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Abstract 
 

Investigating Physicochemical Principles for Sample Preparation and Detection From 
Single-cell Immunoblots 

 
by 
 

Kristine Yan-Ling Tan 
 

Joint Doctor of Philosophy 
With University of California, San Francisco in Bioengineering 

University of California, Berkeley 
 

Professor Amy E. Herr, Chair 
 
 

Proteins are complex molecules that carry out diverse actions in cells for proper 
structure, function, and regulation in any organism. Proteins are encoded by genes, but 
can undergo modifications not encoded by DNA, that result in differences in function, 
even amongst proteins of the same type. These modifications beget protein isoforms, or 
variants of the same protein, that can have different biological functions and alter the 
behavior of an individual cell. Differences at the single-cell level can result in 
subpopulations of cells of heterogeneous behavior that can influence stem cell 
differentiation, disease development, and the efficacy of drug treatments. In order to 
understand and predict these phenomena, it is important to detect protein isoforms at 
the single-cell level. However, specific detection of the modifications that distinguish 
protein isoforms with single-cell resolution sensitivity remains challenging. To address 
the challenge of protein isoform detection, single-cell electrophoretic cytometry (scEPC) 
methods have been developed. scEPC leverages microscale transport phenomena and 
timescales to perform separations on individual cells to distinguish protein isoforms 
prior to detection via conventional immunoassay. Here, we advance our 
understanding of scEPC to guide assay design.  

 
First, we characterize separation and detection performance with different gel 

pore size to interrogate large ranges of protein molecular masses that are relevant to 
protein signaling pathways. Furthermore, through our understanding of mathematical 
models established for bulk, (non-single cell) separations, we elucidate and identify 
anomalous protein electromigration behavior for large molecular mass proteins. The 
anomalous migration indicates further optimization of the cell lysis and protein 
solubilization sample preparation steps of our assay is potentially required for larger 
molecular mass targets.  
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Next, we aim to reduce fluorescence background for in-gel immunoassays that 
results from using benzophenone as a photoactivatable molecule for immobilizing 
protein in the gel matrix for subsequent fluorescence detection. We hypothesize that the 
benzophenone chemical structure, which contains two aromatic rings, contributes to 
increased fluorescence background signal due to autofluorescence and increased 
hydrophobic interactions that non-specifically interact with fluorescent immunoprobes to 
retain the immunoprobes in the gel matrix. We investigate an alternative 
photoactivatable molecule, diazirine, a three-membered ring comprised of two nitrogen 
atoms and one carbon atom, to reduce background fluorescence signal and enable 
detection lower abundance isoforms. Due to the chemical structure diazirine, we 
hypothesize that diazirine has lower autofluorescence compared to benzophenone. 
Furthermore, diazirine is a more hydrophilic molecule, which we hypothesize will reduce 
non-specific interaction with immunoprobes compared to benzophenone. Thus, we 
determine how to appropriately evaluate and compare diazirine and benzophenone, 
with regard to metrics important for in-gel immunoassay fluorescence background and 
signal. 

 Lastly, we begin preliminary investigations to measure subcellular estrogen 
receptor-α (ERα) isoform expression from the cell membrane, cytoplasm, and nucleus 
using two approaches. To detect membrane-localized isoforms, we utilize a ligand that 
binds to ERα and is conjugated to a bulky molecule to pull down and isolate membrane-
localized protein. To differentiate cytoplasmic and nuclear localized isoforms, we 
investigate efficacy of employing differential detergent fractionation chemistry and bi-
directional electrophoretic separations. We anticipate that the finding presented here will 
advance assay capability to detect a wide range of protein isoform targets. 
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Chapter 1: Introduction 

1.1 Introduction 

Even across a population of the same type of cells there are differences in the genes 
and proteins that are expressed, and thus differences in the signaling pathways that are 
active in a cell. These differences can result in heterogeneous outcomes in stem cell 
differentiation, disease development, and the efficacy of drug treatments. Thus, it is 
important to detect and understand these differences at the single-cell level to capture 
the full response amongst a population of cells. Proteins are the molecular machinery 
that carry out functions in the cell, from sensing and responding to external stimuli, 
forming the structure of the cell, or participating in cell signaling pathways and thus are 
important targets to study at the single-cell level.  

However, proteins are also not a heterogenous population and different protein isoforms 
or proteoforms, which are different forms of a protein, exist1. Proteoforms can have 
different functions resulting in different biological outcomes. For example, detection of 
estrogen receptor-α (ER-α) dictates breast cancer (BCa) treatment, but the 
presence of ER-α isoforms in cell subpopulations confounds targeted therapy 
outcomes. ER-α46 and ER-α36 are both truncated isoforms overlooked during BCa 
classification, but both can impact drug efficacy. While ER-α46 blocks downstream 
signaling2 and restores drug sensitivity3, ER-α36 activates pathways leading to cell 
growth, survival, and invasion4,5. Thus, the detection of distinct ER-α isoforms is 
necessary for improved prognosis of patient response to therapies.  

Isoforms can arise from variations in sequence, alternative splicing of mRNA transcripts, 
and through posttranslational modifications1. However, detecting isoform is challenging 
due to the lack of probes specific to unique isoforms and lack of resolution to detect 
isoform expression in cell subpopulations. Thus, tools able to distinguish different 
isoforms are critical to understanding the impact of isoforms on different biological 
outcomes. Separation science provides methods to distinguish molecules based on 
differences in physicochemical properties and identify different protein isoforms. 
Electrophoretic protein separations are therefore powerful tools to detect isoforms, as 
proteoforms can be distinguished and separated based on physicochemical properties 
such as protein size, shape, or net charge before detection with a target-specific probe 
such as an antibody. Understanding and developing measurement tools to address the 
need for single-cell isoform detection motivates the work in this dissertation. 

Single-cell electrophoretic protein cytometry (scEPC) can overcome isoform 
measurement challenges by utilizing microfluidics to perform size-based protein 
separations on individual cells to distinguish truncated isoforms prior to detection 
by conventional immunoassay6,7. The work presented in subsequent chapters 
discusses our understanding and advances for scEPC to measure proteoforms from 
single-cells. 
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To perform single-cell electrophoretic protein cytometry, a single polyacrylamide gel 
substrate is used for single-cell isolation, cell lysis and protein solubilization with 
detergents, electrophoretic separation of proteins from cell lysate, covalent 
immobilization of protein, and introduction of target-specific probes for detection7 ( 

We devote the remainder of this chapter to understand the fundamental 
physicochemical phenomena that guide assay performance, from sample preparation to 
protein immobilization and detection.  

Figure 1-1 Workflow for single-cell electrophoretic protein cytometry. 
A thin ~45μm hydrogel contains an array of microwells. Single cells are gravity settled into an array of 
microwells for subsequent cell lysis and protein solubilization. Following cell lysis, an electric field is 
applied to inject and separate proteins from the cell lysate into the polyacrylamide gel adjacent to the 
microwell. Immediately following protein separation, once the electric field turned off, the entire gel is 
exposed to UV light to activate a benzophenone moiety, that was incorporated in the gel precursor, to 
covalently crosslink protein to the gel matrix. Protein targets are then detected directly in the gel matrix 
through diffusively introducing fluorescently labeled, target-specific probes to the gel. The entire gel is 
then imaged on a fluorescence microarray scanner and image analysis is performed to obtain average 
intensity profiles for each protein target for each individual cell. Gaussian fitting is performed for each 
protein peak to quantify relative protein expression as the area under the curve of the Gaussian peak.  
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1.2 Cell Lysis with Detergents for In-Gel Single-Cell Lysis 

In order to perform electrophoresis and separate out individual protein molecules or 
complexes, proteins must first be extracted from the biological sample of interest and 
purified to remove contaminants or substances that interfere with detection of the target 
molecule of interest8. Additionally, during the separation to isolate the protein target of 
interest, it is necessary that proteins are solubilized in solution. However, this is a 
challenge with biological samples due to the complex network and structure of cells. 
The cell is organized into compartments, or organelles, that are often surrounded by a 
membrane. Furthermore, the cell itself has an outer plasma membrane that acts as a 
selective barrier to preserve the internal components while keeping foreign material out 
of the cell. Moreover, inside the cell, protein molecules interact with each other to form 
protein complexes. Thus, in order to access the protein target molecules, it is necessary 
to break down not only the membranes that act as barriers but also break apart protein 
complexes, all without damaging the target molecules of interest.  

