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ABSTRACT  

Confocal microscope is widely used in bioimaging because of its optical sectioning capability, 

high resolution, and low cost. However, as the imaging depth increases, aberrations induced by the 

specimen or the optical system significantly degrade the imaging resolution and contrast, which 

hinders the application of confocal microscopy in deep-tissue imaging. My M.Phil. research focuses 

on studying the nature of different types of aberrations in thick and highly scattered samples and aims 

to correct the aberrations using indirect adaptive optics (AO) methods to achieve optical imaging 

through severely scattered media. Aggregation-induced emission (AIE) material is used as a guidestar 

to further enhance the imaging depth and contrast. In this thesis, the experimental results have 

demonstrated that our self-developed adaptive optical confocal microscope performs well in various 

bioimaging applications with acceptable resolutions. The proposed aberration correction method with 

AIE material has also been proved to be effective in imaging deep in highly scattering media.  

The thesis is organized as follows. In the first part, the mechanisms of confocal microscopy, 

adaptive optics, and aggregation-induced emission material are introduced. The influence of 

aberrations on confocal imaging system and the limitations of present fluorophores are also discussed. 

To overcome the current challenges, an aggregation-induced emission-boosted adaptive optical (AIE-

AO) confocal microscopy system is proposed to achieve high-resolution, high-contrast, and deep-

penetration optical imaging in scattering samples. The second part of this thesis focuses on the adaptive 

optics algorithm, the design of the confocal microscope, and the control system. For the hardware, the 

key components and structures of the imaging system are introduced in detail; for the software, the 

process of three-dimensional imaging, system calibration, and wavefront modulation are explained. In 

the third part, the thesis demonstrates the performance of the AIE-AO confocal microscopy system. 

Fluorescent beads, scattering phantoms, and mouse brain slice have been used as samples to show the 

improvements in image quality with adaptive optics. After that, the emission properties of the AIE 

material in highly scattered phantoms are compared with a commonly used fluorophore, Nile Red. In 

conclusion, the study has demonstrated that the AIE-AO confocal microscopy system can significantly 
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improve the imaging signal intensity, resolution, contrast, and penetration depth in scattering samples. 

The signal intensity has been improved around three to four times, meanwhile the lateral resolution 

also improved by 60% at around 200 μm depth with AO-AIE boosted. While further improvements 

are needed, it is believed that the homebuilt system will have sound application potential in bioimaging 

and generate exciting future explorations.  
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Chapter 1 Introduction 

1.1 Laser Scanning Confocal Microscopy 

With the in-depth exploration of the physical mechanism behind the interaction between light and 

matter, optical technology has been widely used in the fields of biomedical diagnosis, treatment, and 

surgery [1]. For decades, optical microscopy, especially with the emergence of new fluorescence 

platforms, has provided solid tools for visualizing microscopic biological structures and phenomena 

that would otherwise be invisible to naked eyes or optical detectors. However, most conventional wide-

field microscopes suffer from low resolution due to distorted point spread functions (PSF) and low 

signal-to-noise ratio (SNR). To overcome these imperfections, point-by-point light excitation and 

detection method, often referred to scanning microscopy, has been developed to yield better resolution 

and SNR imaging performance. Confocal microscopy is a widely used scanning microscopy technique 

with excellent imaging quality, optical sectioning capability, simple setup, and economical cost [2].  

One of the main features that distinguishes confocal microscopy from general wide-field 

microscopy is the use of a spatial filter, the pinhole, in front of the detector. By using the pinhole 

(Figure 1), the detected emission light is confined to that from the focal plane of the objective lens (i.e., 

in-focus light), while most defocused signals (i.e., out-of-focus light) are blocked by the pinhole. 

Accordingly, unlike conventional optical imaging systems, the total PSF of confocal microscopy is the 

product of the condenser and the objective lens(es). When the individual PSF of the condenser and the 

objective lenses are identical, the lateral resolution of the confocal microscopy is optimal and improved 

by a factor of 1.4 compared with its wide-field peer [3]. More importantly, as only in-focus 

fluorescence emission contributes to the signal detection, confocal microscopy offers significantly 

higher axial resolution and SNR compared to conventional wide-field optical microscopy. Moreover, 

as the out-of-focus light or glare that causes image degradation is rejected by the pinhole, confocal 

microscopy can collect signals from selected section(s) of specimens with thickness exceeding the 

immediate focal plane. This feature is essential to enable 3-D imaging capability for thick tissue 

samples. 
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Figure 1. System diagram of a typical confocal microscope. Different colors of optical beams indicate fluorescent emissions 

from different Z planes (blue: from the focal plane; yellow: before the focal plane; green: after the focal plane), and only 

light from focal plane can enter pinhole and be collected by detector.  

Figure 1 is used to better illustrate the feature of confocal microscopy. The sample plane to be 

imaged and the two pinholes in front of the laser source and the detector are placed at conjugated 

positions. The emission fluorescence light is transmitted through the objective lens and collected by a 

sensitive detector, such as a photomultiplier tube (PMT), positioned behind Pinhole 2. As mentioned 

earlier, this pinhole serves as a spatial filter to block noise and unrelated signals from the non-focal 

planes of the objective lens. As a result, only fluorescent light close to the focal plane (indicated as 

blue ray in Figure 1) can pass through the pinhole, while other out-of-focus light is blocked by the 

pinhole. This improves the resolution and SNR, and the instantaneous depth of field is almost close to 

zero, allowing optical sectioning and imaging of thick specimens along the Z direction. 

