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ABSTRACT OF THE THESIS 

 

Optimization of Hybridization and Probe Design Parameters for Single Molecule RNA-FISH 

by 

Qi Xu 

Master of Science in Biomedical Engineering 

University of California, Irvine, 2020 

Associate Professor Weian Zhao, Chair  

 

 

There are many biological molecules in cells, including DNA, RNA and protein. Their expression 

levels can reflect the current statuses of cells and the changes in their expression patterns are 

associated with developmental as well as disease progression pathways. More importantly, 

these molecules can function as valuable biomarkers in the clinical and laboratory setting. To 

detect these molecules, a variety of methods have been developed. To assay large quantities 

and types of mRNA transcripts, RNA-sequencing is often used where dissociated cells or tissue 

are extracted in bulk and their contents are processed and sequenced via NGS platforms. 

Unfortunately, these tools only show expression changes on average. In addition, these bulk 

analyses methods do not provide important spatial information which can elucidate processes 

where expression patterns are closely related to its location, e.g. cell-cell communication. 

Therefore, tools which can spatially profile expression level of genes within the original context 

of a cell are continued to harbor interest in the clinical and research setting. For many years, 

fluorescence in situ hybridization (FISH) has been widely used for this application. In situ 

hybridization (ISH) is based on the specific binding between the target and its probes. The 

application of fluorescence probes helps to label the biomarker of interest and allows them to be 

observed and analyzed under a fluorescence microscope. Currently, many commercial RNA-
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FISH platforms exist but costs thousands of dollars to profile a small panel of genes for a small 

set of samples. Few pipelines tools which utilizes alternative cost-effective labeling strategies 

exist. The objective of this work is to develop a well-defined RNA-FISH platform which provides 

many guidelines for design of probe structure, blocking buffer, reagents, etc. We first 

constructed HEK293T cells that stably express mNeonGreen protein and validated the 

hybridization efficiency of the designed probes. Based on this cell system, the effects of primary 

probe structure, secondary probe structure, blocking buffer, primary probe concentration, and 

incubation time were studied. Based on their results and analyses, this pipeline for RNA-FISH 

experiments can be readily adopted and disseminated for use. 
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CHAPTER 1: Spatial Transcriptomics 

 

1.1 Transcriptome 

1.1.1 Introduction of transcriptome 

The human genome is stored in the form of DNA. To carry on any instruction, the central 

dogma of molecular biology is followed. Through transcription and translation, genetic 

information flows from DNA to RNA, and finally to protein. During this process, RNA is the 

readout of genes, which is also called transcripts. Transcriptome refers to the set of all these 

transcripts produced by genome [1]. It includes both coding RNA (messenger RNA, mRNA) and 

non-coding RNA (ncRNA). ncRNA is the collection of transfer RNA (tRNA), ribosomal RNA 

(rRNA) and small RNA, such as microRNA (miRNA), small interfering RNA (siRNA), and long 

non-coding RNA (lncRNA). These ncRNA are responsible for influencing cell structure and 

regulating genes. 

 

1.1.2 Role of RNA 

Although the DNA in each cell of one person is virtually identical, the patterns of gene 

expression in different types of cells (e.g. in epithelial cells and muscle cells) have great 

variations [1]. Even at the different phases of cell cycle, the gene expression can be vastly 

different, like cyclin genes [2]. These are tightly regulated spatially and temporally. Besides, 

genomic aberrations have been found to be responsible for many diseases like cancer [3]. 

Since RNA is the transcript from DNA, the analysis on RNA can show the changes in gene 

expression and help people understand how the regulation works. The differences are closely 

related to the different characteristics and behaviors of various cells, both in tissue development 

as well as during disease progression [1]. 

 

1.1.3 RNA detection methods 
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Messenger RNA is a powerful biomarker for many applications such as clinical 

diagnostics and the validation of disease or developmental pathways, many RNA detection 

methods have been developed. For example, northern blotting can be used to detect and 

separate RNA transcripts for a gene by size from tissue or cell extract. The expression level of a 

certain RNA can be precisely quantified via reverse transcription polymerase chain reaction 

(RT-PCR). However, as mentioned above, many cell-cell communications and signaling 

processes require spatial information to elucidate which cells are actually involved. During 

northern blotting and RT-PCR, cells are extracted and dissociated in bulk, losing any spatial 

information involved. To address this, in situ hybridization (ISH) is a technique designed to label 

and identify the location of target molecules, such as DNA and RNA, within fixed cells or tissue 

sections. To enable their quantification and detection, fluorescence molecules are applied, 

hence the technique is termed fluorescence in situ hybridization (FISH).  