To accomplish this, proteins must be solubilized, which is defined as the disruption of 
noncovalent protein interaction with other components8. This is distinct from protein 
denaturation which is the disruption of the native, functional protein state by breaking 
the interactions (bonds) that hold the protein together. Forces of varying strength are 
involved in protein binding and types of interactions include disulfide bonds, hydrogen 
bonds, electrostatic interactions, charge-dipole interactions, dipole-dipole interactions, 
Van der Waals forces, and hydrophobic interactions8. Depending on the location of the 
protein and the nature of the interactions the protein is involved with, different strength 
detergents are necessary to isolate the protein target of interest. However, stronger 
detergents may lead to protein denaturation, so there must be a balance between the 
intermolecular and intramolecular interaction and disruptive capacity of the solubilization 
medium that determines if proteins are solubilized or denatured. For example, 
transmembrane proteins contain hydrophobic regions in order to interact with the 
hydrophobic tails of the lipid bilayer. These hydrophobic regions can be difficult to 
solubilize in aqueous solutions without first denaturing the protein. Thus, in order to 
successfully solubilize membrane proteins, stronger detergents are necessary, however 
stronger detergents also serve to denature the protein such that it is no longer functional 
after purification and isolation.  

Factors that can denature proteins include heat, changes in pH or salinity of the 
solution, organic solvents, irradiation, denaturant chemicals, and detergents. 
Detergents, which for molecular biology applications is synonymous with surfactants 
(surface active agents), are molecules that bind to and denature protein9. They have a 
general structure that is amphipathic, meaning they have a hydrophobic tail and 
hydrophilic head. The head group determines how soluble the surfactant is in water and 
can be classified as nonionic (e.g. Triton X-100), ionic (anionic e.g. sodium dodecyl 
sulfate or cationic e.g. CTAB), and zwitterionic (e.g. CHAPS)9. As a general pattern, 
surfactants with a larger headgroup and longer hydrocarbon chain have milder 
properties and surfactants with a short hydrocarbon chain are more likely to denature 
and disrupt protein complexes9.  
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Nonionic detergents have an uncharged head group and are generally milder and non-
denaturing10. Nonionic detergents are used to disrupt protein-lipid and lipid-lipid 
interactions and are thus useful to permeabilize cells10. Proteins that are solubilized in 
nonionic detergent retain their tertiary structure and thus retain functional activity of the 
protein. Examples of nonionic detergents include Triton X-100, digitonin, maltosides, 
glucosides, and polyoxyethylene glycols10. Each nonionic detergent can have specific 
residues they preferentially interact with. For example, digitonin selectively interacts and 
binds to cholesterol in the cell membrane, breaking apart the cell membrane as it 
binds11 but leaves other non-cholesterol-rich membranes (such as the mitochondrial 
membrane) intact12,13.  

Ionic detergents are generally harsher and denaturing. They disrupt inter- and 
intramolecular protein-protein interactions. Examples of anionic detergents include 
sodium dodecyl sulfate (SDS) and sodium deoxycholate (NaDoc). An example of a 
cationic detergent is cetrimonium bromide (CTAB). SDS binds to protein at a fixed ratio 
of 1.4 g SDS per 1 g of protein, which is a critical feature for enabling size-based 
separations8. This fixed binding ratio normalizes the protein charge-to-mass ratio, such 
that the charge of an individual protein molecule is proportional to its molecule weight 
and proteins are separated based on size.  

Zwitterionic detergents contain an equal positive and negative charge in the head group 
such that they are net neutral and are intermediate disruption of protein interactions (in 
between nonionic and ionic detergents)10,14. However, the net charge can change based 
on the pH of the solution and it is important in isoelectric focusing that zwitterions have 
a net neutral charge across the entire range of interest. Zwitterionic detergents combine 
the properties of ionic and nonionic detergents. Zwitterions are more deactivating than 
nonionic detergent and may disrupt protein-protein interactions but are still non-
denaturing, which makes zwitterions useful for studying membrane proteins. Examples 
include CHAPS and lauryldimethyl amine oxide (LDAO)14.  

In solution, detergent molecule form micelles with the hydrophobic tails aligned to the 
center of the micelles and the hydrophilic headgroup on the outside, interfacing with the 
solution15. The shape of the micelle depends on the relative size of the head-to-tail and 
the aggregation number which is the number of monomers in the micelle15. The critical 
micelle concentration (CMC) is the minimum concentration of detergent at which 
micelles form and is dependent on temperature and changes in the solvent 
environment9,15. Below the CMC, the detergent molecules exist as monomers9. Above 
the CMC, the monomer concentration is constant, but the micelle concentration 
increases. When detergents solubilize hydrophobic and amphipathic molecules, mixed 
micelles are formed15.  

In order to perform electrophoresis to study proteins, it is necessary solubilize protein to 
use detergents to 1) extract the protein target(s) of interest from the biological sample, 
2) purify the protein target(s) from contaminants and interfering substances, and 3) keep
the protein target(s) in solution during the separation process, preventing precipitation
and aggregation of the protein8. However, it can be challenging to solubilize proteins
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from biological samples due to cellular biological membranes, such as the plasma and 
nuclear membrane. In order to solubilize protein, the phospholipid membrane must first 
be solubilized.  

The process of phospholipid membrane solubilization has been studied in vitro with 
pure phospholipid membranes and happens in three general steps16. During the first 
step, the monomer detergent partitions into the phospholipid bilayer16. Next, the 
membrane because saturated with the incorporated detergent, forming a mixed lipid-
detergent micelle16. Finally, the phospholipid bilayer is fully solubilized by detergent 
micelles16. In biological membranes that contain protein, solubilization occurs in four 
general steps17. The process starts again with detergent monomers partitioning into the 
phospholipid bilayer. Next, detergent-detergent interactions destabilize the bilayers 
structures to fragment the membrane. Then lipid-protein units start becoming solubilized 
as sheets or micelles14,17. Finally, solubilization is achieved when there are mixed 
micelles of lipid and detergent or detergent and protein14,17.  

There are two proposed models for how detergents bind to proteins: the decorated 
micelle model and the necklace-and-beads models. The decorated micelle model 
proposes that the extended protein wraps around the micelle18. The necklace-and-
beads model (also called the pearl and necklace model) proposes that electrostatic 
repulsion between micelles denatures the protein and micelles form on different parts of 
the extended protein18. With nonionic and zwitterionic detergents, proteins are only 
denatured about the CMC18. With ionic detergents, protein unfolding can begin below 
the CMC18.  

In addition to detergents, chaotropes, which are chemical denaturants that disrupt 
noncovalent protein interactions, can also be used  for protein sample preparation8. The 
exact mechanism of chaotropes is still debated. Either chaotropes bind directly to 
protein or chaotropes indirectly modify properties of the solvent and disrupt hydrogen 
bonds between water molecules to weaken the hydrophobic effect8,18. Chaotropes are 
used to denature and emulsify proteins but they are unable to solubilize the lipid bilayer 
and thus are used in combination with detergents18. Detergents also prevent protein 
aggregation when proteins unfold and expose additional hydrophobic residues18. 

In order to determine which detergents or combination of detergents, with or without 
chemical denaturants, are appropriate to include for cell lysis and protein solubilization 
sample preparation, we must consider physicochemical properties of the target 
molecule of interest and any downstream procedures. For example, if the goal is to 
isolate functional proteins following separation, then a nonionic detergent such as n-
dodecyl-β-D-maltoside (DDM) can be used to preserve function19. It is possible to use a 
mixture of detergents to combine effects, but properties such as the CMC are more 
difficult to predict for mixtures9. Additionally, when purchasing commercial detergents, 
purity and consistency can vary. For example, digitonin is extracted from plants and 
purity can vary across lots and Triton X-100 consists of several different species of 
different polyethylene glycol headgroups which can vary9.  
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In Chapter 2, we investigate how on-chip sample preparation in our single-cell open 
microfluidic assay influences electromigration and separation performance compared to 
theoretical models based on expectations from separations with bulk (non-single cell) 
sample preparation. With bulk systems cell lysis is done off-chip and various protocols 
exist that have been optimized based on the protein target of choice and its location in 
the cell. However, with on-chip lysis and the short timescales used in our single-cell 
assay, we wanted to determine if our sample prep conditions were sufficient to detect a 
wide range of molecular mass protein targets. Then in Chapter 5 we investigate 
differential detergent fractionation buffer chemistries to measure subcellular expression 
of ERα isoforms.  