With these features, confocal microscopy has seen intense developments for many applications 

in biomedicine, especially for high-resolution imaging of micron and submicron structures and 

functions, such as localization of immunofluorescent labeling, diagnosis of tumor, and observation of 
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neurotransmitter transmission [4].  

These applications, however, encounter challenges due to aberrations of light in the microscopy 

system and the tissue specimen [5]. The existence of induced aberration leads to disorder of light 

focusing, increasing the imperfection of the point spread function [6]. This defect can degrade the 

image quality, imaging depth, and thus affect further data analysis. 

1.2 Nature of Aberrations 

Perfect optical paths and transmission system without any noise are desired for all optical systems. 

Unfortunately, the ideal conditions do not exist in practice due to the presence of aberrations. Most 

aberrations are caused by two factors: the imperfection of optical components and the inhomogeneous 

refraction index along the path of light [5]. The aberrations in bioimaging systems are mainly from the 

optical imaging system and biological samples. 

 In an imaging system, only flat mirrors can be considered perfect optical elements while all  

spherical lenses will induce aberrations. Aberrations can be classified into two types: monochromatic 

aberrations and chromatic aberrations. Monochromatic aberrations further include five categories: 

chromatic aberration, spherical aberration, astigmatism, coma, as well as field curvature and distortion. 

Among them, the first four aberrations affect the sharpness of images, while the last one deviates the 

position of images along the axial and lateral directions [7]. As for chromatic aberrations, they include 

chromatic aberration of position and magnification. Zernike polynomials are commonly used to 

facilitate the expression of various aberrations. Zernike polynomials are orthogonal in circle domain 

and each mode corresponds to a certain kind of aberrations. So, it is an effective way to use Zernike 

polynomials in circle pupil aperture for wavefront reconstruction to correct aberrations and optimize 

an imaging system. 

For biological specimens, the absorption and scattering properties are mainly considered to affect 

the bioimaging results. In many scenes, the absorption of biological tissue can be negligible and 

scattering dominates the penetration depth in the optical diagnostic window. Biological tissues are 
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composed of various cells and intercellular substances of different refractive index distributions. Such 

inhomogeneous distributions result in strong scattering properties, which causes distortion to the 

wavefront of light propagation. Compared with the aberrations due to the optical imaging system, 

aberrations due to the tissue samples are more complex, high-order, and unpredictable. In summary, 

system- and specimens-induced aberrations alter the geometrical wavefront of the light beam and 

degrade the image quality and vision perception performance [8-10].       

To address or overcome these aberrations, researchers have developed various approaches. One 

of the representative solutions is called adaptive optics, which aims to pre-compensate the aberrations 

so that when the light beam reaches the region of interest, high quality optical focus can be formed 

(Figure 2c). To achieve this, one needs to figure out the spatial variations of the aberrations and how 

these variations affect the imaging quality. Researchers have found that the Zernike polynomial model 

is a powerful tool to reveal this relationship, based on which the aberrations can be compensated with 

a wavefront manipulation device [11].  

1.3 Adaptive Optics 

Adaptive Optics (AO) is a kind of optical wavefront modulation approach used in ballistic or 

quasi-ballistic regime (usually within 1 mm beneath human skin). This technique was originally 

invented for astronomical purposes and was introduced to correct the disordered wavefront for clear 

stellar imaging [9]. Similarly, the distribution of optical refractive index in biological tissue is 

inhomogeneous which introduce biological aberrations in optical path. AO also has shown its ability 

to overcome these aberrations in bioimaging at depth of hundreds of micrometers in confocal imaging 

system [12-15]. 

A simple schematic diagram (Figure 2) can be used to briefly explain how AO improves the 

imaging quality of a microscope. Ideally, a planar wavefront incident on a microscopic objective can 

be bent and converged to produce a spherical wave. The converging spherical wavefronts 

constructively interfere at the spot where a perfect focus is formed (Figure 2a). Undesirable refractive 

index inhomogeneities between the objective and the focus, however, distort the wavefront and shift 
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the light path, resulting in an aberrant focus (Figure 2b). Nonetheless, the aberrations can be 

compensated by a wavefront modulation device so that a satisfactory focus is recovered (Figure 2c). 

Consequently, the imaging quality can be significantly improved. 

 

Figure 2. Different forms of optical focus formation. (a) Ideal scenario: a plane wave (top red line) is converted to a 

spherical wavefront (bottom red semicircle) and converges, forming a clean focus. (b) Practical scenario: inhomogeneities 

(orange spots) of the refractive index in the medium affect the propagation of light and lead to a distorted wavefront. The 

focus is formed with aberration. (c) Optimized with AO: a shaped wavefront compensation cancels out the aberration and 

an optical diffraction-limited focus can be formed. Figures reproduced from Ref. [16] 

Based on different aberration measurement methods, adaptive optics can be classified into direct 

and indirect wavefront measurements. In direct wavefront measurement, wavefront is measured by the 

Shack-Hartmann scheme or other interference systems, and aberration is directly calculated from the 

wavefront. Then this distorted aberration information is used to guide the shape of wavefront 

modulators to correct the aberration and improve the imaging contrast and resolution. In biological 

specimens, the feedback ‘guide-star’ is usually the accumulation of fluorescence signals or the 

excitation light [16-18]. The advantage of direct wavefront measurement is high speed; however, the 

extra phase detection complicates the system and reduces the strength of signals for detection.  