To detect target RNA via FISH, typically DNA probes, containing the sequences which 

are complementary to a respective target region, are designed. They are then labelled with 

fluorescence molecules to visualize the location of the target under a fluorescence microscope. 

The effectiveness of FISH has been validated in various kinds of samples, including cells [4], 

cryosections [5], and formalin-fixed paraffin-embedded (FFPE) tissue sections [6]. Before 

hybridization, the samples are pretreated with methods such as fixation, permeabilization, to 

preserve the original context of RNA as well as facilitate probe access and hybridization. 

 

1.2 Spatial transcriptomics 

Currently, to profile all the mRNA transcripts within a sample, RNA-seq is the gold 

standard method to analyze gene expression levels [7]. Unfortunately, like northern blot and RT-

qPCR, RNA-seq is a bulk sequencing method which loses any spatial info regarding cell-cell 

communication. Complex algorithms are thus required to cluster cells by expression pattern, but 

any cell-cell communication is highly inferred and not fully conclusive. With the growing 
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popularity of these latest NGS methods, interest in spatial transcriptomics has greatly 

burgeoned as spatial validation of these reads are greatly needed for systems biology 

applications such as cancer or developmental biology. 

 

1.2.1 Conventional RNA-FISH 

In conventional RNA-FISH, mRNA transcripts are hybridized to DNA probes with 

complementary sequences at the target regions. These probes are directly labelled with 

fluorescence molecules, making this method difficult to scale up as each probe costs several 

hundred dollars for only ng of reagents [8]. Prior to hybridization, a sample is pretreated to fix its 

contents and then permeabilized to enable probe entry and binding. Afterwards, the treated 

sample is incubated with fluorescent probes in a chaotropic agent to facilitate hybridization of 

the probes to the mRNA targets. Since cells have approximately over 360,000 mRNA 

transcripts per cell, made up of over 12,000 different types of transcripts, DNA probes have a 

thermodynamic potential to nonspecifically bind to non-intended mRNA transcripts as well as 

DNA targets (Qiagen) [9].Furthermore, DNA is negatively charged and can bind to positively 

charged molecules present in many molecules throughout a cell or tissue. Repetitive washing is 

required but many parameters are involved that contribute to low SNR or nonspecific binding 

which will be discussed. When the sample is imaged, the labeled fluorophores are excited and 

its signal detected and analyzed. 

Fluorescence signal will be stronger when more probes are hybridized to a mRNA 

transcript. For more efficient detection of RNA, a greater number of probes will be required. This 

will however drastically increase the price of each assay. For example, for a 15-nt sequence 

labelled with ATTO 565, the price is more than $350 for only ng of probes or several hundred 

assays [10]. There is a cost tradeoff for higher SNR and making the assay affordable. Expense 

is one of the biggest problems related with conventional FISH.  
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1.2.2 Progress in the field of RNA-FISH 

In recent years, people have already made great progress in the field of RNA 

fluorescence in situ hybridization (FISH). In most current RNA-FISH platforms, indirect binding 

with fluorescent probes has been used. More specifically, it takes two or more steps to produce 

the signal: primary probes, which includes the reverse complement of RNA target, will first be 

applied and bind with target RNA. Then, secondary probes, which are attached with 

fluorescence molecules, will be added. Since the secondary probes contain a complementary 

region designed to hybridize to primary probes, they can bind with each other, enabling more 

complex barcoding labeling schemes. However, nonspecific binding of either primary probes or 

secondary probes still randomly occurs, so repetitive washing steps will be applied after each 

hybridization. Finally, the fluorescence signal with the highest SNR observed under the 

microscope should mainly be coming from the labeled RNA target.  

Compared with direct binding with fluorescent probe, indirect binding with fluorescent 

probes can significantly lower the expense of FISH experiments. Primary probes consist of 

nucleotides only, without a fluorophore. The price for each primary probe can be one-twentieth 

of that for the fluorescent probe of the same length and even less depending on the vendor. The 

secondary probe can be the same one for all the primary probes designed for the same RNA 

target if they all share the same readout region. This enables many wide labeling applications 

for FISH. 

In addition to adding more probes per target, signal intensity can be improved via 

amplification. For instance, Advanced Cell Diagnostics developed RNAscope® Technology 

utilizes tyramide signal amplification via their ZZ system [11]. The probe binding with the RNA 

target forms a ‘Z’ structure. The bottom of the structure is the sequence complementary to the 

target, while the top provides a half of the binding site for the preamplifier. Only when the two Z 

probes binding with RNA are next to each other can preamplifiers bind. The preamplifier is a 

