microscopic objective. The scale 
bar is 50 μm, and red box size is 10x10 μm. 
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Figure 20: Comparison of optical resolutions of 800 nm chrome grating patterns 
of letter “K”. (a) Image taken by a 10x objective lens. (b) Scanned image by 10x objective 
with PS-20 microparticles. (c) Image taken by a 20x objective lens. (d) Plot profile and 
visibility value of red box (i) from 10x objective imaging. (e) Plot profile and visibility 
value of red box (ii) from 10x objective with PS-20 microparticle scanned image. (f) Plot 
profile and visibility value of red box (iii) from 20x objective. 

Table 2: The percentage of the FOV imaged versus the number of imaging 
frames and processing time. 

Frames 5 10 20 50 100 200 500 1000 3500 

FOV (%) 2.87 4.40 7.18 13.25 22.24 38.07 62.69 83.58 99.23 

Time (min) 0.40 0.79 1.72 4.06 7.69 15.42 38.18 80.02 284.08 
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2.3. Materials and Methods 

Simulation for photonic nanojets. Propagation of near field electromagnetic 

wave was simulated by using finite-difference time-domain method. Monochromatic 

incident light with 532 nm was propagated along the positive x-axis. Cylindrical model 

for microparticle with refractive index (PS: 1.6, BT: 2.2) in different radius and 

surrounding medium with refractive index (Water: 1.33) were applied. 

Device fabrication and experimental setup. An acoustic transducer (AB2720B-

LW100-R, PUI Audio, Inc., USA) is bonded by epoxy (PermaPoxyTM 5 Minute General 

Purpose, Permatex, USA) onto a cover glass slide (24x60 mm No.0-3223, Erie Scientific 

LLC., USA). Microparticles are mixed with deionized water and drop cast to the sample 

surface. During the experiment, the volume of the microparticle solution was fixed to 20 

μl to keep the consistency of the height of the water channel between the sample and cover 

glass. The sample is placed on an upright microscope (Eclipse LV100, Nikon, Japan). To 

minimize chromatic aberration, colored glass bandpass filter (FGV9 - Ø25 mm VG9, 

Thorlabs, USA) was used for the light illumination. 

Microparticle preparation. To verify the super-resolution performance by the 

microparticle in different refractive indices, we choose polystyrene (PS, refractive 

index:1.6, Sigma-Aldrich, USA) and barium titanate (BT, refractive index: 2.2, Cospheric, 

USA) microparticles in different sizes: 10 μm PS, 20 μm PS, 20 μm BT, and 40 μm BT, 

respectively. The microparticles are diluted before drop cast on the sample. 
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Simulation of acoustic streaming. In order to better understand the acoustic 

streaming occurring beneath the glass slide, a detailed model of the acoustofluidic device 

was created in Comsol Multiphysics® (version 5.3). The model incorporated the glass 

coverslip, epoxy bonding layer, and dual layer transducer (brass base and piezoelectric 

disc) to increase the similarity between experimental and numerical setups. Material 

properties were applied to different components using the materials library in Comsol. A 

time domain study was used to visualize the transducer excitation and subsequent waves 

generated in the glass coverslip. Utilizing the electrostatics module, a 2 kHz, 1 Volt 

oscillatory signal was applied to the transducer. The piezoelectric multiphysics module 

coupled the electrostatic solution with the solid mechanics module. A low reflection 

boundary layer condition was applied to either end of the glass slide, which we found to 

produce a vibration profile that was qualitatively consistent with previous experimental 

findings and sufficient for understanding the acoustic streaming within the device. 

SEM imaging of nanopattern. To verify the nanopattern on Blu-ray disc, we 

used scanning electron microscope (Hitachi TM3030 Plus Tabletop, Japan). Before the 

experiment, we uncovered protection firm from the Blu-ray disc and take a SEM image 

with 6,000x magnification.  
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3. Acoustofluidic Scanning Nanoscope Using 
Enhanced Image Stacking and Processing 
In this work, we demonstrated the enhanced large-field-of-view imaging of an 

acoustofluidic nanoscope with a dual-camera configuration and a seamless image 

merging algorithm (alpha blending process), which can enhance the resolution and 

enlarge the field of view of a conventional optical microscope. Acoustically driven 

microspheres on the target sample surface could provide not only super-resolution 

images by the photonic nanojet effect but also 2D scanned images by compiling the traces 

of the microsphere movements. The enhanced dual-camera imaging acoustofluidic 

nanoscope achieved high resolution with large-field-of-view imaging with 55 times fewer 

image frames. Moreover, the dual-camera configuration delivered precise microsphere 

tracking, which showed clear scanned image boundaries by the alpha blending technique. 

This increase in scanning performance and data imaging time could extend the 

acoustofluidic nanoscope applications to rapidly image and identify dynamic biological 

systems. 

3.1. Motivation 

Optical microscopy has become an indispensable tool in the fields of biology, 

medicine, chemistry, and physics due to its rapid and noninvasive imaging capabilities.42, 

43 However, the diffraction limit of light from a conventional microscope places an upper 

limit on its maximum resolution.4, 106 In addition, the field of view of a conventional 

microscope is typically inversely proportional to its resolution. In other words, higher 
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resolution imaging is obtained at a reduced field of view, and larger field-of-view imaging 

is achieved at a lower optical resolution. Various imaging technologies have been 

developed to increase the optical resolution beyond the diffraction limit, such as stochastic 

optical reconstruction microscopy (STORM),14, 16, 107 photoactivated localization 

microscopy (PALM),108-110 stimulated emission depletion (STED) imaging,13, 111, 112 

structured illumination microscopy (SIM),9, 113, 114 and nanospeckle illumination 

microscopy (NanoSIM).7, 115 However, the inverse relationship between optical resolution 

and the field of view still exists in these advanced microscope systems, and these systems 

are limited by complex optical setups or by relying on fluorescent labeling. 

To break the diffraction limit of light without using fluorescent labeling, optical 

imaging with the help of a dielectric microsphere has become a viable solution due to the 

so-called photonic nanojet effect from the microsphere. The photonic nanojet effect is 

affected by both the microsphere diameter and the refractive index of the microsphere.24, 

100-103 Essentially, microspheres of a certain size and refractive index can enhance optical 

imaging to overcome the light diffraction limit. Therefore, a microsphere can be directly 

placed over the target specimen and act as a super-resolution  lens to amplify and increase 

the resolution of an optical image from a conventional microscope.23, 26, 30, 31, 40, 70, 71, 74, 116 An 

optical resolution as small as 50 nm has been demonstrated with this method.25 The easy-

to-implement nature of this method makes it an attractive and affordable way to boost the 

resolution of a conventional microscope.117 However, the superior resolution of this 
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method is achieved at a significantly reduced field of view, which is essentially reduced 

to the size of the microsphere. Although the field of view can be potentially increased by 

attaching a microsphere to an atomic force microscope (AFM) cantilever to scan the 

sample surface,32 the mechanical scanning of an AFM cantilever renders the imaging 

process slow and sensitive to outside vibrations. 

Recently, we demonstrated a single-camera acoustofluidic scanning nanoscope to 

overcome the aforementioned limitations.118 In this method, multiple microspheres are 

simultaneously driven by acoustic forces to scan a target sample.78, 83, 96, 119-135 The super-

resolution  image from each microsphere can be merged together to generate a large field 

of view. The accurate determination of the microsphere position plays an important role 

in the imaging process, where a circle-finding algorithm is applied to locate the 

microspheres. However, the accuracy of the circle-finding algorithm depends on the 

image quality of the microspheres, which is blurred when the imaging system focuses on 

the sample. The blurred image of the microspheres therefore introduces errors in 

determining the particle position and leads to a deteriorated image quality and reduced 

field of view. 

To overcome this limitation, we introduce a dual-camera acoustofluidic scanning 

nanoscope with a seamless image merging algorithm (alpha blending process) to 

significantly improve the image quality. Compared to a single-camera acoustofluidic 

scanning nanoscope, the dual-camera configuration with an automated alpha-blending 
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image processing algorithm significantly improves the imaging process as follows: (1) the 

dual-camera configuration reduces the required images to form a large field of view by 

more than 55-fold compared to the single-camera configuration, which equates to an ~60-

fold reduced image processing time; (2) the dual-camera configuration significantly 

improves the microsphere tracking accuracy, as both the sample and the microspheres 

can be precisely imaged simultaneously on the dual cameras. In contrast, the single-

camera configuration can only precisely image the sample. (3) The dual-camera 

configuration also allows us to improve the image quality of the sample by applying an 

automated alpha-blending image processing algorithm.  