Unlike direct wavefront methods which need to measure the aberration from wavefront, indirect 

wavefront measurement only focuses on optimizing the feedback signals by adding certain phase 

masks on wavefront modulators. The commonly used indirect methods include model-based and 

zonal-based approaches. In model-based method, the distorted wavefront is decomposed into 

polynomial expressions (such as Zernike circular polynomial) and then determining the coefficients of 

each order one by one. Amount of work is about how to determine the coefficients, including iteratively 
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adding phase masks based on feedback signals and test values and using the information from scanning 

image [19-23]. In zonal-based method, it usually divides the back aperture of the objective lens into 

several independent regions and adjusts the light intensity at the center of each region to be maximum 

by adding tilt phase factors. Finally, one calibrates every independent region to make the interference 

superposition enhancement at center position [24-27].       

1.4 Aggregation-Induced Emission (AIE) 

The use of AO correction can improve the SNR, resolution, and penetration depth of existing 

fluorescence microscopes from the perspective of a light excitation source. Fluorophores, however, 

present another challenge. Most fluorophores have a relatively low quantum yield, so a high 

concentration of fluorophore is usually required to enhance the excited fluorescence signal. However, 

this increase in fluorophore concentration can lead to what is known as aggregation induced quenching 

(ACQ) effects, as shown in Figure 3 (left). The ACQ effect is very common in aromatic fluorophores 

[28-29] and even in quantum dots (QDs) [30-31]. Recently, an opposite photophysical phenomenon 

called aggregation-induced emission (AIE) has been observed for some molecules [32-33]: these 

molecules, such as a series of silole derivatives, are non-emissive in dilute solutions but become 

strongly luminescent when aggregated in concentrated solutions or cast in solid films (Figure 3, right). 

Moreover, the luminogens with the feature of aggregation-induced emission (AIEgen) are free from 

the problem of self-quenching which occurs in most of the traditional fluorophores. Last but not the 

least, AIE materials can also illumine much brighter than regular fluorophores [34-35]. The unique 

properties of AIEgens allow them to be good candidates for highly emissive fluorescent nanomaterials 

fabrication. AIEgen-based fluorescent materials have demonstrated strong emission, high 

photostability, excellent biocompatibility, as well as the feasibility of surface functionalization, and 

thus are ideal contrast agent for optical microscopic applications.  
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Figure 3. Fluorescent aggregation–caused quenching (ACQ; left) versus aggregation-induced emission (AIE; right) effects. 

Different solutions or suspensions of fluorophores-perylene and hexaphenylsilole (HPS) were dissolved in THF/water 

mixture, which THF is a good solvent for fluorophores while water is a bad one. Figures modified from Ref. [33]. 

1.5 Contributions and Significance 

In this project, we integrate the innovations of adaptive optics (AO) and aggregation-induced 

emission (AIE) dots with optical microscopic techniques for enhanced molecular imaging in deep 

depth: the AO can enhance the imaging quality in terms of resolution, signal-to-noise ratio, and 

penetration depth, while the AIE improves the quality from the perspectives of contrast, brightness, 

specificity, photostability, and lifetime. Compared with mainstream AO techniques, our AO-AIE 

confocal microscope has the promising potential to improve the signal quality and imaging depth. 

Meanwhile, more accuracy of AO recovery is achieved with the high-quality feedback signal from 

guidestar. This self-developed adaptive optics confocal microscopy system combined with AIE dots 

can serve as a cost-effective and promising platform to enhance a wide range of optical microscopic 

techniques, generating scientific and industrial impacts with further improvement and more trials in 

next phase. 
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Chapter 2 Development of Adaptive Optics Confocal 

Microscopy 

2.1 AO Algorithm and Wavefront Modulator 

2.1.1 Calibration of Spatial Light Modulator (SLM) 

The panel of a liquid crystal on silicon (LCoS) typed spatial light modulator contains a layer of 

birefringent liquid crystal molecules, which can respond to the applied voltage change. The angle of 

the molecules and the polarization angle affect the refractive index and furtherly the optical path of 

incident light to achieve phase modulation. During the modulation, one direction between the 

polarization angle and the liquid crystal molecules remains constant, which means this part of incident 

light can’t be modulated. The polarization of incident light should be consistent with the long axial 

direction of the liquid crystal molecules. Hence, a half-wave plate needs to be added before the SLM 

to meet the polarization requirement between the incident light and the SLM to improve the modulation 

efficiency [34]. As a result, when incident light passes through the SLM, some light will not be 

modulated but is directly reflected into the latter optical path, inducing a noisy background. To 

eliminate the influence of this kind of unmodulated light, in our study, a blazed grating is superimposed 

on the desired phase to deflect the modulated light to the first diffraction order to separate it from the 

unmodulated light spatially. Also, a diaphragm is added behind the SLM to block other diffraction 

orders except the first order, as shown in Figure 4.   