DNA sequence with many repetitive regions that are designed to bind with amplifiers. The 
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design for amplifiers is similar to that for preamplifiers, but amplifiers will bind with label probes, 

which are attached with a fluorophore. The sequential hybridization with preamplifiers, 

amplifiers, and label probes allows many binding sites for a HRP probe to subsequently 

hybridize and allow the enzymatic tyramide amplification reaction to occur. Meanwhile, its 

specific ‘ZZ’ probe design can effectively reduce the amplification of the fluorescence from 

nonspecific binding. This can shorten the exposure time when taking images and provide a 

better signal-to-noise ratio (SNR) when analyzing. Similarly, Invitrogen utilizes an amplification 

approach with their ViewRNA ISH Assays [12]. They also set up a corresponding cell screening 

assay [13], an automation system, to detect RNA targets in single cells in a 96- or 384-well 

plate. This system can significantly improve the detection efficiency of FISH, making it highly 

amenable in validating interested sequencing data 

However, these commercial products are not very cost-effective and are utilized only for 

very specific niche applications. For example, the assay kit, which includes the reagents for 

signal amplification and detection, costs more than $400 per detection channel [12]. And this is 

designed for just 24 samples. In addition to the reagents, many other components are required 

as well, like the sets of primary probes. The high expense of these assay kits from companies 

prevents their wide application in both the clinical and research setting. Table 1 shows the 

features of the RNA-FISH platforms mentioned above. 

 

Table 1 Features of some current RNA-FISH platforms 

Methods Principle Multiplexing (number of 

RNA targets per assay) 

Cost 

Conventional 

RNA-FISH [10] 

One-step hybridization (direct 

binding with fluorescent 

probes) 

Dependent on the number 

of detection channels 

Expensive 
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RNAscope® [11] Signal amplification with ZZ 

probes and sequential 

hybridization 

Up to 4 Expensive  

ViewRNA ISH 

[12] 

Signal amplification and 

automatic detection system 

[13] 

Up to 4 Expensive  

 

Due to the high cost of these platforms, they are not scalable for spatial transcriptomic 

applications which large panels of genes are required. A lot of research groups have been 

devoted to providing an affordable solution for large-scale RNA detection. Based on the idea of 

indirect binding with fluorescent probes, many RNA-FISH platforms have been developed. 

However, there are few existing guidelines in this field which provides detailed instructions on 

parameters such as the structure of probes and different reagents. In this work, the effects of 

these different parameters were tested to optimize the experiment design, seeking a universal 

experiment design for RNA-FISH.  
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CHAPTER 2: Fluorescence Microscopy 

 

2.1 Introduction of fluorescence microscopy 

Fluorescence microscopy is a widely exploited technique, which is designed to observe 

fluorescence. When fluorescence molecules absorb the energy at their excitation wavelength, 

the electrons will be excited. These electrons will show the fluorescence at their emission 

wavelength when returning to the ground state [14].  

 

2.2 Epifluorescence microscope 

A microscope which uses fluorescence to generate images is called a fluorescence 

microscope. It is usually equipped with a high-intensity light source, several objective lenses 

and fluorescent filters. Due to different imaging needs, distinct fluorescence imaging techniques 

have been developed, leading to the establishment of a variety of fluorescence microscopes.  

Epifluorescence microscope is the most accessible and conventional fluorescence imaging 

mode [15]. It is equipped with epifluorescence illumination, allowing the light illuminating the 

specimen from above [16]. In this situation, both the illuminated and emitted light travel through 

the same objective lens [17]. In epifluorescence microscopy, the whole specimen is exposed to 

light, so the size of the illuminated region is maximized [15].  

 

2.2.1 Limitation 

However, there are still many limitations with epifluorescence microscopy. First, due to 

the high intensity of the light source and the large size of the illuminated region, fluorescence 

molecules which are outside the focal plane could be excited as well, leading to the high 

background and low contrast, especially when imaging thick samples [15] [17]. In addition, the 

spatial resolution of the epifluorescence microscope is relatively low. It is impossible to 

distinguish two objects that are less than 200 nm apart [18]. 
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Despite these limitations, epifluorescence microscopes are still the most widely used 

microscopes. All the images in chapter 3 were taken under epifluorescence microscopy with a 

Nikon Ti-E Inverted Fluorescence Motorized Microscope [19]. 

 

2.3 Image processing  

The results from FISH experiments are stored as image files. Therefore, an efficient 

software is required to process and analyze raw images. Here, the Nikon's NIS-Elements 

imaging software [20] and ImageJ [21] were utilized. Both software could adjust brightness and 

contrast and merge images in several channels. Additionally, NIS-Elements imaging software 

can identify the signal and measure the intensity.  

The first step of raw image processing was to remove the high background caused by 

the microscope itself, via the adjustment of brightness and contrast. All the images taken for a 

particular experiment were processed in the same way to maintain consistency. Then the 

automated detection and measurement components in NIS-Elements imaging software were 

used. A punctum is a bright fluorescence dot in an image, representing the detected signal from 

a labeled target transcript and usually occupies one pixel in the image. Each punctum is 

counted as one copy of the target transcript. 