3.2. Results and Discussion 

3.2.1. Configuration of the Dual-camera Acoustofluidic Nanoscope 

Fig. 21(a) shows the configuration of the dual-camera acoustofluidic nanoscope 

system. The system is built on top of an upright Nikon microscope. A 20x objective lens 

(NA=0.5) is used for imaging because it can acquire the target sample resolution while 

maintaining the largest field of view. Two cameras (CMOS cameras #1 and #2) are 

mounted at two separate imaging ports, as shown in Fig. 21(a). A 50:50 beam splitter is 

inserted into the system to route the light into the two cameras. The positions of the two 

cameras are adjusted so that camera #1 images the microsphere while camera #2 images 

the sample. Therefore, the dual-camera configuration allows us to clearly image both the 

microspheres (Panel (i) in Fig. 21(b)) and the sample (panel (ii) in Fig. 21(b)) 
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simultaneously. Here, a sample consisting of 125 gratings with a line-to-line distance of 

800 nm is used for the experiment. Microspheres with a diameter of 20 μm were placed 

on the sample and imaged through the microspheres with a 20x objective lens. Panel (i) of 

Fig. 21b shows the image plane of camera #1 focused on the microsphere. Focusing on the 

microspheres clearly outlines the microsphere boundaries and enables accurate tracking 

of the microspheres with the circle-finding algorithm. Panel (ii) of Fig. 21(b) shows the 

image plane of camera #2 focused on the magnified virtual image of the sample. Focusing 

on the sample clearly images the line structure of the sample. However, focusing on the 

sample also blurs the boundary of the microspheres. This is what typically occurs in a 

single-camera imaging configuration (with only camera #2), which makes it difficult to 

accurately track the microsphere. The dual-camera configuration allows us to find and 

track the microspheres more precisely; therefore, it can more efficiently preserve both the 

moving location of the particles and the image quality of the magnified area of interest 

than the single-camera configuration. In contrast, in the single-camera configuration, the 

number of microspheres that can be tracked on the sample surface is restricted due to the 

blurred image of the microspheres. Fig. 21(c) shows a schematic configuration of an 

acoustofluidic device manipulating the movements of the microspheres. The 

acoustofluidic device is fabricated by a circular shaped piezoelectric transducer with a 

glass cover slip. A diluted solution of microspheres with deionized water is placed onto 

the sample surface and covered by the fabricated device, as shown in Fig. 21(c). A circular 
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shape piezoelectric transducer bonded onto a cover glass was used. Induced acoustic 

waves from the acoustofluidic device generate acoustic pressure inside the water channel 

so that microspheres are pushed to scan the sample surface. 

 

Figure 21: Schematic figure of the dual-camera acoustofludic nanoscope. (a) A 
50:50 beam splitter delivered two image planes with two different focal points. A 
transmitted white light source with a green bandpass filter delivered illumination with 
minimized chromatic aberration. (b) Schematic and experimental result of the dual-
camera imaging planes: (i) Camera #1 focused at the center height of microspheres, as 
shown by the pink focal point, (ii) Camera #2 focused on the virtual image plane, as shown 
by the yellow focal point. Each scale bar is 5 μm. (c) Schematic figure of the acoustofluidic 
nanoscope device. A circular-shape piezoelectric transducer is bonded onto a glass cover 
slip. Induced acoustic energy pushed microspheres to scan the sample surface. 

3.2.2. Acoustofluidic Scanning of Microspheres 

To obtain a large field of view of the sample, we utilized an acoustofluidic 

scanning method to manipulate the microspheres so that each area of the sample could be 

imaged by the microspheres. A circular shaped piezoelectric transducer was bonded onto 
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a 150 μm-thick glass coverslip to actuate acoustic waves, as shown in the left panel of Fig. 

22(a). Device fabrication is further described in the experimental section. We first 

optimized the location of the effective scanning area by mathematically simulating the 

device with the corresponding environment. The simulated acoustic energy distribution 

on the surface of a glass at a frequency of 2.1 kHz is shown in the middle panel of Fig. 

22(a). The simulated acoustic pressure in the water above the glass is shown in the right 

panel of Fig. 22(a). From this simulation result, we selected the area of interest for particle 

manipulation, as shown in the small orange box in the right panel of Fig. 22(a). The 

imaging area of the orange box was selected to be near the transducer without 

overlapping it. As per the simulation result in the right panel of Fig. 22(a), microspheres 

could be manipulated over a large area (3,620 × 3,620 μm) across the high and low acoustic 

pressure areas in the simulation results. Within the enlarged orange box, the acoustic 

pressure created a near uniform travel direction (white arrows) for the particles to 

translate when the standing acoustic wave was applied. Fig. 22(b) shows the stacked 

images of the movement of the particles when we applied a sine wave with a burst mode 

of 0.2 second intervals to the piezoelectric transducer. The input frequency was set to the 

transducer resonance frequency of 2.1 kHz, and the amplitude was optimized for the most 

efficient scanning performance. We swept the amplitude from 0.5 to 5.5 peak-to-peak 

voltage (VPP), and the particle movements were measured by the TrackMate function in 

ImageJ software and are depicted in the graph of Fig. 22(c). We selected 100 moving 
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particles in each amplitude experiment and averaged the total moving distance. The error 

bars in the graph indicate the standard deviation of particle movement. From this 

experiment, we found that at an amplitude higher than 4.0 VPP, the microspheres started 

to float, thereby preventing an efficient scanning process as shown as Fig. 23. Thus, we 

selected an amplitude of 4 VPP to drive the microspheres a distance of 7±0.45 μm for the 

0.2 second interval without floating.  

 

Figure 22: Acoustofluidic particle manipulation for 2D scanning. (a, left) 
Schematic of the acoustofluidic device consisting of a circular shaped piezoelectric 
transducer with a glass coverslip. (a, middle) Simulation result of the acoustic pressure on 
the bottom surface of the acoustofluidic device. (a, right) Simulation result of the acoustic 
pressure within the water medium below the glass. The small orange box indicates the 
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formation of an acoustic streaming point to uniformly push the microspheres. (b) 
Microsphere particle movement as a function of input acoustic amplitude applied with a 
2.1 kHz wave at a 0.2 second burst interval. The scale bar is 20 μm. (c) Particle 
displacement distance with a given applied amplitude. At an amplitude of 4.5 VPP and 
higher (orange area), microspheres were observed to float in suspension. N=100 tracked 
particles, and the error bars represent the standard deviation. 

 

Figure 23: Microspheres floating when a voltage higher than 4 VPP is applied 
from a function generator. (a) 4.5 VPP, (b) 5.0 VPP and (c) 5.5 VPP. Scale bar is 20 μm. 

3.2.3. Enhanced Image Tracking using Dual-camera Imaging 

The microspheres allow us to obtain a well-resolved and magnified image of the 

sample that would not be possible without the microspheres, as shown in Fig. 21(b). 

Together with the acoustofluidic scanning method discussed above, a large field-of-view 

image can be obtained by scanning the microspheres across the area of interest of the 

sample. The dual-camera configuration shown in Fig. 21(a) allows us to accurately track 

the position of each microsphere and sample image. To perform the scanning process, we 

collected images of both the sample and the microspheres. Camera #2 records clear images 

of the sample through the microspheres, while camera #1 records clear images of 

corresponding microspheres appearing in the field of view of Camera #1, as shown in 

Figure 1(b). A circle-finding algorithm is applied to the images of the microspheres 

recorded on camera #1 to determine the central position of each microsphere (x- and y-
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coordinate pixel values). The radius of each microsphere can also be obtained in this 

process. The central position and the radius of each microsphere on the image of camera 

#1 can be replicated to the corresponding sample images in camera #2 by taking into 

account a magnification factor. The magnification factor is determined to be 0.984 by 

calibrating the two cameras from the known pitch of the sample.  

3.2.4. Seamless Image Merging with Alpha Blending 

The images from each microsphere have to merge together to form a large field-

of-view image. The image from each microsphere is cropped and overlayed together 

according to their central positions. An alpha blending technique, which is frequently 

used within the image processing field,57-59 is applied to smooth the boundary between 

two adjacent images. We integrated this method into our dual-camera acoustofluidic 

system by applying the alpha blending technique to a scanned area of the sample from a 

microsphere, as shown in Figure 3(a). Figure 3(b) shows the comparison of the final 

images with different types of imaging and merging methods. Panel (i) of Figure 3(b) 

shows that the grating sample could not be resolved when we used a 10x objective lens 

without microspheres. A 10x objective lens was utilized to demonstrate the change more 

effectively in enhanced resolution with the microspheres. For example, in panels (ii) to 

(iv), we can resolve the grating lines when applying the microsphere imaging method. In 

panel (ii) of Figure 3(b), a single-camera imaging method was applied without the alpha 

blending method and shows a merged scanned image that is not accurately aligned. The 
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reason for this misalignment is that the circle finding algorithm in the single-camera image 

is slightly malfunctioned since the circles have unclear boundary edges. In Panel (iii) of 

Figure 3(b), the alpha blending applied single-camera image method shows a much 

smoother image but still shows a slightly misaligned result. In contrast, the dual-camera 

acoustofluidic nanoscope with an applied alpha blending technique delivered a finely 

aligned, clear scanned image in Panel (iv) of Figure 3(b). Although there are still some 

imperfections in the image quality and a higher image frame rate could be applied to 

average a higher number of images to provide a clearer image, by applying the alpha 

blending technique, the target sample can be clearly imaged with the minimal number of 

frames. 

 

Figure 24: Seamless image merging algorithm. (a) Alpha blending process in two 
different positions of the sample. After the alpha blending process, the overlapped edge 
boundary is much smoother. (b) Image quality comparison utilizing different imaging 
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methods with alpha blending in an 800 nm grating line’s structure sample. (i) Optical 
image without microspheres with a 10x objective lens could not resolve the sample. (ii) 
Microsphere imaging with a single-camera acoustofluidic nanoscope without alpha 
blending. (iii) Microsphere imaging with a single-camera acoustofluidic nanoscope with 
alpha blending. (iv) Microsphere imaging with a dual-camera acoustofluidic nanoscope 
with alpha blending showed a clear scanned image of the sample. 