2.1.2 Algorithm of Adaptive Optics 

In an imaging system, aberrations can be described by a two-dimensional phase wavefront, that 

is, wave aberration, which can be described by a Zernike polynomial model as shown in Eq. (1). The 

Zernike polynomial is a special kind of polynomial, and its orders in the unit circle is orthogonal to 

each other. The first 15 Zernike modes are shown in Figure 5. It can be observed that each Zernike 

mode corresponds to one geometric aberration type. The wave aberration can be expressed by: 
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 W = 	Σa!Z!,             (1) 

where W is the wave aberration, a! is the coefficient of ith Zernike mode, and  Z! is the ith Zernike 

mode. In order to use the Zernike model to represent the wave aberration, the key is to derive the 

coefficient of each mode. 

 

Figure 4. (a) The SLM is loaded with a circular blaze grating marked as blue at the center and a uniform pattern (with a 

value of 0) in the peripheral area. (b) When the SLM is loaded with the pattern shown in (a), only the +1 order (modulated; 

blue) light of the blazed grating can transmit through the iris, serving as the excitation source of the confocal setting. L3, 

L4: Lens; SLM: spatial light modulator. 

In our system, we implement the Zernike-mode-based sensorless (indirect) method. We adjust the 

weight of each Zernike mode and detect the change of fluorescence signal. Here, the required number 

of measurements is M×N, where M is the number of weight for each Zernike mode and N is the number 

of Zernike modes used in the measurement. In this project, image intensity is chosen as the 

optimization metric, which is sufficiently robust to obtain aberration corrected wavefronts. Practically, 

the weight of each Zernike modes has twenty-one subdivisions and the first 15 Zernike modes (the 

first three modes were excluded) are used to adjust the image metric at each data point. Then, the 
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metric data points are fitted by Gaussian fitting to find the best weight of each Zernike mode. The total 

number of measurements is 21×12, which takes about 12.6 seconds. The update speed of the SLM-

based wavefront modulator and the frame rate of imaging are 20 Hz, which is fast enough for such an 

indirect AO method. Moreover, the SLM has a total of 1080×1920 independent pixels, which can be 

used to display each Zernike mode with much higher accuracy (the diameter of the circle can be up to 

1080 pixels) than that a deformable mirror supports. 

 

Figure 5. Illustration of the first 15 Zernike polynomials (modes). Figure is from https://aomicroscopy.org/sensorless-ao. 

When a circular region with a specific diameter on the SLM is used as the working region, loaded 

with each Zernike mode to directly modulate the wavefront of the incident light, part of the light that 

is not modulated by the SLM (the modulation efficiency is less than 100%) is also transmitted into the 

pupil of the objective lens. As a result, this portion of light contributes to the background and increases 

the measurement error. Moreover, the conjugation between the surface of the SLM and the back 

aperture of the objective lens is quite hard to match accurately. To solve these problems, a blazed 

grating, as shown in Figure 5a, is displayed on the SLM. Thus, the incident light is reflected from the 

central circular region of the SLM; a large proportion of the light is transmitted along the +1-diffraction 

order of the blazed grating at a slant angle (the angle is determined by the size of the blazed grating, 

the wavelength of the light, and the angle of incidence). In comparison, the light reflected from the 
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peripheral region and the unmodulated light keep travelling along the original optical axis and are 

blocked by an iris positioned at the focal plane of L3. The modulated light, i.e., the light travelling 

along the +1 diffraction order of the blazed grating, is allowed to pass through the iris. Note that the 

modulation region on the SLM can be easily adjusted to match the pupil of the objective lens. In this 

case, the conjugation between the SLM and the back aperture of the objective lens is no longer difficult 

to adjust, as a complete SLM screen projection can only be observed at the conjugate plane of the SLM 

surface. In the aberration measurement and correction experiment, desired patterns are added onto the 

blazed grating pattern. To measure the optimized correction pattern, the image intensity variation for 

a given (nine in this thesis) image segments as a function of the applied Zernike mode. The Gaussian 

fitting returns the center position, which is the needed coefficient for this applied Zernike mode. The 

above process repeats for all thirteen modes and the final wavefront displayed on the SLM is the 

summation of all the measured Zernike modes.  

2.2 Integration of Data Acquisition and System Control  

2.2.1 Three-dimensional Imaging Control System 

The synchronization of the active components in the system, including scanning galvanometers 

(GMs, including X-GM and Y-GM), photomultiplier (PMT), and SLM, should be accurately aligned 

based on the clock of the data acquisition (DAQ) card. And the control software is based on LabVIEW. 

GMs are used to scan the focus of the modulated light to excite the fluorophores in the region of interest 

(ROI) at the focal plane of the objective lens. PMT is used to detect the fluorescence signals and 

convert them into electrical signals, which are sent to the DAQ for A/D conversion and further 

processing. Both GMs and PMT operate at an ultra-high speed and in a continuous mode. The 

fluorescence signal acquisition and laser excitation at every point of the focal plane should be precisely 

synchronized (Figure 6). The sampling rate of the fluorescence signal is constant, which is determined 

by the synchronous clock of the DAQ. An external trigger signal generated by an independent function 

generator is used to trigger the DAQ card to ensure synchronization. The waveforms of the voltage 

signals used to drive the X-GM and Y-GM are also dependent on the synchronous clock. X-GM is 
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used to scan the focus along a line on the focal plane (A-Scan), and X-GM returns to its original 

position when the scan along a line is completed. During the reset process of X-GM, Y-GM is used to 

move the focus to the next A line to achieve a B-Scan scanning. After a 2-dimensional scanning is 

completed, a Z-motor is used to move the focal plane of the objective lens to the next Z plane, so as to 

achieve 3-dimensional scanning and imaging. As shown in Figure 6, the voltage applied to the X-GM 

has a sawtooth waveform, and the voltage applied to the Y-GM and the Z-motor has a staircase 

waveform.  

