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A technology for biomolecular processing and localization of gene expression 

at the single cell level is essential to understanding cellular heterogeneity. Traditional 

methods of tissue analysis cannot identify the stochastic variation that makes 

individual cells unique because these differences are masked by bulk measurements.  

In this dissertation, two technologies are described for different aspects of single cell 

analysis. The first part is a sample preparation method for biomolecular processing 

from single cell using advanced microfluidic devices with permeable polymer barriers; 
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the second one is digital quantification and localization of biomolecules at the single 

cell level. 

Microfluidic devices provide a powerful tool for cells and biomolecular 

processing due to their ability to compartmentalize reactions at physiologically 

relevant concentrations in a highly parallelizable manner. However, the serial 

biochemical reaction required for efficient and low-loss single-cell analysis cannot be 

performed in a single fluidic chamber. In the first part of the dissertation a novel 

microfluidic architecture is described that uses semipermeable polymer barriers to 

enables the capture and transportation of DNA and cells, solution exchange, and serial 

biochemical reactions to be carried out in a single microfluidic chamber. 

Meanwhile, advancements in single-cell sequencing techniques have allowed 

the full gene expression of single cell to be profiled. However, the native spatial 

context of the cell is lost because of the process of cell lysis. In the second part of the 

dissertation, a highly multiplexed method to selectively detect and localize hundreds 

of targeted genes in-situ is presented. This method retains local information of targeted 

genes by processing enzymatic reactions in-situ without destroying cells. It also 

utilizes the multiplexing capability and high specificity of padlock probes to detect 

targets of interest at a high signal-to-noise ratio by selectively amplifying 

biomolecules of interest.     
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Chapter 1: Microfluidic Devices with Permeable Polymer Barriers 

1.1 Introduction 

Permeable polymer gels or microplugs fabricated in microfluidic devices allow 

for the active manipulations of ions and charged biomolecular species using electric 

fields for many applications. These include, for example, the transport and 

concentration of biomolecules by electrophoresis1-7, DNA hybridization and 

sequencing8-11, protein separation and detection12, 13, and formation of chemical 

gradients14. The polymer gels or microplugs in the desired locations of the device are 

usually formed by photo-initiated radical polymerization of monomers in a solution 

using photomasks, focused beams produced by a laser or shaping optics1, 8, 15, or 

digital micro-mirrors (DMMs)16, 17. In general, the patterns of the polymer structures 

are defined by the layout on the photomasks or the positioning of the illuminating 

beams. The sizes of the polymer structures are controlled by the careful timing of the 

polymerization process followed by the subsequent removal of the un-polymerized 

monomer solution in other parts of the devices. The surfaces of the polymer structures 

produced using these methods are usually not very smooth and are affected by many 

parameters18-20. For certain applications where smooth polymer surfaces are desirable 

to minimize potential sample loss, the photo-patterning method may not be the ideal 

approach. In addition, the technique requires photomasks, lasers, DMMs and 

mechanisms for their accurate alignment to the microfluidic devices. 

We present a method for fabricating precisely defined permeable polymer 

microstructures in desired locations in the fluidic channels of PDMS microfluidic 



2 

 

 
 

devices. The features of each polymer structure are defined by the channel and a pair 

of valves designed as an integral part of the fluidic device. A solution containing the 

monomers and a photo-activatable initiator is trapped at the location and the device is 

flood exposed to light to initiate the polymerization of the monomers to form the 

structure. Upon polymerization, the PDMS valves are released to open the connections 

to the channel and adjacent chambers. Our method allows for the rapid fabrication of 

permeable polymer microstructures with well-defined dimensions and very smooth 

surfaces using valves and structures designed in the microfluidic devices. The 

properties of the polymer can be tuned by varying the concentration of the monomer 

and the cross-linker. The polymer microstructure barriers prevent the convective fluid 

flow and diffusion of biomolecules and cells through the channels or between adjacent 

microfluidic chambers but are permeable to small ions and other charged species, 

allowing for the active manipulations of biomolecules and cells using electric fields. 

To demonstrate the potential applications of our devices, we have shown that genomic 

DNA can be rapidly captured from the solution in the channels or chambers onto the 

surface of the polymer structures using an electric field and the DNA can be 

efficiently released by reversing the electric field. Using HeLa cells, we have also 

demonstrated that mammalians cells can be captured and transported between 

microfluidic chambers.  

1.2 Device Design and Fabrication Procedure 

1.2.1 Device Design and Operation 

Fig 1.1 illustrates an example device with four porous polymer 
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microstructures. Polydimethylsiloxane (PDMS) is used for fabrication of the 

microfluidic devices. The PDMS microfluidic device is consists of two layers, a 

bottom layer for flow channels and a top layer for control of valves. The cross section 

of the flow channels is arch-shaped in order to act as fully closing fluidic channel. The 

height and width of the flow channel are 20 µm in the center and 200 µm, 

respectively. The cross section of valve control channels is rectangular shape, 25 µm 

high and 200 µm wide. The microfluidic devices are mounted on a glass slides 

pattered with metal such as Gold or Palladium act as electrodes. The device in the 

diagram shows two chambers for porous polymer barriers on both side of each 

reaction chamber, so there are four polymer structures with two reaction chambers in 

the microfluidic devices.  PDMS membrane valves control every flow of all chambers 

of polymer microstructures and reaction as well as isolate monomer solution to 

fabricate the porous polymer barriers in a chamber. The PDMS structures for holding 

the polymers are designed to be slightly larger than the channels to enhance the 

physical resistance of the polymer structures against dislodging by fluid flow. The 

barriers allow for the active electrophoretic manipulations of biomolecules and cells. 

The biomolecules such as DNA and cells in the flow channel can be transported, 

captured and released by selectively applying an electric potential across the desired 

polymer microstructure barriers.  
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Figure 1.1 Design and operation of a microfluidic device with permeable polymer 

barriers. The flow channels in the bottom layer are defined by the black lines. The 

valves and control channels in the top layer are defined by the blue lines. The polymer 

barriers are located in the green areas. The barriers allow for the active electrophoretic 

transport, capture and release of biomolecules such as DNA and cells using electric 

fields. The biomolecules or cells injected into the channels and chambers are captured 

and/or transported by applying a voltage to a pair of electrodes submerged in the inlets 

of the selected channels. 

 

1.2.2 Fabrication of PDMS Microfluidic Devices 

The PDMS microfluidic device was fabricated using soft lithography 

according to the procedures of Unger et al21. To fabricate the mold for the fluidic 

channel layer, a silicon wafer was primed with hexamethyldisilazane (HMDS) by 

adding on 4 inch, one-side polished wafer and incubating for 1min. at room 

temperature, spin-coating at 4000 rpm for 40 sec. and incubating again for 1min at 
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room temperature.  Then the wafer was coated with a positive photoresist (Shipley 

Microposit SPR 220-7.0, Rohm & Haas Electronic Materials, LLC) by spin-coating at 

1250 rpm for 45 sec. After soft-baking at 115 °C for 5 min., the photoresist was 

exposed using a transparency photomask (FineLine Imaging) on a Karl Suss MA6 

aligner for 60 sec. at 11 mW/cm2 in hard contact mode. After 10 min. of holding time, 

the photoresist was developed in MF-24A (Microposit) for 5 min, rinsed with de-

ionized H2O, and dried with nitrogen gas. The patterned photoresist on the mold was 

reflowed on a hotplate at 200 °C for 2 hr. to produce round shape of PDMS mold.  

To fabricate the mold for the valve control layer, a negative photoresist SU 8-

2025 (MicroChem Corp.) was coated onto a silicon wafer by spin-coating at 3000 rpm 

for 35 sec. After soft-baking at 65 °C for 1 min. and 95 °C for 5 min sequentially, the 

photoresist was exposed with a transparency photomask for 13.7 sec. at 11 mW/cm2 in 

hard contact mode. The mold was post-baked at 65 °C for 1 min. and 95 °C for 5 min. 

and then developed in SU-8 developer (MicroChem Corp.) for 4 min., followed by 

rinsing with isopropyl alcohol, de-ionized H2O and drying with nitrogen gas. The 

photoresist was hard-baked at 150 °C for 10 min. to enhance its strength, durability 

and mitigate fine cracks occurring while fabrication.  

The molds on wafers were passivated with tridecafluoro-1,1,2,2-tetra-

hydrooctyl-1-trichlorosilane (Pfaltz and Bauer, Inc.) by vapor deposition for 1 hr. in a 

vacuum chamber prior to use. The PDMS layers were fabricated with molds using 

Sylgard 184 (Dow Corning). The mixing ration of part A and part B is 20 : 1 mixture 

(part A : part B = 20 : 1) for the fluidic layer (thin layer)  whereas a 5 : 1 mixture for 
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the valve control layer (thick layer) . The mixture was de-gassed in a vacuum chamber 

for 30 min. in desiccator to remove bubbles. The 5 : 1 mixture was poured onto the 

mold for the control valve layer in a custom polycarbonate carrier. The 20 : 1 mixture 

was spin-coated onto the mold for the fluidic channel layer at 1500 rpm for 1 min. 

After both PDMS layers were cured on the molds in an oven at 65 °C for 30 min, the 

valve control layer was peeled off from the mold and holes were created using a 0.75 

mm diameter punch (Ted Pella, Inc.). It was then aligned and laid onto the thin fluidic 

channel layer. The two PDMS layers were bonded together by incubating in an oven at 

65 °C for 2 hr. The bonded layers were peeled off from the fluidic channel mold and 

inlet and outlet holes for the fluidic channels were punched. The surface of the fluidic 

channel layer and a cover glass (50 x 50 mm, No. 1.5 thickness) were treated with 

oxygen plasma in a UV–ozone cleaner (Jelight Company, Inc.) for 3 min., and then 

bonded together by heating at 65 °C in an oven for at least 4 hr. 

1.2.3 Fabrication of Polymer Microstructures 

The permeable microstructures were formed in situ by photo-activated 

polymerization of monomer and a cross-linker. Acrylamide was used as the monomer. 

Both N, N9-methylenebisacrylamide (bisacrylamide) and polyethylene diacrylate 

cross-linker (PEG-DA) (MW of 575, Sigma Aldrich) were used as cross-linkers. The 

water-soluble 2, 2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (AMHP) 

(Wako Chemicals) was used as the photo-activatable initiator. To promote strong 

anchoring of the polymer to the walls, the surface of the PDMS channels was pre-

treated with a photo-activatable initiator in an organic solvent19. The channels were 
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filled with 10% of 2,2-dimethoxy-2-phenylacetophenone (DMPA) in acetone followed 

by closing valves on both side of the polymer barrier chamber to wash excess of 

DMPA solution with  deionized H2O and nitrogen gas. After incubated for 10 min, the 

incubated DMPA solution was washed from the polymer barrier chamber and dried 

completely by nitrogen gas. The general procedure for fabricating the permeable 

polymer microstructures is illustrated in Fig 1.2. First, the channels pre-treated with 

DMPA were filled with a solution containing the monomer, cross-linkers and a photo-

activatable initiator. The solution was trapped in the desired location for the polymer 

microstructure using the pair of valves designed for the structure. The valves were 

closed by deflecting down the PDMS membrane using 10 psi of pressure. The solution 

in the rest of the device was thoroughly washed away with a buffer solution. For most 

of the work described here, 1X phosphate-buffered saline (PBS, 137 mM NaCl, 3 mM 

KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) was used as the buffer solution, and 

the monomer solution contains 19% acrylamide, 1% bis-acrylamide, 10% PEG-DA 

and 0.5% AMHP in 1X PBS. Second, the device was flood exposed to UV light to 

initiate the polymerization of the monomer and cross-linkers. The 365 nm UV light 

from the tip of a liquid light guide of the light source (Omni Cure S2000, EXFO) was 

projected to the bottom glass substrate of the device for 30 sec. The density of the light 

at the substrate was about 3.36 W/cm2. Third, the PDMS valves were opened by 

releasing the pressure applied to the valves and driving a solution of 10 mM 

dithiothreitol (DTT) in PBS into the channels using 2 psi of pressure. Soaking the 

polymer in DTT may help annihilate any residual radicals from the polymerization 

reaction. 
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Figure 1.2 Fabrication of permeable polymer microstructures in PDMS 

microfluidic devices. The microstructures are fabricated in three steps: (1) The 

monomer solution is filled into the channels and trapped at each site where the 

polymer microstructure is to be formed using a pair of valves. Excess solution is 

rinsed out. (2) The polymer microstructures are formed by flood exposure of the 

device to UV light to initiate the polymerization of the monomers. (3) The PDMS 

valves are opened and the polymer microstructures are soaked and rinsed with a 

solution of PBS buffer containing DTT. The left and right panels show the aerial view 

and the cross-sectional view of the device, respectively. 
 

1.3 Characterization of Permeable Polymer Barriers 

Using our method, permeable polymer microstructures can be fabricated in situ 

reproducibly at desired locations in microfluidic devices. The shape, size and location 
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of each polymer microstructures are defined by the channel and a pair of valves which 

are designed as integral parts of the PDMS-based microfluidic devices. The trapping 

of the monomer solution is guaranteed by the use of a pair of PDMS valves. As long 

as the concentrations of the monomer and cross-linker(s) are high enough to produce a 

polymer with sufficient mechanical strength, the polymer microstructures can be 

formed with certainty. Two notches are also designed in the channel to hold the 

polymer microstructure in position to increase its resistance to dislodging by force 

impinged to the polymer by fluidic flow. An example device is shown in Fig 1.3. 

Since the polymer structure assumes the shape of the space surrounded by the channel 

walls and the valve membranes, the physical dimension of the structure is predictable 

and could be tailored to some degree by design. In the work described here, we used 

push-down PDMS valves. Since the PDMS membrane is deflected down by applying 

a pressure, the polymer structure assumes a trapezoid shape as illustrated in Fig 1.2. 

Structures with other geometries can be designed and fabricated perhaps by using 

other types of valves, such as push-up valves23. We characterized the mechanical 

sealing property of the permeable polymer structures using a device with two polymer 

microstructures. As shown in Fig 1.3(e), a PBS solution containing a blue dye solution 

was flowed through the vertical channel which is separated by two polymer 

microstructures from the left and right horizontal channels. The polymer barriers 

effectively blocked the flow of the bulk solution from the vertical channel into the 

horizontal side channels. Since the polymer is porous with pore sizes from a few 

nanometers to tens of nanometers or larger depending on the concentration of the 

monomer and cross-linker used (24), which are permeable to small molecules and ions, 
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the small dye molecules eventually diffuse through the barriers in about 10 min. in our 

test devices. The mechanical sealing property of the polymer microstructures is 

influenced by certain factors, including the strength of the adhesion of the polymer 

surfaces to the glass substrate and the PDMS channel walls, the mechanical strength of 

the polymer gel, and the geometry of the polymer microstructures.  

The polymer usually adheres very well to the glass substrate but not very 

strongly to un-treated PDMS surfaces. We found that the pre-treatment of the 

microfluidic channels with a hydrophobic photo-activatable initiator such as AMHP 

significantly enhanced the sealing property of the polymer microstructures, probably 

by promoting the covalent attachment of the polymer to the PDMS walls as reported 

by Hu et al22. Without the pre-treatment the polymer tended to separate from the 

PDMS walls even under a moderate fluid flow pressure of 2 psi. We also found that 

the mechanical sealing property of the polymer barrier is enhanced by using a high 

concentration of PEG-DA. As an added benefit, the PEG moiety also helps reduce 

non-specific binding of the polymer surface. The notched microstructures are designed 

to be slightly larger than the channels to accommodate the polymer barriers to increase 

its mechanical resistance to potential dislodging by fluid flow. Very robust polymer 

microstructures with good sealing property and very low non-specific binding can be 

fabricated using 19% acrylamide plus 1% bisacrylamide and 10% PEG-DA. We also 

experimented with various concentrations of acrylamide and PEG-DA.  
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Figure 1.3 Characteristics and sealing property of permeable polymer 

microstructures fabricated in microfluidic channels. The polymer structures were 

formed in the channels by the polymerization of the monomers in the solution trapped 

by a set of PDMS valves. (a) and (b): Brightfield images of the device filled with air 

(a) and PBS solution (b). The polymer microstructure is inside the box outlined by the 

dashed line. (c) An enlarged portion of the phase-contrast image in (b) showing the 

boundary between the polymer structure and the PBS solution in the channel. (d) 

Fluorescence image showing the boundaries of the polymer structure which was 

fabricated with a monomer solution containing a fluorescent dye. The boundaries on 

both sides of the structure in the fluidic channel are visible, represented by the brighter 

curved lines. (e) Sealing property of polymer microstructure barriers. The polymer 

barriers block the convective fluid flow of the dye solution into the side channels 

while the solution was flowed through the vertical channel by applying 2 psi of 

pressure at the fluid inlet. 