1.3 Protein electrophoretic mobility in polyacrylamide gel electrophoresis 

After appropriate sample preparation, proteins undergo electrophoretic separation. In 
polyacrylamide gel electrophoresis, an electric field is applied to first inject the protein 
sample into the polyacrylamide gel matrix and then proteins electromigrate through the 
polyacrylamide sieving matrix based on the physicochemical properties of the 
molecules.  

The application of a voltage and thus electric field (E) provides the driving force for 
protein migration. With increasing voltage, the migration velocity (U) of the ions and 
molecules in the system also increase. The electrophoretic mobility (μ) characterizes 
the migration velocity of a molecule when an electric field is applied.  

𝜇 =  
𝑈

𝐸

1.1 

In electrophoretic systems, the two main forces acting on protein and influencing 
migration are the drag force 

𝐹𝑑 = 6𝜋𝜈𝑎�⃗⃗� 1.2 

(where Fd is the total drag force, 𝜈 is the fluid kinematic viscosity, 𝑎 is a measure of 

protein size, specifically the radius, and �⃗⃗�  is the fluid velocity relative to the moving
protein) and electric forces  

𝐹𝐸 = 𝑞�⃗� 1.3 

(where FE is the total electrical force, 𝑞 is the net charge of the protein and �⃗�  is the 
electric field). Balancing these equations, we can obtain electrophoretic mobility as 

𝜇 =  
𝑞

6𝜋𝜈𝑎
1.4 

where the electrophoretic mobility is proportional to the protein net charge and inversely 
proportional to protein radius (or size). Using this relationship, we can analyze protein 
separations based on molecule mass and charge.  

The use of sieving matrices such as polyacrylamide and agarose have long been 
adopted to aid in protein and nucleic acid separation. The Ferguson relationship20 
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log(𝜇) =  log 𝜇0 − 𝐾𝑟𝑇 1.5 

is a log-linear equation that relates the electrophoretic mobility of a molecule in a sieving 
matrix (μ) based on it the electrophoretic mobility of a molecules in free solution (μ0), a 
retardation coefficient (Kr) and the total acrylamide concentration (T). The retardation 
coefficient is a factor that relates properties of a molecule and how they may interact 
with the sieving matrix. Ferguson plots are generated by measuring the electrophoretic 
mobilities of protein targets in a series of different gel concentrations21,22 and have been 
utilized to elucidate information about protein size, conformation and net charge based 
on migration and separation performance. For size-based separations, the difference in 
transport rates between proteins of different sizes determines separation performance. 
However, for equilibrium electrophoresis methods, such as isoelectric focusing, 
gradients are established across the separation matrix and proteins electromigrated to 
the position where the protein is at equilibrium. For the work discussed in this 
dissertation, size-based separations utilizing SDS are the main focus.  

For SDS-polyacrylamide gel electrophoresis (PAGE) size-based separations, we can 
make predictions on what Ferguson analysis should tell us. Because all proteins should 
have a normalized charge-to-mass ratio, they should all have the same mobility in free 
solution21,23. On a Ferguson plot, this would manifest as all of the log-linear fit equations 
for each protein converging to the same y-intercept. Furthermore, in SDS-separations 
because protein molecules migrate solely due to molecular mass in the sieving matrix, 
the retardation coefficient (Kr) should scale linearly with molecular mass21,24. For SDS-
protein separations, an R plot of the retardation coefficients can be used as a calibration 
curve to determine the molecular mass of unknown protein species. To generate an R 
plot, the slope of the Ferguson linear equation of each protein is plotted against the 
known molecular mass of known standard protein targets. A linear fit is generated and 
can be used to determine the molecular mass of unknown protein targets based on their 
retardation coefficients. Using both the free-solution mobility and retardation coefficient 
determined using Ferguson analysis, it is possible to identify anomalously migrating 
SDS-protein complexes that do not behave as predicted23.  

However, to perform Ferguson analysis, experiments with multiple gel concentrations 
are necessary. For experiments with only one gel concentration, relative mobility can be 
used. To obtain relative mobility, the mobility of the molecular is normalized relative to 
that of a faster moving dye front, and the free-solution mobility is the mobility of the dye 
front23. Alternatively, an empirical log-linear relationship between the molecular weight 
of a linearized protein molecule and migration distance has been established by 
Shapiro25 for a single gel concentration. Unlike Ferguson analysis, this relationship 
assumes a normalized charge-to-mass ratio and is only applicable for a limited 
molecular weight range. Outside of the linear range, the relationship becomes 
sigmoidal25. According to this relationship, 

𝑀𝑊 =𝑘(10−𝑏𝑥) 1.6 

where MW is the protein molecular mass (kDa), 𝑥 is the protein migration distance in 
the gel, and 𝑏 and 𝑘 are empirically determined constants. An equation is determined 
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for a separation of known molecular weight ladder proteins in order to correctly identify 
and estimate the molecular weight of target or unknown protein species.  

In Chapter 2 we utilize protein electromigration performance to scrutinize efficacy of 
protein solubilization in the preceding cell lysis step to identify shortcomings with the 
current on-chip lysis buffers. We identify an anomalously migrating protein based on its 
free-solution mobility and retardation coefficient. In Chapter 4, we utilize our 
understanding of protein electrophoretic mobility to develop models simulating protein 
elution from the gel onto a blotting membrane.  

1.4 Detection of protein targets following electrophoretic separations 

Following electrophoretic separation, in order to visualize protein targets, immobilization 
of the protein to preserve the separation is required for detection. In bulk (non-single 
cell) separations, separations are typically performed in the gel before being vertically 
electrotransferred to either porous nitrocellulose or polyvinylidene fluoride (PVDF) 
membranes which non-specifically adsorb protein through non-covalent hydrophobic 
interaction26. In Chapter 4, we investigate an alternative geometry for the electrotansfer 
step, characterizing efficacy of transfer with microscale thin gels. After the 
electrotransfer, the membrane is the incubated in a solution of target-specific probes 
that are able to bind to specific molecular targets of interest27. Fluorescence or 
colorimetric detection is then used to visualize the probes and through specific binding, 
the target proteins. However, for scEPC, in order to minimize losses, the number of 
transfer steps and handling have been reduced. Instead, proteins are directly 
immobilized in the sieving polyacrylamide matrix through the activation of a 
benzophenone moiety6,7. To functionalize polyacrylamide gels with benzophenone, a 
benzophenone methacrylamide (BPMA) functional group is incorporated in the gel 
precursor solution during gel fabrication to polymerize into the polyacrylamide gel 
matrix6,7. Upon exposure to UV light (~350 nm) the benzophenone molecule is activated 
as a biradical that can form covalent bonds with protein by abstracting hydrogens from 
C-H bonds to form C-C bonds28.

While benzophenone is critical for enabling scEPC, we hypothesize that it contributes to 
background fluorescence signal due to its chemical structure. We hypothesize that due 
to the double aromatic ring structure, benzophone contributes to increased background 
fluorescence 1) due to autofluorescence from the conjugated double bonds that absorb 
and emit photons in the visible spectrum and 2) through non-specific hydrophobic 
interactions with fluorescent antibody probes that retain the probes in the gel even after 
wash steps. In Chapter 3, we explore an alternative photoactivateable molecule that can 
also covalently crosslink protein upon UV activation, diazirine. 