  

Figure 6. The synchronization diagram of the control and data acquisition of the system. DAQ: data acquisition card; PMT: 

photomultiplier; X-GM: X-axis galvanometer; Y-GM: Y-axis galvanometer. 

2.2.2 Calibration of Galvanometers in Two-dimensional Scanning 

In two-dimensional scanning with galvanometers, two methods are commonly adopted: sawtooth 

scanning and bi-directional scanning, as shown in Figure 7. In sawtooth scanning, Y-GM first holds a 

static voltage until X-GM finishes a line scan. Then, X-GM quickly “flies back” to its starting position 

and Y-GM simultaneously rotates a small angle to the next line. The scanning of the whole area can be 

obtained by repeating the above movement (Figure 7b). In bi-directional scanning, X-GM does not 

“fly back” immediately after finishing a line scan. Instead, it gradually returns to its starting position 

during the next line scan (Figure 7a). 
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Figure 7. Two movement ways of galvanometers in 2D scanning. (a) Bi-direction Scanning. (b) Sawtooth Scanning 

In sawtooth scanning, X-GM scans every line twice in the back-and-forth movement, which 

means half of the acquired signals are redundant. Hence, in this method, the flyback time needs to be 

short. However, the galvanometer has a response delay due to inertia and rapid movement may shorten 

the life of the galvanometer. Compared with signals obtained with sawtooth scanning, the signals in 

bi-directional scanning are all useful and X-GM keeps the same moving mode in different lines. 

Therefore, the bi-directional method has a better ability to reduce the imaging time and improve the 

signal acquisition efficiency. However, the synchronization between galvanometer and PMT is not 

precise, and the line scanning speed of X-GM is not constant. So, the amount of data from each pixel 

is not the same, and the time delay between galvanometer and PMT leads to an image misalignment 

between odd and even rows. Pre-calibration is therefore needed to compensate for the error in order to 

obtain reliable results.  

The core of the calibration is to calculate the time delay between the galvanometer period trigger 

and PMT, and add this estimated delay signal to the system in the next scanning cycle. First, we capture 
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2D scan data by PMT without calibration and allocate the acquired data to pixels based on a pre-

calculated formula. Then we delete a certain amount of data at both ends of each back-and-forth cycle 

and get the new reconstructed image. After that, we use the autocorrelation of the even and odd lines 

of the new image as the metric value. Finally, the procedure of deleting data is repeated until the largest 

autocorrelation value is found. Based on the amount of deleted data and the sampling rate of the 

acquisition card, the time delay between PMT and galvanometer can be calculated and compensated 

for the control system.  

2.3 Optical Setup of the AO-confocal Microcopy 

The optical setup of the self-developed system is shown in Figure 8. A continuous wave laser of 

wavelength 488 nm (OBIS LS, Coherent, USA) serves as the light source, and the maximum output 

power is 150 mw. The light is first expanded by a 4f system (lens L1 from LBTEK, AC254-30-A, f = 

30 mm and lens L2 from LBTEK, AC254-200-A, f = 200 mm, China) to illuminate the entire screen 

of the SLM (PLUTO-NIR-011, HOLOEYE Photonics AG, Germany). After the light is modulated and 

reflected by the SLM, it is shrunk by another 4f system (lens L3 from LBTEK, AC254-200-A, f = 150 

mm, and L4 from LBTEK, AC254-30-A, f = 50 mm), and then sequentially reflected by a long-pass 

dichroic mirror (LP-DM, FF509-FDi01-25x36, Semrock, USA) and the X galvanometer (X-GM, 

TSH8203, Sunny technology, China). The reflected light transmits through a pair of relay lenses (lens 

L5 from LBTEK, AC254-30-A, f = 50 mm and lens L6 from LBTEK, AC254-50-A, f = 50 mm) and is 

reflected by the Y galvanometer (Y-GM, TSH8203, Sunny technology, China). Finally, the light is 

converged by an objective lens (NA 1.0, LUMPLFLN60XW, Olympus, Japan) after passing through 

a scan lens (AC254-50-A, f = 50 mm, LBTEK, China) and a tube lens (AC508-180-A-ML, Thorlabs, 

USA). The converged light illuminates the sample, and the axial movement of the focal plane is 

achieved by mounting the objective lens on a Z-motor (ND72Z2LAQ, Physik Instrumente, Germany). 

The sample is fixed on a microscope slide clamp (OT-SH1, LBTEK, China), which is mounted on a 

3-D motorized positioning system (HLD125-LM-2, HENG YANG GUANG XUE, China).  
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Figure 8. (a) Optical steup of the self-developed AO-confocal microscopy system (the control and synchronization elements 

are not shown). (b) Photograph of the system. DM: dichroic mirror; L1-L7: doublet lens; OBJ: objective lens; PMT: 

photomultiplier; SLM: spatial light modulator; X-GM: x axis galvanometer; Y-GM: Y axis galvanometer. Blue arrows 

indicate the transmission of excitation light in the system. 
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The fluorescence emission from the sample transmits along the opposite direction of the optical 

excitation path until it reaches the LP-DM. A lens (L7, LBTEK, AC254-50-A, f = 50 mm) is used to 

focus the fluorescence signal into a multimode fiber (MMF, SUH50, XINRUI, China). The 

fluorescence emission is finally detected by a photomultiplier (PMT, CH345, Hamamatsu Photonics, 

Japan) from the other end of the MMF.  