 

We also measured the electrical conductivity of electrolyte solutions through 

the polymer barriers in our devices. The conductivity of the fluidic channel filled with 

1X PBS without polymer microstructures was measured to be 17.91 mS cm-1, whereas 

the channel with two polymer microstructures formed with a total 30% (w/v) of 
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monomer and cross-linker as shown in Fig 1.3(e) had a conductivity of 13.17 mS cm-1. 

Therefore, the polymer microstructure reduces the conductivity by about 26%. This is 

as expected considering the microstructures are slightly larger than the channel and the 

polymer takes up ~30% of the volume in the channel. 

Chapter 1, in full is a reprint of the paper published on Lab on a chip: Ho Suk 

Lee; Wai Keung Chu; Kun Zhang; Xiaohua Huang. “Microfluidic devices with 

permeable polymer barriers for capture and transport of biomolecules and cells,” Lab 

on a chip, vol.13, 2013. The dissertation author was the primary investigator and 

author of this paper. 
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 Chapter 2: Biomolecular Processing with Polymer Barriers 

2.1 Overview 

In this chapter the functionalities of the microfluidic devices with utilizing the 

polymer barriers are demonstrated. The pore size defined by the monomer mixture 

described previous chapter allows ion permeable so the genomic DNA such as a few, 

tens of kilo base pair is not able to pass through the polymer barriers. Therefore the 

charged biomolecules or cells can be attracted or transport by electric field applied 

across the microfluidic channels without convection flow and the molecules and cells 

stop and captured to the surface of polymer microstructures. Cells are also able to be 

controlled their migration by electrophoretic force across two polymer barriers and 

microfluidic channel due to a charged lipid membrane of cells. The experiment 

procedure of buffer exchange leveraging the capability of capture and release of 

biomolecules will be presented. Since the pore size of the polymer microstructures is 

controllable by the concentration ratio between monomers and cross-linker molecules, 

the permeability could be defined at the step of preparation for monomer mixtures. 

The difference permeability of multiple polymer barriers can be used for sorting small 

or large size of biomolecules in a mixture of different molecular weights. Fir this 

sorting function 30-mer single strand DNA (10 kDa) and transfer RNA (25 kDa) will 

be shown in this chapter. 

2.2 Experimental Procedure 

2.2.1 Capture and Release of DNA 
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Active manipulations of DNA and cells are carried out by applying electric 

fields across the selected polymer microstructures via the solution in the fluid 

channels. To generate an electric field (E-field), a DC voltage is applied using a pair of 

platinum wires submerged into the inlet and outlet of the selected channels using a DC 

power supply (Power PAC 1000, BioRad). Since the electrical resistance of the PBS 

solution in the channel is very high (a few MV), which resulted in a current smaller 

than that of the minimum limit required by the power supply, a 50 kV resistor is 

connected in parallel to the pair of platinum wires in order to produce a proper amount 

of current flow through the barriers and channels. The direction and speed of the 

capture and transportation of biomolecules and cells are controlled by the polarity and 

magnitude of the applied electric fields respectively. The fluid flow is driven by 

purified compressed air through the system with multiple solenoid valves. The PDMS 

microfluidic valves and fluid flow are controlled using a customized electronic control 

system.  

To demonstrate the active manipulation of DNA, the polymer barrier 

microstructures were fabricated with 20% polyacrylamide solution (acrylamide : 

bisacrylamide = 19 : 1) plus 10% of PEG-DA. Genomic DNA from bacteriophage 

lambda (λ DNA, 48,502 base pairs) was used. Stock of λ DNA (New England 

Biolabs) was diluted to 2.5 ng/mL in PBS with 1X SYBR Gold (Invitrogen), a 

fluorescent DNA stain. The DNA solution was injected into the channel to fill a 

chamber with polymer barriers on both the left and right sides. The chamber was then 

closed off by activating a pair of PDMS valves on the entrance and exit sides of the 
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chamber. A pair of platinum wires was submerged into the inlets of the channels 

connected to the left and right sides of the polymer microstructures of the chamber 

holding the DNA solution. The total length of the fluid channel between the two inlets 

is about 15 mm. The DNA was captured by applying 20 V DC for 10 sec. The DNA 

was released by reversing the polarity of the electrodes. The processes were monitored 

by fluorescence microscopy using an epi-fluorescence microscope (Zeiss Axiovert 

200M) and a filter set for SYBR Gold imaging (SYBR Gold/LP-A, Semrock Inc. 

Excitation: 495 nm enter wavelength, 16 nm bandwidth; Emission: 519 nm edge, 534 - 

653 nm bandwidth; Dichroic: long-pass with 516 nm edge). The images and movies 

were acquired using a 20X objective (0.8 NA, Zeiss Plan-Apochromat) and an EM-

CCD camera (Andor iXon Plus) with excitation from X-Cite 120 (EXO).  

To assess the efficiency of DNA release from the polymer barriers after 

capture, λ DNA was filled into the chamber and captured from the solution by 

applying the voltage for 10 sec., and then the DNA was released by reversing the 

polarity of the applied voltage for 30 sec. and flushed out of the chamber. This process 

was repeated five times and each time a series of fluorescence images were acquired. 

The fluorescent images were analyzed using ImageJ and Matlab (Mathworks). First, 

the fluorescence intensity profile along the center of channel in each image was 

plotted using ImageJ. Second, background fluorescence was subtracted. Third, the 

efficiency of DNA release was estimated by taking the ratio of the fluorescence 

intensity of the residual DNA remaining on the polymer to that of the captured DNA. 

An algorithm was used to align the images by creating a mask from the first image 
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prior to DNA release by recording the location of the pixels with signal greater than 

certain threshold. The subsequent images were processed using the mask to ensure the 

intensity from the same location was used. 

2.2.2 Capture and Transport of Cells 

HeLa cells were used to demonstrate the ability to capture and transport 

mammalian cells. The cells were cultured under standard conditions (37 °C and 5% 

CO2) in Dulbecco’s Modified Eagle’s Medium (DMEM; Mediatech) supplemented 

with 10% fetal bovine serum (Mediatech) and 1% penicillin– streptomycin (MP 

Biomedicals). The cells were detached from the surface of the culture flask using 2 

mL of 0.25 % (w/v) trypsin– EDTA (Mediatech), re-suspended in 8 mL DMEM. The 

cells were then centrifuged down at 1,000 rpm for 6 min. and suspended in PBS to a 

density of 105 cells per mL. The cell suspension was injected from the upper inlet of 

the fluidic channel, and one or two cells were enclosed in the 2nd chamber by closing 

the valves. A platinum wire submerged into the upper right inlet and another wire into 

the lower left inlet were used as a pair of electrodes to apply the potential. A 150 V 

DC voltage over 18.5 mm distance between the inlets was applied to capture and 

transport the cells. The cells are moved back and forth by applying a DC voltage and 

reversing the polarity of the voltage. 
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Figure 2.1 Microfluidic channel with four polymer barriers for cell migration 

experiment. The DC voltage is applied to the bottom-left and the top-right channel, so 

the expected migration path of cells would be from the polymer barrier at the bottom-

left to one at the top-right. Cells will be moved back and forth along the change of the 

direction of the electric field. 

 

2.2.3 Solution Exchange and Delivery 

One of the motivations for our current work is to develop the capability for 

active manipulations and multi-step processing of biomolecules and cells within a 

single microfluidic chamber. A device as illustrated in Fig 1.1 but with only one pair 

of polymer microstructure barriers (lower pair) was used. The upper part of the device 

was used for DNA loading, buffer exchange and delivery. λ DNA (4.5 ng/µL) stained 

with 1X SYBR Gold in water was loaded into the lower chamber defined by two 

valves and a pair of polymer microstructures. 20 V DC was applied across the polymer 

barriers to capture the DNA onto the surface of one of the polymer barriers. The DNA 

outside the chamber was rinsed out using a PBS solution driven by 2 psi pressure. 
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While the voltage was maintained, the valves of the chamber were opened and a PBS 

solution was flowed through the chamber. After a few seconds, the voltage was turned 

off while the fluid flow was maintained. Finally, the polarity of the voltage was 

reversed. The entire process was monitored by fluorescence imaging.  

 
 

Figure 2.2 Experimental procedure of buffer exchange with polymer barriers. (a) 

Microfluidic channel with polymer barriers for the buffer exchange experiment. (b) λ 

DNA stained with 1X SYBR Gold is loaded in the chamber. (c) DNA is captured to 

left polymer barriers by electric field. (d) PBS buffer solution is flowing while DNA is 

captured. (e) Passive release of DNA. PBS flows under electric field off. (f) Active 

release of DNA. PBS flows while reversed electric field. 

 

2.2.4 Sorting DNA/RNA Molecules by Molecular Weights 

The permeability of the polymer barriers can be controlled by the ratio of the 

molecular concentration of monomer and cross-linker. Such the tunable pore size of 

the polymer microstructure allows biomolecules such as DNA or RNA from cells to 
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be sorted by their molecular weight. Practical application of sorting biomolecules from 

single cell is collection of microRNA (miRNA). miRNA is a small non-coding RNAs 

with 18-25 base long size that are known as regulator or enhancer of gene expression. 

Overexpressed miRNAs such as miR-92b and miR-9/9, for example, allow develop 

brain cancer whereas recovered miRNAs such as miR-335, miR-126 and miR-206 

suppress breast cancer27. Since the small size of the molecules separating and 

purifying miRNAs has been done by multiple steps for DNA digestion purification, 

and elution, which requires long time and effort, as well as a certain amount of starting 

materials equivalent to that from many cells28. The suggested microfluidic devices 

with polymer barriers enable to sort miRNA from other biomolecules and materials 

from single cell due to permeability of polymer microstructure with a small processing 

volume. In this experiment separating 30 mer single strand of DNA (ssDNA) and 

transport RNA (tRNA) which is functional molecules composed of RNA, typically 76 

to 90 nucleotides in length, involving translation process with transport of amino acid 

sequence of proteins to the nucleotide sequence of DNA. To visualize FITC-labeled 

tRNA (FluoroTect™ GreenLys, Promega)) and Cy3-labeled 30mer ssDNA are used. 

The microfluidic channel embeds three polymer barriers with three different 

permeability. For the monomer-cross-linker mixture, 20% polyacrylamide solution are 

pre-mixed with the concentration ratio of acrylamide:bis-acrylamide=19:1. Three 

different compositions of monomer and cross-linker concentration are prepared; first 

one is polyacrylamide : PEG-DA  = 19:1, second one is polycrylamide : PEG-DA = 

15:5, last one is polyacrylamide : PEG-DA. 100 nM tRNA and Cy3-labeled ssDNA 

are mixed in 50 µL deionized H2O. 
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Figure 2.3 Microfluidic channel with the series of three polymer barriers with 

different permeability. The first polymer barrier at the most left side has more 

permeability and the last polymer barrier at the most right side has less pore size. The 

direction of electric field applied across entire three polymer barriers is from right to 

left. The expectation result is the smallest molecules such as 30-mer ssDNA will pass 

through the first and the second polymer barriers and captured to the third polymer 

barriers, whereas tRNA which is larger than 30-mer ssDNA would not pass through 

the second polymer barriers. 

 

2.3 Result and Discussion 

2.3.1 Capture, Release and Transport of DNA 

Microfluidic devices with built-in permeable polymer microstructures allow 

for the active on-chip manipulations of biomolecules and cells using electric fields. 

First we demonstrated the ability to capture and release DNA using the polymer 

microstructure barriers fabricated with 20% polyacrylamide plus 10% PEG-DA. Since 

λ genomic DNA is ~48.5 kbp long, it should not get into the polymer barrier which 

has pore sizes of only a few nanometers. A series of time-lapse fluorescence images in 

Fig 2.4 show the rapid capture and release of the genomic DNA molecules. As shown 

in Fig 2.4(a), the DNA molecules were immediately pulled and collected at the surface 

of the polymer barrier connected via the fluid channel to the positive electrode as soon 
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as a DC voltage (20 V DC across a 13 mm distance) was applied. 

All the DNA molecules were captured within seconds under the experimental 

conditions. When the electric field was turned off, the DNA was observed to diffuse 

slightly into the solution by Brownian motion (Fig 2.4 (b)). The captured DNA was 

also rapidly released by reversing the electric field. As soon as the polarity of the 

electric field was reversed, the molecules were pulled away from the surface of the 

polymer (Fig 2.4(c)). Interestingly, in contrast to the capture process where the DNA 

molecules in free solution are pulled toward and accumulate on the surface of the 

polymer barrier, the DNA molecules are released together into the free solution with a 

group velocity as indicated by the bright moving bands. The shape of the band 

becomes only slightly more dispersed over time perhaps due to diffusion and slight 

spatial variation of the electric field. The overall process can be described more 

quantitatively by the fluorescence intensity profiles along a line in the center of the 

channel in the time-serial images. Perhaps these characteristics can be utilized to 

transport the captured DNA to other locations for downstream processes. To 

investigate the properties of the polymer surface and the efficiency of releasing the 

captured DNA, we performed repeated capture and release of DNA in the same 

device. λ DNA in PBS was captured with a constant 20 V DC for 30 sec. and the 

collected DNA was released by reversing the polarity of the potential for 60 sec. After 

each cycle, the solution was rinsed out and replaced with a fresh solution. 
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Figure 2.4 Capture and release of genomic DNA using electric fields. (a) Selected 

frames of the time-lapse images of DNA capturing onto the surface of the polymer 

barriers using an electric field. (b) Fluorescence image after the field is turned off. (c) 

Selected frames of the time-lapse images of DNA released from the surface of the 

barrier by reversing the electric field. The channel is outlined with narrower yellow 

dashed lines while the surface of the polymer barrier is outlined with a thicker dashed 

line. Genomic l DNA in a solution containing SYBR gold was used. The images were 

captured using an epi-fluorescence microscope. (d) and (e) Fluorescence intensity 

profiles of the DNA being captured on the surface of the polymer barrier (d) and the 

release of the captured DNA from the polymer surface by reversing the electric field 

(e). The fluorescence intensity profiles were acquired along a line in the center of the 

channel as indicated by a white dashed straight line in (a) and (c) with the origin to the 

left of the DNA band. 
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The percentage of the residual DNA remaining on the surface was calculated 

from the fluorescence images. As shown in Fig 2.5, the captured DNA can be released 

with very high efficiency (> 97%) for polymer microstructures fabricated with a high 

concentration of PEG-DA (10% in this case) and treated with 10 mM DTT.  

 
 

Figure 2.5 Effective release of captured DNA from the surface of the polymer 

barrier with DTT treatment. DNA capture and release were repeated five times with 

several devices. The captured DNA was released by reversing the electric field for 30 

sec. The effect of DTT treatment on release efficiency was evaluated. Each error bar 

represents the standard deviation calculated from five independent measurements. 

 

The captured DNA may not be released effectively from the surface due to 

some factors, including the covalent binding of the DNA to potential reactive species 

on the polymer, strong non-specific binding of DNA to the surface, and penetration 

and entanglement of the DNA with the polymer mesh. We found that 7–8% of DNA 

remained on the surface if the polymer was not pre-treated with a DTT solution. The 

pretreatment of the polymer with DTT, which is known to be a very effective radical 

quencher, may help eliminate any potential residual radicals on the polymer, 
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preventing covalent binding of DNA to the surface. PEG is commonly used to reduce 

non-specific binding of biomolecules to surfaces and as an anti-fouling reagent. 

Therefore the use of PEG-DA is also beneficial in reducing non-specific 

binding. Considering the small pore sizes of the polymer formed with a high 

concentration of polyacrylamide, it is very unlikely that the large λ genomic DNA 

would migrate appreciably into the polymer. However, if the surface of the polymer is 

not very smooth, some entanglement may still occur, preventing the rapid release of 

DNA from the surface. The polymer microstructures produced by our method have 

smooth surfaces defined by the PDMS membranes. Even though the release of the 

PDMS valves may cause some tearing of the polymer surfaces as sometimes we 

observed (the jagged boundary line in Fig 1.3(c)), which could potentially decrease the 

smoothness of the surfaces, our results demonstrated that the captured DNA molecules 

can be rapidly and efficiently released from the polymer surfaces by electrophoresis 

using an electric field. Further work will be required to characterize the smoothness of 

the surfaces of the polymer microstructures. Smoother polymer surfaces can be 

produced by pre-treating the PDMS surfaces with photo-initiators which are not 

hydrogen-abstracting but promote the non-covalent intertwining anchoring of the 

polymer to the PDMS surface25. This may eliminate the potential tearing of the 

polymer surface. In addition, certain structures can be designed in the channels and 

valves to physically confine the polymer barriers to increase the sealing strength 

between the polymer barriers and PDMS surfaces in the channels to eliminate the pre-

treatment of the PDMS channels with photoinitiator. Work is in progress in our lab to 
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investigate polymer barriers designed and fabricated with such structures. 