Diazirine is commonly used in photolabeling and protein crosslinking and does not have 
the same aromatic structure as benzophenone. The chemical structure of diazirine 
consists of a three-membered ring comprised of two nitrogen atoms and one carbon 
atom. Diazirines have been used in a wide variety of crosslinking applications such as 
photolabeling29, crosslinking protein into gel30, adhesion for bioadhesives31, diazirine-
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based chemical probes for histone readers and erasers32, and as a crosslinker for an 
elastin-like polymer33. Upon UV activation, the diazirine ring breaks irreversibly 
releasing N2 and forming a reactive carbene species that can insert into nearby C-H or 
heteroatom-H bonds to form a covalent bond29,34. In contrast, UV-activation of 
benzophenone generates a diradical species that can react with nearby C-H bonds to 
form covalent bonds28. The highly reactive carbene species has a shorter half-life, in the 
pico- to nano-second range, compared to the benzophenone diradical half-life of 120 
μs34. Furthermore, after activation, while any unbound benzophenone molecule is 
available for reactivation upon subsequent exposure to UV28 carbenes can be quenched 
by the surrounding solvent, resulting in lower protein target crosslinking efficiency29,35. 
Table 1-1 summarizes and compares the properties of the two molecules.  

Table 1-1 Comparison of properties and attributes of benzophenone and diazirine as 
photoactivatable molecules for protein crosslinking 

Benzophenone Diazirine 

• Activated by UV wavelengths (350-
365 nm)

• Converted to diradical

• Reacts with neighboring C-H
bonds

• Can persist as long as 120 μs
before relaxing back to original BP
molecule

• Repeated photoactivation to form
diradicals – increased crosslinking
efficiency

• High affinity towards methionine

• Activated by 350 - 360 nm
wavelengths

• Activation generates reactive
carbene species via loss of N2

• Inserts into neighboring C-H or
heteroatom–H bonds

• Carbene half-life is in the pico- to
nanosecond range

• Smaller molecular size, allowing
incorporation closer to target active
site

• Carbenes can react with water
resulting in decreased crosslinking
efficiency

For protein crosslinking and photolabeling applications, diazirine has been previously 
reported reaction yields, ranging from 1-30% depending on any additional functional 
groups as well as the solvent in which the reaction took place36,37. For example, UV-
activation of 3-trifluoromethyl-3-phenyldiazirine in methanol yielded 95% of the activated 
carbene species inserting into O-H in methanol, but only 50% C-H insertion when 
activated in cyclohexane due to lower carbene reactivity with the solvent29. When used 
for photolabeling, yields <10% are typical35. While crosslinking efficiency of diazirine has 
been reported lower than benzophenone35, the hydrophobic structure of benzophenone 
can limit the concentration that can be solubilized in the hydrogel precursor. We 
hypothesize that the less hydrophobic structure of diazirine will allow a higher 
concentration of diazirine methacrylate to be solubilized in the hydrogel precursor to 
improve in-gel protein capture. Thus, in Chapter 3 we explore efficacy of using diazirine 
to reduce background fluorescence signal and apply it to single-cell electrophoretic 
cytometry.  
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Chapter 2: Ferguson analysis of protein electromigration during single-cell 
electrophoresis in an open microfluidic device 

Adapted with permission from K.Y. Tan and A.E. Herr, “Ferguson analysis of protein 
electromigration during single-cell electrophoresis in an open microfluidic device”, 
Analyst, 2020 

2.1 Introduction 

In contrast to ‘enclosed’ microfluidic systems that utilize microchannel networks and 
pneumatic control of fluid flow, open microfluidic systems are emerging as an alternative 
format that is scalable, compatible with standard wet laboratory handling processes, 
and integrates with straightforward fluidic interfacing. Diverse lines of inquiry have 
benefitted from open microfluidic formats including the study of differentiating cells1, 
secreted proteins2,3, nucleic acids4, and single-cell electrophoresis to study DNA 
damage5, protein expression6–8, and protein sub-cellular localization9,10. These singe-
cell electrophoresis assays involve incorporating multiple steps, from cell capture to in-
gel detection, on a single substrate, usually a hydrogel matrix5,6. The hydrogel serves as 
a sieving matrix to differentiate molecules based on migration through the gel enabling 
identification and quantification of specific molecules of interest.  

For protein electrophoresis, electromigration of proteins denatured by sodium dodecyl 
sulfate (SDS) can be described by an empirical relationship determined by Shapiro et 
al.11. Under these conditions, the protein electromigration distance varies linearly with 
the log value of protein molecular mass, across a series of uniform gel 
concentrations6,8,11–13. However, the Shapiro et al. relationship is only valid for a limited 
range of molecular masses at a given gel concentration; outside of the observed linear 
range, the relationship is sigmoidal11,14,15. Furthermore, the analysis assumes that SDS 
linearizes protein structure and binds to the protein at a constant ratio of 1.4g of SDS 
per gram of protein. Under these conditions, most proteins are linearized with similar 
charge-to-mass-ratios and thus, protein size is solely a function of molecular mass16,17.  

Ferguson analysis is used to assess the electrophoretic mobility, rather than migration, 
of proteins during electrophoresis. This analysis can verify if the assumptions required 
for the Shapiro analysis are met. According to the Ferguson relation (Equation 2.1) 

log(𝜇) =  log 𝜇0 − 𝐾𝑟𝑇 2.1 

where μ (cm2/V·s) is the protein electrophoretic mobility, μ0 is the protein electrophoretic 
mobility in free solution, Kr is the retardation coefficient and T is the total acrylamide 
concentration (%T)18,19, the relationship between protein mobility and gel concentration 
is log-linear18. Combined with Ogston’s model for molecular sieving through polymer 
matrices (which assumes that gel fiber properties do not vary with gel concentration and 
that the migrating species does not interact with the gel fibers)20, Ferguson plots are 
generated by measuring the electrophoretic mobilities of protein targets in a set of gels, 
each comprised of a different gel concentration19,21.  
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Ferguson analyses underpins creation of calibration curves for determining Kr, and 
hence molecular mass, of each protein target. Kr is related to the size and shape of the 
migrating protein and the sieving ability of the separation medium19,22. Based on these 
assumptions, proteins migrate solely based on size in SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE)17. Concomitantly, Ferguson analysis can identify 
anomalously migrating SDS-denatured proteins, which are observed when SDS is 
unable to bind as expected due unusual charge23, conformation15,24, or chemical 
properties (i.e. glycoproteins with carbohydrate constituents25,26 or unreduced sulfhydryl 
groups27)28 or when alternate sample preparation conditions are utilized.  

In addition to SDS-denaturing protein PAGE, researchers have scrutinized other protein 
preparation chemistries; both for the fundamental electromigration implications and for 
the utility in protein analysis. Non-denaturing buffers enable separations based on 
native protein conformation and charge, which is useful for isolation of functional 
proteins after separations. In equilibrium electrophoresis (i.e., isoelectric focusing, IEF; 
temperature gradient focusing, TGF), buffers are carefully designed to create a gradient 
in a key property under an applied electric field, causing proteins to electromigrate to 
the position where the protein has no net force. In IEF, buffers are designed to preserve 
protein native charge to facilitate migration along a gradient in pH, thus allowing 
identification of the isoelectric point (pI) of a protein at the location in the pH gradient 
where the protein focuses29. In native PAGE, proteins migrate according to the net 
charge, size, and shape of the protein molecule. In Blue Native PAGE, proteins are 
treated with Coomassie blue stain which confers the necessary negative charge for 
electromigration without denaturing protein structure, thus allowing migration based on 
molecular mass while still preserving a functional protein30. Taken together, the 
reagents used in both protein sample preparation and during electrophoresis (in its 
various forms) exert a substantial influence on the physicochemical property measured. 