To get the intensity information of each punctum, its region of interest (ROI) is measured 

either automatically or manually. To eliminate the influence of different region sizes on the 

intensity, a set ROI size was used for each manual measurement. In each image, the intensities 

of 30 puncta and the average intensity of noise were measured. Noise refers to the nonspecific 

binding, which is the binding with regions other than the target transcript. Once all the ROIs are 

set, the measurement of intensity was collected and then exported into excel. 

 

2.4 Data analysis 
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The effects of different parameters were assessed according to signal intensity and 

signal-to-noise ratio (SNR). Signal-to-noise ratio, SNR, has different definitions depending on 

the experimental context. Here, SNR refers to the ratio of signal intensity to noise intensity.  

𝑆𝑁𝑅 =
𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑝𝑢𝑛𝑐𝑡𝑎

𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑛𝑜𝑖𝑠𝑒
 

 After getting all the intensity information and SNR in excel, scatter plots were made via 

Prism [22] to plot the effects of different parameters on RNA-FISH signal. 
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CHAPTER 3: RNA Fluorescence in situ Hybridization (FISH) in mNeonGreen HEK293T 

Cells 

 

To examine the effects of different FISH hybridization and probe design parameters on 

RNA-FISH signal, a model cell line, mNeonGreen HEK293T, was employed. 

 

3.1 mNeonGreen HEK293T cells 

A cell line with stable expression is required to validate the labeling and detection of 

transcripts. For this cell line, the expectation is: 1) it needs to have consistent expression of 

transcript; 2) the expression level needs to be easy to confirm under a fluorescent microscope, 

e.g. a fluorescent protein. For these reasons, a stable mNeonGreen expression in HEK293T 

cells was engineered.  

 

3.1.1 Introduction of mNeonGreen protein 

mNeonGreen is a monomeric yellow-green fluorescent protein, which was first published 

in 2013. It is derived from the cephalochordate Branchiostoma lanceolatum [23]. Its excellent 

performance has been well validated under various microscope systems. The excitation 

wavelength of mNeonGreen is 506 nm, while its emission wavelength is 517 nm [24]. Any cell 

with mNeonGreen protein inside will show green fluorescence. In addition to visualizing the 

cells, in our case, the expression of mNeonGreen protein provides a great option for FISH probe 

design. 

 

 3.1.2 Construction of mNeonGreen HEK293T cells 

To ensure the consistent expression of mNeonGreen protein, Human embryonic kidney 

(HEK293T) cells were transfected with an engineered mNeonGreen plasmid (Fig. 3.1A). First a 

plasmid with mNeonGreen sequence (GenBank: KC295282.1 [25]) was constructed. The 
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plasmid was then transfected into HEK293T cells with FuGENE HD Transfection Reagent. One 

day later, the cells were checked under a fluorescence microscope and exhibited heterogeneity 

in mNeonGreen expression. Not every cell has mNeonGreen protein inside. Therefore, three 

days after transfection, the cells were selected with puromycin and Zeocin. One day after 

selection, the cells were checked again. This time all the cells show the green fluorescence. 

They are identified as positive cells, while the normal HEK293T cells are negative ones. In the 

following experiments, both positive and negative cells were mixed to form a cell mixture called 

mixed mNeonGreen HEK293T cells. And the ratio of two types of cells is around 1:1. Therefore, 

both positive results and negative controls are available in the same region of interest (ROI) 

(Fig. 3.1B&C).  
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Figure 1 mNeonGreen HEK293T cells 

A) Construction of mNeonGreen HEK293T cells. B&C) Mixed mNeonGreen cells under the 

microscope. The images in bright field and FITC channel were merged. Scale bar = 10 μm. 

 

3.2 Probe design 

The indirect binding method mentioned above was also applied into the following RNA-

FISH design. The primary probes consist of a target sequence (complimentary to a part of target 

mRNA), a binding site for secondary probes and a TTT linker [6] in between to allow the 

flexibility of the probe. The number of each component in a primary probe can be adjusted as 

needed. Alexa 647 was chosen as the fluorophore for secondary probes. In a set of primary 
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probes for a certain mRNA, each target sequence is unique, targeting the different regions of 

the mRNA, while the binding site for secondary probes is the same. 