3.2.5. Enhanced Imaging with a Large Field of View 

A clear image with a large field of view can be readily obtained by combining 

precise image tracking via the dual-camera configuration and smooth image merging via 

alpha blending. We also found that this method saves data collection time and processing 

time by 55 times compared to that with a single-camera configuration due to the enhanced 

pixel contrast of the microsphere edge for rapid identification of the microsphere location, 

thereby increasing the number of magnified images attained from each individual 

microsphere. To verify the scanning performance, we prepared a chrome–glass mask with 

the letters ‘DUKE’ that consists of 800 nm pitch and width grating lines. As depicted in 

Fig. 25(a), the microsphere location is better preserved with the dual-camera configuration. 

The dual-camera acoustofluidic nanoscope allows us to precisely track the position of all 

the images in the field of view. In contrast, single-camera acoustofluidic imaging can only 

track 87% of images of the sample. We evaluated the scanning performance of the dual-

camera and single-camera imaging configurations, as shown in Fig. 25(b). Here, the 

scanning performance is defined as the percentage of the area scanned of the field of view 

by the microsphere images. The result of the single-camera imaging method in Fig. 25(b) 

was calculated from the result of the previous acoustofluidic nanoscope, which utilized a 
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single-camera-based scanning method.36 Less than 20% of the field of view was scanned 

from 50 images of the sample in the previous single-camera imaging method. On the other 

hand, 99% of the field of view was scanned from 50 images of the sample in the dual-

camera configuration. Fig. 25(c) shows how the scanned letter “K” was generated with the 

increase in image frames. It took 50 image frames and approximately 10 seconds to scan 

99% of the 200 × 200 μm area for the letter “K”. The 50 image frames were processed by a 

Python script within 60 seconds to form the final scanned image. Fig. 25(d) shows the final 

image for the four letters “DUKE” processed with this method. Each processed image 

started with approximately 150 microspheres. The dual-camera configuration is ~55 times 

more efficient than the single-camera configuration. The efficiency is calculated by the 

ratio between the required number of images to scan 99% of the field of view in the single-

camera (3,500 images) and dual-camera methods (63.75 on average images in 4 letters). 
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Table 3 compares the resolution and field of view of the enhanced acoustofluidic scanning 

nanoscope system and other super-resolution imaging systems. 

 

Figure 25: 2D scanned images by single-camera and dual-camera acoustofluidic 
scanning nanoscopes. (a) Image tracking result comparison between single-camera 
imaging and the dual-camera imaging methods. Collected information (x-, y-coordinates, 
radius, magnification factor) from the image of camera #1 was applied to the image of 
camera #2. The red missing area was detected when the single-camera imaging method 
was applied. (b) The scanning performance comparison between the single-camera and 
dual-camera imaging methods. Scanning performance was evaluated for the letter for 
each number of image frames for both imaging methods. (c) Scanned letter “K” images 
composed of different numbers of image frames from 2 to 50. The letter comprised 800 
nm chrome gratings pitched at the same size. (d) Scanned 2D images of the letters “DUKE” 
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by using 20 μm polystyrene microspheres with a 20x microscope objective. The red box 
indicates the enlarged scanning area in the letter “K”. The scale bar is 2 μm. 

Table 3: Comparison of the resolution and field of view of the enhanced 
acoustofluidic scanning nanoscope and other super-resolution imaging systems. 150 
nm of lateral resolution is referred to our previous experimental data which involves 

detection of nanostructure on a Blu-ray disc. 

Parameters 
Confocal 
Optical 

Microscope 

Photoactivated 
Localization 
Microscope 

Stimulated 
Emission 
Depletion 

(STED) 

Light-Sheet 
Fluorescence 
Microscope 

Enhanced 
acoustofluidic 

scanning 
nanoscope 

Lateral 
Resolution 

~200 nm ~20 nm ~80 nm ~600 nm ~150 nm 

Field of View ~100×100 μm2 ~50×80 μm2 ~120×100 μm2 ~75×50 μm2 ~200×200 μm2 

 

3.3. Materials and Methods 

 Optical characterization. As shown in Fig. 21(a), we installed two CMOS cameras 

(DFK 33UX264, Imagingsource, USA) on an upright microscope (Eclipse LV100, Nikon, 

Japan) and imaged them with a 20x objective lens (NA: 0.5, Nikon, Japan). Those cameras 

captured 5 mega-pixel images at 38 frames per second. At this speed, we could perform 

particle manipulation with 0.2 second acoustic burst intervals. To capture two images at 

the same time, we placed a 50:50 beam splitter (CCM1-BS013, Thorlabs, USA) at the point 

of intersection between the two cameras. Since microspheres are not optimized for 

chromatic aberration and to avoid chromatic aberration, we utilized a green bandpass 

filter (FB530-10, Thorlabs, USA) and attached a white light source to illuminate the sample. 

 Acoustofluidic device fabrication. A circular shaped piezoelectric transducer 

(AB2720B-LW100-R, PUI Audio, Inc., USA) was bonded onto a 150 μm thick cover glass 
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(24x60 mm No. 0-3223, Erie Scientific LLC., USA) with epoxy bonding (PermaPoxyTM 5 

Minute General Purpose, Permatex, USA). 

 Microsphere preparation and experimental setup. To perform super-resolution 

imaging with the microspheres, we chose 20 μm polystyrene microspheres (refractive 

index: 1.6, Sigma–Aldrich, USA). The microspheres were diluted with deionized water 

before being placed on the sample surface. The microsphere concentration was adjusted 

to have the maximum number of microspheres within a single monolayer of the field of 

view to maximize the number of target sample images per frame and reduce the errors 

introduced by overlapping microspheres. To maintain a consistent water channel height 

between the device and sample, a square cover glass (#1.5, 10 × 10 mm, Ted Pella, USA) 

was placed at both ends of the device. The MATLAB (version: R2020b) script was 

designed and executed to control the function generator (FY6600, FeelTech, China) and 

CMOS cameras simultaneously to collect the image data. An acoustic burst mode with 0.2 

second intervals was applied, and the image acquisition for the two CMOS cameras was 

executed between the 0.2 second intervals. 

 Acoustic streaming simulation. To understand the acoustic streaming within the 

device, a model of an acoustic device was designed in COMSOL Multiphysics®. The 

model includes the piezoelectric transducer, cover glass, and water under the cover glass. 

A time domain study was used to visualize the transducer excitation. A 2.1 kHz and 4 VPP 

signal were applied to the transducer for the electrostatics module. A low reflection 
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boundary water layer with open channel conditions was applied to the cover glass layer. 

We observed the vibration profile and acoustic streaming to locate the proper microsphere 

manipulation area, which was approximately 300 μm away from the transducer. 

Imaging sample preparation. To experimentally demonstrate the scanning 

performance of the system, we fabricated a chrome patterning sample with the words 

“DUKE” on a glass mask (Micro Lithography Services Ltd, UK). Each letter is 200 × 200 

μm in size and is composed of vertical line gratings 800 nm in width and pitch. 

Image processing method. To generate a final scanned image, the collected images 

were processed in the following steps. First, a circle finding algorithm was executed in the 

image of Camera #1, as seen in Panel (i) of Figure 1(b), in which information on the 

microsphere coordinates and radius were stored. The magnification factor was calculated 

by the length of the sample grating line pitch ratio between Camera #1 and Camera #2. 

Then, the calculated magnification factor (0.984) was multiplied into the coordinates and 

radius information and applied to the images from Camera #2, as shown in Panel (ii) of 

Figure 1(b). Next, the microsphere magnified circle images were cropped from the images 

of Camera #2. Finally, the cropped images were pasted onto the final image with an alpha 

blending technique to smooth the boundaries between images. Then, each image was 

recursively processed in the same manner. The final scanned image was generated from 

the repetitive image processing algorithm.  
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4. Acoustofluidic Scanning Nanoscope via 
Fluorescence Amplification 

4.1. Motivation 

An advent of fluorescence labeling and imaging delivered a massive impact in the 

biological and medical field.136 From the microscale of molecular imaging of live cells to 

nanoscale of DNA sequencing protocols, the fluorescence imaging via microscopes is not 

negligible tool in the modern scientific discipline.137, 138 Since the size of fluorescence 

labeling molecule is depending on the target sample condition, the amplification of 

fluorescence signal is critical factor in the low fluorescence imaging circumstances.139 