Use of open microwells for cell lysis and protein preparation prior to protein PAGE of 
single-cell lysates informs design of alternate, dual functionality buffers that combine 
lysis and electrophoresis functions into a single reagent6,31.  Bifunctional and 
multifunctional buffers reduce needed fluid handling in the open single-cell protein 
PAGE devices. The open microwell arrays used for cell isolation and sample 
preparation are fabricated in a thin (~45 μm) polyacrylamide (PA) gel layered on a glass 
microscope slide. The diameter of each microwell is sized to house an individual cell of 
each cell type to be assayed31. Owing to the open format, the bifunctional lysis and 
electrophoresis run buffer contains ionic detergents to lyse cells and denature proteins 
and is applied synchronously to the entire array of cells. Both cell lysis and protein 
solubilization have been designed to be as fast as possible6,7. To achieve this action, 
the composition of the buffer must balance protein solubility with electrophoretic 
performance. Higher concentrations of ionic detergents may improve cell lysis and 
protein solubilization, but can increase buffer conductivity, concomitantly increase Joule 
heating and protein loss due to diffusion32. Given the open microfluidic design and 
unique bifunctional buffer system, we hypothesize that the sample preparation (cell 
lysis, protein solubilization, and denaturation) affects the downstream protein PAGE 
separation.  
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Consequently, we first sought to apply the analysis of Shapiro et al. to understand the 
relationship between electromigration and molecular mass, across three different gel 
concentrations. We then performed Ferguson analysis to validate electrophoretic 
mobility of endogenous proteins across the different gel densities in the open 
microfluidic device. Finally, we analyzed the impact of the gel concentration, and thus 
gel matrix pore size, on measurements from our in-gel immunoassay. 

2.2 Materials and Methods 

Reagents 

30%T, 3.3%C acrylamide/bis-acrylamide (29:1) (A3574, Sigma), ammonium persulfate 
(APS, A3678), and tetramethyl- ethylenediamine (TEMED, T9281) for gel 
polymerization, dichlorodimethylsilane (440272) and 3-(trimethoxysilyl)propyl 
methacrylate (440159) for wafer and glass silanization, respectively, bovine serum 
albumin (BSA, A7638), fetal bovine serum (FBS, F2442) and urea (U5378) were 
purchased from Sigma-Aldrich. Triton X-100 (BP-151), phosphate buffered saline (PBS, 
10010023), RPMI 1640 medium (11875), penicillin–streptomycin (15070063) were 
purchased from Thermo Fisher Scientific. 1.5 M Tris-HCl, pH 8.8 (T1588) was 
purchased from Teknova, 10x tris-glycine buffer (1610734) was purchased from Biorad, 
and 10x Tris buffered saline with Tween 20 (TBST, 9997S) was purchased from Cell 
Signaling Technologies. Deionized water (18.2 MΩ) was obtained using an Ultrapure 
water system from Millipore. N-[3-[(3-Benzoylphenyl)formamido]propyl] methacrylamide 
(BPMAC) was custom synthesized by PharmAgra Laboratories6,7. 

Antibodies. 

The primary protein antibodies to GAPDH (goat pAb; SAB2500450, Sigma), β-tubulin 
(rabbit pAb; ab6046, Abcam), α-Actinin (rabbit mAb, 6487S, Cell Signaling Technology), 
ER-α (rabbit mAb; RM9101S, Thermo Fisher Scientific), and mTOR (rabbit,2983S, Cell 
Signaling Technologies) were used. Secondary antibodies to goat IgG prelabelled with 
Alexa Fluor 647 (A21447), rabbit IgG pre-labelled with Alexa Fluor 555 or 647 (A31572 
and A31573) were purchased from Invitrogen. All primary antibodies were used at a 
1:10 dilution in 2% TBST/BSA from stock concentrations and incubated for 2 hours at 
room temperature, except for anti-GAPDH and anti-ER-α, which were incubated for 3 
hours at room temperature. Secondary antibodies were diluted to a 1:20 working 
concentration in 2% TBST/BSA from stock and incubated for 1 hour at room 
temperature, protected from light. 

SU8 and PA gel fabrication. 

SU8 fabrication to generate the master and PA gel fabrication were performed as 
described previously6,31. 5%T, 6%T, and 8%T PA gels were fabricated to all have 
microwell diameter and depth of 30 μm and 45 μm respectively on wafers (WaferPro 
C04009) microfabricated with SU-8 3050 photoresist (Kayaku Advanced Materials 
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Y311075) and coated with dichlorodimethylsilane. All PA gels on the single-cell PAGE 
slides were chemically polymerized with 0.08% APS and 0.08% TEMED. 

Cell lines and cell harvesting. 

MCF-7 cells were obtained from the American Type Culture Collection (ATCC) and 
authenticated (Promega). The MCF-7 cell line was maintained in RPMI 1640 
supplemented with 1% penicillin/streptomycin and 10% FBS. Cells were kept in a 37 °C 
incubator at 5% CO2. For single-cell PAGE, cells were harvested using a cell scraper 
(Falcon, 353085), and resuspended in 4 °C 1X PBS at a concentration of ∼106 cells per 
mL.  

Single-cell PAGE. 

Single-cell PAGE was performed as described previously6,31. Briefly, cells were pipetted 
over the PA gel and settled by gravity into the microwells patterned in the PA gel. Lysis 
buffer heated in a water bath to 55 °C was poured over the PA gel in order to lyse the 
cells in the microwells for 30 seconds. An electric field (E =40 V/cm) was applied to 
inject and separate proteins for 30 seconds in the PA gel abutting the microwell. After 
separation, proteins were immobilized to the gel matrix via a 45 second exposure to UV 
(Lightningcure LC5, Hamamatsu) which activated the benzophenone methacrylamide 
cross-linked into the PA gel to immobilize proteins in the gel matrix6,31. Immobilized 
proteins were probed in-gel by diffusing fluorescently labelled antibody probes into the 
PA. A fluorescence microarray scanner (Genepix 4300A, Molecular Devices) equipped 
with 4-laser lines (λ = 488, 532, 594, 635) acquired fluorescence readout. Subsequent 
rounds of antibody stripping were performed were performed over the course of  9 
months following the protocols for multiplexed protein analysis, as detailed 
previously6,31. Because all proteins from a single-cell are sieved in the gel matrix 
simultaneously and subsequently immobilized in-gel, additional targets can be 
immunoprobed months after the separation is performed. Previous work has 
demonstrated the long-term stability of single-cell PAGE slides demonstrating the ability 
to detect protein after 4 months of storage and the ability to strip immunoprobed protein 
signal after 7 months of storage7.  

Chemical Stripping and Reprobing. 

Harsh stripping buffer was made with 62.5 mM Tris-HCl (pH 6.8), 2% SDS, and 0.8% β-
mercaptoethanol. Wash buffer consisted of 1x TBST. Gels were incubated in stripping 
buffer at 55–57 °C for ≥ 1 hr. Gels were subsequently washed in 1x TBST for ≥ 1 hr, 
before the next round of immunoprobing.  

Immunoblot signal quantification and statistical analysis. 

The images were first processed in Fiji33,34 by applying a median filter using the 
“Remove Outliers” macro with a 2-pixel radius and a threshold value of 50 AFU to 
remove punctate noise. Then quantification of fluorescence signal from immunoblots 
was processed by in-house scripts written in MATLAB (R2018b) as previously 
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described31. Gaussian curves were fit to fluorescence intensity profiles in MATLAB 
(R2018b, Curve Fitting Toolbox) in order to obtain the mean μ (used to describe the 
protein migration distance) and the variance σ2 (used to calculate peak width as 4σ). 
Area-under-the-curve (AUC) analysis of the intensity profiles was performed to quantify 
immunoblot signal 4σ from the fitted-curve peak location. The signal-to-noise ratio was 
calculated by taking the peak value of the Gaussian fit curve and dividing by the 
standard deviation of the background region from the 4σ region surrounding the peak. 
Only protein peaks with SNR ≥ 3 were included in downstream quantification of AUC 
and σ comparisons. Plots and statistical tests were generated and performed with R 
(version 3.6.1).

Ferguson Analysis 

To generate the Ferguson plots (Figure 2-3), first the average velocity for each protein 
band was calculated by dividing the migration distance of the protein peak by the 
electrophoresis time of 30 seconds. Mobility (μ) was then calculated by dividing the 
average velocity by the applied electric field of 40 V/cm. The final plot was produced by 
plotting the logarithm (base 10) of the mobility against gel concentration and fitting a 
linear relationship for each protein. The slope of the linear fit is the retardation 
coefficient, Kr, for each protein. 