All target sequences were designed via the Stellaris® Probe Designer version 4.2, 

targeting the coding sequence of mNeonGreen [26]. Previous researches [5] [29] have shown 

that a narrow range of the melting temperature (Tm) and GC content of probes allows high 

hybridization efficiency. Specifically, Tm and GC% determines when the denaturation 

(unbinding) occurs between the target and probes. Therefore, if these two metrics are in a 

narrow range, the possibility of denaturation would be lower. For this reason, any sequence 

which deviates from the main range of the Tm and GC% was removed. Additionally, any 

sequences including four or more consecutive bases of the same kind (e.g. GGGG) were 

dropped to eliminate the presence of quadruplet structure [27]. To further ensure the specificity 

of probes, an online BLAST query was also run on each sequence against the human 

transcriptome [28]. After these selections, 14 binding sequences with mNeonGreen mRNA were 

designed. Each sequence has 27 nucleotides (nt).  

For the design of a binding site for secondary probes, the design of readout sequences 

was borrowed from the Zhuang Lab [29]. These 20-nt sequences were designed randomly, with 

the possibility of 50% G, 25% A and 25% T per base. The three-letter readout sequences are 

artificial, so it is less likely to bind randomly on the sample. This helped to decrease their 

nonspecific binding. Sequences including four or more consecutive G bases (e.g. GGGG) were 

removed. And these readout sequences have been BLAST against human transcriptome.  

Finally, each probe includes a 27-nt target sequence, a TTT linker [6] and a 20-nt 

readout sequence. It is: 

target sequence (27-nt) —TTT— readout sequence (20-nt) 

The specificity of these 14 probes was checked against human genome again via 

BLAST [28]. The range of GC content was 40-50%.   
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The secondary probe includes a 20-nt sequence, which is the reverse complement of 

the readout sequences in primary probes, and one Alexa 647 fluorescence molecule: 

/5Alex647N/ readout sequence* (20-nt)  

* means the reverse complement. 

Later, based on the results from parameter optimization, these probe designs were 

improved. Currently each primary probe includes a 27-nt target sequence, two TTT linkers and 

two 20-nt readout sequences. And each secondary probe is attached with two Alexa 647 

fluorescence molecules (schematic shown in Fig. 3.2). 

 

Figure 2 The schematic of probe binding 

Red dots represent Alexa 647 fluorescence molecules. 

 

3.3 Validation  

Although the expression of mNeonGreen protein can be confirmed under the 

microscope, the hybridization efficiency of probes in mixed mNeonGreen HEK293T cells 

requires optimization. Therefore, a validation experiment was conducted to visualize the location 

of mNeonGreen transcript to assess the hybridization efficiency. The images were based on the 

optimized experiment parameters (Fig. 3.3A). Figure 3.3B shows the detection of mNeonGreen 

mRNA. The signal from Alexa 647 was specifically located around the HEK293T cells 

expressing mNeonGreen protein, indicating the accuracy of probe design and the specificity of 

target sequences (individual images in each channel shown in Fig. 3.3C & D & E). 
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Figure 3 Validation of hybridization efficiency in mixed mNeonGreen HEK293T cells 

A) The schematic showing the workflow of RNA-FISH. B) Merged image showing the detection 

of mNeonGreen transcript. Four channels were shown, bright field, DAPI (blue), FITC (green), 

Cy5 (red). Scale bar = 10 μm. 

 

In this experiment, RNA-FISH was performed on three types of control. In the scramble 

control (Fig. 3.4A), the target sequences of the primary probes were designed for a mouse 
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gene, while their readout sequence was still complementary to the secondary probe labeled with 

Alexa 647. This control indicates any nonspecific primary probe binding. The negative control 

(Fig. 3.4B) is the condition with no primary probes adding, indicating any nonspecific binding of 

the secondary probe alone. The blank control (Fig. 3.4C) is the condition without any probes 

added. Very few red signals came from scramble control (Fig. 3.4D), while there was no red 

signal in negative control (Fig. 3.4E) and blank control (Fig. 3.4F). 

 

 

Figure 4 Scramble control, negative control, and blank control for validation 

A) The schematic of scramble control. B) The schematic of negative control. C) The schematic 

of blank control. D) Merged image of scramble control. Three channels were shown, DAPI 

(blue), FITC (green), Cy5 (red). Scale bar = 10 μm. E) Merged image of negative control. Three 
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channels were shown, DAPI (blue), FITC (green), Cy5 (red). Scale bar = 10 μm. F) Merged 

image of blank control. Three channels were shown, DAPI (blue), FITC (green), Cy5 (red). 

Scale bar = 10 μm. 

 

Based on the results above, the hybridization efficiency and specificity of mNeonGreen 

probes was validated in mixed mNeonGreen HEK293T cells. The strong specific signal from the 

probe set for the mNeonGreen transcript indicates the high labeling efficiency of this RNAFISH 

method for the detection of mNeonGreen mRNA transcripts.  