Therefore, many research groups studied different kinds of fluorescence amplification 

technique such as ultra-PH-sensitive nanoprobe,140 rolling circle amplification141, 142 and 

loop-mediated isothermal amplification.143 However, those techniques demanded 

complex procedures and restricted experimental environment. To intensify the 

fluorescence signal, another approach is the improving the detection limit by using higher 

magnification method. Microscope objective with higher numerical aperture (NA) could 

deliver the higher resolving power of the target, but the fluorescence signal intensity was 

decreased due to its lack of light collecting from the smaller field of view area. To solve 

this issue, a dielectric microsphere imaging has been reported.24, 100-103 When the 

propagated light is focused on the shadow side of microsphere which has higher 

refractive index than its outer medium, the highly localized electromagnetic beam is 

generated which called photonic nanojets. Since this phenomenon could overcome the 
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light diffraction limit, many researchers studied a super-resolution imaging based on a 

static microsphere method. 50 nm size of nanostructures were images by barium titanite 

glass microspheres via white light source condition.144 Moreover, 75 nm size adenoviruses 

also images by water-immerged 100 μm BaTiO3 microsphere coupled with 50x 

microscope objective.26 25 nm of lateral resolution was achieved by fused silica 

microsphere combined with conventional scanning laser confocal microscope.27 To 

amplify fluorescence signal with using photonic nanojets effect, different kind of research 

have been demonstrated. An optical fiber probe was combined with a microsphere for 

manipulation and detection of sub-100 nm of single fluorescence nanoparticle.145 A 20 nm 

of fluorescence nanoparticle was detected by microspheres array in a microfluidic 

manner.146 Semi-opened microwell on a microsphere captured target sample and 

amplified the fluorescence signal by photonic nanojets effect.147 However, those studies 

have a limited detection area due to the static microsphere imaging or fixed microsphere 

condition. To resolve this dilemma, we demonstrated an acoustically driven microspheres 

were act as scanning super-lens to achieve a large field of view and a high resolution 

simulteneously. Moreover, by using two cameras with the acoustofluidic scanning system 

was introduced for improving scanning efficiency and better quality of a final scanned 

image. However, those studies only dealt with a bright field imaging neither fluorescence 

imaging nor amplification. 
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In this paper, we introduce a matching focal distance based a fluorescence 

amplification acoustofluidic scanning nanoscope via a lens distortion restoration. Two 

cameras with fluorescence filters were installed for both microspheres tracking and 

fluorescence imaging. A fluorescence signal amplified acoustofluidic scanning nanoscope 

with lens distortion restoration process as follow: (1) a measured focal length by an optical 

simulation was applied to thin hard PDMS deposition onto the sample surface for 

amplifying fluorescence signal. (2) Dual transducers based an acoustofluidic device to 

execute bidirectional scanning process to maximize the scanning efficiency. (3) Lens-

distorted image by microsphere was restored by using an image processing algorithm.  

4.2. Results and Discussion 

4.2.1. Configuration of the Fluorescence Acoustofluidic Scanning 
Nanoscope  

Fig. 26(a) shows the 3D schematic figure of the fluorescence acoustofluidic 

scanning nanoscope. Microsphere super-resolution virtual image was observed when 

microsphere was placed on the target sample as shown as yellow dotted box in the Fig. 

26(a). As same as an optical ball lens mechanism, super-resolution imaging via photonic 

nanojets effect also has proper focal distance depending on the refractive index of lens 

material, refractive index of outer medium and wavelength of illuminated light. A spin 

coated clear membrane such as a hard PDMS provides a distance between the target 

sample and microsphere to intensify the fluorescence signal when achieving the super-

resolution imaging. Besides, microspheres on the sample could be moved by an 
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acoustofluidic device to perform the scanning process to achieve a large field of view area 

since a single microsphere could provide a limited image size. The acoustofluidic device 

generated an acoustic streaming at the set time under a coded software via a function 

generator to move microspheres, and microscopic images also could be taken at the same 

time under the MATLAB interface. Fig. 26(b) shows an optical system configuration for 

the fluorescence imaging. Detailed specification of components will be described in the 

experimental section. A reflection type of a white light source combined with a blue 

excitation bandpass filter to illuminate the light onto the sample passing through a 

dichroic mirror and focusing through a 60x objective lens. An excited fluorescence light 

by the sample GFP nanoparticle is detected by a CMOS camera combined with a GFP 

bandpass filter as shown as a red camera #1 in Fig. 26(b). From this camera #1, magnified 

image of 500 nm fluorescence nanoparticles through microspheres were captured as 

shown as red box in figure 1(c). A 50:50 beam splitter was placed on the light pathway for 

an image separation to blue camera #2 which was not combined with bandpass filter. 

Therefore, the camera #2 could capture the detail of microspheres at the same time as 

shown as blue box in figure 1(c). From this monochrome image, the location of each 

microsphere was detected by the circle finding algorithm in the MATLAB image 

processing, so the location could be applied onto fluorescence image which taken by the 

camera #1. As a result, the magnified fluorescence microsphere image is finalized with the 

location of microspheres as the red box in Fig. 26(c). From this dual-camera imaging 
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technique, the scanning process via microspheres could be performed in the dark-field 

fluorescence imaging condition. 

 

Figure 26: Schematic figure of the fluorescence amplifying acoustofludic 
scanning nanoscope. (a) 3D schematic figure of the system in the left panel. Clear hard 
PDMS membrane on the target sample could help to achieve desired focal distance to get 
clear super-resolution image as shown as yellow box in the 2D schematic on the right. (b) 
Schematic and experimental result of the fluorescence amplifying acoustofluidic system. 
A 50:50 beam splitter delivered images into two different cameras. Both cameras captured 
two images simultaneously (c) Camera #1 focused at the target fluorescence nanoparticle 
through microspheres as shown by the red box. Camera #2 focused at the center height of 
microspheres as blue box. Only camera #1 was connected to an emission filter. Each scale 
bar is 20 μm. 
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4.2.2. Optical Simulations for Microsphere Imaging 

Fig. 27(a) shows the simulated electric field distribution of 20 μm polystyrene 

microsphere (refractive index n=1.58) via finite element method. Outer medium of the 

microsphere was water (n=1.33) and the hard PDMS (n=1.41) on the bottom side. The 

propagated light from topside to bottom side was 488 nm of wavelength for a GFP 

fluorescence excitation. The simulation results confirmed that the bottom hard PDMS 

could deliver the photonic nanojets with 17.55 μm of focal distance as shown as the 

vertical graph of Fig. 27(a). The horizontal graph shows that the size of a waist of the 

photonic nanojets. We calculated a full width at half maximum (FWHM) as 720.4 nm 

which indicates the 20 μm polystyrene microsphere and the hard PDMS membrane could 

achieve 259.3 nm ~ 453.4 nm of lateral resolution. Fig. 27(b) shows the color map of a focal 

distance as a function of the microsphere’s diameter and refractive index. From this 

resolution map, the smaller size and higher refractive index condition represented the 

short focal distance. Fig. 27(c) shows the amplification and the magnification capabilities 

in the existence of microspheres. The hard PDMS was spin-coated on the target sample by 

60 second at 7,000 RPM of spin speed. Each image indicates in the same region of interest, 

and every setting such as light intensity, camera exposure time were same. Dotted circles 

in the left panel shows the position of microspheres of the right panel. In this image, the 

500 nm of fluorescence nanoparticles could not be resolved with low intensity. On the 
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other hands, the microspheres image on the right panel shows that nanoparticles were 

resolved with higher intensity of fluorescence intensity. 

 

Figure 27: Optical simulation result of the focal distance of photonic nanojets. 
(a) Finite element method (FEM) simulation result of a 20 μm polystyrene microsphere 
(n=1.58) in water (n=1.33) and bottom side hard PDMS (n=1.41) condition of outer medium. 
Vertical graph showed the focal distance from bottom side of microsphere to PDMS 
membrane side. Horizontal graph showed that the focused photonic nanojets and its full-
width half-maximum. (b) FEM simulation result of the focal distance map, as a function 
of the microsphere diameter and refractive index of microsphere. (c) Microscopic images 
of microsphere magnification capability. Left panel showed without microsphere 
condition. Right panel showed the microsphere magnification image at the same region 
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of interest of the left panel. Target sample was 500 nm GFP nanoparticles and thickness of 
the hard PDMS membrane was ≅ 7 μm. The scale bar is 10 μm. 

4.2.3. Fluorescence Signal Amplification under a Hard PDMS 
Membrane 

To achieve the certain focal distance to maximize the magnification and the 

amplification performance, we simulated the electric field distribution under 20 μm 

polystyrene microsphere with a hard PDMS membrane on the target sample condition. 

For the real experimental configuration, we firstly immobilize the target fluorescence 

nanoparticle solution on the glass substrate. After 3~6 hours room temperature drying, 

we applied a hard PDMS on the sample directly and do a spin coat process in different 

spin speed. Then, the sample glass was baked in the 60℃ oven for 30 minutes. A detailed 

fabrication process will be described in the materials and method section below and Fig. 

29(a). After solidifying the hard PDMS membrane, 20 μm polystyrene microsphere 

diluted deionized water solution was applied on the target sample and imaged through 

the microsphere as Fig. 28(a). To confirm the performance of the thickness of the hard 

PDMS, we tried to capture two different conditions as microsphere imaging vs. non-

microsphere imaging in the same region of interest as Fig. 28(c). As shown as the Fig. 28(c), 

first row images indicate the without microsphere condition. On the other hands, second 

row images show that magnified images with the amplified fluorescence intensity 

compare with the without microsphere condition. To show the quantified analysis of the 

fluorescence intensity, we plotted a pixel intensity profile from the different conditions of 
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imaging as shown the red (i) and the blue (ii) lines in the Fig. 28(c). Each condition was 

plotted 15 samples as light color lines, and solid lines represent an averaged pixel profile. 

From this result, the microsphere imaging could achieve approximately 4 times amplified 

fluorescence signal than without microsphere condition.  

 

Figure 28: Fluorescence signal amplification under a hard PDMS membrane.  (a) 
Schematic figure of fluorescence amplification with microsphere imaging. 500 nm GFP 
nanoparticles were spread on the glass substrate. Then, a hard PDMS membrane was 
applied by using spin-coat process. 20 μm polystyrene microspheres and deionized water 
solution was applied on the target sample. (b) Fluorescence amplification comparison 
with microsphere and without microsphere condition. Deep color of blue and red profile 
showed an averaged pixel profile intensity of 15 samples as shown from without 
microsphere (i) and with microsphere (ii) in the Fig. 28(c). Light color of blue and red 
showed each 15 Alpha blending process in two different positions of the sample. (c) 
Microscopic images of microsphere magnification and fluorescence amplification in 
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different thickness of the hard PDMS. From 6,000 RPM to 10,000 RPM of spin-coat speed, 
the fluorescence amplification effect was appeared. Scale bar is 5 μm. 