2.3.2 Capture and Transport of Cells 

We have also demonstrated the ability to capture and transport mammalian 

cells using our devices. Fig 2.6 shows the capture and transport of HeLa cells. The 

cells in suspension were flowed into the device and two cells were enclosed in a 

chamber. The cells were transported into another chamber and captured onto the 

polymer by applying 150 V DC to a pair of electrodes immersed in the channel outlets 

about 18.5 mm apart. The cells are transported toward the chamber connected to the 

electrode with a positive potential, indicating that they carry a net negative charge. In 

this case the HeLa cells were transported with a velocity of about 100 µm/sec. The 

cells eventually stopped at the surface of the polymer barrier inside the chamber. Even 

though a very high DC voltage was applied, no perceivable bubbles were observed at 

the electrodes. This is because the current flow is very small, about 37 µA. Since the 

transport velocity depends on the net charge, shape and size, and dielectric properties 

of the cells, different cells may be separated as well26. We found that the cells may be 

pulled into the narrow space between the polymer and the upper PDMS membrane if 

they are pulled with a very strong electric field. In principle, the cells can be 

transported to any chamber in the microfluidic device by applying electric potential to 

the selected channels connected to the polymer barriers on the sides of the chamber. 

This capability may allow for the rapid sorting and downstream analysis of cells or 

single cell in microfluidic devices. 
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Figure 2.6 Capture, transport and separation of cells. Cells were transported across 

two chambers by electric fields using a microfluidic device with a layout similar to the 

one illustrated in Fig 1.1. The time-serial brightfield images show the transportation of 

two HeLa cells initially in the lower chamber. The cells were moved toward the upper 

chamber by applying an electric field. One cell was moved into the upper chamber and 

captured against the polymer barrier. By reversing the electric field, the cells were 

moved back toward the barrier of the lower chamber. It is possible to separate the cells 

by closing the valve separating the two chambers, in this case, at the 36 sec. time 

point. 

 

2.3.3 Solution Exchange and Delivery 

Furthermore, we have also demonstrated the application of our devices for the 

rapid capture of biomolecules, washing and exchange of the solution in the 

microfluidic chambers. After the l genomic DNA was captured on to the surface using 
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an electric field, the solution in the chamber was flushed out and replaced with another 

solution while the electric field was maintained. We have shown that captured DNA 

remained on the surface of the polymer microstructure when a buffer solution was 

flowed through the chamber. If the electric field was turned off, the DNA was released 

slowly from the surface to the flow stream. The captured DNA was rapidly released 

into the flow stream by reversing the electric field. The ability to capture and hold the 

molecules or cells to allow for solution exchange in the chamber will enable the multi-

step processing such as performing enzymatic reactions on biomolecules and cell lysis 

in a single microfluidic chamber without transferring the molecules or cells to 

downstream chambers, which would be difficult or not possible with microfluidic 

devices using conventional PDMS valves and chambers. 

 
 

Figure 2.7 Buffer exchange while DNA capture on polymer barriers. (a) λ DNA 

captured on polymer barriers. (b) Buffer solution was exchanged without loss of 

captured DNA. (c) Passive release of DNA. Captured DNA was slowly released and 

washed by the buffer flow without electric field. (d) Active release of DNA. DNA was 

instantaneously released after reversing the direction of electric field, and washed by 

buffer solution 
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2.3.4 Sorting ssDNA and tRNA by Molecular Weights 

The first polymer barrier has more permeability and the last one is less 

permeable, therefore the expected result is, relatively larger size of tRNA(25 kDa) is 

stopped and captured at the second polymer barrier, while relatively small size of 30-

mer ssDNA(10 kDa) can pass through the first and the second polymer structures and 

be captured at the last, the less permeable polymer barrier. After adding Cy3-labeled 

30mer ssDNA and FITC-labeled tRNA mixture in the inlet channel, electric field is 

turned on by applying voltage on both side of three polymer barriers. Two test 

molecules were passed through the first polymer barriers but tRNA stopped and began 

to be accumulated at the second polymer barrier whereas 30-mer ssDNAs were 

captured at the last polymer barriers passing thought the second one. Therefore the 

second polymer barrier sorts or separates those two molecules, tRNA and 30-mer 

ssDNA by their molecular weight, which indicates the sorting resolution of the 

polymer barriers in microfluidic devices is elaborate enough to resolve 30 base and 80 

base lengths of polynucleotides. The sorting resolution can be tuned by the 

concentration ratio of acrylamide to bis-acrylamide or polyacrylamide to PEG-DA that 

could be capable of sorting miRNA to other RNA molecules or messanger RNA 

(mRNA) to genomic DNA in further research. 
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Figure 2.8 Sorting 30-mer ssDNA and tRNA with three polymer barriers. (a) 

tRNA (25 kDa) passed through the first polymer barrier but blocked and captured at 

the second polymer barriers. (b) 30-mer single strand DNA (10 kDa) kept passing 

thought the first and second polymer barrier and stopped at the third barrier which was 

the less permeable polymer barriers. 

 

2.4 Conclusions 

We have demonstrated a new method of fabricating permeable polymer 

microstructures in microfluidic devices. The polymer microstructures are formed in 

situ by photo-initiated polymerization of monomers in a solution trapped at a location 

using a pair of PDMS valves. Our method allows for the facile fabrication of the 

polymer microstructures with well-defined dimensions without using photomasks, 

lasers and beam-shaping optics or digital micro-mirrors. We have demonstrated that 

the polymer forms a very tight seal with the PDMS walls in the channel, preventing 

convective fluid flow through the polymer barrier. The polymer microstructures are 

permeable to small ions and molecules. This enables the active manipulation of 
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biomolecules and cells in microfluidic devices using electric fields. We have 

demonstrated the rapid capture and almost quantitative release of λ genomic DNA. 

This capability may enable the rapid concentration, transport, and biochemical 

processing and analysis of biomolecules. The ability of buffer exchange that shown 

above allows multiple series of reaction could be performed in a single reaction 

chamber with polymer barriers, which effectively reduces the number of chambers 

with minimizing sample loss. We have also shown the ability to capture, transport and 

separate mammalian cells between different microfluidic chambers using electric 

fields instead of convective fluid flow. Our method will enable the fabrication of 

multiple permeable polymer microstructures, perhaps even with different 

characteristics, at designed locations in large-scale microfluidic devices with ease. 

Finally different permeability of multiple series of polymer barriers allows sorting 

different molecules by their size as we shown sorting 30 mer single-strand DNA and 

tRNA with three serials of polymer barriers. We could leverage the size selection 

property of polymer microstructures by sorting molecules to purify genomic DNA 

excluding small fragment of DNA or RNA, or filter small size of microRNA out of 

other larger size of molecules, which enables to easily handle a tiny amount of 

biomolecules form single cell. Furthermore the capability to capture and transport 

cells between different chambers in the microfluidic devices by applying electric 

potentials to selected channel inlets/outlets will be useful for transport, sorting and 

further downstream analysis of cells or single cell. The electrodes could be integrated 

into the devices using microfabrication techniques so that much lower voltages can be 

used for the capture and transport processes. Work is in progress in our lab in the 



31 

 

 
 

design, fabrication and operation of such devices.  

Chapter 2, in full is a reprint of the paper published on Lab on a chip: Ho Suk 

Lee; Wai Keung Chu; Kun Zhang; Xiaohua Huang. “Microfluidic devices with 

permeable polymer barriers for capture and transport of biomolecules and cells,” Lab 

on a chip, vol.13, 2013. The dissertation author was the primary investigator and 

author of this paper.
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Chapter 3: Quantitative Localization of Biomolecules in-situ: Preparation, 

Fabrication and Detection Procedure 

3.1 Introduction 

Technology to analyze the gene expression of a cell population with single-cell 

resolution and localization is critical for understanding the heterogeneity of structured 

tissues such as the cortex, tumors and the developing embryo. Stochastic variations of 

individual cells are masked by average bulk measurements29. Also not all mutations 

are detectable across every tumor region along tumor evolution so that a different 

genetic mutation at each biopsy region from an identical cancer has shown a highly 

heterogeneity of cancer30. In addition, a cell’s gene expression (phenotype) is affected 

by its microenvironment31. Therefore studying diversity or variation of gene 

expressions in spatial resolution at single cell level is critically important for 

understanding diseases of these tissues and potential treatments. Single-cell RNA-Seq 

can detect full transcriptomes at a high resolution but is low throughput and 

destructive when trying to relate RNA-Seq data to the cell’s native microenvironment 

because of the process of cell lysis. In situ methods address this by creating RCA 

amplicons, or DNA nanoballs in-situ that provide high signal-to-noise targets for in-

situ sequencing or fluorescent in situ hybridization32-34. However targeted in situ RNA 

detection methods are limited to a handful of RNA targets. Recently Fluorescent in-

situ RNA sequencing (FISSEQ) was demonstrated as a novel technology that can fill 

this gap by quantifying the transcript abundance and localization simultaneously36, 37, 
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however this non-targeted in-situ sequencing methods can waste limited cell volume 

with uninformative data such as ribosomal RNAs.  

We are developing a highly multiplexed targeted method that can selectively 

detect and localize hundreds of transcripts in situ, called DARTFISH – Decoding 

Amplified taRgeted Transcripts with Fluorescence In-Situ Hybridization. Similar to 

exome sequencing, the motivation is to focus on the acquisition of information of a 

subset of the most informative transcripts. Due to the limited number of features that 

can be generated and detected within the volume of a cell, restricting the detection to 

pre-defined sets of transcripts is particularly appealing. To this end we leverage the 

multiplex capability and high specificity of padlock probes38 to detect targets of 

interest. Padlock probe sets are designed to detect hundreds to thousands of targets in-

vitro and each padlock probe can be tagged with a unique DNA barcode for 

hybridization-based decoding, which has very quick reaction kinetics and can be 

performed isothermally39.  

3.2 Padlock Probes 

3.2.1 Design Principle 

A padlock probe consists of three parts: two capturing arms, a common linker, 

and a decoding region. Capturing arms are each 20-25bp long, designed to the 

sequence of exon targets with the melting temperature (Tm) between 55 - 65°C. The 

common linker is 30bp long reserved for primers of rolling circle amplification 

(RCA42) as well as used for universal detection dye-labeled probes. The decoding 
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region is the series of unique barcodes sequences for each padlock probe assigned [N] 

slot, where each decoding sequences is 20bp long. The total length of the padlock 

probes is 150bp if 5 digits of barcodes are assigned for the 5 cycle decoding procedure. 

 
Figure 3.1 Structure of Padlock probes. Padlock probes consist of 20 bases of two 

arms (H1, H2) which are designed to be target specific, 18 bases of common sequence 

used for the primer for rolling cycle amplification reaction, and the decoding area. The 

decoding area is divided into N sections which represent N digits of unique barcodes 

assigned the padlock probe. 

 

For our decoding scheme we use an error checking scheme developed for 

Illumina’s randomly ordered Bead Array39. This was used to create higher probe 

densities on a microarray by randomly assembling beads in microwells that could be 

closer together than traditional probes on spotted arrays. Since it was randomly 

ordered, they had to use multiple stages of hybridization like the DARTFISH protocol 

to discover what probes were at each location. The barcode design scheme is based on 

the following principles. Most common errors are transitions from an ON state (a 

positive integer) to the OFF state (zero). Second most common is from an OFF state to 

ON state. Lastly an extremely rare situation is when an error occurs from one ON state 

to another ON state because the situation would require both of the previous errors to 

occur simultaneously. So by having 2 intentional OFF states (two ‘0’ states) in every 

barcode one can use a parity bit to check for the most common errors. In the padlock 
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probe design for DARTFISH, every valid barcode has two and only two OFF states 

(two ‘0’) and must consist of at least two of the three different digits, e.g. colors. This 

design principle ensures that artifacts from autofluorescence or non-specific binding of 

dye-labeled probes in one channel that happens to fall under the threshold during two 

cycles will not be mapped to a gene. The total number of unique barcodes with this 

design principle is given as; 

Unique Barcodes =  (
𝑛

𝑛 − 2
) × (𝑘𝑛−2 − 𝑘) 

where n cycles (n digits) with k colors. For example total unique barcodes with 7 

cycles and 3 dyes for decoding is calculated as below.  

 (
7
5

) × (35 − 3) = 5,040 

Table 3.1 Number of unique barcodes with different cycles. Two states must be 

‘OFF’ in order to satisfy error checking scheme. 

Cycle Unique Barcodes 

4 36 

5 240 

6 1,170 

7 5,040 

 

 

3.2.2 Design Procedure 

The padlock probe set (CA12k_Nov2014_V4) targets 240 genes with 3,514 

probes. Each gene has between 5 to 30 probes targeting it. 11 genes are glial markers 

that made it past filtering during the design process from 20 glial markers identified in 
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literature40 that are highly expressed in glial cells of the human brain. The other 229 

genes were filtered from 490 most variable genes in neuronal nuclei identified by 

performing single-cell RNA-Seq on flow sorted neuronal nuclei. After removing genes 

that are mitochondrial, non-protein coding, or poorly annotated, Biomart was used to 

access the Ensemble human genome database (hg38) to get exon start position, end 

position, and strand information for each gene. Since many exons from different 

isoforms have overlapping regions, a Perl script was used to get the strand-specific 

chromosomal start and end positions of contiguous exon regions. To select the actual 

sequences for the padlock probe capture arms, ppDesigner.pl38, 41 was used with the 

following parameters: each capture arm has a melting temperature of 55 - 65 °C, each 

capture arm has between 20 - 25bp, and the target length was 1 bp. From this, 10,429 

probes were designed targeting 406 genes. 

In order to ensure specificity, these probes were filtered by mapping to the 

reference genome and transcriptome. Any probes that aligned to multiple regions of 

the genome or failed to align to the transcriptome were removed. These probes were 

also compared to brain bulk tissue RNA-Seq data and any probes with less than 8 

reads in the sequencing data were removed. This cutoff was decided by looking at a 

rank order plot and seeing where a reasonable cut off would be to limit the number of 

probes. Finally, since the padlock probes we wish to use in-situ will only use 

Ampligase (thermostable DNA Ligase; Epicentre) to ligate the probe ends instead of 

polymerase for extension like other probe designs, the 1bp gap was closed by adding 

that base to the 3’ end of the probe. 
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3.2.3 Production of Padlock Probes 

The set of 188bp long DNA oligonucleotides (150bp padlock probe after 38 bp 

is removed form amplification ends) was ordered from Custom Array, Inc. Afterwards, 

many amplification and enzymatic steps had to be done to produce functional padlock 

probes. Two rounds of PCR were done totaling 36 cycles using primers compatible 

with downstream nuclease reactions. One primer is 5’ phosphorylated; making it 

preferred by Lambda exonuclease when turning the double stranded DNA into single 

stranded. The other primer has a uracil, used by the USER enzyme for endonuclease 

cleavage of the oligo end used for PCR priming. The endonuclease DpnII is also used 

in conjunction with a short guide oligonucleotide for cleaving off the other PCR 

priming end. The procedure also consists of many ethanol precipitation and 

purification steps. 

3.2.4 Characterization of Padlock Probes 

One characteristic of padlock probes is the large bias in their capture 

efficiencies. Systematic bias is further increased by each gene also having a variable 

number of padlock probes targeting it. Therefore to quantify targeted transcripts the 

decoded RCA amplicons counts requires normalization. Bias can be corrected by 

measuring the padlock probe efficiencies in a condition where each probe has an equal 

number of targets. This is done by using the probes to capture genomic DNA in a test 

tube, or in vitro. Sequencing adapters are added to circularized padlock probes and are 

then sequenced with Illumina sequencing and counted. Since the genome theoretically 

has exactly one target for each padlock probe, the distribution of padlock probe counts 
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reflects the distribution in their efficiencies. Because all probes targeting the same 

genes share a barcode, the counts of the probes, i.e. their efficiencies, are summed for 

each gene. Padlock probe set designed by computational algorithm have the 

distribution of 5 to 30 padlock probes per gene. 

 

Figure 3.2 Distribution of padlock probes per gene. Padlock probe set designed by 

computational algorithm have the distribution of 5 to 30 padlock probes per gene.  

 

To validate this method, Human Brain Reference RNA (HBRR), a high-quality 

standard from multiple donors and several brain regions that has been well-

characterized in literature, was reverse transcribed into cDNA. The HBRR cDNA was 

then captured with the same probe set that designed for DARTFISH in-vitro and 

counted the number of captured padlock probes by sequencing. Each gene’s count was 

normalized by dividing the count by their gene’s padlock probes efficiency and 

compared to published RNA-Seq FPKM (Fragments Per Kilobase of transcript per 

Million fragments mapped) values of HBRR. The Pearson’s r was 0.87 suggesting this 

method of normalization could be used to quantify transcript abundance. 
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Figure 3.3 Correlation between padlock probes versus reference data base. Count 

of padlock probes captured and amplified are normalized by dividing the probe-

captured cDNA counts with probe-captured gDNA representing the hybridization 

efficiency of each padlock probs. Pearson’s r value is 0.87, which proves designed 

padlock probes quantify transcript abundance. 