Calculation for percent of protein peaks that pass quality control metric SNR ≥ 3 

To compare the percentage of detected protein peaks that can be analyzed (SNR ≥ 3), 
the percentage of detected protein peaks that pass all quality control steps was 
calculated. The in-house MATLAB (R2018b) scripts used to quantify fluorescence signal 
from immunoblots identifies all the peaks that are detected and pass initial QC 
(Gaussian fit R2-value ≥ 0.7 and visual inspection). Further screening is then performed 
to only accept intensity profiles containing peaks with SNR ≥ 3 (the numerator). The 
percent of peaks with an SNR ≥ 3 was calculated using Equation 2.2: 

Percent that Pass SNR ≥ 3 = 
𝑃𝑒𝑎𝑘𝑠 𝑤𝑖𝑡ℎ 𝑆𝑁𝑅≥3

𝐴𝑙𝑙 𝑃𝑒𝑎𝑘𝑠 𝑡ℎ𝑎𝑡 𝑃𝑎𝑠𝑠 𝑄𝐶 (𝑅2≥0.7 𝑎𝑛𝑑 𝑣𝑖𝑠𝑢𝑎𝑙)
2.2 

for each replicate device across all protein targets for the highest and lowest gel 
concentration 
The mean and standard deviation of the three replicate devices is plotted to show that in 
general, we are able to recover a higher percent of detected peaks for the 8%T gel 
condition across all five protein targets.  However, with a small n we cannot make 
significant conclusions. 

2.3 Results and Discussion 

Linearity of log-linear relationship between molecular mass and protein migration 
distance is sensitive to gel concentration  
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We assessed the electrophoretic mobility of proteins from single cells that were lysed 
on-chip and separated based on molecular mass. The bifunctional buffer used here 
contains SDS, sodium deoxycholate, 8M urea and is heated to 55 °C. Urea aids protein 
denaturation by breaking noncovalent bonds that hold protein structures together 
enabling the unfolding of protein such that SDS is able to fully bind to all protein 
residues35. Furthermore, heating the lysis buffer is known to enhance protein 
solubilization leading to improved electrophoretic injection and separation resolution7.  

We performed Ferguson analysis of the nine protein targets: GAPDH (36 kDa), β –
tubulin (50 kDa), PTBP1 (57 kDa), ER-α (66 kDa), HSP90 (90 kDa), SFPQ (95 kDa),  α-
Actinin (103 kDa), Vinculin (124 kDa), and mTOR (289 kDa) as are relevant to single-
cell analysis of breast cancer cells (MCF-7). (SFPQ has a reported molecular mass of 
76 kDa, however based on migration distance, the manufacturer’s product information 
page, and previously reported western blot analysis from bulk cell lysate, we 
hypothesize detection of a higher molecular mass species of ~95 kDa36–40.) SDS-PAGE 
was performed in 1.5-mm separation lengths for three gel concentrations (5, 6, and 
8%T) across 3 replicate devices for each gel concentration. Aggregating the single-cell 
data point taken from the 3 replicate devices for each condition, we measured the 
relationships y5%T=2876-1109x (R2 = 0.93), y6%T=2552-1017x (R2 = 0.85), and 
y8%T=2100-908x (R2 = 0.84) (Figure 2-1, dashed lines). As the gel concentration 
increased, we observed reduced R2 values, indicating decreasing accuracy of the 
linear-fit model. This trend suggests that the smaller pore-size gels (8%T) are less 
suitable for separating a wide range of molecular mass protein targets due to the 
smaller pore size limiting the injection and mobility of higher molecular mass proteins.  
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Figure 2-1: Dependence of migration distance on protein molecular mass in three different gel 
compositions.  
A) Open microfluidic device for single-cell PAGE immunoassay. Single-cells are gravity settled into
an array of microwells for subsequent cell lysis and protein solubilization, protein PAGE, and in-gel
immobilization of separated proteins. Protein targets are immunoprobed with fluorophore-conjugated
antibodies. B) (Left) Relationship between electromigration distance and the logarithm value (base
10) of molecular mass of nine different protein targets (GAPDH, 36 kDa; β-tubulin, 50 kDa; PTBP1,
57 kDa (above limit of detection in 6/9 gels tested); ER-α, 66 kDa; HSP90, 90 kDa; SFPQ, 95 kDa; α-
Actinin, 103 kDa; Vinculin, 124 kDa; and mTOR, 289 kDa from lysed MCF-7 cells. Three different gel
composition conditions (5%T, 6%T and 8%T) were used to analyze the differing electrophoretic
migration distances. Boxplots represent aggregation of single-cell data points taken from 3 replicate
devices with the number of individual cells assayed at the bottom of each plot. Dashed lines (‐ ‐ ‐)
represent linear fits including mTOR, while solid lines (—) indicate fits excluding mTOR. (Right)
Representative false-color fluorescence micrographs and intensity plots as examples of protein
electromigration in each gel condition. (See Figure 2-2 for additional targets)
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Figure 2-2: Additional false-color fluorescence micrographs and intensity plots of electromigration for 
PTBP1, HSP90, SFPQ, and Vinculin protein targets. 
False-color fluorescence micrographs and corresponding intensity plots of additional protein targets: 
PTBP1 (57 kDa, above limit of detection in 6/9 gels tested), HSP90 (90 kDa), SFPQ (95 kDa), and 
Vinculin (124 kDa) from lysed MCF-7 cells assayed in all three gel conditions (5%, 6%, and 8%T).    

Previous studies have reported that the expected linear relationship holds true for a 
sub-set of protein masses as determined by the design of the sizing assay (e.g., gel 
pore size, lysis buffer and run buffer compositions). Shapiro et al. originally 
demonstrated linearity for proteins ranging from 15 – 165 kDa in molecular mass in 5%T 
gels11. When Weber et al. measured protein mobility for polypeptide chains up to 200 
kDa, they obtained a hyperbolic curve in 10%T gels but had used half the amount of 
normal crosslinker concentration14. Dunker et al. obtained linearity for the following 
conditions: 10 – 60 kDa for 15%T gels, 10 – 100 kDa for 10%T gels and 20 – 350 kDa 
for 5%T gels, using 3.3% crosslinker in all gel conditions41. Westerhuis et al. later re-
evaluated performance across multiple gel concentrations and performed Ferguson 
analysis, and reported for < 15%T gels, there was “ideal migration” of SDS-protein 
complexes when protein targets were between 14 – 65 kDa but there was some 
nonlinearity observed for larger proteins (>65 kDa)15. Other studies characterizing 
protein electrophoretic mobility and utilizing the linear relationship put forth by Shapiro 
et al. have limited analysis to proteins with molecular masses < 200 kDa28,42–44. In order 
to separate higher-molecular mass proteins, ranging from 220 – 4000 kDa, Warren et 
al. developed a vertical agarose gel electrophoresis system, taking advantage of the 
larger pore sizes in agarose gels45.  
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Here, we sized 9 protein targets ranging in molecular mass from 36-289 kDa. 
Corroborating the findings of the literature reviewed in the previous paragraph, we 
observed appreciable linearity over the 36 – 289 kDa range, across all 3 pore-size gels 
scrutinized using linear-fit models to calculate the predicted molecular mass of each 
target (Table 2-1).  
Table 2-1. Predicted Size of mTOR from Migration Distance 

Also, in line with the reports outlined, we scrutinized the median migration distance for 
the largest protein target (mTOR, 289 kDa) and found good agreement for the largest 
pore size gel (< 14% deviation). Corroborating the work of Neville and others, we 
observed a larger (>44%) deviation between expected and measured molecular mass 
for this large mass target for the smallest pore size gel (8%T)14,15,46,47. When 
considering the linear relationship between electromigration distance and the logarithm 
value of molecular mass with mTOR removed from consideration, the 8 protein targets 
assayed yielded the relationships to be y5%T=3327-1364x (R2 = 0.92), y6%T=3269-1413x 
(R2 = 0.86) , and y8%T=2566-1168x (R2 = 0.94) (Figure 2-1, solid lines) and all three gel 
compositions had R2 values ≥ 0.86. 

Ferguson analysis of protein molecular mass standards from single-cell lysate 

To further scrutinize electromigration of endogenous protein targets from single-cell 
lysate, we performed Ferguson analysis (Figure 2-3A) to validate the assumptions for 
SDS-protein complex migration in our system. Because Ferguson analysis does not rely 
on the assumption that protein surface charge density is uniform across all molecules, it 
can be performed on native and denatured proteins to elucidate information about the 
size, shape and net charge of the migrating protein19. 