To measure the sample-induced aberration, we change the weight of each Zernike mode with nine 

different values and display each pattern on the SLM. The corresponding images in the field of view 

(FOV) are recorded. The mean intensity of each image serves as an optimization metric. The 

coefficient of each Zernike mode can be retrieved from Gaussian fitting. At last, a pattern generated 

from the superposition of every Zernike mode with fitted coefficient as well as the circular blazed 

grating is displayed on the SLM. Images within the same FOV without aberration can thus be obtained. 
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Chapter 3 Experimental Results 

3.1 Performance Characterization 

3.1.1 Calibration of Galvanometers and PMT 

The calibration of galvanometer is preferred before data acquisition to correct image dislocation. 

As seen in Figure 9a, due to the time delay between X-GM trigger and PMT, the odd and even lines in 

reconstructed image are dislocated. And this mismatch is related to the field of view and scanning 

speed of X-GM. After calibration by our proposed methods in Section 2.2.2, the distorted pixel 

allocation is corrected, even the 2D scanning speed is 20 Hz, as shown in Figure 9b. 

 

Figure 9. The MIP confocal images of the fluorescence beads in scattering sample (a) before and (b) after calibration of 

galvanometer and PMT. 

 

3.1.2 Performance of Confocal Microscopy 

The FOV of the self-developed imaging system is measured by using a fluorescent resolution test 

target (Ronchi ruling, 40 lp/mm, #38-260, Edmund, USA). As shown in Figure 10a, the maximum 

FOV of the system is about 175 µm × 175 µm. Then the spatial resolutions are characterized by 

imaging 0.2 μm (diameter) fluorescent beads (505/515 nm, F8811, ThermoFisher, USA). 20 layers of 

images are collected with an axial step size of 200 nm, starting from the sample surface. As shown in 
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Figure 10b, the lateral resolution, as defined by the full width at half maximum of the intensity profile 

along the lateral direction, is 430.50 nm, and the axial resolution is 1.68 μm. These parameters are very 

close to the theoretical values of the optical imaging system [44] and are quite comparable to those of 

the mainstream commercial confocal microscopy systems. 

 

Figure 10. (a) FOV and (b) system resolution of the homebuilt confocal microscopy system. 

The characterization shown in Figure 10 also suggests that the aberration induced by the optical 

components in our system is fairly small and thus negligible in operation. Therefore, the system is 

ready for the next step: correcting the sample-induced aberration. First, a tissue-mimicking phantom 

composed of deionized water with 1% agar (AGAROSE G-10, Shanghai Baygene Biotechnology 

Company, China) is used for calibration. The diameter of the fluorescent beads is about 1 mm and the 

net concentration of the beads in the phantom is about 0.1%. The fabrication process of the scattering 

sample is briefly described here. First, 40 mg agar is mixed with 40 ml deionized water. Then, the 

solution is placed in a heating cabinet for 2 minutes at a temperature of 80℃. 1 ml of the solution is 

extracted with a pipette and mixed thoroughly with 1 ml fluorescent beads solution (505/515 nm, 

F8765, ThermoFisher, USA). Finally, the new mixture is poured into a glass bottom dish and becomes 

a gel sample when the medium is cooled to room temperature. 
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3.1.3 Performance of the Adaptive Optics Confocal Microscopy  

With this sample, 50 layers of 2D confocal images were collected with a step size of 0.5 mm from 

the upper surface of the phantom (the total scanning range is 25 mm along the Z direction). For each 

layer, the XY scanning range is about 58 µm × 58 µm, with 512×512 pixels within the field of view. 

These 50 images are stacked together to form a 3D image (as shown in Figure 11) using the Maximum 

Intensity Projection (MIP) method. Unless otherwise specified, similar method is adopted in this 

project for data analysis and presentation. Figure 11a and b show the confocal images before and after 

the AO correction, respectively. Blurred or ghost images of these fluorescent beads are observed before 

the AO correction. In comparison, much clearer images of the beads are obtained with the AO 

correction, and all fluorescent beads look circular in shape, which is consistent with the actual physical 

property of these beads. Furthermore, as shown in Figure 11 e, if we examine the profiles along the 

red dashed lines in Figures 11a and b, we can quantify that the imaging lateral resolution and the signal 

intensity have been improved by ~60% and ~166%, respectively, after the AO correction, while the 

background intensity remains almost the same. Similar trend can be observed from the XZ images 

(Figures 11c, d, and f), where the axial resolution along Z axis is improved by ~34% and the signal 

intensity is improved by ~200% after the AO correction. These improvements and the smoother profile 

curves suggest that much brighter and more Gaussian-like excitation light patterns at the region of 

interest have been achieved, confirming the efficacy and the performance of our AO-confocal 

microscopy system. 
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Figure 11. The MIP confocal images of the fluorescence beads in the scattering sample. (a) before AO correction. (b) after 

the AO correction. (c)-(d) are images in the XZ plane along the red dash lines in (a) and (b), respectively. (e) is the intensity 

distributions along the red dashed lines in (a) and (b), respectively. (f) is the intensity distributions along the red dashed 

lines in (c) and (d), respectively. The FOV in (a) and (b) is about 58 μm × 58 μm.  