 

3.3 Generation of RCA Ampilcons 

3.3.1 Overall Process 

Overall process of generation of RCA amplicons in-situ consists of two parts; 

sample preparation and enzymatic reaction (Fig 3.4). The materials required for the 

entire process including buffers, reagents, primers, and probes are listed in the 

appendix. The first procedure is the sample preparation step where either cultured cells 

or tissue sections by microtome are prepared on a cover glass (No. 1.5, 0.16-0.19 µm 

thickness). Then the sample is fixed and permeabilized with proper chemical reaction. 
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The fixation and permeabilization condition could be varied with different sample 

types.  

The second part is the actual procedure for synthesis of molecules with 

multiple enzymatic reactions which are reverse transcription, padlock probe 

hybridization and ligation, and RCA reaction. Lastly are the decoding, imaging and 

data analysis processes. A diagram of overall the procedure is Fig A.1 in the appendix. 

Detail descriptions of each step will be discussed. 

 
 
Figure 3.4 Workflow for generation of RCA amplicons in-situ. After samples are 

prepared on glass slides in a plastic sample dish, they are fixed and permeabilized. 

Next, reverse transcription, cross-linking cDNA, RNA degradation, padlock probe 

hybridization and ligation, annealing RCA primer, RCA reaction and cross-linking 

RCA amplicons. Decoding, image processing, and data analysis are the final steps. 
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3.3.2 Sample Preparation and Fixation 

All buffer solutions are required to be exposed to UV light for at least 15 min. 

The bench, tweezer, and glass pipette for aspiration are recommended to be cleaned 

with 70% ethanol (EtOH) followed RNase-free solution before beginning the process 

of RCA amplicon generation. 

3.3.2.1 Cultured Fibroblast Cells 

PGP1 Fibroblast cells were used to demonstrate the generation of rolonies 

from targeted RNA molecules. The cells were cultured under standard conditions 

(37°C and 5% CO2) in Dulbecco’s Modified Eagle’s Medium (DMEM; Life 

Technologies) supplemented with 10% fetal bovine serum (Mediatech) and 1% 

penicillin– streptomycin (MP Biomedicals) in a glass-bottom dish (P/N: P35GC-1.5-

14-C; Poly-d-lysine coated glass; MatTek Corporation). The cells can be transferred or 

passaged to the glass-bottom dish if the cells have been cultured in a normal culture 

flask. In this case the cells were detached from the surface of the culture flask when 

the confluence of cells reaches about 80-90%, using 2 mL of 0.25% (w/v) trypsin - 

EDTA (Mediatech), and transferred to a glass bottom culture dish with 2 mL DMEM. 

The cells are fixed with 4% formaldehyde in 1X PBS (Sigma) by incubating at 37°C 

for 15 min. After fixation, the formaldehyde is aspirated and the cells are washed with 

DEPC-PBS three times. For permeabilization 70% ethanol is added on the cells with 

incubating at room temperature for 2 min., followed 0.1N HCl at room temperature for 

2 min. after washing EtOH with DEPC-PBS twice. The cells are ready to move to the 

next step after washing HCl solution with DEPC-PBS three times. 
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3.3.2.2 Human Brain Tissue Sections 

The human brain tissue sections are provided Dr. Yun Yong in Chun Lab at 

The Scripps Research Institute. All human tissue protocols were approved by the 

UCSD Office for the Protection of Research Subjects (SOPRS) (not sure what the 

actual office is) at The University of California, San Diego and conform to National 

Institutes of Health guidelines. Fresh-frozen brain tissue was provided by the NICHD 

Brain and Tissue Bank for Developmental Disorders at the University of Maryland. 

The sample is from Brodmann area 8 from patient 1568. She was a Caucasian, died at 

age 51 years, the post-mortem interval (PMI) was 22 hours (time between death and 

tissue harvest), and died from pulmonary embolism, not related to any brain disorder. 

The frozen tissue was embedded in OCT, cryosectioned at 10 µm thickness, and 

adhered to cover glass followed incubated at 50 °C for 10 min. to dry moisture on a 

tissue. Poly-d-lysine coated cover glass (P/N: GG-22-1.5-pdl, Neuvitro Corporation) 

or the glass slide treated with adhesion enhancement reagent (VECTABONDTM; 

Vector laboratory) is used for better adhesion to tissue section. Those two glass slides 

have not shown any significant differences for adhesive strength of tissue on glass. 

The mounted tissue section is stored to -80°C refrigerator or dry-ice immediately 

before usage. If the tissue sections are stored at -80 °C or on dry ice before beginning 

actual process, they are needed to be incubated on 50 °C hot plate for 3min. in order to 

remove moisture. 
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Figure 3.5 Preparation of human brain tissue section. Brodmann area 8 (BA8) 

tissue samples are acquired from a patient from patient 1568. The frozen tissue block 

is embedded in OCT, and they are cryosectioned with 10 µm thickness. Then they are 

mounted on No. 1.5 glass slide by attachment to plastic dish via double-side tape 

(figure of brodmann area is obtained from http://brainmind.com/BrainOverview.html). 

 

The cells are fixed with 4% formaldehyde (16% Paraformaldehyde, EM Grade; 

Electron Microscopy Science, diluted in 1X DEPC-PBS) by incubating at 37 °C for 15 

min. After fixation, formaldehyde is aspirated and the glass slide washed with DEPC-

PBS three times. With different cultured cells, the tissue section on a glass slide must 

be attached to the plastic. A glass-bottom dish removed a glass slide or a plastic 
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culture dish with a hole of 16 - 20 mm in diameter can be used. A double side tape is 

attached on the bottom of the plastic dish at the beginning so the glass slide with tissue 

section is gently mounted or attached to the plastic dish via the double side tape. Since 

the double side tape is donut shaped and has a similar or slightly larger size of hole 

compare to that of the plastic dish so the tissue section is not touching anything, which 

means the tissue section faces up into the air. To make cells or tissue section 

permeabilized, 0.25% Triton X-100 in 2X SSPE is added to the dish incubating at 

room temperature at 10min. After washing Triton X-100 with 2X SSPE three times, 

0.01%(w/v) Pepsin (0.1 mg/mL) in 0.1N HCl is added and incubated at 37 °C for 5 

min. The tissue section is ready to move to the next step after washed with 1X DEPC-

PBS three times. 

3.3.3 Reverse Transcription 

Random nanomer (9-base length) is used for reverse transcription (RT) 

reaction. The RT reaction mix contains 1X M-MuLV buffer (50 mM Tris-HCl, 75 mM 

KCl, 3 mM MgCl2, 10 mM DTT; Enzymatics), 250 µM dNTP mix (Enzymatics), 40 

µM aminoallyl dUTP(Life Technologies), 2.5 µM RT primer(nanomer; IDTDNA), 80 

units RNase Inhibitor (Enzymatics) and 2000 units M-MLuV RTase (Enzymatics).  

After adding RT reaction mix the sample dish is incubated at 4 °C for 10 min. 

to allow hybridization of primers as well as strand extension. Then the sample dish is 

moved to 37 °C oven and incubated for overnight (e.g. around 12 hr.). The reaction 

time could be shorter than overnight, as little as 1 hr37. To prevent evaporation of 

reaction solution the entire dish is sealed in a plastic bag with moisturized wipes inside, 
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which enables to maintain the moisture level in the bag to reduce the evaporation of 

RT reaction mix during long time incubations in a 37 °C oven. 

Table 3.2 Reverse transcription reaction mix. 

 Volume Final Conc. 

M-MuLV Buffer 20 µL 1X 

25 mM dNTP 2 µL 250 µM 

2 mM aadUTP 4 µL 40 µM 

100 µM RT primer 

(nanomer) 
5 µL 2.5 µM 

RNase Inhibitor 2 µL 80 U (0.4 U/µL) 

M-MuLV RTase 10 µL 2000 U (10 U/µL) 

DEPC-H2O 157 µL  

Total Volume 200 µL  

 

 

The synthesized cDNA after RT reaction is cross-liked to cell protein matrix 

by Bis(succinimidyl)-nano-(ethylene glycol) or BS(PEG)9 cross-linker36, 37. The 

BS(PEG)9 has N-hydroxysuccinimide (NHS) ester group on both end (44) which 

covalently bond with amine groups provided by aminoallyl dUTP in cDNA. 50 mM of 

BS(PEG)9 in 1X PBS is used to complete cross-linking cDNA incubating for 1hr. 

followed 1M Tris pH 8.0 for 30 min. at room temperature to terminate cross-linking 

chemistry.  

After cross-linking RNA molecules are digested by RNase H. The RNase H 

reaction mix contains 1X RNase H buffer (50 mM Tris-HCl, 75 mM KCl, 3 mM 

MgCl2, 10 mM DTT; Enzymatics), 2 units Riboshredder (RNases blend; Epicentre) 
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and 50 units RNase H (Enzymatics). The RNase H blend is added to dish after gently 

washed with 1x DEPC-PBS twice, then incubated at 37 °C for 1hr. 

Table 3.3 RNase H reaction mix. 

 Volume Final Conc. 

RNase H Buffer 20 µL 1X 

Riboshredder 2 µL 2 U 

RNase H 10 µL 50 U (0.25U/ µL) 

DEPC-H2O 168 µL  

Total Volume 200 µL  

 

3.3.4 Hybridization and Ligation of Padlock Probes 

Hybridization and ligation of padlock probes is accomplished with previously 

designed padlock probes and thermostable DNA ligase. Ligase mix contains 3,500 

Padlock probe oligos prepared for targeting 240 selected genes, 1X Ampligase buffer 

(20 mM Tris-HCl, 25 mM KCl, 10 mM MgCl2, 0.5 mM NAD, 0.01% Triton X-100), 

50 units Ampligase. Additionally suppressor oligos could be added in the ligase mix. 

These oligos act as inhibitor to suppress annealing specific padlock probes to their 

target. Details about suppressor oligos will be discussed in the next chapter. Prior to 

adding ligase mix the sample dish is washed with DEPC-H2O twice to remove traces 

of phosphate. The dish with ampligase mix is incubated at 37 °C for 30 min. to enable 

hybridization of padlock probes and transferred to 60 °C for around 6 - 8hr.  
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Table 3.4 Ampligase reaction mix. Padlock probe concentration varies at every 

production time so the required volume is not able to be determined. 

 Volume Final Conc. 

Ampligase Buffer 10 µL 1X 

Ampilgase 10 µL 50 U (0.5U/µL) 

Padlock Probes x µL 100 nM 

DEPC-H2O x µL  

Total Volume 100 µL  

 

3.3.5 Rolling Circle Amplification 

The first step for rolling circle amplification (RCA) is annealing RCA primers 

to padlock probes which are hybridized to targets and ligated. The RCA primers 

targets to common area of 18 base sequences designed on padlock probes. In order to 

higher specificity 0.5 µM of RCA primers is mixed in 2X SSC with 30% formamide 

The RCA primer mix is added to the sample dish followed incubating at 60 °C for 

40min. to 1hr. The remaining RCA primer solution in the sample dish is washed with 

2X SSC and 1X SSC twice each. The RCA reaction mix contains  1X Phi29 reaction 

buffer (4 mM Tris-HCl, 5 mM KCl, 1 mM MgCl2, 0.5 mM (NH4)2SO4, 0.4 mM DTT), 

250 µM dNTP mix (Epicentre), 40 µM aminoallyl dUTP(Life Technologies), 200 

units Phi29 DNA polymerase (Epicentre).   

After RCA reaction is performed at 30 °C overnight (e.g. 12 - 18 hr.), the 

cross-linking reaction is executed. The amine groups from aminoallyl dUTP that were 

incorporated during RCA reaction are cross-linked mutually to each other as well as to 

the cell protein structure by 50 mM of BS(PEG)9 in 1X PBS. This helps maintain the 

size and shape of the amplified tightly entangled product during multiple cycles of 
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post decoding procedure. The cross-linking reaction is terminated by 1M Tris pH 8.0 

for 30 min. incubation. The final sample dish is stored in 2 mL 1X PBS or 2X SSC for 

post process.  

Table 3.5 RCA reaction mix.  

 Volume Final Conc. 

Phi29 Buffer 20 µL 1X 

25 mM dNTP 2 µL 250 µM 

2 mM aadUTP 4 µL 40 µM 

Phi29 Polymerase 2 µL 200 U (1U/ µL) 

DEPC-H2O 172 µL  

Total Volume 200 µL  

 

3.4 Decoding Procedure 

3.4.1 Overall Procedure 

The generated target specific RCA amplicons are decoded with multiple cycles 

of hydridization based fluorescence imaging. The dye-labeled probes for decoding 

RCA amplicons consist of three colors – Alexa Fluor®  488 (NHS Ester) (excitation: 

497 nm, emission: 517 nm), Cy3TM (excitation: 550 nm, emission: 564 nm) and Cy5TM 

(excitation: 648 nm, emission: 668 nm), thus three probes with different dyes and 

sequences are used at each cycles. Since padlock probes are already designed N slots 

in their decoding region which represent unique barcodes, the number of set of dye-

labled probes for decoding are determined based on the number of cycles. In this 

project a set of padlock probes with 5 cycles decoding is applied therefore 15 dye-
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labeled probes (3 colors x 5 cycles) are used. The sequences of all probes are listed on 

Table A.1 in appendix.  

 

Figure 3.6 Overall procedure decoding, imaging and computational analysis. 

 

3.4.2 Imaging Condition 

The fluorescence signals are imaged by confocal microscope (Leica, SP8), 

with 20x objective lens (Oil immersion, NA=0.75) or 63x objective lens (oil 

immersion, NA=1.4). Three laser diodes, 488nm, 552nm and 650nm, are installed on 

confocal microscope so each laser source is able to excite three dye molecules – Alexa 

488, Cy3 and Cy5. Image resolution is selected by considering the size of the RCA 

amplicons which supposed to 200~400 nm36. In order to obtain enough number of 

pixels per one amplicons, resolution of 4,096 by 4,096 pixel (142nm by 142 nm per 

pixel) and 2,048 by 2,048 pixels (90nm by 90nm per pixel) for 20x and 63x objective 
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lens respectively are selected. Because of shallow depth of focus of the given 

objective lens Z scanning with a proper step size along Z axis is necessary. A 

theoretical resolution of confocal microscopy is given as 0.4𝜆 𝑁𝐴⁄  for lateral limit, 

and 1.4𝜆 𝑁𝐴2⁄  for vertical limit43. 

The resolution limit of 63x, NA=1.4 objective lens is 143 nm for lateral and 

357 nm for vertical. Even though the step size of Z axis for Z scanning is ideally set 

smaller than the theoretical resolution limit of vertical axis in order to acquire all 

possible information, the smaller step size of Z axis increases total number of Z stacks 

which results in a much longer time for imaging. Therefore the step size of Z axis is 

adjusted to a little larger than ideal value, and 0.5 µm - 0.7 µm is determined to be 

good enough. 2,048 by 2,048 pixel resolution with 63x objective lens is preferred to 

image. 

The imaging sequence should be from longer wavelength to shorter 

wavelength to minimize the photo-bleaching effect of on dye molecule, which means 

imaging from Cy5 to 488 channel. In order to minimize overlap between excitation 

and emission spectra from different dyes, only one dye molecule is excited by one 

laser source at once. Laser power and PMT gain at each fluorescence channel are 

adjusted by using an intensity histogram window to prevent saturated pixels. The 

intensity histogram is required to be as consistent as possible across all fluorescence 

channels.   
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The imaging area will be decided at the first step which will be discussed in 

next section. In order to keep all imaging positions over all decoding cycles, ‘Mark & 

Find’ menu in Leica microscope software (Leica Application Suite; LAS AF) stores 

the selected positions. Each saved positions should have its own Z scanning range by 

choosing an option ‘separate Z range at each position,’ determined at the first step. In 

addition the dynamic range of intensity is set 16 bit so the maximum level will be 

65535. Lastly 600Hz of a scanning frequency (e.g. scanning speed) is used for 2,048 

by 2,048 resolution. Default value of this item is 400 Hz, however, 600 Hz of scanning 

frequency does not decrease image quality but increases scanning speed. All images 

are exported as tiff file format. The naming and organizing of image data will be 

discussed later. 

3.4.3 Decoding and Imaging Per Cycle 

The first step of the decoding process is imaging global signal of all RCA 

amplicons. Since imaging entire area of cells or tissue sections are nearly impossible 

with current imaging system (e.g. laser-scanning confocal microscopy) the imaging 

area should be selected by considering the entire decoding time. The initial 

fluorescence signals from RCA amplicons allow not only visualization of the 

abundance of generated RCA amplicons but also provides a guide to select imaging 

positions. The adapter probe with Cy3 dye-labeling is prepared where the probe 

oligonucleotides have the complimentary sequence to the common sequence which is 

for the RCA primer. 100 µL of 0.5 - 1 µM dye-labeled adapter probe mix in 2X SSC 

with 30% formamide is added to sample dish after pre-heated at 75 °C for 5 min. The 
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sample dish is ready to image by incubating at room temperature for 10 min followed 

by washing with 2X SSC twice. The selected positions are marked and stored in ‘Mark 

& Find’ menu in the confocal microscopy software (LAS AF) with the option 

‘separate Z range at each position,’ which will be used for following decoding cycles. 