 

3.4 Detection of multiplex target  

To test the multiplexing capability of this RNA-FISH platform, a probe set for the UBC 

transcript was designed (Fig. 3.5A). UBC (ubiquitin C, NM_021009.7 [30]) is a housekeeping 

gene in the human genome and is one of the recommended genes by RNAscope® to be used 

as positive control for medium or high expression [11]. The 14 target sequences for UBC mRNA 

were designed in the same way as the target sequences which were used for mNeonGreen 

mRNA. Sequences with four or more consecutive G bases or deviating from the main range of 

the Tm and GC% were removed. Its assigned fluorophore is Atto 565, using a different readout 

sequence and its reverse complement [29].  

Figure 5B showed the detection of multiplex transcripts in mixed mNeonGreen HEK293T 

cells. As shown, UBC was expressed in all the HEK293T cells (Fig. 3.5E), while only the cells 

showing green fluorescence expressed the mNeonGreen transcript (Fig. 3.5F). According to the 

individual images in each channel (Fig. 3.5C & D & E & F), there was no interference between 

the two detection channels. Therefore, with more detection channels equipped, it is possible to 

further improve the multiplexing capability. 
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Figure 5 Detection of multiplex transcripts in mixed mNeonGreen HEK293T cells 

A) The schematic showing the workflow of RNA-FISH for UBC transcript. B) Merged image 

showing the detection of both UBC and mNeonGreen transcripts. Four channels were shown, 

DAPI (blue), FITC (green), TRITC (yellow) and Cy5 (red). Scale bar = 10 μm. C) All the 

HEK293T cells in DAPI channels. Scale bar = 10 μm. D) mNeonGreen cells in FITC channel. 

Scale bar = 10 μm. E) Detection of UBC transcripts in TRITC channel. Scale bar = 10 μm. F) 

Detection of UBC transcripts in mNeonGreen channel. Scale bar = 10 μm. 
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3.5 Parameter optimization  

Using the mNeonGreen HEK293T cell model and the probe set for mNeonGreen 

transcript, the effects of different probe design and hybridization parameters were tested. The 

results were analyzed to indicate the optimal conditions. Here, noise refers to the fluorescence 

dots from the cells not expressing the mNeonGreen protein or the baseline levels of nonspecific 

binding. 

 

3.5.1 Primary probe structure  

Previous research from Yin Lab [6] has shown, as the number of readout sequences on 

primary probes increased, the signal intensity also improved. However, it remained unknown 

whether the increase would reach a maximum limitation when primary probes were continuously 

extended. To test this hypothesis, three sets of primary probes were designed, which only 

differed in the number of readout sequences (schematics shown in Fig. 3.6A). On each primary 

probe in set 1, there was only one readout sequence. In set 2, the number was doubled. This 

number was further increased to four in set 3.  

The results showed that set 2, primary probes with two readout sequences, provided the 

strongest signal, 949 relative fluorescent intensity (RFI) (±213), despite the high variation (Fig. 

3.6B). The SNR in set 2 was highest as well, reaching 3.52 (±0.73) (Fig. 3.6C). The intensity of 

average noise in each condition was similar, suggesting that noise mainly came from the 

nonspecific binding of secondary probes. Based on the result, primary probes with two readout 

sequences were applied in the following tests. 

The great variation in intensity in set 2 and 3 resulted from the uncertainty of the number 

of secondary probes binding with one primary probes. A reason why the ones with the four 

readouts sequences failed to further increase the signal might be the structure. The probes 

were too long (119 nucleotides) to efficiently diffuse and bind with the target transcript in a 

limited time. Also, since each probe has a binding region of only 20 nucleotides out of 119 
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nucleotides bound, it was less difficult to wash off with repetitive washing after the primary probe 

hybridization. 

 

 

Figure 6 Influence of primary probe structure on the detection of mNeonGreen transcripts 

A) (from left to right) Merged images showed detection of mNeonGreen transcript using primary 

probes with one, two, and four readout sequences, respectively. The schematics of binding 

were shown above the figures. Three channels were shown, DAPI (blue), FITC (green), and 

Cy5 (red). Scale bar = 10 μm. B) Scatter plot showing the signal intensity on three conditions. 

n=30 puncta. C) Scatter plot showing the signal-to-noise ratio (SNR) on three conditions. n=30 

puncta.  
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3.5.2 Fluorophore probe structure  

Based on the results on the effects of primary probe structure on transcript detection, 

secondary probe structures were assessed as well. Secondary probes with different structures 

were tested. Secondary probe 1 was the reverse complement of the readout sequence, 

attached with one Alexa 647 molecule, while secondary probe 2 has the same DNA sequence 

but with one Alexa 647 molecule at each end (schematics shown in Fig. 3.7A). 
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Figure 7 Influence of secondary probe structure on the detection of mNeonGreen transcripts 

A) (from left to right) Merged images showed detection of mNeonGreen transcript using 

secondary probes with one, and two readout sequences, respectively. The schematics of 

binding were shown above the figures. Three channels were shown, DAPI (blue), FITC (green), 

and Cy5 (red). Scale bar = 10 μm. B) Scatter plot showing the signal intensity on three 

conditions. n=30 puncta. C) Scatter plot showing the signal-to-noise ratio (SNR) on three 

conditions. n=30 puncta. 