 

Figure 29: Sample preparation procedure and PDMS thickness in different 
spin coat speed. 

4.2.4. Bidirectional Acoustofluidic Scanning of Microspheres 

To perform the efficient 2D scanning process for the large field of view of the target 

sample, we fabricated the bidirectional acoustofluidic scanning device. As shown as Fig. 

30(a), two circular shape piezoelectric transducers were bonded onto a 150 μm thickness 

of cover glass substrate. A space distance between two transducers was 6 mm, so the 

detection area size was sufficient for the microscopic imaging since a field of view size of 

4x is 4 mm of diameter in general. For the bidirectional microsphere manipulation, we 

utilized two different modes which pushing microspheres alternately facing opposite 

directions as shown Fig. 30(a) bottom two panels. For the acoustic streaming generation, 

we operated each transducer alternately by using a programmed MATLAB interface. To 

confirm the acoustic streaming performance of the device, we simulated acoustic energy 
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distribution on the glass side of the device at a 2.1 kHz of frequency with 5 peak-to-peak 

voltage as shown as Fig. 30(b). As acoustic streaming direction of each mode, a center 

located activation area could show a reverse direction of the energy distribution. The 

green box in the Fig. 30(b) showed the left to right direction, and real stacked microscopic 

image was represented as left panel of Fig. 30(c). A pink box (right panel) image in the Fig. 

30(c) showed that the stacked image in the mode 2 as left to right direction of microspheres 

movement. 

 

Figure 30: Acoutofluidic scanning device for bidirectional microsphere 
manipulation. (a) Schematic of the bidirectional microsphere manipulation device 
incorporating two circular piezoelectric transducers bonded onto a 150 μm thickness of 
cover glass. The space between two transducer was 6 mm. A mode 1 operates as pushing 
microspheres to right direction, mode 2 shows pushing them to left direction alternately. 
(b) Simulation result of bidirectional acoustofluidic device in two different mode 1 and 2. 
Working frequency was 2.1 kHz, and amplitude was 5VPP. Two modes in the simulation 
showed bidirectional acoustic streaming as green and pink box of working area. (c) 
Stacked microscopic images from the space between two transducers, 20 μm 
microspheres were manipulated bidirectionally by the acoustic streaming by each 
operation mode. 
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4.2.5. Image Restoration of Lens Distortion and Large Field of View 
Imaging 

To correct the lens distortion effect in the microsphere imaging, we utilize an 

image processing tool in MATLAB interface. This tool has input correction parameter that 

works for different types of lens distortion such as barrel distortion and pincushion 

distortion. The parameter 0 means original image as shown as Fig. 31(a). When applied 

the different parameter in the original image by using a negative value or a positive value, 

different types of distortion was restored. Microsphere imaging showed the barrel 

distortion, so we choose a pincushion distortion correction to compensate the distortion 

as yellow box (iii). When the negative value of parameter was applied as yellow box (i), 

nanoparticle image was more distorted than original image (ii). To verify the restoration 

process by using the identifiable sample, we captured line grating sample images 

following by a microsphere’s trajectory. Then images were applied in different correction 

parameters and merged final image in different value of correction parameter as shown 

as Fig. 32. After confirming the correction parameter, we operated an image merging 

process to get a final scanned image. As we mentioned the procedure of two camera 

imaging technique in the Fig. 26(c), amplified fluorescence microspheres images and 

microsphere location images were taken simultaneously for obtaining image data and 

location data. From those two camera images, we processed image merging technique by 

using a Python image processing tool. The location data was applied into image data, then 

cropped each microsphere image was pasted on the final scanned image. This procedure 
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was executed recursively until every region was covered. Fig. 31(b) shows the bare 

microscope image of 200 nm GFP nanoparticles deposited sample without microsphere 

imaging. On the other hands, we achieved the scanned image by microspheres as Fig. 31(c) 

which image showed the detailed nanoparticle samples with stronger fluorescence 

intensity. Yellow boxes in the Fig. 31(b,c) indicates at the same region of interest that the 

scanned image was showing detailed sample with higher intensity. 

 

Figure 31: Image restoration of lens distortion and large field of view imaging. 
(a) Image distortion restoration in different parameters. The parameter 0 is an original 
image. A negative parameter showed a correction of a barrel distortion, and a positive 
parameter showed a correction of a pincushion distortion. Small yellow box in the original 
image (ii), a barrel type distorted nanoparticle image was observed. The -0.4 of parameter 
adjusted image (i) showed distorted nanoparticle image, the 0.4 of parameter adjusted 
image (iii) showed distortion restored round shape nanoparticles. (b) A bare image of 200 
nm nanoparticle deposited sample surface. (c) Acoustofluidic scanned image of the same 
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sample as Fig. 31(b). 141 images of scanned image were processed for the final scanned 
image. Yellow boxes showed the same region of interest on the sample. 

 

Figure 32: Different correction parameters and merged final image in different 
value of correction parameter. 

4.3. Materials and Methods 

 Optical characterization. As shown in figure 1(c), we installed a sCMOS camera 

(Zyla 4.2 Plus, Andor, USA) for fluorescence imaging and a CMOS camera (DFK 33UX264, 

Imagingsource, USA) for microsphere location imaging on an upright microscope 

(BX51WI, Olympus, Japan) with a 60x objective lens (NA: 0.7, Olympus, Japan). White 

light source was combined with blue bandpass filter (FL488-10, Thorlabs, USA) as an 

excitation source, and the fluorescence camera was combined a green bandpass filter 

(FB530-10, Thorlabs, USA) as an emission receiver. To capture both images 

simultaneously, we installed a 50:50 beam splitter (CCM1-BS013, Thorlabs, USA) at the 

intersection point between the two cameras.  

 Acoustofluidic device fabrication. Two circular shaped piezoelectric transducer 

(AB2720B-LW100-R, PUI Audio, Inc., USA) was bonded onto a 150 μm thick cover glass 
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(24x50 mm C8181-1PAK, Sigma–Aldrich, USA) with epoxy bonding (PermaPoxyTM 5 

Minute General Purpose, Permatex, USA). The space distance between two transducers 

was 6 mm. 

 Microsphere preparation and experimental setup. To perform the microsphere 

imaging, we chose 20 μm polystyrene microspheres (refractive index: 1.6, Sigma–Aldrich, 

USA). The microspheres were diluted with deionized water before being placed on the 

sample surface. To maintain a consistent water channel height between the device and 

sample, a square cover glass (#1.5, 10 × 10 mm, Ted Pella, USA) was placed at both ends 

of the device. The MATLAB (version: R2021) script was designed and executed to control 

the function generator (FY6600, FeelTech, China) and CMOS cameras simultaneously to 

collect the image data. An acoustic burst mode with 0.5 second intervals was applied, and 

the image acquisition for the two cameras was executed between the 0.5 second intervals. 

 Acoustic streaming simulation. To understand the acoustic streaming within the 

device, a model of an acoustic device was designed in COMSOL Multiphysics®. The 

model includes two piezoelectric transducer, cover glass, and water under the cover glass. 

A time domain study was used to visualize the transducer excitation. A 2.1 kHz and 5 VPP 

signal were applied to the transducer for the electrostatics module. A low reflection 

boundary water layer with open channel conditions was applied to the cover glass layer. 

We observed the vibration profile and acoustic streaming to locate the proper microsphere 

manipulation area, which was the space between two transducers. 
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 Imaging sample preparation. To experimentally demonstrate the scanning 

performance of the system, we fabricated a fluorescence nanoparticle sample with a hard 

PDMS (PP2-RG07, Gelest, Inc., USA) membrane as the procedure as shown as Fig. 29(a). 

GFP nanoparticle sample (200 nm: FSDG002, 500 nm: FSDG003, Bangs Laboratories, Inc., 

USA) was diluted with deionized water and loaded on the cover glass (24x50 mm C8181-

1PAK, Sigma–Aldrich, USA). Then the sample was dried in room temperature for 3-6 

hours. After drying, we applied a hard PDMS mixture on the sample and runed spin-coat 

(WS-650-23, Laurell Technologies, USA) process. The spin-coat time was applied with 500 

RPM/sec of acceleration speed in different target RPM by 60 seconds. Then the sample 

was baked in the 60℃ oven for 30 minutes. We tested each hard PDMS and soft PDMS 

(Sylgard 184, Dow Corning, USA) thickness in different speed of RPM as shown as Fig 

29(b). Moreover, we fabricated a chrome patterning sample with the words “DUKE” on a 

glass mask (Micro Lithography Services Ltd, UK). Each letter is 200 × 200 μm in size and 

is composed of vertical line gratings 800 nm in width and pitch to check the performance 

of an image distortion correction. 