The dye-labeled decoding probes (500 nM in 2X SSC with 30% formamide) 

mix and stripping buffer solution (80% formamide in 2X SSC) are pre-heated at 75 °C 

for 5 min before usage. The decoding 100 µL volume is added to the sample dish 

mounted on a microscope stage. After 10min. incubation at room temperature the 

decoding probe solution is carefully aspirated by glass capillary pipette not to give any 

damage cells or tissue sample, and washed with 2X SSC twice followed adding 200 

µL 1X PBS as imaging media, then fluorescence signals are imaged across all three 

channels. The pre-heated stripping reagent (80% formamide in 2X SSC) is applied 

after aspirating imaging media and incubated for 15 min. at room temperature. After 

washing stripping solution with 1X PBS twice the next set of the decoding probes are 

added and these sequential steps are repeated with N cycles. 

3.5 Computational Analysis 

3.5.1 Overall Procedure 

Overall procedure for computational analysis consists of image arrangement 

and organization, image aligning, normalization, barcode construction per each pixel, 

feature clustering and segmentation, feature mapping to gene list and analysis of 

mapped result. Currently the localization has been done in 2 dimensional spaces (2D), 
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however the computational analysis in 3 dimensional spaces (3D) need to be 

implemented for more accurate analysis of amplicons and targeted genes in-situ. 

3.5.2 Organization of Data Files 

To maintain consistency, acquired images are assigned names with a 

standardized format. The experiment name in LAS software is {Cycle#}. When the 

mark and find function in LAS software is selected the name under the {Cycle#} 

folder is decided by default; {Position#00#}_z{stack number}_ch{channel number}}, 

or {Position#0#_z{stack number}_ch{channel number}} if position number is over 10, 

e.g. two digits. The assigned name determined by default is not necessary to change at 

each time because of too much burden. The tree of folder structure after export is 

{Cycle#}\{ Mark_and_Find_001}\{ Position#00#}\{image name}.  

Converted image file name after renaming has this structure; {MIP}_ 

{Sample_Name}_{Cycle#}_{Resolution_Information}_{Step##}_{Dye_Name}_{Po

s#}_{.tif}. {Sample_Name} is determined as dish number, set name of padlock probes, 

and the date that the sample is generated; e.g. ‘S1_V4_2015-05-06’. {Cycle#} is the 

same as the cycle numbering in a root folder, e.g. ‘Cycle1’ or ‘Cylcle2’ or … ‘Cycle5’ 

etc. {Resolution_Information} contains the objective lens and pixel resolution which 

identify the physical size of image in a field of view as well as one pixel; for example 

‘63x_2k’ represent the image is taken by 63x objective lens with 2,048 by 2,048 pixel 

resolution, thus the physical field of view is 184.52 µm by 184.52 µm and a pixel size 

is 90 µm by 90 µm. For {Step##}, even though the order of imaging is Cy5, Cy4 and 

Alexa488 so the image file name after export is defined ‘ch00’, ‘ch01’, and ‘ch02’ at 
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the end of file name, respectively (‘ch03’ is assigned for bright field image), however, 

the last part of image name is converted to reversed order for convenience of image 

analysis; for example {xx_ch00.tif} to {xx_step03.tif}, {xx_ch01.tif} to 

{xx_step02.tif}, {xx_ch00.tif} to {xx_step01.tif} for ‘Cycle1’, and {xx_ch00.tif} to 

{xx_step15.tif}, {xx_ch01.tif} to {xx_step14.tif}, {xx_ch00.tif} to {xx_step13.tif} for 

‘Cycle5’ image data. The digit for {Step} should be 2 digits to keep consistency of file 

name the number less than 10 has ‘0’ ahead the digit. The detail code in Matlab to 

create {Step##} is describe in appendix. Lastly {Dye_Name} is defined by the 

original fluorescence channels; ‘488’ for ‘ch02’, ‘Cy3’ for ‘ch01’ and ‘Cy5’ for ‘ch00’ 

as following actual imaging channel. Since all image analysis and data mapping to 

gene list are done in 2D the Z stacks are compressed in 2D by maximum intensity 

projection (MIP) method. This process allows obtaining all fluorescence signals in all 

Z stack images in one single image even though loss of Z axis information.  

The final data folder structure after renaming and MIP process is constructed 

as {Root_Folder}\{Sample_Name}\{Pos#}\{1.MIP}\{image data after renaming and 

MIP}. All image data is maximum intensity projected again to display all decoded 

fluorescence signals in a single image file saved under the folder; 

{Root_Folder}\{Sample_Name}\{Pos#}\{2.AllMIP}\. This image acts as a landmark 

or reference image for segmentation of each image data at each step. The file name of 

this image is {MIP_AllCycle}_{Sample_Name}_#}_{Resolution_Information}_ 

{Pos#}_{.tif}. The example diagram of file structures before and after image data 

organized are shown in Fig 3.7. 
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Figure 3.7 File structures before and after organization. (a) Folder structure and 

file names right after exporting from Leica software. (b) Folder structure and file 

names are organized to new structure shown in the diagram for post analysis. 

 

3.5.3 Image Alignment 

Even though the sample dish is firmly fixed on the microscope stage adapter 

and all processes of decoding is performed without detachment of dish from the stage, 

a few to tens of pixels are shifted while adding decoding probes, stripping and 

washing step. There is no statistical data about how much images are shifted over all 

decoding cycles but empirically images from all decoding cycles are not shifted over 

than 50 pixels on an average. In Fig 3.8, image (a) and (b) shows overlapped images 

of all cycles before aligning. As shown (b) all features of 5 images are shifted from 
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each other, and the average displacement is about 24 pixels. Image (c) and (d) shows 

aligned well from all 5 images, which most features are almost perfectly overlapped. 

In order to see clear comparison between shifted and aligned image, (e) and (f) shows 

imaged from two selected cycles. Green pixels come from cycle 2 and magenta ones 

are from cycle 4. After aligned shown in (f) two colors overlays from each other. In 

result the raw images without aligning show significant displacement of pixels which 

make signal tracking across all cycles almost impossible, raw images of each cycle 

must be aligned before starting further analysis.  

Images can be aligned based on their bright field images, however aligning 

images based on fluorescence signals is reasonable because the data that will be 

actually processed is fluorescence images not bright field ones. Since 3 images per 

each cycles are taken at once, for example image of Alexa 488 channel, image of Cy3 

channel and image of Cy5 channel are taken without any disturbance causing pixel 

displacement, the three images are used for aligning. First of all the three images per 

each cycle are converted into one image by maximum intensity project (MIP) so the 

MIP image contains all fluorescence signal information of each cycle. Thus MIP 

image at cycle 1, cycle 2, … , cycle N are aligned. The base image as a reference 

could be any image, but the image displays more features provides enough 

information or land mark, which results in the offset being minimized. Actual aligning 

is performed by built-in function of Matlab, ‘normxcorr2’ which provides the offset by 

calculating cross-correlation between two given images. After all offsets between one 
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base image and other (N-1) images are acquired, each offset for shifting each image is 

obtained by calculating the center of all offsets. 

 

Figure 3.8 Overlapped images before and after aligning. Red: cycle1, green: cycle2, 

blue: cycle3, magenta: cycle4 and yellow: cycle5. (a), (b) Overlapped images of all 

cycles before aligning. (c), (d) Overlapped images after aligned well. (e) Before 

aligned two images. (f) After aligned two images from cycle 2 and cycle 4. Green 

pixels from cycle 2 and magenta ones from cycle 4. 
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The offset for shifting images per cycle is performed to three channel images. 

For example, the offset for shift of MIP image at cycle 1 is used for ‘step01’, ‘step02’, 

and ‘step03’ images. Likewise the offset for shift of MIP image at cycle 2 is used for 

‘step04’, ‘step05’, and ‘step06’ images, etc. 

 

Figure 3.9 Image alignment process. Since images are shifted using ‘curcshift’ built 

in Matlab function the shifted area is required to be removed by cropping images. The 

cropped area or x, y size that are removed is calculated the maximum of all offsets of 

all images. 

 

Next step after calculating offset is shifting and cropping images. Images are 

shifted by circshift (built-in function in Matlab), which creates repeated area shown in 

opposite side of image, for example, if 10 pixels are shifted towards right direction 

then 10 pixels at the end of right side are rotated and appear in the left side of the 

images. Therefore the 10 pixels on the left must be removed. Since the size of all 

images after aligning, shifting and cropping should be identical, the number of pixels 

to be cropped in x, y plane are determined by the maximum value of offset that are 
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obtained by aligning, which means the maximum displaced (or shifted) image over all 

cycles decides the final image size after cropped. 

3.5.4 Normalization 

The next step after aligning images is the normalization of the intensity of all 

data. While analyzing fluorescence signals and calling dyes for DNA sequencing one 

color of the four representing ATP, GTP, TTP and CTP is determined because one of 

four neucleotides (i.e. sequencing by synthesis) or probes (i.e. sequencing by ligation) 

will be incorporated into the target and detected. However the design scheme of the 

barcodes on padlock probes should have two ‘OFF’ digits in all cycles, which ‘0’ 

digits are one of important information. Therefore calling ‘zero’ is significant decision. 

In order to detect ‘zero’ and a signal, two stages of normalization process are 

performed – the first stage is normalization by maximum intensity for ‘zero’ calling, 

and the second stage is normalization by three intensities to call one out of three dyes.  

In the first stage of normalization, all intensities of entire pixels are divided by 

either the maximum intensity or the second highest intensity from a given image data. 

Even if the laser gain and PMT gain are controlled, preventing saturation of pixels by 

considering the histogram of intensity profile, one or a few pixels could be at the 

saturation value which is 65535 in 16 bit dynamic range, and the second highest 

intensity exists far from the maximum value. Therefore using the second highest 

intensity level normalization provides less biased values instead of using the 

maximum value which is the saturation level. The normalized result of saturated pixels 
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of course is set to 1. To call ‘zero’ in a pixel after the first stage of normalization, the 

virtual distance of three intensities of three channels are calculated, which is, 

𝐼𝐷 =  √𝐼488
2 + 𝐼𝐶𝑦3

2 + 𝐼𝐶𝑦5
2 

All three intensities of the pixel are assigned to ‘0’ when 𝐼𝐷 is less than pre-defined 

threshold (currently used value is 0.05). In other words three intensities of three 

fluorescence signals acquired in a given pixel is significantly weak, then all of the 

fluorescence signal are considered as ‘0’ at the first stage normalization. 

In the second normalization the intensity of each color is normalized by the 

square of sum of normalized intensities of all three channels, that is  

𝐼𝑛𝑜𝑟𝑚_𝑐ℎ(𝑛) =  
𝐼𝑐ℎ(𝑛)

√𝐼488
2 + 𝐼𝐶𝑦3

2 + 𝐼𝐶𝑦5
2

 

where Ich(1) = Alexa 488, Ich(2) = Cy3 and Ich(3) = Cy5, normalized at the first stage. By 

doing this normalization, the strongest intensity moves towards 1 than other lower 

values, which allows easily calling to a specific dye44. Without ‘zero’ calling at the 

first stage normalization the value after second normalization may exaggerate intensity 

values to be seen real even though entire intensities of all three channels are weak. 

Here are two examples. First example is that three intensity values after the first stage 

normalization are given as 

𝑃𝑖𝑥𝑒𝑙1 = (𝐼488, 𝐼𝐶𝑦3, 𝐼𝐶𝑦5) = (0.01, 0.2, 0.002) 
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The virtual distance based on the three intensities is calculated as 

𝐼𝐷 =  √0.012 + 0.22 + 0.0022 = 0.20026 

The threshold of the distance is currently set as 0.05, thus ID = 0.20026 > 0.05, so there 

is no ‘zero’ calling. The second stage normalization proceeds and the final values are 

calculated as below. 

(𝐼𝑛𝑜𝑟𝑚_488, 𝐼𝑛𝑜𝑟𝑚_𝐶𝑦3, 𝐼𝑛𝑜𝑟𝑚_𝐶𝑦5) = (0.04995, 0.998703, 0.009978) 

On the other hand the second example pixel has the intensities after the first stage are 

𝑃𝑖𝑥𝑒𝑙2 = (𝐼488, 𝐼𝐶𝑦3, 𝐼𝐶𝑦5) = (0.001, 0.01, 0.002) 

The virtual distance based on the three intensities is calculated as 

𝐼𝐷 =  √0.0012 + 0.012 + 0.0022 = 0.010247 

which is smaller than 0.05, so all three values are set ‘zero’, (I488, ICy3, ICy5) = (0, 0, 0), 

so this pixel is considered as zero intensity even after the second normalization. If the 

pixel with the weak intensities is not assigned to ‘0’ in this stage, the values after the 

second stage normalization are distorted as normal strength of intensities.  

(𝐼𝑛𝑜𝑟𝑚_488, 𝐼𝑛𝑜𝑟𝑚_𝐶𝑦3, 𝐼𝑛𝑜𝑟𝑚_𝐶𝑦5) = (0.09759, 0.9759, 0.19518) 

In this example pixel Cy3 intensity is the highest value so Inorm_Cy3 became almost 1 

even though the value from first stage normalization is very low, 0.01, and the value 

of Cy3 channel dominates and pretends the intensity from Cy3 channel is the strongest 
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signal in this pixel even if all three intensities are weak. This is because normalization 

in the second stage converts the values towards to 1 if the value is the highest one. 

Therefore the ‘zero’ setting in the first stage is necessary if all three intensities are low 

below threshold.  

3.5.5 Barcode Construction, Mapping and Clustering 

The barcode design scheme shown as chapter 4.2 padlock determines ‘0’ if the 

pixel is called ‘zero’, ‘1’ for Alexa 488, ‘2’ for Cy3, and ‘3’ for Cy5 calling. Initially 

calling each dye is done by selecting the highest value out of three normalized 

intensities. For instance Pixel1 in the first example pixel above is called ‘2’ because 

the value at Cy3 channel is the highest among three channels, whereas Pixel2 is called 

‘0’ of course. 

The pixels with the noise or indeterminable calling should be filtered. The 

normalized intensities of three channels in a pixel are the coordinates in three color 

space, e.g. Alexa 488 on x-axis, Cy3 on y-axis, Cy5 on z-axis. The idea is the pixels 

closest to the axis are assigned the dye represented by the axis whereas the pixels in 

between two or three axis are considered noise which should be filtered out. The 

spatial boundary, named critical zone, is defined that the boundaries divide 3D space 

with equal distance from each axis, being a conical shape, where the boundaries of the 

critical zone are laid 30° apart from each axis. The critical zones of each axis (each 

dye) are shown in Fig 3.10. By applying this boundary condition the pixels that are not 

inside each critical zone are filtered out, and the pixels in the boundary are ready to be 

processed for downstream data analysis (Fig 3.11 (b)). 
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Figure 3.10 3D space with three dye colors as coordinates and each critical zone. 

x-axis: Alexa488, y-axis: Cy3, and z-axis: Cy5. The critical zone is a trigonal pyramid 

shape including each axis so that pixels within the boundary located at a space closed 

to the axis could be considered having the color, which means the pixels to be mapped. 

Other pixels in between critical zones are filtered out. 

 

 
 

Figure 3.11 Example plot before and after filtering pixels based on critical zone. 
(a) Pixels after normalization are plotted in the coordinates with three colors. Black 

dot represents a boundary of the critical zone for filtering undeterminable pixels. (b) 

Pixels after filtering by critical zone. Blue, green and red colors represent Alexa 488, 

Cy3 and Cy5 respectively. 
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After assigning digits by maximum value after normalization and filtering 

spatially in color space, pixels at each cycle has one digit out of ‘0’, ‘1’, ‘2’, and ‘3’. 

Since decoding procedures are fulfilled over N cycles, the pixel of the same location 

has N digits across all cycles. As previously described, all padlock probes are designed 

with 5 digits of barcodes to identify the target gene name found by the padlock probes. 

An example is demonstrated in Fig 3.12. The digits at cycle3 and cycle5 are called as 

‘zero’ after 1st normalization because of smaller virtual distance value (ID). On the 

right side plot shows the value after 2nd normalization process. The digits are assigned 

by maximum value of each cycle, for example the maximum value is in Cy3 channel 

at cycle1 which is the 1st digit became 2. The constructed barcode of the pixel is 

‘21030’ that is mapped to ‘MALAT1’ gene. By doing this all pixels have their own 

barcodes consisted of 5 digits at each pixel by tracing digits of all cycles. 