To further validate the performance of the AO-confocal system in real biological tissue, a 200 μm 

think mouse brain slice containing Thy1-EGFP-labeled nerve cells (obtained from the Jackson 

Laboratory) is used as the sample. The preparation protocol of the brain slice can be referred to Ref. 

[36]. The imaging results before and after the AO correction are shown in Figure 12. It can be observed 

that without AO correction, the tiny synaptic structures, as indicated by the vertical red line, are poorly 

resolved, and the adjacent neurons, as indicated by the oblique yellow line, are hard to be distinguished. 

With AO correction, however, the tiny synaptic structures become clear, and the neighboring neurons 

are well separated. The improvement is even more striking when we compare the intensity distribution 

profiles before and after AO correction along the red and yellow lines, respectively.  
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Figure 12. Brain slice confocal images (a) before and (b) after AO correction. (c) and (d) are the intensity distributions 

along the red and yellow dashed lines in (a) and (b), respectively. The FOV in (a) and (b) is about 58 μm × 58 μm.  
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3.2 AIE-boosted AO-Confocal Microscopy  

In this section, we tested the performance of AO-confocal microscopy with AIE nanomaterials as 

the fluorophores within samples. The AIE material is tetraphenylethene-2,3-bis(4-(phenyl(4-(1,2,2-

triphenylvinyl)phenyl)amino)phenyl)fumaronitrile (TPE-TPAFN), hereafter referred to as AIE dots. 

The preparation and characterization of the captioned AIE dots can be referred to Ref. [37]. The 

average size of the AIE dots is about 30 nm and the maximum absorption and emission are at 512 nm 

and 670 nm, respectively [37-41]. We used 8 mL deionized water to dissolve 0.5 mg AIE dots and an 

ultrasonic bath method to distribute AIE dots evenly in the solution, in which the concentration is 

0.0625 mg/ml. 1 ml AIE dots solution was mixed with 1 ml agar (the same as what have mentioned in 

Section 3). At last, the solution was poured into a glass bottom dish to cool and become a gel phantom. 

In addition, we used Nile Red (MS4200, MAbio, China) for comparison to show the strong emission 

property of TPE-TPAFN. Nile Red is a widely used lipophilic stain and has aggregation induced 

quenching property. The selected Nile Red has maximum absorption and emission at 552 nm and 636 

nm, respectively [42]. We used 8 mL dimethyl sulfoxide (DMSO) to dissolve 0.5 mg Nile Red powder 

and the remaining preparation procedures are the same as AIE dots. In the experiment, we chose two 

different levels of laser intensity (30 mW and 60 mW) to image the surface layer (around 20 μm depth) 

of these two kinds of samples. Images of AIE dots are shown in Figures 13a and c, where the emission 

light intensity of AIE is improved a lot from medium to high excitation laser conditions. Even under 

30 mW laser excitation condition, most of the emission signals from the AIE dots are bright enough as 

guide stars for further wavefront modulation. As a comparison, in Figures 13b and d, the fluorescence 

signals from the Nile red dyes are apparently weaker than those from the AIE dots in two different 

illumination conditions. Moreover, from 30 mW to 60 mW laser excitation condition, the enhancement 

of fluorescence intensity of the Nile Red is less than that of the AIE dots. 
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Figure 13. AIE dots and Nile Red under 30 mW illumination (a) and (b). AIE dots and Nile Red under 60 mW illumination 

(c) and (d). Note that same camera settings were used for all images, and in (c) it is a bit over exposed due to strong laser 

radiation and bright fluorescence emission. 

To further validate the performance of the AIE materials under confocal microscopy, TiO2 

particles were added in the phantom to mimic the optical scattering properties in biological tissue. The 

quantitative optical properties of scattering and the phantom preparation methods can be referred to 

Ref. [43]. In our demonstration, 5.0 mg/ml TiO2 was added to both AIE dots and Nile Red samples a 

get a final scattering coefficient µs equals 1.06 mm-1 at 800 nm. Figures 14a and c show the imaging 

results of AIE dots at depths of 35 µm and 200 µm, respectively. As seen, the emission signals from 

the AIE dots are bright and effective in the scattering medium even at the depth of 200 µm. However, 

the Nile Red signals are severely distorted at the depth of 35 µm. The emission intensity is lower, and 

the edges of the objects are not sharp, which weakens the effect of adaptive optics. And at the depth of 

200 µm, our PMT cannot acquire any useful data from the Nile Red samples. This experiment shows 
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that AIE materials have great potential to be used as guide stars for adaptive optics at great depths in 

highly scattering media.   

 

Figure 14. AIE dots and Nile Red in scattering phantom at different depths. AIE dots (a) and Nile Red (b) at the depth of 

35 µm; AIE dots (c) and Nile Red (d) at the depth of 200 µm. 