Image processing method. To generate a final scanned image, the collected images 

were processed in the following steps. First, a circle finding algorithm was executed in the 

image of Camera #2, as seen in bottom panel of Figure 1(c), in which information on the 

microsphere coordinates and radius were stored. The magnification factor was calculated 

by the length of the sample grating line pitch ratio between Camera #1 and Camera #2. 
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Then, the calculated magnification factor (0.984) was multiplied into the coordinates and 

radius information and applied to the images from Camera #1, as shown in top panel of 

Figure 1(c). Next, the microsphere magnified circle images were cropped from the images 

of Camera #1. Finally, the cropped images were pasted onto the final image with a lens 

distortion restoration technique to clear matching between images. Then, each image was 

recursively processed in the same manner. The final scanned image was generated from 

the repetitive image processing algorithm.  
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5. Intelligent Nanoscope for Rapid Nanomaterial 
Identification and Classification  
Here, we will introduce the intelligent nanoscope imaging platform that utilizes a 

microsphere array to optically image and classify nanomaterials using a deep learning 

network. The microsphere array achieved a large field of view with high resolution for 

rapid data collection. By combining the microsphere array and machine learning, the 

intelligent nanoscope imaging platform achieved rapid classification of similarly sized 

particles. Greater than 95% nanomaterial classification test accuracy was achieved by 

1,000 dataset images, which only took 2 seconds of collection time with a 15 frames/second 

camera. Also, nearly 92% bacteria classification test accuracy was achieved by 50,000 

dataset images, which only took ~73 seconds of collection time with a 15 frames/second 

camera. Given these features, this work could greatly assist in treating imperative 

biological nanomaterial threats, such as bacterial or viral infections, by rapidly and 

accurately classifying and identifying the biological nanomaterials. Future works of this 

technology include the classification of heterogenous samples and smaller 

bionanomaterial, including fluorescently tagged viral particles or small extracellular 

vesicles. 

5.1. Motivation 

Machine learning is a powerful tool for identifying and classifying material. 

One of the growing fields of machine learning applied to image recognition and 

classification is deep learning.148-154 Deep learning is a part of the mathematically 
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revolutionized machine learning algorithms which analyzes information continuously 

with a given logic structure to draw similar conclusions as humans might. Within the 

field of deep learning, the convolutional neural network (CNN) is the most common 

tool for visual image analyzation and classification.155-161 CNN exploits the spatial 

locality of an image by using convolutional filters, and CNN image classification 

methods have demonstrated high accuracy while saving computational cost for size-

based image classification, ranging from large objects (e.g., firearms) to small objects 

(e.g., nanomaterials).162-169 However, image identification and classification of 

nanomaterials is limited by the image resolution, the field of view of the sample, and 

the processing time. 

Several inventions have been developed in order to assist in identifying and 

classifying smaller objects. For example, the invention of the optical microscope 

altered the course of history for the identification of smaller material. Critical 

biological organisms and scientific processes have been analyzed and discovered 

through its use.2, 3, 170-175 Recently, an electron microscopy assembled with nanofluidic 

coulter counting system was established for detection of drug-induced viruses.176 

Unlike some of the more advanced microscopy methods, the optical microscope is a 

universal instrument that is used in many research and industrial areas, due to its 

nondestructive, inexpensive, and real-time imaging capabilities.42, 43 Moreover, the 

rapid development of low-cost and high-frame-rate digital cameras makes fast sample 
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identification and classification possible.177-179 For example, recently a flow cytometric 

cell sorting system with real-time intelligent image processor was developed to 

achieve high-throughput cell imaging and sorting.180 Since the first generation of 

optical microscopes, the resolving power has significantly improved with the superior 

design of the objective lens. This high-resolution imaging has been especially 

impactful in order to identify critical micro- and nano-sized particles, viruses, and 

bacteria that have been found to greatly impact humanity.48, 50-53, 130, 181-185 However, the 

identification and classification of nanomaterial targets through a conventional optical 

microscope has several limitations. For example, the diffraction limit or resolution of 

a 20x objective lens is around 580 nm,4 which makes it hard to resolve structures 

smaller than 580 nm. An objective lens with a higher NA can be used to increase the 

resolution but at the cost of a reduced field of view. 

 One particular method that has been employed to overcome the diffraction 

limit of a conventional optical microscope is by using optically transparent 

microspheres.23, 30, 31, 38, 40, 66, 68, 69, 186, 187 A microsphere focuses an incoming light to form 

a so-called photonic nanojets, which breaks the diffraction limit and essentially 

renders the microsphere into a super-resolution imaging lens. Recently, a microsphere 

lens allowed for the successful detection of 50 nm gratings,25 protein,72 and plasmid 

DNA.70, 71 Although the field of view of one microsphere is small, the field of view can 

be significantly increased by increasing the amount of microspheres or scanning them 
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in a controllable way.129, 131, 134, 188, 189 This increase in the field of view increases the 

sample size of the images taken, thereby reducing sampling time. For example, single-

nanomaterial detection with a microsphere array has recently been demonstrated.146, 

190  

By combining the innovations from the microsphere array optical imaging with 

CNN machine learning classification methods, we have developed the intelligent 

nanoscope. This platform can rapidly identify and classify nanomaterials with 

miniscule size differences. A large dataset of high-resolution nanomaterial images can 

be quickly obtained from a microsphere array as training data for the CNN algorithm 

to rapidly distinguish and classify different sized nanomaterials. The intelligent 

nanoscope offers the following innovations: (1) simultaneous large field-of-view and 

super-resolution imaging significantly reduces the sample data collection time and 

reveals additional training information for the CNN; (2) a deep CNN is applied to 

process the images and increase the accuracy for nanomaterial identification and 

classification. The intelligent nanoscope significantly reduces the number of training 

data by 90 times and improves the training accuracy by two times compared to an 

optical microscope without the microsphere array. Moreover, we classified four 

different kinds of bacteria by using the intelligent nanoscope. Recently, various 

research groups have reported bacteria classification using optical microscopic images 

as training datasets for a CNN classification method.191-193 These studies showed that 
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target bacteria classification performance is dependent on its shape and size. By 

utilizing a microsphere array imaging method, we magnified the target sample image 

to acquire detailed training datasets to enhance bacteria classification of bacteria of 

varying shapes and sizes. Some applications that can be used with this technology 

include bacteria type detection for infection diagnostic or nanoparticle size detection 

for nanomaterial synthesis feedback measurements. Overall, this device achieves 

nondestructive, rapid, and accurate size-based classification of nanomaterials, 

showing great promise to extend to classifying smaller biological nanomaterials, such 

as extracellular vesicles or viruses, in the future. 

5.2. Materials and Methods  

5.2.1. Training Data Collection and Deep Neural Network Process 

Fig. 33 gives an overall depiction of the training image collection and deep neural 

network experiment process. The left panel of Fig. 33(a) shows a schematic of the 

intelligent nanoscope. The intelligent nanoscope consists of a microsphere array that can 

be placed on the sample stage of a conventional optical microscope (20x, NA: 0.45, Eclipse 

LV100, Nikon, Japan). Magnified images were first captured through each barium titanate 

microsphere, as seen in the middle panel of Fig. 33(a), and then imaged on a camera 

through a low-magnification objective lens on the optical microscope. Therefore, high-

resolution images and a large field of view can be obtained simultaneously by 

incorporating the super-resolution capability of an array of microspheres. 



 

89 

Captured images were then categorized as training input datasets for deep 

learning (Fig. 33(a) right panel). To have consistent image data acquisition, we imaged 

different sized SiO2 nanoparticles (0.26 μm, 0.50 μm, 0.69 μm, 0.89 μm, 1.18 μm, Cospheric, 

USA) within the same microfluidic chip. SEM images and specification data of the 

properties of the nanoparticles are shown in Fig. 34. Between each experiment, the 

microfluidic channel was flushed with water and ethanol to ensure accurate training 

images. Furthermore, the microscope stage was also fixed to make sure all dataset’s focal 

points were the same. 

As shown in Fig. 33(b), we used a deep convolution neural network based on 

AlexNet to train and decompose class layers and then extract the distinctive features of 

each class.194 The model architecture comprises of 5 convolution layers, 3 fully connected 

layers, and 3 × 3 max pooled, normalized, flattened, and dense layers for reducing the 

overfitting with the rectified linear unit activation function. This model was then applied 

to separate known nanomaterial sizes to determine the model’s accuracy for nanomaterial 

identification and classification. 
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Figure 33: Schematic of the intelligent nanoscope setup, process, and data 
collection for deep learning training. (a) The microsphere array and fluidic channel was 
fabricated to obtain deep learning training dataset images by super resolution imaging. 
(b) Schematic of the neural network process and nanoparticle classification. The gathered 
training datasets of each nanoparticle sample were used for feature learning by a 
convolutional neural network method. The trained model then classified the different 
sizes of nanoparticle samples. 
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Figure 34: Magnified images of SiO2 nanoparticles are taken by SEM. (a) 0.26 
μm, (b) 0.50 μm, (c) 0.69 μm, (d) 0.89 μm, (e) 1.18 μm. (f) Specification data of nanoparticles 
provided by the manufacturer. 

5.2.2. Microsphere Array Fabrication 

The microsphere array is fabricated by using standard soft-lithography procedures as 

depicted in Fig. 35.195 First, a polydimethylsiloxane (PDMS) channel with a height of 7 

μm is fabricated as follows: a photoresist (SU-8 10, MicroChem Inc., USA) was spin 

coated (4,000 RPM, 30 sec) on a 4-inch polished single-sided silicon wafer (783, 

University Wafers, USA). After soft baking for 2 mins at 65 ℃ and 5 mins at 95 ℃, a 

carefully designed photomask was aligned to subsequently cure with UV for 10 

seconds. Then, after post exposure baking (1 min at 65 ℃, 2 mins at 95 ℃), the uncured 

area was developed by a SU-8 developer (Y020100 4000L1PE, Fisher Scientific, USA). 