After constructing barcodes at each pixel a mapping procedure is followed. 

The total number of barcodes that currently used is 240 based on the padlock probe 

design, which means 240 unique barcodes are on a list to identify 240 genes. Each 

barcode of each pixel is mapped to barcode-to-gene list, whereas non-mapped pixels 

to barcode-to-gene list are abandoned. For example the barcodes with the identical 

digits appear three times or more, or with the digits do not have exactly two ‘0’, are 

considered as an error. 
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Figure 3.12 Barcode tracing across 5 cycles in a given pixel. The digits at cycle3 

and cycle5 are called as ‘zero’ after 1st normalization because of smaller virtual 

distance value (ID). On the right side plot shows the value after 2nd normalization 

process. The digits are assigned by maximum value of each cycle, for example the 

maximum value is in Cy3 channel at cycle1 which is the 1st digit became 2. The 

constructed barcode of the pixel is ‘21030’ that is mapped to ‘MALAT1’ gene. 

 

Fig 3.13 (a) shows cluster of pixels with the same barcode after removing error 

digits (barcode =‘11020’ which is GNG4 in this example). Mapped pixels are grouped 

forming a cluster or a feature, and represent RCA amplicons mapped to a specific gene. 
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After filling holes on the group of pixels, the feature could become larger than the 

expected size range of a RCA amplicon (Fig 3.13 (b)). By running segmentation using 

watershed algorithm with a maximum intensity projected image of all cycles (Fig 3.14 

(c)) as a reference, one large feature is segmented to small features, which would be 

individual RCA amplicons (Fig 3.13 (d)). While the segmentation process done, size 

filtering to remove small size features. Normal pixel range of size filtering is from 10 

pixels to 160 pixels. The mapped, clustered and filtered features from each gene are 

stored as a tiff image file with a name structure, {Final}_{C}_{number of 

features}_{I}_{gene index}_{gene name}.tif. Number of features is how many 

features of the gene are counted, and gene index is the index on the barcode-to-gene 

list. 

3.5.6 Feature Detection and Segmentation 

The very first stage of detection, segmentation and counting of fluorescence 

signals or features are performed by Matlab scripts modified from the original source 

codes written by John Aach and Kun Zhang., called PISA744. The overall procedure of 

the algorithm is (1) median filtering of raw images to remove small speckles, (2) 

converting image format from 16 bits integer to normalized double precision format 

for further process, (3) performing Laplacian of Gaussian filtering to find boundary of 

each features effectively, (4) characterizing features after segmentation such as area, 

center coordinates, boundary information, the length of major and minor axis, and 

average intensity. 
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Figure 3.13 Image processing for mapping barcodes of pixels, clustering and 

segmentation. (a) Constructing barcodes and mapping. The pixels have barcode 

mapped to ‘GNG4’ (b) Filling clusters that have identical barcodes. (c) Cluster (red 

color) after filling holes and maximum projected images are overlapped. The features 

of larger size of features (gray pixels) are segmented by watershed algorithm based on 

the maximum intensity projected images. (d) Features are well separated based on the 

intensity variation of MIP images so big clusters are divided into smaller pieces which 

are supposed to a single RCA amplicon. 

 

Next, an additional segmentation using watershed algorithm is applied with the 

features that are larger size than pre-defined size range, which means the larger 

features after the first stage of segmentation is likely to be a group of multiple features, 

so this large features needs to be separated. This is done by detecting the variation of 
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intensity peaks within one feature by watershed algorithm. Finally the total number of 

features and the image after segmentation is created as black and white which can be 

used as a mask for the post analysis are obtained and recorded. The parameters while 

image analysis with PISA7 are the radius and the threshold value of Laplacian of 

Gaussian filter, the range of feature size (lower and upper bound), minimum axis ratio, 

lower and upper limit of circularity, perimeter connectivity (this value is usually fixed 

as 8), and constant number to decide signal to background noise.  Original software 

and manual are found in the reference44, 45.  

 

Figure 3.14 Graphic user interface (GUI) of PISA7 Image Analyzer. This was 

modified from original software. 

 

Chapter 3, in full is currently being prepared for submission for publication of 

the materials. Ho Suk Lee; Matthew Cai; Kun Zhang, “Highly multiplexed 

quantitative localization of targeted RNA transcripts in-situ.” The dissertation author 

is the primary investigator and author of this paper.
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Chapter 4: Quantitative Localization of Biomolecules in-situ: Result and 

Discussion 

4.1 Visualization of Generated RCA Amplicons 

First, fluorescent in-situ RNA sequencing (FISSEQ36) method was utilized for 

verification of the protocol and method of generating. Since this method used random 

hexamer with additional 18 bases sequences in the reverse transcription step, Cy3 

labeled detection probes were designed for targeting the sequence of the additional 18 

bases. The detection probes visualize the entire RCA amplicons after synthesis process. 

Fig 4.1 shows an example image for display of RCA amplicons generated in PGP1 

fibroblasts. The image was taken by laser scanning confocal microscope with 552 nm 

laser for exciting Cy3 dye, oil-immersion 20x, NA=0.75 objective lens, 2, 048 by 2, 

048 resolution. Each RCA amplicons in raw image data were filtered and detected 

after segmentation using watershed algorithm, and then characterized for total counts, 

and size, as describe previous section. Fig 4.1(b) which was magnified from the 

yellow box in Fig 4.1(a) shows recognition and segmentation of amplicons after image 

process (green colors for raw image and red pixels for processed features). Total 

number of features was counted 23,536 which was about 941.4 per cell, and an 

average feature size is measured about 653.1 nm in diameter. 
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Figure 4.1 RCA amplicons synthesized PGP1 fibroblast cells in-situ. (a) RCA 

amplicons were distributed across all cells indicating cell boundaries and nuclei. (b) 

Segmented result from the yellow box in (a). Green colors represent raw image 

magnified from the yellow box in (a), and red pixels shows processed features. 
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4.2 Molecular Optimization for Detection Efficiency 

4.2.1 Concentration of Formamide 

To increase specificity of detection probes, formamide is mixed in dye-labeled 

probes to detect RCA amplicons with 2X SSC buffer because of the effect of 

formamide dropping down melting temperature of olioneucleotides. 5 different 

concentration of formamide - 0, 10, 30, 50 and 70%, and two set of 0.5 µM dye-

labeled probes – one set of target specific detection and another set for non-target 

specific, were prepared. Similar number of RCA amplicons was detected up to 30% 

formamide and feature count was dropped as further increasing the concentration of 

formamide. In non-specific binding test, the counts of features were decreased 

dramatically at the result of 30% formamide concentration. Therefore 30% formamide 

is an optimal concentration for both high specificity and low loss of binding to targets. 

The intensity of fluorescence signals and the number of detected molecules as shown 

in Fig 4.2 and Fig 4.3 indicated that about 30% formamide concentration is satisfied 

with both targeted and non-targeted hybridization of detection probes. 
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Figure 4.2 Effective formamide concentrations to find high specificity of detection 

probes. The more formamide concentration allowed less binding of detection probes 

to target. Up to about 30 % formamide concentration showed similar hybridization 

efficiency as well as lower non-specific binding. 
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Figure 4.3 Variation of fluorescence signals with different of formamide 

concentrations. (a) Result using target-specific dye-labeled detection probes. (b) 

Result using non-specific bound probes. 
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4.2.2 Concentration of Dye-labeled Detection Probes 

Decision of a proper concentration of dye-labeled detection probes is necessary 

for efficient usage of probes because the dye-labeled probes is high cost and they 

require long period of fabrication and purification process. In order to decide optimal 

concentration of the dye-labeled probes, 5 different concentrations – 1, 10, 50, 100 nM 

and 1 µM, were prepared in 30% formamide with 2X SSC buffer. The number of 

RCA amplicons was counted from 3 different positions in one sample. In result about 

50 to 100 nM concentration provides similar efficiency to that of highest concentration 

(Fig 4.4 and Fig 4.5). Therefore 100 nM concentration was optimal because the 100 

nM concentration showed the similar detection efficiency to that from higher 

concentration. 

 

Figure 4.4 Detected numbers of RCA amplicons versus the concentration of dye-

labeled detection probes. About 50 – 100 nM concentration provide similar 

efficiency to that of highest concentration, 1µM. 100 nM concentration allows similar 

detection efficiency as well as 10- fold of cost reduction for detection probes. 
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Figure 4.5 Test result for an optimal concentration of dye-labeled detection 

probes. 3 different positions were imaged across 5 concentrations (images of 1 nM are 

not displayed because of lack of area). Intensities and numbers of features were 

similar up to from 1 µM to 50 nM, but dramatically decreased at 10 nM. 
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4.2.3 Reaction Time of Rolling Circle Amplification 

In the describe protocol rolling circle amplification (RCA) reaction can be 

done for overnight, and the reaction usually run for 12 to 18 hr. By virtue of high 

processivity48, Phi29 DNA polymerase long length of amplicons. This big size of 

amplicons by Phi29 could be a positive attribute such as strong signal due to more 

repeat of copies of targets, however the large features in a high density area make 

segmentation or detection of individual feature being difficult because of too closed 

adjacent signals. Therefore a proper range of RCA reaction time is necessary. Fig 4.6 

demonstrates RCA reaction time versus average feature size in diameter (nm). Size of 

features is proportional to the reaction time of course, result between 8 hr. to 12 hr. 

reaction made about 650 nm in diameter, which is reasonable size to be analyzed. 

 

Figure 4.6 Feature size vs. RCA reaction time. The longer reaction produces larger 

size of amplicons. 
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4.3 RCA Amplicons in Different Samples 

Generated RCA amplicons in two different types of mammalian cells - PGP1 

fibroblasts and lung cancer cells (NCIH-1975) are displayed in Fig 4.7. Total number 

of RCA amplicons in PGP1 fibroblasts, (a), was 23,536 which was estimated about 

941.4 per cell and an average size of features is 1.34 µm2 ± 0.71 µm2. For cancer cells, 

NCIH-1975, (b), total number of RCA amplicons was 32,510 which was estimated 

about 302.3 per cell and an average size of features is 1.32 µm2 ± 0.70 µm2. Detected 

RCA amplicons per cell of fibroblasts were three times more than that of NCIH-1975 

because the cell size was much smaller than that of fibroblasts, which means the 

density of generated RCA amplicons is consistent even though the samples are 

different.  

63x oil-immersion objective lens was mainly used for imaging RCA amplicons 

instead of 20x objective. As discussed previous section, the NA of 63x objective is 1.4 

which provides the resolution of 143 nm in lateral and 357 nm in vertical direction. 

Size of a field of view and one pixel of an image taken with 63x objective, 2,048 by 

2,048 resolution is 184.52 x 184.52 µm, and 90 nm x 90 nm, respectively. Compare to 

the image taken with 20x objective lens, about 9 times more pixel information is 

obtained by 63x objective lens. Even though higher resolution is useful to identify 

RCA amplicons in the area having denser signals such as nuclei, scanning area with 

63x objective lens is nine time less than that with 20x objective, which means nine 

times more scanning time is required to obtain the information with the same amount 

of molecules using 63x objective compared to 20x objective.  
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Figure 4.7 RCA amplicons from two different cell types. (a) Human fibroflast 

(PGP1 F) (b) Lung cancer cell (NCIH-1975) 

 

 

Figure 4.8 Two different resolution images by different objective lens. (a) Images 

taken by 20x objective.  (b) Images taken by 63x objective. 

 

For example in Fig 4.8 fluorescence signals are localized in nuclei so that 

higher resolution image is required to separate each feature in nuclei. On the contrary 

in the image of 63x objective only one cell can be analyze but 8 cells from 20x 
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objective. Therefore scanning resolution and time are considered based on each 

different situation of data. In this project 63x objective with 2,048 by 2,048 resolution 

is the main imaging setup. 

Mouse brain tissues were provided from Dr. Yun Yung in Chun lab at The 

Scripps Research Institute (TSRI). The entire process of generation of RCA amplicons 

in mouse brain tissue was the same to the procedure in human brain tissue except 

fixation and permeabilization steps because of different initial condition between two 

samples. 0.25 % Triton X-100(TX-100) incubation time is 15 min. at room 

temperature and 0.1% pepsin in 0.1N HCl is added in order to permeabilize mouse 

brain tissue. For human brain tissue, TX-100 was incubated in 37C for 15 min. and 

0.01 % pepsin was used instead of 0.1 %. This was because mouse brain tissues are 

already fixed and then surrounded by OCT and then the mouse brain tissues were 

cryosectioned, whereas human brain tissues does not treated with chemical treatment 

before sectioning. Fig 4.9 shows an example of RCA amplicons in mouse brain tissue. 

Fig 4.9(b) is bright field image of the same location to the fluorescence image. The 

total number of RCA amplicons was 29,637 but it was difficult to estimate the number 

of features per cell because counting the number of cells was impossible without 

nuclei staining. 
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Figure 4.9 RCA amplicons generated in mouse brain tissue. (a) RCA amplicons (b) 

Bright field image showing tissue structures. Two images taken with 20x objective are 

stitched. 

 

Lastly RCA amplicons on human brain tissue is demonstrated in Fig 4.10. In 

order to visualize nuclei to distinguish each cell, nuclear staining is necessary, but the 

image in Fig 4.10 was not stained with DAPI or DRAQ546 so that it is impossible to 

clearly identify cells. According to other samples with nuclear staining, the average 

number of cells in the human brain tissue sample was 830.6 per mm2. By using this 

density of cells in a unit area, the number of RCA amplicons per cell can be estimated. 

The counts of RCA amplicons in the human brain tissue in Fig 4.10(a) was 11,601 
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which is 137 amplicons per cell, and the counts per cells in brain tissue sample was 

about 7 times lower than that in cultured fibroblasts or cancer cells. The possible 

reasons are first, size of cells in brain tissue is smaller than other cultured cells. 

Secondly the efficiency of RCA amplicon generation in tissue sections could be lower 

than that in cultured cells because tissue sections have more variability of sample 

status such as tissue surface condition, binding quality on a glass slide that can be 

different at each time of cryosectioning. 

 

Figure 4.10 RCA amplicons generated in human brain tissue from Brodmann 

Area 8 (BA8) (a) Fluorescence image of RCA amplicons (b) Bright field image 

showing tissue structures. Two images are tiled, taken with 20x objective.   

 

4.4 Gene Expression and Localization by DARTFISH 

4.4.1 RCA Amplicons from Padlock Probes 

In the previous section the RCA amplicons were generated using FISSEQ 

method36 which random hexamer with 18 additional bases is used for reverse 
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transcription and RCA reaction is done after circularizing cDNA. As introduced a 

method in previous section, DARTFISH (Decoding Amplified taRgeted Transcripts 

with Fluorescence In-Situ Hybridization.) method, which is a main technology for 

detection and localization of RNA transcript in-situ, have different procedure than 

FISSEQ method after reverse transcription step. In FISSEQ method all molecules 

reversely transcribed by random hexamer are sequenced and mapped to the database 

for finding RNA transcripts thus about half of amplified molecules by FISSEQ (~54% 

36) are not informative product (not from mRNA). Whereas DARTFISH protocols the 

molecules targeted by padlock probes are amplified from the hybridized and ligated 

padlock probes so the decoded features are from mostly targeted genes.  

 

Figure 4.11 Two Protocols: FISSEQ versus DARTFISH 
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The amplified molecules by padlock probes were visualized using Cy3-labeled 

detection probes targeting the universal sequence designed for RCA primers. Fig 4.12 

shows an example result of the RCA amplicons by DARTFISH protocols from 

cultured fibroblasts (Fig 4.12(a)) and human brain tissue section (Fig 4.12(b)). The 

number of counted molecules in fibroblast was 786 which is the same number per cell 

because only one fibroblast was present in a field of view. In brain tissue image, 2,668 

RCA amplicons were found in around 17 cells, so the estimated number in a brain cell 

is 159.9 amplicons per cell. The average area of features in fibroblast is 0.41 µm2 ± 

0.22 µm2, which is 725.3 nm ± 525.6 nm in diameter, and the size of amplicons in 

brain tissue 0.27 µm2 ± 0.13 µm2, which is 589.4 nm ± 403.7 nm in diameter if 

features are considered as circles. Even though the size of amplicons could be varied 

along different conditions such as permeability of samples, different composition 

inside of cultured or tissue sections and RCA reaction time, averaged feature size from 

two different cell types were not much different from each other, and the calculated 

diameters show a consistent value with the previous research36. 

4.4.2 Mapped Genes from Human Brain Tissue 

This is the brain tissue sample we have done the most complete imaging and 

analysis of. Each image size taken by the 63x objective is 184.52 by 184.53 µm which 

is about 0.034 mm2. Total 18 positions were imaged and decoded covering a total of 

~0.6mm2, which was about 1/60th of the total tissue area (Fig 4.13). Imaging and 

decoding time was around 7 hours for all 5 cycles decoding. Imaging time for each 
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cycle was about 45 min. including hybridizing, imaging, and stripping. The z-stacks 

were 15 z-steps with 0.93 µm step size.  