In experiment, we chose two regions with different distribution morphologies of AIE dots at deep 

layer (around 100 µm) as the regions of interest, and the AIE samples were prepared without TiO2 

particles. Images of the first region are shown in Figures 15a and b, where many AIE dots aggregate 

to form a three-dimensional complex structure. The outlines and the morphologies of the structure are 

apparently clearer after AO correction. Images of the second region are shown in Figures 15c and d, 

where the AIE dots are dispersedly distributed in the sample, with no or very few AIE dots sticking 

together. Before AO correction, ghost images with fuzzy outlines are observed. After AO correction, 

the outlines become clearer. More importantly, as seen from the intensity profiles along the red dashed 

lines in Figures 15c and d, the signal intensity is almost tripled and the adjacent AIE dots can be well 

distinguished, indicating a significantly improved spatial resolution (Figure 15f). Figure 15e shows the 

coefficient of 12 Zernike modes for the AO correction in Figure 15d, where the first order vertical 
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astigmatism (1st.Vert.Astig) contributes most to the sample-induced aberration. The corresponding 

correction pattern on the SLM in the circular region is shown in Figure 15g. 

 

Figure 15. (a-d) MIP images of the AIE dots with different distribution morphologies before and after AO correction. (e) 

The coefficient of the first 15 Zernike modes used for AO correction in (d). (f) The intensity distributions along the dash 

lines in (c) and (d). (g) The corresponding correction pattern of (e) on the SLM. The FOV in (a-d) is about 58 μm × 58 μm. 

The scale bar in (g) is 1 mm.  
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In the last experiment, we chose the region of interest of AIE dots at the depth of 200 µm with 

TiO2 to demonstrate the performance of AIE-AO confocal microscopy in a highly scattering medium. 

As shown in Figure16a, before AO correction, the AIE dots suffered from severe scattering and the 

target object is blurred and almost buried in noisy background. After AO correction, the target objects 

become clearer and sharper in Figure16 b. More importantly, we can even detect effective signals from 

the AIE particles which are submerged in scattering signals before AO correction in Figure16 b. From 

the intensity profile along the red dashed lines, the signal intensity is more than tripled and the lateral 

resolution is improved by ~30% after loading the corresponding correction pattern on SLM. Compared 

to non-scattering conditions, in addition to the vertical astigmatism, spherical also contributes to the 

sample-induced aberration in the deep scattering medium. The corresponding correction pattern on the 

SLM in the circular region is shown in Figure 16g. 

 

Figure 16. (a-b) MIP images of the AIE dots before and after the AO correction in the scattering medium. (c) The coefficient 

of the first 15 Zernike modes used for AO correction in (b). (d) The intensity distributions along the red dash lines in (a) 

and (b). (e) The corresponding correction pattern of (c) on the SLM. The FOV in (a-b) is about 35 μm × 35 μm. The scale 

bar in (e) is 1 mm.  
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Chapter 4 Conclusion and Discussion 

In this thesis, a confocal microscopy system with performance comparable to the mainstream 

commercial confocal microscopy systems was designed and constructed. Furthermore, a control 

system with calibration function for 3D imaging has also been developed, which allows us to freely 

and conveniently change the active accessories and transfer all components to FPGA towards a fast 

system in the future. We have corrected optical aberrations with a SLM based on the indirect adaptive 

optics method. It has been demonstrated that the system can successfully correct aberrations induced 

by tissue-mimicking scattering phantoms and mouse brain slice containing Thy1-EGFP-labeled nerve 

cells or AIE dots. The experimental results have demonstrated that with AO compensation, signal 

intensity and resolution of the confocal imaging system can be significantly improved. Finally, a 

comparison between the imaging performance of tissue-mimicking scattering phantoms dyed with Nile 

Red and AIE dots has been made. The results show that the AIE dots have enabled the AO confocal 

system to image deeper into a highly scattering medium, exhibiting potentials to serve as excellent 

guide stars for wavefront modulation in biological imaging. 

On the other hand, there are several challenges to be overcome in the next phase. First, in our 

system, a complete AO procedure takes about 12.6 s, which is majorly limited by the 2D scanning 

speed of 20 Hz (determined by the mechanical movement of galvanometers) and the need for hundreds 

of iterations. To improve the speed, resonant galvanometers with higher speed is a potential choice. In 

addition, direct wavefront detection methods can greatly reduce the optimization duration whilst at the 

expense of fluorescent signals. As preliminarily demonstrated in this study, AIE signals are promising 

as guide star in direct AO correction with their bright fluorescent signals. 

Second, the optimized FOV in our AO confocal microscopy is limited within one hundred microns. 

Note that wavefront distortion varies spatially in a complex medium, yet our method is position 

dependent which only corrects the aberration in a limited region. However, in experiment we apply 

the calculated correction for a large region, leading to incomplete and incorrect large FOV in tissue 
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imaging. Pupil-segmentation-based adaptive optical method may be a good solution to expand the 

FOV, but it takes longer time for distortion correction and may not be optimal for bioimaging [13].    

Last but not the least, in this study we used Nile Red for comparison to highlight the strong 

emission property of TPE-TPAFN based on several considerations. The first is the wavelength of 

excitation light is 488 nm, where Nile Red and TPE-TPAFN have similar absorption spectra. Although 

the quantum efficiencies of the PMT used in the system are slightly different at 670 nm and 636 nm, 

we can still observe that TPE-TPAFN has significantly strong emission. The second consideration is 

that the combination of TPE-TPAFN and liquid biological tissue is not as good as Nile Red, which 

indicates Nile Red, like dyes, performs better in structural imaging. Nevertheless, the results show AIE 

materials leads to enhanced fluorescence emission, photophysical stabilities, and imaging resolution. 

Hence, in the next step of research we will continue using TPE-TPAFN as guide-star to optimize the 

performance at deep depths in biological tissue.           
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