In the following step, 40 μm sized barium titanite microspheres (refractive index: 2.2, 

Cospheric, USA) were mixed with DI water and dropped on the 3 mm2 square channel 

in the fabricated mold. Next, after drying in room temperature for 3 hours, mixed 

PDMS base and cross-linker in a 10:1 ratio (Sylgard 184, Dow Corning, USA) was 
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applied onto the barium titanite particle array mold and cured in a 65 ℃ oven for 24 

hours. The cured PDMS channel was then peeled off from the wafer mold and punched 

at the inlet and outlet connecting positions. Finally, the PDMS channel was bonded to 

an oxygen-plasma-treated 24 mm × 60 mm cover glass with no. 1 thickness 

(SuperSlips™ Micro Cover Glasses, VWR, USA) and incubated at 65℃ overnight. 

 

Figure 35: Fabrication process of the microsphere array. 40 μm of barium titanite 
microspheres are immobilized with PDMS curing in a 7 μm tall microfluidic channel. 

5.2.3. Experiment and Microscope Imaging Setup 

 The microsphere array is placed on the sample stage of an upright microscope 

(Eclipse LV100, Nikon, Japan) with a 20x objective lens (NA: 0.45, Nikon, Japan). A 

transmitted light source with a colored bandpass filter (FGV9 - Ø25 mm VG9, Thorlabs, 

USA) was used to reduce chromatic aberration, and a 3.1 Mega pixels color CMOS 
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camera (DFK 33UX265, Imagingsource, USA) was connected to the microscope. 

Particles of different sizes are injected to the microsphere array and imaged with the 

microsphere array on the microscope. The sample nanomaterial was loaded and 

injected into the device by hand using a 1 ml syringe. As the flow reached a speed of 

approximately 15 to 20 μm/s in which the images would not be blurry at a 15 frames 

per second acquisition speed, the nanomaterial in the channel was captured using a 

CMOS camera with a 20x objective lens. 

 

5.3. Result and Discussion 

5.3.1. Finite Element Method Simulation 

A photonic nanojets is typically formed around a microsphere in a homogenous 

medium. In order to validate that the PDMS and water boundaries did not significantly 

affect the formation of the photonic nanojets, and in order to optimize the size and 

material of the microsphere and the microfluidic channel height, we performed a finite 

element method simulation, as seen in Fig. 36(a-c). To visualize the optical waves’ 

propagation through the PDMS and 40 μm barium titanite microsphere, simulations were 

performed using the electromagnetic wave module in COMSOL Multiphysics software. 

The scattering boundary condition was applied on all the boundaries with an incident 

out-of-plane electric field amplitude of 1 V/m on the top. Fig. 36(a) shows the simulated 

electric field distribution around a barium titanite microsphere. The simulation result 

confirmed that the PDMS and water boundary did not significantly affect the formation 
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of the photonic nanojets, as shown in Fig. 36(a). To determine the microfluidic channel 

height, we calculated a focal length of the microsphere, which is defined as the distance 

between the front surface of the microsphere and the center of the nanojets as shown in 

Fig. 36(b). The calculated focal distance was 6.8 μm, so we selected approximately 7 μm 

for the optimum channel height. In addition, to verify the image capability, we calculated 

the full width at half maximum (FWHM) of the photonic nanojets. The resulting FWHM 

of the photonic nanojets was 319.5 nm, indicating that the intelligent nanoscope could 

achieve around 115 nm ~ 201 nm of lateral resolution.52 This is comparable to the 100x 

objective lens resolution. To compare with the resolution and the field of view size 

between intelligent nanoscope and conventional microscope, we added a quantitative 

table in the Table 4. 
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Figure 36: Simulation results and magnified images. (a) Finite element method 
simulation of electric field distribution around a barium titanite microsphere. Outer 
medium of microsphere is PDMS (n = 1.43), and the water (n =1.33) channel is beneath the 
PDMS and microsphere (n = 2.2). (b) Focal distance measurement from simulation results. 
(c) Full width half maximum of the photonic nanojets from 40 μm barium titanite 
microsphere simulation result. (d) Magnified images through a microsphere and bare 
nanoparticle images without a microsphere of the target SiO2 nanoparticles. Scale bar is 5 
μm. 

Table 4: Comparison of the field of view and resolutions of different objective 
lenses. 

Objective 
(magnification/NA) 

 
Field of view (μm) 

 
Lateral resolution (μm) 

10x/0.25 1,800 1.34 
20x/0.40 900 0.84 
40x/0.55 450 0.61 
100x/0.95 180 0.35 
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5.3.2. Image Acquisition and Comparison in Different Conditions 

Although a microsphere could help to resolve and magnify the target sample, 

imaging the target sample without the microsphere array (bare imaging) needed to be 

considered in order to compare the machine learning performance with and without the 

increased resolution. Thus, we collected both microsphere imaging and bare imaging for 

the machine learning training datasets. Nanomaterial images obtained through the 

microsphere array are shown in the first row of Fig. 36(d). Nanomaterial images in the 

absence of the microsphere arrays are shown in the second row of Fig. 36(d). The field of 

view was the same for both the microsphere and bare images for comparison. Due to the 

lack of microsphere magnification in the bare images, more nanomaterials are seen within 

the image. In this process, we maintained the same experimental conditions, including 

light intensity, imaging resolution, camera shutter speed, and field of view. The only 

changed condition was the change in focal point when collecting the bare images, in order 

to focus on the nanomaterials at the surface of the microfluidic channel. Images collected 

from these two conditions were used for the same deep learning training process. Each 

homogenous nanoparticle and bacteria samples were prepared in this work for reliable 

data collection. The nanomaterial concentration of the sample was selected to contain the 

greatest number of particles to form a single layer of nanomaterials in the field of view. 

This nanomaterial concentration was chosen in order to reduce the machine learning 

training dataset biases. These biases include the bias from an increase in empty space for 
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the smaller sized nanomaterial, the bias from the increase in the probability of empty 

microspheres, and the bias from overlapping nanomaterial samples. Although the bias 

between empty space and the number of nanoparticles cannot be isolated, this 

concentration was applied to reduce the various biases of the system. This concentration 

was applied to both the microsphere imaging and bare imaging methods. By utilizing this 

nanomaterial concentration, a high classification performance is achieved for both 

imaging methods. 

5.3.3. Deep Learning Training Data Preparation 

For images collected from the microsphere array, we collected images at two 

different focal planes as shown in Fig. 37(a). The image at focal plane #1 shows the image 

of the barium titanate microsphere that was utilized to locate the field of view of each 

microsphere lens and provides accurate radius and center coordinates for image analysis. 

The focal plane #1 was fixed at the middle point of the barium titanate microsphere, which 

was around 20 μm from the microsphere’s bottom, as depicted by the red line in Fig. 37(a). 

After taking a single image frame at focal plane #1, the image focus was moved to focal 

plane #2, where the sample is located as shown in Fig. 37(a). At this focal plane, we could 

observe the magnified image through the microspheres, and the main data images were 

collected by a sequential image saving function from image capturing software (IC 

capture – image acquisition, Imagingsource, USA) at 15 frames per second. We used a 

MATLAB circle finding function to obtain certain information such as the center 
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coordinates and radius of each microsphere from an image at focal plane #1, as shown in 

Fig. 37(b). In total, 46 microspheres were found from the image along with each 

microsphere’s stored information. These 46 microspheres covered 51.16% of the original 

field of view of the 20x objective lens. This allowed for a similar percentage of the field of 

view to compare both the microsphere and the bare imaging methods with the same 

experimental conditions. Then, by applying the stored microsphere center coordinates 

and radius information, we could crop each magnified image belonging to the focal plane 

#2 dataset images, as seen in the left panel of Fig. 37(c). Since each cropped image had an 

unnecessary edge area which could cause error for deep learning training, we removed 

the remaining edges and preserved the microsphere area from the cropped images, as 

shown in the right panel of Fig. 37(c). 



 

99 

 

Figure 37: Deep learning training data preparation. (a) Schematic of the two 
different focal points used through the microsphere. (b) Circle finding process from an 
image with focal point #1. Circle location information is stored. (c) The stored location is 
applied at image frames with focal point #2. Cropped image’s edges are removed for 
making training data. 

5.3.4. Comparison between Microsphere Images and Bare Images 

To verify the performance of nanomaterial classification, we tested classification 

accuracy based on the size of the training datasets. Each category contained 1,000 images 

for each particle size, ranging from 0.26 μm to 1.18 μm. A range from 100 to 110,000 images 

were used for these training datasets. In each training procedure, we prepared 5,000 

separate validation data images and 1,000 prediction test images for each category of 

nanomaterials. Fig. 38(a) shows that the training model accuracy is dependent on the size 

of the training dataset. The imaging through the microsphere array has shown 



 

100 

comparatively higher accuracy in categorization from a smaller dataset size. For the case 

of a microsphere image, validation accuracy ranged from 67% to 97% with a 

corresponding training size of 100 to 1,000 images. This result indicates that datasets of 11 

image frames can achieve higher than 85% classification capability, since a single image 

frame has 46 microsphere images as training datasets. When the training dataset size is 

higher than 1,000 (e.g., 22 image frames), the prediction test accuracy rises above 95%. In 

contrast, bare nanomaterial image without the microspheres showed that the prediction 

test accuracy could not exceed 95% until 90,000 images of training dataset sizes were used. 

In order to achieve the same test accuracy of 97.5% from microsphere imaging, the bare 

imaging required 90 times more images for its training dataset. Fig. 38(b) and (c) show the 

classification results of the different sized particles for the two imaging nanomaterial 

methods for a given number of training data. 