 

The signal intensity from the condition using secondary probe 2 was 1826 RFI (±281) 

(Fig. 3.7B), significantly higher than the one using secondary probe 1. However, the two-

fluorophore structure also led to higher noise. This was consistent with the conclusion from the 

tests of primary probe structure that noise should primarily come from the nonspecific binding of 

secondary probes. The difference in SNR between secondary probe 1 and 2 was smaller, but 

secondary probe 2 still showed high SNR (Fig. 3.7C). Therefore, to maximize the difference in 

the signal intensity, secondary probe 2 was preferred in the following tests. 

 

3.5.3 Blocking buffer  

FISH is based on the specific binding between the mRNA targets and DNA probes. 

However, nonspecific binding occurs, affecting overall SNR of transcript detection. To lower the 

noise, a blocking buffer can be exploited before (optional) and along the incubation with probes 

[31].  

In general, an effective blocking buffer should [32]: 1) bind with the surface firmly, 

stronger than nonspecific binding, but still weaker than the specific binding; 2) not impede the 

specific binding and the fluorescence signal (no cross-reaction, no depression effect); 3) not 

bring any undissolved large particles or contamination like bacteria; 4) be not sensitive to 

temperature change (avoid denaturation); 5) perform consistently across various batches. With 
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the application of a blocking buffer, the interference from the background should decrease, 

while the signal intensity remains the same in order to improve hybridization efficiency and thus 

improve the SNR. 

Currently, most blocking buffers that have been applied in FISH are mixed solutions of 

irrelevant nucleotide fragments, like yeast tRNA [33] and herring sperm DNA [34], along with 

many other compounds. The DNA fragments were chemically and physically hydrolyzed into 

short base pairs to nonspecifically bind everywhere. Their application before the incubation with 

probes can pre-bind with the sample surface. However, since these fragments do not contain a 

readout region to the secondary fluorescent probe, their binding with the target transcript should 

not deter any subsequent specific labeling with the primary probes. 

In addition to irrelevant nucleotide fragments, many other reagents might also help to 

improve the performance of FISH. For example, dextran sulfate was widely used [4] [5] [6], to 

accelerate the hybridization of probes with nucleic acid [35]. Similarly, ethylene carbonate might 

help the diffusion of probes [5] [36]. BSA, bovine serum albumin, has often been used as a 

blocker of nonspecific sites [37]. 

Based on these chemistry information, three blocking buffers were designed and tested. 

Blocking buffer #3 (BB #3) was the simplest one, with only dextran sulfate and ethylene 

carbonate. Blocking buffer 2 (BB #2) has one more component, herring sperm DNA fragments, 

while blocking buffer #1 (BB #1) had one more component, BSA, and doubled the concentration 

of each component in BB #2. Condition 1, 2 and 3 refers to the conditions in which BB #1, #2 

and #3 were used, respectively. 
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Figure 8 Influence of different blocking buffer on the detection of mNeonGreen transcripts 

A) (from left to right) Merged images showed detection of mNeonGreen transcript with different 

blocking buffers used. Three channels were shown, DAPI (blue), FITC (green), and Cy5 (red). 

Scale bar = 10 μm. B) Scatter plot showing the signal intensity on three conditions. BB 

represents a blocking buffer. n=30 puncta. C) Scatter plot showing the signal-to-noise ratio 

(SNR) on three conditions. n=30 puncta. 

 

In the condition 3, although the average signal intensity was highest (Fig. 3.8B), the 

noise was strongest as well, leaving a red background in the right image (Fig. 3.8A) and a 

lowest SNR (Fig. 3.8C). Some nonspecific binding even occurred on glass surface. Therefore, 

BB #3 was not a good choice of blocking buffer. 

Instead, with relatively high signal and normal noise, condition 2 showed the best SNR. 

In condition 1, the signal from mNeonGreen transcript was much lower but still detectable. 
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However, the protein was hard to observe under the microscope. This suggested this blocking 

buffer might have impeded the hybridization as well as damaged the fluorescent proteins 

expressed in these cells. So, in the following experiment, blocking buffer #2 was used. 