%T Gel 
mTOR Predicted 
Molecular Mass (kDa) 

% Deviation 

5% 250.0 13.5 

6% 227.3 21.4 

8% 160.5 44.5 
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Figure 2-3. Ferguson and calibration plots for 5 protein targets detected from single cells that were 
lysed on-chip.  
A) Ferguson plot of the logarithm value of the mobility vs gel concentration for each protein target.
Ferguson plot equations: yGAPDH =-3.65 – 0.067x (R2 = 0.87), yβ-tubulin = -3.64 – 0.089x (R2 = 0.86),
yPTBP1 = -3.65 – 0.092x (R2 = 0.87), yER-α = -3.65 – 0.101x (R2 = 0.90), yHSP90 = -3.63 – 0.119x (R2 =
0.94), ySFPQ = -3.74 – 0.119x (R2 = 0.69),  yα-Actinin = -3.68 – 0.135 (R2 = 0.96), yVinculin = -3.73 – 0.132x
(R2 = 0.87), and ymTOR = -4.16 – 0.118x (R2 = 0.85). B) Plot of the retardation coefficient (Kr, the slope
of the linear fits from the Ferguson plot), vs the protein molecular mass. The calibration curve from all
nine protein targets (dashed line) is described by the equation y = (1.5×10-4)x + 0.093 (R2 = 0.26).

The equation for the calibration curve excluding mTOR (solid line) y = (7.6×10-4)x + 0.048 (R2 = 0.93).

Because our bifunctional lysis and electrophoresis run buffer contained 1% SDS with 
8M urea to denature the native protein structure and normalize the overall protein 
charge-to-mass ratio, we expect Kr to depend only on the molecular size. Thus, Kr 
should increase linearly with protein molecular mass. Using the linear relationship 
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between Kr and molecular mass, we can generate a calibration curve to predict 
molecular mass of unknown protein targets based on their Kr (Figure 2-3B)17.  
 
By extrapolating the y-intercept from the Ferguson plot, we determine if mobility is solely 
a function of molecular mass. The y-intercept corresponds to the electrophoretic 
mobility in free solution (μ0; without a sieving matrix) of each SDS-protein complex19. 
Under SDS-denaturing conditions, all proteins should have the same μ0. We observe 
that eight of the targets (GAPDH, β-tubulin, PTBP1, ERα, HSP90, SFPQ, α-Actinin, and 
Vinculin) have similar y-intercepts (Table 2-2). For the largest molecular mass protein 
considered, mTOR (289 kDa), we note that the lower than expected y-intercept yields a 
calculated Kr that is lower that the Kr for α-Actinin (103 kDa) (Figure 2-3B). Compared to 
Ferguson analysis of mTOR electromigration data from single-cell protein PAGE 
previously published from our group using similar assay conditions (e.g. lysis buffer and 
gel pore sizes), we observe the same trend of a lower than expected y-intercept value 
and Kr for mTOR relative to the other smaller-molecular mass proteins assayed12.  
Table 2-2. Extrapolated y-intercepts (free solution mobility) from Ferguson Plot 

Protein 
Molecular 

mass (kDa) 
Free-solution mobility (cm2/V*s) 

 (y-intercept) 
GAPDH 36 -3.65 
β-tubulin 50 -3.64 
PTBP1 57 -3.65 
ER-α 66 -3.65 

HSP90 90 -3.63 
SFPQ 95 -3.74 

α-Actinin 103 -3.68 
Vinculin 124 -3.73 
mTOR 289 -4.16 

 
As a corollary, we make two observations regarding the largest molecular mass protein 
analyzed here.  First, the lower than predicted Kr suggests that (given the low lysis 
duration) mTOR may partially retain its native conformation, preventing SDS from binding 
uniformly along the protein15,48,49. SDS-denatured proteins have higher Kr values than 
native proteins due to size15. Second, despite mTOR’s lower Kr value, mTOR did not 
migrate as far into the gel as α-Actinin and Vinculin (Figure 2-1, Figure 2-2), especially in 
the small gel pore-size condition, again suggesting potentially incomplete solubilization. 
As a result of incomplete solubilization and linearization during the on-chip cell lysis step, 
molecular properties (e.g., charge, hydrophobicity) are expected to affect how the 
molecule interacts with the PA gel matrix and thus how well the protein injects and 
migrates. We conclude that the assay conditions developed here are not suitable for the 
largest molecular mass species, and omit mTOR from further development of this assay, 
and consider in the future with a sizing assay suited for large molecular mass species. 
The resulting calibration curve between Kr and the molecular masses of the other 8 
protein targets, yields a linear relationship y = (7.6×10-4)x + 0.048 (R2 = 0.93) (n = 3 
replicate devices) as expected for separations based on size alone. 
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Determining size-exclusion limit for different gel concentrations 

We next used μ0 to plot the logarithm of molecular mass against normalized mobility 
(μ/μ0) in each gel concentration (Figure 2-4). From this linear relationship, we can 
determine the size-exclusion limit of each gel composition by calculating the molecular 
mass that has zero mobility (the y-axis intercept). An understanding of limitations for 
different gel concentrations is necessary to design optimal assay parameters for single-
cell PAGE, based on the protein targets of interest. Based on the preceding analysis, 
mTOR was excluded from the analysis to determine the size-exclusion limits.  

The resulting linear fits between the logarithm of molecular mass and (μ/μ0) had R2 ≥ 
0.84 for all gel concentrations (Figure 2-4). From these models, we predict the size-
exclusion limits listed in Table 2-3.  

Figure 2-4. Standard curves of logarithmic molecular mass vs normalized migration for single-cell 
SDS-PAGE in an open microfluidic device.  
Standard curves are shown for 5, 6, and 8%T gels and 8 different protein targets (GAPDH, 36 kDa; β 
–tubulin, 50 kDa; PTBP1, 57 kDa; ER-α, 66 kDa; HSP90, 90 kDa; SFPQ, 95 kDa; α-Actinin, 103 kDa;
and Vinculin, 124 kDa, excluding mTOR). Calibration equations: y5%T = 2.41 – 1.89x (R2 = 0.92), y6%T

= 2.28 – 1.75x (R2 = 0.84), and y8%T = 2.18 – 2.20x (R2 = 0.93).

Table 2-3. Predicted Size-Exclusion limits 

%T y-intercept Molecular mass (kDa) 

5 2.41 257.0 

6 2.28 190.5 

8 2.18 151.4 
In addition to protein migration performance in different gel concentrations, we also 
sought to evaluate how – as pore size decreases (%T increases) – the diffusivity of 
protein peaks change, which impacts two different steps of the assay. First, during the 
cell lysis and protein separations, proteins from the lysate diffuse in all directions. At 
higher gel concentrations, less diffusion occurs and protein band width decreases, thus 
resulting in an increase in the local concentration of protein. On the other hand, as pore 
size decreases, we anticipate reduced antibody partitioning into the gel when 
immunoprobing is performed after electrophoresis50. The size-exculsion phenomenom 
could prevent sufficient antibody from reaching its separated protein target and 
advesely impact binding, compromising the lower limits of detection for an 
immunoprobing assay (area-under-the-curve, AUC).  
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Figure 2-5: Comparisons of different fluorescent protein signal characteristics between 5%T and 8%T 
gels for all five immunoprobed protein targets.  
A) As the concentration of acrylamide increases, the pore size in the gel matrix decreases. Thus, for
the 8%T gels, we observe less diffusion of protein out of the gel during the lysis and electrophoresis
steps of the assay. B) However, we do not consistently observe the expected trade-off with pore size
and diffusion of immunoprobes to detect protein targets. The relative protein signal (AUC
measurement), is only significantly lower in two of the five protein targets probed. C) We observe that
the SNR in smaller pore gels (8%T) are significantly greater than the SNRs measured in the larger
pore gels (5%T) across all 5 protein targets. D) Further analysis of SNR, looking specifically at the
noise of the background revealed significantly higher noise for most protein in the lower %T condition.
Number of cells analyzed is shown at the bottom of 4D and was consistent across all metrics.
Statistical analysis performed using Mann Whitney U tests, where ‘**’ represent p-values <0.01.
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As expected from diffusion theory, we observed a significant decrease in the width of 
the protein target (σ) in the smaller-pore-size gels vs. the σ of each respective target in 
the larger-pore-size gels (σ8%T vs. σ5%T; GAPDH, 36 kDa, β-tubulin, 50 kDa; ER-α, 66 
kDa; Actinin, 103 kDa; and mTOR, 289 kDa; n = 3 replicate devices, Mann Whitney U 
tests, p-values of < 0.01, Figure 2-5A). In comparing across protein targets, the value of 
σ decreases with increasing molecular mass.  