 

Figure 4.12 RCA amplicons with DARTFISH protocols in PGP1 fibroblast. (a) 

Fluorescence signals of amplicons and (b) merged image with bright field in PGP1 

fibroblast. (c) Fluorescence signals of amplicons and (d) merged image with bright 

field in human brain tissue. 786 amplicons were detected in fibroblast that has the 

same 786 molecules per cell because only one fibroblast was present in a field of view. 

In brain tissue image, 2,668 amplified molecules were found in about 17 cells, which 

is 156.9 amplicons per one brain cell. 

 

In total almost 28,000 RCA amplicons were mapped to gene list and detected 

235 of the 240 genes that the padlock probes target. Average number of mapped 
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ampilcons was 1,545. An average number of genes detected per cell was about 18 by 

investigating genes in a cell considering overlapped genes over cells, and 137 features 

per cell were detected. In the result of PGP1 fibroblast, the mapped genes per cells in a 

fibroblast cell was about 70 and the number of features per cell was 802. The different 

cell size between fibroblast and brain tissue could be the reason why the features and 

genes in fibroblasts are 3 ~ 5 times more than that from brain tissues. 

 

Figure 4.13 BA8 human brain tissue decoded with 18 different imaged positions. 
One imaged area is about 0.6mm2 so the total 18 positions cover 1/60th of entire tissue 

section.  

 

Fig 4.14 and Fig 4.15 show the decoded result image of 12th position of human 

brain tissue among 18 different imaged positions. The amplicons mapped to the 6 

genes that are highly counted were demonstrated. GNG4 and KCNC2 genes had high 

counts compare to others. Two parts surrounded with yellow boxes in Fig 4.14 are 

magnified in Fig 4.15. In the detail view from the decoded result of 12th position, cells 
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in two different locations showed slightly different gene expression profile. Two cells 

in Fig 4.15(a) displayed more SNAP25 genes (blue color) whereas the cell in Fig 

4.15(b) showed more GNG4 and KCNC2 counts than that in Fig 4.15(a). 

Table 4.1 Mapped data from 18 positions.  

Position # Mapped 

Features 

# Mapped 

Genes 

Cells 

1 1727 151 13 

2 1580 152 14 

3 1705 151 13 

4 1142 122 16 

5 809 100 8 

6 1630 143 23 

7 1418 115 20 

8 2037 162 17 

9 1566 134 18 

10 688 90 13 

11 1504 130 14 

12 2348 167 17 

13 1609 130 14 

14 1500 148 17 

15 2015 175 21 

16 1488 143 13 

17 1495 137 9 

18 1551 166 11 

Total 27,812 235 271 

Average 1,545 140 15 
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Figure 4.14 Decoded result of 12th position of human brain tissue among 18 

different imaged positions. The amplicons mapped to the top 6 most counted genes 

were displayed. GNG4 and KCNC2 genes had high counts compare to others. Two 

parts surrounded with yellow box are magnified in a next figure. 
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Figure 4.15 Detail view from the decoded result of 12th position of human brain 

tissue. Two cells showed slightly different gene expression profile. Image (a) contains 

two cells displayed more SNAP25 genes then the cell in image (b) which has many 

GNG4 and KCNC2. 

 

4.4.3 Correlation to Reference Database 

As discussed in previous section for padlock probe production and 

characterization (3.2.3 and 3.2.4) the normalization by the count of padlock probes 
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captured to genomic DNA was accurately quantify an abundance of transcripts. In 

order to compare the count of genes decoded and mapped in-situ to the reference 

database, the DARTFISH data from all 18 imaged positions were normalized with in 

tube probe-captured gDNA counts, which were the same normalization method to 

characterize produced padlock probes; the equation is given as below. 

Normalized mapped counts_1 =
𝑟𝑎𝑤 𝐷𝐴𝑅𝑇𝐹𝐼𝑆𝐻 𝑐𝑜𝑢𝑛𝑡𝑠

𝑖𝑛 𝑡𝑢𝑏𝑒 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑔𝐷𝑁𝐴 𝑐𝑜𝑢𝑛𝑡𝑠
  

As shown in Fig 4.16(a), comparing that to FPKM values from SMART-Seq of bulk 

brain tissues of the same area (BA8) gave 0.45 of Pearson’s r.  

After careful examination of mapped genes in the result from 18 positions, we 

realized that some of the padlock probes targets have soft-masked regions of the 

genome containing short repeats. These padlock probes with soft-masked regions 

could be hybridizing to unintended locations on the genome and therefore the counts 

from capturing genomic DNA is not an accurate measure of their efficiency. Since the 

transcriptome has much fewer short repeat sequences, therefore these padlock probes 

have less location to incorrectly hybridize to, the count of padlock probe captured in 

tube to the reference cDNA can be used for normalization. Because reference cDNAs 

have varying amounts of each transcript, the DARTFISH counts are divided by FPKM 

values from RNA-Seq database to account for the variation of amount of each 

transcript.  

Normalized mapped counts_2 =
𝑟𝑎𝑤 𝐷𝐴𝑅𝑇𝐹𝐼𝑆𝐻 𝑐𝑜𝑢𝑛𝑡𝑠

𝑖𝑛 𝑡𝑢𝑏𝑒 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑐𝐷𝑁𝐴 / 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐹𝑃𝐾𝑀
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The second normalization method is determined as the equation above. In Fig 4.16(b), 

the correlation between DARTFISH and SMART-Seq of bulk BA8 Brain tissue was 

improved on an r of 0.53. 

 

Figure 4.16 Correlation plot between FPKM of reference database (HBRR) and 

DARTFISH results from 18 positions. (a) DARTFISH data normalized with in tube 

probe-captured gDNA counts. (b) DARTFISH data normalized with in tube probe-

captured cDNA counts and reference FPKM. 
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4.4.4 Correlation to Sequenced Data from RCA Amplicons 

Since all the padlock probes for the same gene were designed with the same 

barcode, we couldn’t tell from our DARTFISH data whether all probes were 

contributing equally to RCA amplicons or whether a few dominated. One way to find 

out was to create next generation sequencing libraries of amplicons and then do 

Illumina sequencing of the capture arms. To make next gen sequencing libraries from 

amplicons we didn’t have to figure out how to uncross-link amplicons from the cell 

structures because we could just use Taq polymerase to copy them into DNA oligos in 

solution. We removed the coverslip from the dish and submerged it on a glass slide in 

polymerase reaction mix. We added one primer that annealed to the sequence 

normally used for RCA and did 20 cycles of thermal cycling. We then extracted the 

solution and did 2-step PCR to add sequencing adapters using the same RCA primer 

sequence but having the 2 primers offset in a way to prevent primer dimers. The bright 

band right above 200bp on the gel shows that the majority of the fragments contain 

only one copy of each padlock probe and the faint band above 400bp represents the 

fragments with 2 tandem copies of the padlock probe.  

After sequencing the library we found the gene counts correlated well with the 

gene counts that we detected using DARTFISH. This is a good sign that there isn’t too 

much bias when using Taq to amplify the amplicons or during PCR. We also thought 

that since these counts from Illumina sequencing came from the whole tissue section 

as opposed to the small fraction we could image with DARTFISH, it may correlate 

better with SMART-Seq data from bulk tissue sequencing. We normalized by padlock 
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probe efficiencies and found the correlation was better but not by much. It’s also not 

shown here, but our sequencing results did show that for a couple highly detected 

genes it was due to one or two padlock probes that were targeting sequences with short 

tandem repeats. 

 

Figure 4.17 Correlation plot between the counts of sequenced data from 

extracted RCA amplicons and the counts from DARTFISH result. 

 

4.5 Conclusion and Future Work 

We have demonstrated the technology called DARTFISH; Decoding 

Amplified taRgeted Trainscripts with Fluorescence In-Situ Hybridization, which is a 

highly multiplexed targeted method that can selectively detect and localize transcripts 

in situ. The rolling circle amplified molecules were successfully fabricated in-situ 
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from several different cell types such as human fibroblasts, lung cancer cells, mouse 

brain tissue and human brain tissue sections. The produced padlock probes were 

verified by high correlation to FPKM values of the RNA-Seq data from human brain 

reference RNA. Furthermore the pipeline for analysis of fluorescence images, 

segmentation and decoding data was established. In average, RCA amplicons per cell 

were 802 and 137 for cultured fibroblasts and human brain tissue section, respectively. 

Mapped genes in a cell from cultured fibroblasts and human brain tissue were 70 and 

18, respectively. The correlation between human brain reference database and 

DARTFISH result was Pearson’s r value of 0.53. Lastly we demonstrated the presence 

of RCA amplicons with indirect method which was sequenced counts of the molecules 

extracted from RCA amplicons generated by DARTFISH protocol. The created next 

generation sequencing libraries to be sequenced by Illumina sequencer was compared 

to the counts from the decoded result. Two results from different method showed high 

correlation, Pearson’s r value of 0.71, thus the pipe-line of image analysis and 

mapping for detection of RCA amplicons produced reasonable data. 

For the future work, some of padlock probes targeted to genes such as GNG4 

and KCNC2 have too much high efficiency compare to other ones, which have made 

biased result with a small number of genes having high expression level. Therefore 

these highly hybridized padlock probed need to be suppressed.  

In addition hybridized the RCA amplicons should be detected and counted in 

three dimensional (3D) space of given cell or tissue volume. Obviously cells are 3D 

structures and their biomolecules are present inside the 3D space. Since the size of 
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RCA amplicons was about 300 to 600 nm in diameter36, some of molecules could be 

overlapped in Z axis. Therefore the molecules under other amplicons are masked and 

their information cannot be decoded. That’s why feature detection in 3D space is 

required. Fig 5.1 (c) shows amplicons distributed in 3D space whereas the image (b) 

shows RCA amplicons in 2D space after maximum intensity projected.  

 

Figure 4.18 RCA amplicons in 3D space. (a) Theoretically RCA amplicons are 

present in 3D of cell volume, so the molecules could be overlapped in Z axis. 

Analyzing molecules in 2D images could lose the feature information covered by 

other molecules. (b) Example image compressed in 2D by maximum intensity 

projection. (c) Rendering image of amplicons in 3D space. 

 

Lastly localization information from current result should be analyzed further. 

Current work is developing protocol for generation of RCA amplicons, procedure of 

decoding molecules with confocal microscopy, and pipeline for image analysis and 

mapping result to gene lists. More interesting part however would be locally diverse 



95 

 

 
 

gene expression in each cell to research a cell to cell heterogeneity. In the result of 

brain tissue imaged from 18 positions, for example, 15 glia specific genes and 34 

neuron specific genes were mapped out of 235 detected genes (Table 4.2). 

Characterization and expression per single cell of those genes is not seriously 

researched yet. If the localization information of the mapped genes is studied and the 

analysis method is fully verified then the DARTFISH technology can be used as very 

effective tool for research of single cell analysis. 

Chapter 4, in full is currently being prepared for submission for publication of 

the materials. Ho Suk Lee; Matthew Cai; Kun Zhang, “Highly multiplexed 

quantitative localization of targeted RNA transcripts in-situ.” The dissertation author 

is the primary investigator and author of this paper. 
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Table 4.2 Counts of neuron specific and glia specific genes found at total 18 

positions at human brain tissue. 34 neuron specific and 15 glia specific genes were 

found. 

Neuron specific genes Glia specific genes 

ARPP21 68 MYO5B 4 ATP1A2 58 

BTBD11 2 NEFL 76 BCAN 5 

CDH7 8 NPTX1 11 BMPR1B 2 

CNTNAP4 10 NRIP3 22 CNP 27 

CPNE4 33 OLFM1 43 EGFR 20 

DGKG 6 OLFM3 9 GFAP 7 

FAIM2 93 PTK2B 12 GJA1 3 

GAD1 18 PTPRK 225 GSN 41 

GRM7 7 RAB3B 12 ITPR2 33 

HECW1 16 RELN 7 LTBP1 1 

KCNAB1 5 RGS4 95 MBP 41 

KCNC2 3694 SATB2 170 MOBP 9 

KCNIP4 16 SLC17A7 125 PAPSS2 11 

KCNMA1 27 SNAP25 871 SLC1A2 68 

KCNT2 19 SV2B 95 SLC1A3 186 

KIT 7 SYNPR 14   

LMO3 18 TRHDE 10   
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Appendix 

1. Materials for DARTFISH 

1.1 Primers 

DARTFISH_RT (RT primer for DARTFISH protocol): NNNNNNNNN 

DARTFISH _RCA primer (RCA primer for DARTFISH protocol): 

GATATCGGGAAGCTGA*A*G 

DARTFISH_Adapt (Cy3 labeled probe for detection of RCA amplicons for 

DARTFISH protocol): /5Cy3/CTTCAGCTTCCCGATATCCG 

 

1.2 Decoding Probes 

Table A.1 Sequences of decoding probes 

dcProbe 

Name 
Sequence  Dye 

Dye 

Position 

dcProbe0-

488 
TGTATCGCGCTCGATTGGCA Alexa488 5'  

dcProbe0-

Cy3 
CGTATCGGTAGTCGCAACGC Cy3 5'  

dcProbe0-

Cy5 
ACGCTACGGAGTACGCCACT Cy5 5'  

dcProbe1-

488 
TCTTGCGTGCGATACGGAGT Alexa488 5'  

dcProbe1-

Cy3 
AACGGTATTCGGTCGTCATC Cy3 5'  

dcProbe1-

Cy5 
CTGGTTCGGGCGTACCTAAC Cy5 5'  

dcProbe2-

488 
AGAACTTGCGCGGATACACG Alexa488 5'  

dcProbe2-

Cy3 
CTACTTCGTCGCGTCAGACC Cy3 5'  

dcProbe2-

Cy5 
GACGAACGGTCGAGATTTAC Cy5 5'  

dcProbe3-

488 
GAATTGTCCGCGCTCTACGA Alexa488 5'  

dcProbe3-

Cy3 
CGTTTGATCGTTCGACCGAG Cy3 5'  

dcProbe3-

Cy5 
AACTGCGACCGTCGGCTTAC Cy5 5'  
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Table A.1 Sequences of decoding probes, continued 

dcProbe 

Name 
Sequence Dye 

Dye 

Position 

dcProbe4-

488 
CGGAATACGTCGTTGACTGC Alexa488 5'  

dcProbe4-

Cy3 
TACCATTCGCGTGCGATTCC Cy3 5'  

dcProbe4-

Cy5 
CAGGGATCGGTCGAGTACGC Cy5 5'  

dcProbe5-

488 
GAGTGTCGCGCAACTTAGCG Alexa488 5'  

dcProbe5-

Cy3 
ACGTCTGCGTACCGGCTTAG Cy3 5'  

dcProbe5-

Cy5 
CATGCGATTAACCGCGACTG Cy5 5'  

dcProbe6-

488 
CACGCTTACGATCCCGCTAT Alexa488 5'  

dcProbe6-

Cy3 
TCGTAACCCGTGCGAAGTGC Cy3 5'  

dcProbe6-

Cy5 
CTCTCGTAGCGTGCGATGAG Cy5 5'  

 

1.3. Gene to Barcode List of Padlock Probes 

Description of Gene ID was referenced by NCBI47. Total number of genes is 240. 