 

3.5.4 Primary probe concentration  

The concentration of primary probes varies depending on the RNA-FISH platforms [4] [5] 

[6]. To determine the best working concentration, five conditions were tested, with 100 nM, 50 

nM, 20 nM, 5 nM, and 1 nM primary probes. Here, the term concentration referred to the 

concentration of each primary probe, instead of the overall one. 

Based on these experiments, it appears that the higher the concentration of primary 

probes was used, the higher the noise was, especially in the condition with 100 nM of each 

probe (Fig. 3.9A). As seen in this image, several large clusters of puncta might have resulted 

from the aggregation of primary probes, which later bound with the secondary probes. In the 

conditions with 100 nM and 50 nM primary probes, the range of signal intensity was similar. This 

might result from the fluorescence saturation of each puncta. 

Based on the analysis on signal intensity (Fig. 3.9B) and SNR (Fig. 3.9C), 5 nM was 

found to be the best working concentration per probe. 
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Figure 9 Influence of primary probe concentration on the detection of mNeonGreen transcript 

A) (from left to right, top to bottom) Merged images showed detection of mNeonGreen transcript 

using 100, 50, 20, 5, and 1 nM primary probes, respectively. Three channels were shown, DAPI 

(blue), FITC (green), and Cy5 (red). Scale bar = 10 μm. B) Scatter plot showing the signal 

intensity on three conditions. n=30 puncta. C) Scatter plot showing the signal-to-noise ratio 

(SNR) on three conditions. n=30 puncta.  
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3.5.5 Incubation time of primary probes  

Longer incubation time with primary probes is recommended by many research groups 

[4] [5] [6], to ensure the binding maximum and thus achieve the highest signal. To confirm this 

idea, mixed mNeonGreen cells were incubated with primary probes for 4, 8 and 16 hours (Fig. 

3.10A). 

 

Figure 10 Influence of incubation time on the detection of mNeonGreen transcript 

A) (from left to right) Merged images showed detection of mNeonGreen transcript with 4, 8, and 

16-hour incubation of primary probes, respectively. Three channels were shown, DAPI (blue), 

FITC (green), and Cy5 (red). Scale bar = 10 μm. B) Scatter plot showing the signal intensity on 

three conditions. n=30 puncta. C) Scatter plot showing the signal-to-noise ratio (SNR) on three 

conditions. n=30 puncta.  
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Despite the great variations in signal intensity, the 16-hour incubation condition had the 

strongest signal (Fig. 3.10B) and highest SNR (Fig. 3.10C). However, the ones with 8-hour 

incubation failed to show much higher intensity than those with 4-hour incubation. The uneven 

concentration of primary probes might account for this as well as the great variations in 

intensity. The different detection efficiency was clear in the mixed mNeonGreen cells with 4-

hour incubation (Fig. 3.10A). Even in the same field of view, the number of fluorescent dots 

around each mNeonGreen cell differed significantly, suggesting the uneven concentration of 

primary probes in the sample.  
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CHAPTER 4: Summary, Conclusion and Future Works 

 

4.1 Summary and Conclusion 

In recent years, researchers have already developed many FISH platforms for RNA 

detection. However, the experimental design of each is different in many aspects like probe 

structure and blocking buffer. This thesis work serves as a universal and simple pipeline for 

users to follow to finally establish a working set of probe design and hybridization conditions to 

use for their experiments. To achieve this, we first constructed HEK293T cells stably expressing 

mNeonGreen protein. Later, primary probes for mNeonGreen transcript and their corresponding 

secondary probes were designed. The hybridization efficiency of these probes was validated in 

mixed mNeonGreen cells. The detection of both mNeonGreen and UBC transcripts showed the 

multiplexing capability of this platform. Based on the cells and its probes, the effects of different 

parameters were studied and analyzed via NIS-Elements imaging software and ImageJ.  

For primary probe binding, 5 nM was found to be the best working concentration per 

probe. The signal from mNeonGreen transcript was higher with 16-hour incubation with primary 

probes. Meanwhile, the addition of a readout sequence in primary probes increased the 

intensity and SNR to some extent. Similarly, the addition of a fluorescence molecule in 

secondary probes increased the intensity and SNR as well. Although this caused an increase in 

noise, its SNR was still better than normal. The application of a blocking buffer is intended to 

decrease the noise and increase SNR, but with too high concentration, it could impede the 

hybridization and even damage proteins expressed in cells. 

 

4.2 Future Works 

Based on the results here, more tests could be conducted in mixed mNeonGreen 

HEK293T cells, such as the influence of incubation time with the secondary probe and its 

concentration. 
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Although this experiment design has been validated in HEK293T cells, its compatibility within 

cells from different organisms and tissue sections will need to be assessed. When equipped 

with more detection channels or combined with some cutting-edge fluorescence imaging 

microscopy, the multiplexing capability of the platform can be improved.  
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