 

Figure 38: Nanoparticle classification via microsphere image vs. bare image (a) 
Nanoparticle classification accuracy for the different imaging methods with varying 
amounts of training data. 100 to 110,000 data images were used for the model training. (b), 
(c) Classification test results for each (b) microsphere image and (c) bare image of the five 
different sized particles for a given number of training images. 1,000 separately selected 
images from each category is inputted for the prediction test. 
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5.3.5. Bacteria Classification Experiment 

To demonstrate the capabilities of critical biological nanomaterial classification, 

we conducted a classification study of four different species of bacteria using the same 

experimental conditions. We used S. aureus JE2, B. subtilis 3610, E. coli BW25113, and P. 

aeruginosa PA14 in our experiments. A single colony was inoculated into 5 ml of Luria-

Bertani (LB) broth medium in a test tube. Cultures were grown overnight (~17 hours) in a 

37°C shaker shaking at 225 rpm. For imaging, the overnight culture was diluted 1:5 to the 

same medium and 1 μl of the diluted culture was loaded on the glass slide. Detailed 

bacteria images were taken under a Nikon Ti-E microscope with 100x objective lens as Fig. 

40(a)-(d). The average size difference from the microscope data for each bacteria type is in 

Fig. 40(b). Although the average size of each bacteria ranges from ~1 to 5 μm, the size 

difference between similarly shaped bacteria is on the nanoscale (<1 μm). Using the same 

protocols, we tested bacteria classification accuracy based on the size of the training 

datasets. We collected images through the microsphere array as shown in the first row of 

Fig. 39(a) to obtain each bacteria sample image for the machine learning training. Bacteria 

sample images in the absence of the microsphere arrays were also collected for 

comparison without the microsphere array imaging method, as shown in the second row 

of Fig. 39(a). A range from 100 to 110,000 images were used for the training datasets. 5,000 

separate images of each bacteria sample were processed for test accuracy validation and 

1,000 other separate images were prepared for prediction testing. Fig. 39(b) shows the 
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training model accuracy for both the microsphere array imaging and the bare imaging 

methods. To achieve a test accuracy of ~92%, the bare imaging method took more than 

twice the amount of images for its training dataset. The classification results of the four 

different kinds of bacteria for the two imaging methods are shown in Fig. 41. To test 

whether the present approach is distinguishing the bacterial cells by their shapes, we 

examined a bacteria classification accuracy for the different shaped bacteria subsets with 

varying amounts of training data in the Fig. 42. The results show that the different shaped 

samples require less training data, and that similarly shaped samples require 5 times 

larger data size to reach a 99% classification accuracy. A comparison between our bacteria 

classification technology and other bacteria classification technologies is provided in Fig. 

40. 
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Figure 39: Bacteria classification via microsphere imaging. (a) Magnified images 
through a microsphere and bare microscopic images without a microsphere of the target 
bacteria samples with a 20x objective lens. Scale bar is 5 μm. (b) Bacteria classification 
accuracy for the different imaging methods with varying amounts of training data. 100 to 
110,000 data images were used for the model training. 
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Figure 40: Magnified microscopic images of four different kinds of bacteria 
samples are taken with a 100x objective (NA:0.9, Nikon Ti-E, Japan): (a) 
Staphylococcus aureus JE2, (b) Bacillus subtilis 3610, (c) Escherichia coli BW25113, and 
(d) Pseudomonas aeruginosa. (e) Average size comparison in similar shape of bacteria 
cells. Round shape comparison for Staphylococcus aureus JE2 and Pseudomonas 
aeruginosa. Rod shape comparison for Bacillus subtilis 3610 and Escherichia coli 
BW25113. (f) Comparison table for other bacteria classification technologies based on 
machine learning. 
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Figure 41: Classification test results for each (a) microsphere image and (b) 
bare image of the four different kinds of bacteria for a given number of training 
images. 1,000 separately selected images from each category are inputted for the 
prediction test. 

 

Figure 42: Bacteria classification accuracy for the different shaped bacteria 
subsets with varying amounts of training data. The green graph represents the 
classification accuracy between the two different shaped bacteria samples (S.aureus 
(spherical) and E. coli (rod-like)) using the microsphere imaging method, and the orange 
graph represents the classification accuracy between the two similarly shaped bacteria 
samples (B. subtilis (rod-like) and E. coli (rod-like)) using the microsphere imaging 
method. 100 to 10,000 data images were used for the model training.  
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6. Conclusion  
This dissertation describes the development of novel acoustofluidic scanning 

nanoscope technologies for the different type of nanoscale target imaging and 

classification. Each of these technologies enable new capabilities in the nanoimaging of 

the target sample; however, there are still many outstanding issues that need to be 

addressed in the field of nanoimaging area. In this chapter, I will discuss issues imaging 

performance of an acoustofluidic scanning nanoscope. Finally, I will provide my 

perspective on future development of acoustofluidic scanning nanoscope technologies 

and potential new applications. 

6.1. Limitation and Outlook  

In this section we discuss limitations of acoustofluidic nanoscope technology, and 

how to expand the future research direction of methods. As mentioned in the previous 

section, it is important to optimize the microsphere imaging, as well as selecting proper 

geometries and material properties in the modelling process of the microsphere imaging. 

It is also important to choose which parameters should be prioritized in the optimization. 

In the imaging condition, it is mostly depending on the optical system. For example, 

imaging resolution and fluorescence signal rely on the capability of microscope system 

and imaging cameras. Therefore, when the optical system could not show enough 

performance for the nanoimaging, it is hard to get proper result from the system even 

through all parameters are fitted as simulation result. Moreover, due to the acoustofluidic 
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nanoscope uses large numbers of commercialized microspheres at the imaging, the 

quality of imaging is mostly depending on how much microspheres are even condition. 

In addition, in the scanning process of acoustofluidic method, some microspheres could 

be stuck on the sample due to the diversity of surface property of the target sample. Thus, 

the target sample should be selected carefully, or some chemical pretreatment should be 

need. 

Although there is existing technology capable of achieving sub-diffraction 

resolutions, none boast the advantages of microspheres. The discussed imaging 

techniques are simple, low cost, label-free, and high throughput. Additionally, the 

diversity of the techniques means the spectrum of applications for this technology is 

extremely broad. Microsphere scanning imaging can be used for nearly everything, from 

the study of cell-biology to the development of semiconductors and other nanoscale 

components, the possibilities are endless. Additionally, with slight adaptations to existing 

3D manipulation technology, microspheres could be implemented to achieve 3D scanning 

under ~200 nm. Three-dimensional (3D) imaging, also known as z-stacking or optical 

sectioning, is invaluable for obtaining useful 3D information of biological samples. 

Currently, most studies of cell physiology come from studying cells in 2D cultures. To 

truly understand the state of a cell, however, it must be studied in its original, 3D, 

multicellular environment. Furthermore, a full understanding of subcellular functions 

requires imaging the fast, dynamic interactions between the organelles and other cellular 
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constituents. Therefore, the ability to resolve a 3D spatial relationship between various 

subcellular entities on a very fast time scale is much needed. This capability is severely 

limited by the tradeoff between spatial resolution and temporal resolution inherent in 

optical microscopy. Currently, live cell imaging is limited to a spatial resolution of ~200nm 

due to the diffraction limit of light. The ability to resolve structures smaller than 200nm in 

real time will lead to new understanding in areas such as embryonic development, cell 

motility, immune response, cell signaling pathways, and real-time analysis of virus-cell 

interactions. A wide variety of 3D imaging methods have been developed to meet this 

demand,196-200 such as scanning the sample stage through the focus of an imaging lens,201 

scanning the imaging lens through the sample,202-204 scanning the image planes through 

the sample,205, 206 applying multifocal plane imaging,205, 207 and adaptive optics,208, 209 to 

name a few. Although impressive progress has been made in the field, the existing 3D 

imaging techniques still have significant deficiencies in terms of their resolution, field of 

view, speed, and ease of use. For example, confocal microscopy is considered the gold 

standard for high-contrast imaging of different sections of a sample, but its lateral and 

axial resolutions are fundamentally limited to ~200 nm and ~500 nm, respectively, due to 

the diffraction limit of light.210 Furthermore, aligning the confocal aperture on a 

conventional optical microscope requires major modification of the microscope itself, 

increasing cost and limiting accessibility. A wide variety of photoactivated localization 

microscopes have been developed that can break this diffraction limit and achieve 
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superior lateral and axial resolution down to 20 nm and 50 nm, respectively;211-221 however, 

they are too slow for the large-field-of-view 3D imaging necessary to capture fast 

dynamics of biological phenomenon (requires thousands of image frames to form one 

image),, are complex to operate, and very expensive. Light-sheet fluorescence 

microscopes are capable of fast z-stacking, but at the cost of reduced lateral and axial 

resolution to 600 nm and 4000 nm, respectively.222, 223  Fixed bio samples can be observed 

with nanometer level accuracy with scanning electron microscopy (SEM) and X-ray 

imaging, but these methods lack the speed necessary for live cell imaging and are known 

to damage biological material. To overcome the aforementioned limitations, it is 

important to develop a new class of 3D imaging technology that can fulfill the following 

two critiria:224 (1) Achieve high resolution, large field-of-view, and high imaging speed 

simultaneously; (2) seamless connection to a conventional optical microscope without the 

need to modify its optical setup, allowing for versatile, convenient, and low-cost 3D 

imaging. While improving the techniques explored will take significant time and effort, 

the results produced thus far have been promising and attest to the limitless potential of 

the technology.
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