 

Table A.2 Gene to Barcode List 

Gene ID Barcode Description 

KIF5C 00112 kinesin family member 5C 

KCNIP3 00113 Kv channel interacting protein 3, calsenilin 

SLC1A2 00121 
solute carrier family 1 (glial high affinity glutamate 

transporter), member  

ANO3 00122 anoctamin 3  

PDZD2 00123 PDZ domain containing 2  

MAPK4 00131 mitogen-activated protein kinase 4  

DLG1 00132 discs, large homolog 1  

DLGAP4 00133 discs, large (Drosophila) homolog-associated protein 4  

MBP 00211 myelin basic protein 
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

CPNE8 00212 copine VIII  

LRP1 00213 low density lipoprotein receptor-related protein 1 

GAD1 00221 glutamate decarboxylase 1 

KLF12 00223 Kruppel-like factor 12  

MYO5B 00231 myosin VB  

GPT2 00232 
glutamic pyruvate transaminase (alanine 

aminotransferase) 2 

PCDH11X 00233 protocadherin 11 X-linked  

FBXL7 00311 F-box and leucine-rich repeat protein 7  

NSUN6 00312 NOP2/Sun domain family, member 6 

TANC1 00313 
tetratricopeptide repeat, ankyrin repeat and coiled-coil 

containing 1  

RAB3IP 00321 RAB3A interacting protein 

SORCS3 00322 sortilin-related VPS10 domain containing receptor 3  

KCNIP4 00323 Kv channel interacting protein 4  

TESPA1 00331 thymocyte expressed, positive selection associated 1  

NFIB 00332 nuclear factor I/B  

SEMA3A 01012 
sema domain, immunoglobulin domain (Ig), short basic 

domain, secreted, (semaphorin) 3A 

FREM1 01013 FRAS1 related extracellular matrix 1  

SEMA3E 01021 
sema domain, immunoglobulin domain (Ig), short basic 

domain, secreted, (semaphorin) 3E 

KCNN3 01022 
potassium channel, calcium activated intermediate/small 

conductance subfamily N alpha, member 3  

MIAT 01023 
myocardial infarction associated transcript (non-protein 

coding)  

MCTP2 01031 multiple C2 domains, transmembrane 2 

LRRTM4 01032 leucine rich repeat transmembrane neuronal 4  

KCNC2 01033 
potassium channel, voltage gated Shaw related 

subfamily C, member 2  
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

MTSS1 01102 metastasis suppressor 1  

PLXNA4 01103 plexin A4  

SDK1 01120 sidekick cell adhesion molecule 1  

TSHZ2 01130 teashirt zinc finger homeobox 2  

PTPRE 01201 protein tyrosine phosphatase, receptor type, E  

UNC13C 01202 unc-13 homolog C  

EPHA6 01203 EPH receptor A6  

SEZ6L 01210 seizure related 6 homolog (mouse)-like  

IFT122 01220 intraflagellar transport 122  

GRIK1 01230 glutamate receptor, ionotropic, kainate 1 

MICAL2 01301 
microtubule associated monooxygenase, calponin and 

LIM domain containing 2  

NECAB2 01302 N-terminal EF-hand calcium binding protein 2  

ESRRG 01303 estrogen-related receptor gamma  

SEC14L1 01310 SEC14-like 1 (S. cerevisiae)  

TBC1D4 01320 TBC1 domain family, member 4  

PDZRN4 01330 PDZ domain containing ring finger 4  

PTPRM 02011 protein tyrosine phosphatase, receptor type, M  

SEMA4D 02012 

sema domain, immunoglobulin domain (Ig), 

transmembrane domain (TM) and short cytoplasmic 

domain, (semaphorin) 4D 

SEMA5A 02013 

sema domain, seven thrombospondin repeats (type 1 

and type 1-like), transmembrane domain (TM) and short 

cytoplasmic domain, (semaphorin) 5A 

OLFM3 02021 olfactomedin 3  

RGS5 02023 regulator of G-protein signaling 5  

ARPP21 02031 cAMP-regulated phosphoprotein, 21kDa 

KIT 02032 
v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene 

homolog 

SHISA9 02033 shisa family member 9  
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

KCNAB1 02101 
potassium channel, voltage gated subfamily A 

regulatory beta subunit 1  

GRM3 02102 glutamate receptor, metabotropic 3 

FRAS1 02103 Fraser extracellular matrix complex subunit 1  

RYR3 02110 ryanodine receptor 3  

UTRN 02120 utrophin  

ALCAM 02130 activated leukocyte cell adhesion molecule  

STRIP2 02201 striatin interacting protein 2  

PKP2 02203 plakophilin 2  

RIN2 02210 Ras and Rab interactor 2 

RASGRF2 02230 
Ras protein-specific guanine nucleotide-releasing factor 

2  

RORB 02301 RAR-related orphan receptor B  

COL11A1 02302 collagen, type XI, alpha 1  

PLCL1 02303 phospholipase C-like 1  

RGS12 02310 regulator of G-protein signaling 12  

PDE1A 02320 phosphodiesterase 1A, calmodulin-dependent 

TENM1 02330 teneurin transmembrane protein 1  

FAIM2 03011 Fas apoptotic inhibitory molecule 2  

TIMP2 03012 TIMP metallopeptidase inhibitor 2  

NRG1 03013 neuregulin 1  

FOXO1 03021 forkhead box O1 

NRIP3 03022 nuclear receptor interacting protein 3  

SH3RF2 03023 SH3 domain containing ring finger 2 

PPARGC1A 03031 
peroxisome proliferator-activated receptor gamma, 

coactivator 1 alpha 

CDH7 03032 cadherin 7, type 2 

POU6F2 03101 POU class 6 homeobox 2  

CADPS2 03102 Ca++-dependent secretion activator 2  
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

GRIP2 03103 glutamate receptor interacting protein 2 

LMO3 03110 LIM domain only 3 (rhombotin-like 2)  

CA10 03120 carbonic anhydrase X  

KCNT2 03130 
potassium channel, sodium activated subfamily T, 

member 2  

KIAA1211L 03201 KIAA1211-like 

ITPR2 03202 inositol 1,4,5-trisphosphate receptor, type 2 

DLGAP2 03203 discs, large (Drosophila) homolog-associated protein 2  

FOXP2 03210 forkhead box P2 

TENM3 03220 teneurin transmembrane protein 3  

MTUS1 03230 microtubule associated tumor suppressor 1  

GJA1 03301 gap junction protein, alpha 1, 43kDa  

KCNMA1 03302 
potassium channel, calcium activated large conductance 

subfamily M alpha, member 1  

NAPA 03310 
N-ethylmaleimide-sensitive factor attachment protein, 

alpha  

DCHS2 03320 dachsous cadherin-related 2  

MGLL 10012 monoglyceride lipase 

GRIK3 10013 glutamate receptor, ionotropic, kainate 3  

IGF1 10021 insulin-like growth factor 1 (somatomedin C)  

ATP11C 10022 ATPase, class VI, type 11C 

SHISA7 10023 shisa family member 7 

CDH20 10031 cadherin 20, type 2 

PPFIBP1 10032 
PTPRF interacting protein, binding protein 1 (liprin beta 

1)  

SATB2 10033 SATB homeobox 2  

PDE4B 10102 phosphodiesterase 4B, cAMP-specific  

DNAH14 10103 dynein, axonemal, heavy chain 14  

PTPRK 10120 protein tyrosine phosphatase, receptor type, K 

SPARCL1 10130 SPARC-like 1 (hevin) 
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

CNNM4 10201 
cyclin and CBS domain divalent metal cation transport 

mediator 4  

HS6ST3 10202 heparan sulfate 6-O-sulfotransferase 3  

PREX2 10203 
phosphatidylinositol-3,4,5-trisphosphate-dependent Rac 

exchange factor 2  

DSCAM 10210 Down syndrome cell adhesion molecule 

LAMA2 10220 laminin, alpha 2 

EGFR 10230 epidermal growth factor receptor  

PTK2B 10301 protein tyrosine kinase 2 beta  

BCAN 10302 brevican  

RAPGEF5 10303 Rap guanine nucleotide exchange factor (GEF) 5  

KLHL5 10310 kelch-like family member 5  

MAF 10320 
v-maf avian musculoaponeurotic fibrosarcoma 

oncogene homolog  

DOCK10 10330 dedicator of cytokinesis 10 

CPNE4 11002 copine IV  

ATP1B2 11003 ATPase, Na+/K+ transporting, beta 2 polypeptide  

GNG4 11020 
guanine nucleotide binding protein (G protein), gamma 

4  

SLC1A3 11030 
solute carrier family 1 (glial high affinity glutamate 

transporter), member 3  

THRA 11200 thyroid hormone receptor, alpha 

CACNA1E 11300 
calcium channel, voltage-dependent, R type, alpha 1E 

subunit  

ANK1 12001 ankyrin 1, erythrocytic  

GRB14 12002 growth factor receptor-bound protein 14  

TOX 12003 thymocyte selection-associated high mobility group box  

RGS4 12010 regulator of G-protein signaling 4 

EGR1 12020 early growth response 1  

MAGI3 12030 
membrane associated guanylate kinase, WW and PDZ 

domain containing 3  
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

SOX5 12100 SRY (sex determining region Y)-box 5  

UBE3A 12200 ubiquitin protein ligase E3A  

GFAP 12300 glial fibrillary acidic protein  

COL5A2 13001 collagen, type V, alpha 2  

NDFIP2 13002 Nedd4 family interacting protein 2  

GSN 13003 gelsolin  

PHKB 13010 phosphorylase kinase, beta  

SNAP25 13020 synaptosomal-associated protein, 25kDa  

SLC35F1 13030 solute carrier family 35, member F1  

PELI2 13100 pellino E3 ubiquitin protein ligase family member 2  

PAPSS2 13200 3'-phosphoadenosine 5'-phosphosulfate synthase 2 

SPOCK3 13300 
sparc/osteonectin, cwcv and kazal-like domains 

proteoglycan (testican) 3 

NRXN1 20011 neurexin 1  

TRHDE 20012 thyrotropin-releasing hormone degrading enzyme  

GPM6A 20013 glycoprotein M6A 

DGKD 20021 diacylglycerol kinase, delta 130kDa  

GAD2 20023 
glutamate decarboxylase 2 (pancreatic islets and brain, 

65kDa)  

SV2B 20031 synaptic vesicle glycoprotein 2B 

LRRTM3 20032 leucine rich repeat transmembrane neuronal 3  

ADAMTSL3 20033 ADAMTS-like 3 

SEMA6D 20101 
sema domain, transmembrane domain (TM), and 

cytoplasmic domain, (semaphorin) 6D 

MLIP 20102 muscular LMNA-interacting protein  

TMTC2 20103 transmembrane and tetratricopeptide repeat containing 2  

SPHKAP 20110 SPHK1 interactor, AKAP domain containing  

ATP1A2 20120 ATPase, Na+/K+ transporting, alpha 2 polypeptide  

KIAA1217 20130 KIAA1217 
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

RBMS3 20201 
RNA binding motif, single stranded interacting protein 

3  

ZFHX3 20203 zinc finger homeobox 3  

NGEF 20210 neuronal guanine nucleotide exchange factor  

DNER 20230 delta/notch-like EGF repeat containing  

CACNA2D3 20301 
calcium channel, voltage-dependent, alpha 2/delta 

subunit 3  

LTBP1 20302 latent transforming growth factor beta binding protein 1  

SLC6A1 20303 solute carrier family 6, member 1  

ERBB4 20310 erb-b2 receptor tyrosine kinase 4  

FGF13 20320 fibroblast growth factor 13 

CUX2 20330 cut-like homeobox 2  

BTBD11 21001 BTB (POZ) domain containing 11  

DACH1 21002 dachshund family transcription factor 1  

CTNNA2 21003 catenin (cadherin-associated protein), alpha 2  

LAMP5 21010 
lysosomal-associated membrane protein family, 

member 5  

WIF1 21020 WNT inhibitory factor 

MALAT1 21030 metastasis associated lung adenocarcinoma transcript 1 

SOX6 21100 SRY (sex determining region Y)-box 6 

NHS 21200 
Nance-Horan syndrome (congenital cataracts and dental 

anomalies)  

ZFAND6 21300 zinc finger, AN1-type domain 6  

PCSK6 22001 proprotein convertase subtilisin/kexin type 6  

RNF165 22003 ring finger protein 165  

BMPR1B 22010 bone morphogenetic protein receptor, type IB  

SLIT3 22030 slit homolog 3 (Drosophila)  

MOBP 22100 myelin-associated oligodendrocyte basic protein  

EYA4 22300 EYA transcriptional coactivator and phosphatase 4  

FMN1 23001 formin 1 
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

SPTB 23002 spectrin, beta, erythrocytic 

DOCK11 23003 dedicator of cytokinesis 11 

SLC17A7 23010 
solute carrier family 17 (vesicular glutamate 

transporter), member 7  

LAMA3 23020 laminin, alpha 3 

CNP 23030 2',3'-cyclic nucleotide 3' phosphodiesterase  

FAM149A 23100 family with sequence similarity 149, member A  

PCDH15 23200 protocadherin-related 15  

MARCH1 23300 
membrane-associated ring finger (C3HC4) 1, E3 

ubiquitin protein ligase  

SLC9A9 30011 
solute carrier family 9, subfamily A (NHE9, cation 

proton antiporter 9), member 9  

FAT1 30012 FAT atypical cadherin 1  

VAV2 30013 vav 2 guanine nucleotide exchange factor 

ADCY8 30021 adenylate cyclase 8 (brain)  

NOS1 30022 nitric oxide synthase 1 (neuronal)  

CNTNAP4 30023 contactin associated protein-like 4  

MYO16 30031 myosin XVI  

SEMA5B 30032 

sema domain, seven thrombospondin repeats (type 1 

and type 1-like), transmembrane domain (TM) and short 

cytoplasmic domain, (semaphorin) 5B 

KIRREL3 30101 kin of IRRE like 3 (Drosophila)  

ALK 30102 anaplastic lymphoma receptor tyrosine kinase  

TSHZ3 30103 teashirt zinc finger homeobox 3  

ARHGAP12 30110 Rho GTPase activating protein 12  

CACNA2D1 30120 
calcium channel, voltage-dependent, alpha 2/delta 

subunit 1  

HECW1 30130 
HECT, C2 and WW domain containing E3 ubiquitin 

protein ligase 1 

NPAS3 30201 neuronal PAS domain protein 3  

NIN 30202 ninein (GSK3B interacting protein)  
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

RELN 30203 reelin  

GRM7 30210 glutamate receptor, metabotropic 7 

MCC 30220 mutated in colorectal cancers  

TOM1 30230 target of myb1 (chicken) 

CNGB1 30301 cyclic nucleotide gated channel beta 1 

THSD7A 30302 thrombospondin, type I, domain containing 7A  

SLIT2 30310 slit homolog 2 (Drosophila)  

DLC1 30320 DLC1 Rho GTPase activating protein  

DPP10 31001 dipeptidyl-peptidase 10 (non-functional)  

GPR56 31002 G protein-coupled receptor 56  

RAB3B 31003 RAB3B, member RAS oncogene family 

LINGO2 31010 leucine rich repeat and Ig domain containing 2 

EXPH5 31020 exophilin 5  

GRIN3A 31030 
glutamate receptor, ionotropic, N-methyl-D-aspartate 

3A  

NPTX1 31100 neuronal pentraxin I  

SEMA3C 31200 
sema domain, immunoglobulin domain (Ig), short basic 

domain, secreted, (semaphorin) 3C  

RALYL 31300 valyl-tRNA synthetase  

PART1 32001 prostate androgen-regulated transcript 1 

DGKG 32002 diacylglycerol kinase, gamma 90kDa 

NECAB1 32003 N-terminal EF-hand calcium binding protein 1  

DNAH17 32010 dynein, axonemal, heavy chain 17 

SYNPR 32020 synaptoporin  

MEIS2 32030 Meis homeobox 2  

BHLHE40 32100 basic helix-loop-helix family, member e40  

FSTL4 32200 follistatin-like 4 

QKI 32300 QKI, KH domain containing, RNA binding  

JADE2 33001 jade family PHD finger 2  
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Table A.2 Gene to Barcode List, continued 

Gene ID Barcode Description 

NEFL 33002 neurofilament, light polypeptide  

OLFM1 33010 olfactomedin 1 

LANCL1 33020 
LanC lantibiotic synthetase component C-like 1 

(bacterial)  

EPB41 33100 erythrocyte membrane protein band 4.1  

PCDH7 33200 protocadherin 7 

 

1.4 Reagents and Buffers 

Aminoallyl dUTP, 2 mM (Life Technologies, part no. A-21664) 

Betaine, 5 M (included in CircLigase II kit, Epicentre, part no. CL9025K) 

BS(PEG)9, 100 mg (Thermo Scientific, part no. 21582) 

CircLigase II kit (Epicentre, part no. CL9025K) 

Ampligase (Epicentre, part no. A3202K) 

DEPC-treated water (Santa Cruz Technologies, part no. sc-204391) 

DMSO (Sigma, part no. D8418) 

dNTP, 25 mM (Enzymatics, part no. N2050L) 

Ethanol, 70% (in DEPC water) 

16% Paraformaldehyde (Paraformaldehyde, EM Grade, Purified, Electron Microscopy 

Science) 

HCl, 0.1 N (in DEPC water) 

M-MuLV reverse transcriptase (Enzymatics, part no. P7040L) 

MnCl2 (included in CircLigase II kit, Epicentre, part no. CL9025K) 

Nuclease-free water, not DEPC-treated (Life Technologies, part no. AM9932) 

Pepsin, 1 g (dissolve in 10 mL H2O and store at -20°C; Affymetrix, part no. 20010) 

Phi29 DNA polymerase kit, 0.1ug/uL (Epicentre, part no. PP040210) 
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RNase H (Enzymatics, part no. Y9220F) 

RNase inhibitor (Enzymatics, part no. P9240L) 

RiboShredder (Epicentre, part no. RS12500) 

SSC, 20X (Roche Applied Science, part no. 11666681001) 

SSPE, 20X (Sigma Aldrich, part no. S2015-1L) 

Tris pH 8.0, 1 M (G Biosciences, part no. R002) 

Triton X-100, 10% solution (Sigma, part no. 93443) 
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2. Overall Procedure of DARTFISH Protocol 

 
Figure A.1 Overall process of generating RCA amplicons.  
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