When analyzing the AUC results, only three of the five proteins analyzed have a 
significant difference between the different gel concentrations, of which two proteins 
have a smaller AUC value in the smaller-pore-size (higher %T) gel (Mann Whitney U 
tests, p-values of < 0.01, Figure 2-5B). These results indicate that the AUC 
measurement is not solely a result of diffusion trade-off between the protein target 
diffusing out and the antibody probe diffusing in. There are other factors, such as the 
partitioning and binding kinetics of each individual antibody, that influence AUC in 
addition to the change in PA concentration of the gel. Partitioning behavior is influenced 
by a number of factors in addition to size, such as overall charge and surface properties 
(hydrophobicity) of the molecule and gel, which can counteract diffusion. The binding 
kinetics (KD) of each antibody and its target protein, and the secondary antibody binding 
kinetics to the primary antibody also impact the total amount of protein that can be 
detected in the final AUC measurement.  

To more definitively determine the effect of pore size on protein detection, measuring 
the signal-to-noise ratio (SNR) of detected protein peaks is useful. AUC measures the 
total amount of protein in each protein band, but only for proteins peaks that have an 
SNR ≥ 3. Across the five protein targets studied, we observe a significant increase in 
the SNR of protein signals detected in the smaller-pore-size gel (8%T), particularly with 
the larger molecular mass proteins (Mann Whitney U tests, p-values of < 0.01, Figure 
2-5C). Higher SNR values indicate enhanced target detection. In general, we are also
able to recover a higher percentage of protein peaks that pass our quality control steps
and have an SNR ≥ 3 in the higher %T gels (Figure 2-6). The increased local
concentration of protein in the 8%T gels results in larger peak amplitudes in the
corresponding intensity profiles, increasing the calculated SNR. Further analysis
specifically of the noise (Figure 2-5D), revealed that there was higher background noise
in the lower %T gel. Higher noise could be due to increased antibody partitioning into
the larger-pore-size gel and becoming trapped in the gel matrix. Thus, our ability to
detect protein is dependent on the trade-off between protein and immunoprobe diffusion
in the
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Figure 2-6. Percent of the peaks that pass QC in the MATLAB scripts and have SNR ≥ 3. 
Percentage of protein peaks that have SNR ≥ 3 out of total number of protein peaks that passed initial 
quality control in the custom MATLAB scripts and for each protein comparing large pore size gel (5%T) 
to small pore size gel (8%T). Each bar represents the average percentage of 3 replicate devices with 
the error bars representing standard deviation. 

2.4 Conclusions 

Microscale protein separations of single cells enable the detection of endogenous 
proteins across a heterogeneous cell population. This is particularly useful in 
detecting rare proteins and their isoforms in dynamic cell populations, such as 
differentiating or cancerous cells. In order to fully utilize these systems, it is 
imperative to understand system capabilities. In this work we have analyzed the 
electrophoretic mobility of endogenous protein lysed from single-cells on-chip 
immediately prior to performing electrophoretic separations. Specifically, we 
analyzed the differences in electrophoretic mobility as the gel concentration 
changes.  

Initially, we fit the log-linear relationship between migration distance and 
molecular mass proposed by Shapiro et al. of nine protein targets in each of the 
three gel concentrations tested. However, the models’ predictions for the largest 
molecular mass protein were inaccurate by 13.5 – 44.5%. Upon further analysis 
of protein electrophoretic mobility, we identified that the migration distance for the 
largest protein, mTOR (289 kDa) deviated from linear-fit models by >44% for the 
smaller pore-size gel (8%T). Furthermore, the free-solution mobility of mTOR was 
lower than the other proteins examined, indicating that the current assay 
conditions are not optimized for this large molecular mass species. As a result, 
we did not include mTOR when drawing conclusions from the Ferguson analysis.  
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In addition to migration, we also investigated the effect of gel concentration, and 
thus pore size, on the immunoassay performance and our ability to detect protein 
in different gel concentrations. As expected, with an increase in gel 
concentration, the spread (peak width, σ) of the protein band decreases, 
indicating that diffusion of the protein molecules decreases. Thus, we predicted 
that antibody diffusion into the gel would decrease as well, which would be 
measured by lower protein abundance in higher %T gels. However, we did not 
observe a significant difference in AUC across all protein targets, indicating that 
the AUC measurement is not sensitive to changes in pore size alone and there 
are other factors impacting the measurement. Therefore, to further understand 
the impact of gel concentration, we analyzed the SNR of detected proteins and 
observed significantly higher SNR values at higher gel concentrations. We 
concluded that the less diffuse, higher local concentration of proteins enables 
improved detection of protein targets.  

As a result of this study, we observe that there are trade-offs when selecting the 
assay conditions for a particular experiment. While lower gel concentrations are 
more likely to follow the expected log-linear relationship between protein 
migration and molecular mass, there is a trade-off with signal detection capability 
due to increased diffusion and thus lower SNR values for the protein peaks 
detected. Moreover, the assay conditions developed here are not suitable for 
larger proteins. Future investigations into achieving complete solubilization and 
denaturation of larger molecular mass proteins by optimizing chemical lysis 
conditions (i.e. temperature, time) or by combining alternative lysis methods such 
as electrical lysis techniques51 may be able to overcome solubilization challenges 
with larger molecular mass proteins. Additionally, use of larger pore size gels or 
gradient gels for the electrophoretic separations of large molecular proteins will 
enable electromigration that adheres to the expected linear-fit models.  
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Chapter 3: Comparison of Photoactivatable Crosslinkers for In-Gel 
Immunoassays 

This work was performed in collaboration with Surbhi Desai, Ph.D.; Erum Raja, Ph.D.; 
Chris Etienne, Ph.D.; Brian Webb, Ph.D.; and Amy E. Herr, Ph.D.  

3.1 Introduction 

Beyond drug delivery vehicles1 and cell2 and tissue engineering scaffolds3,4, 
functionalized hydrogels play an increasingly important role in measurement science. 
From biosensing5 to protein microarrays6,7, immunoassays utilize hydrogel structures 
due to the higher capacity8 and sensitivity of hydrogel-based protein chips compared to 
surface-based chips9. For hydrogel-based immunoassays, proteins are immobilized in 
the hydrogel matrix for immunoprobing, often relying on fluorescence detection as the 
target signal read-out method.  
 
When designing immunoassays with fluorescence detection, it is important to consider 
sources of background fluorescence that can obscure the target signal. Background can 
originate from instrumentation and environmental sources (e.g. the excitation source, 
camera or ambient light) as well as from the sample, which can include 
autofluorescence from the sample or hydrogel material, as well as fluorescence from 
non-specific antibody interactions.  
 
Benzophenone is a photoactivatable molecule that has been utilized to crosslink protein 
into hydrogel matrices for immunoassays10. Upon UV activation, the benzophenone 
molecule is activated to a biradical, able to abstract hydrogens from nearby C-H bonds, 
such as those on the protein backbone, and recombine to form a covalent C-C bond11. 
To functionalize hydrogels with benzophenone, benzophenone methacrylamide (BPMA) 
has been previously synthesized and incorporated into the hydrogel matrix during 
polymerization10. BPMA hydrogels have been used to perform in-gel immunoprobing of 
target antigens, including the probing step of single-cell immunoblotting following 
microscale protein separations12.  
 
However, with BPMA hydrogels, background fluorescence must be considered as the 
aromatic structure of benzophenone contributes to increase fluorescence immunoassay 
background signal. First, the aromatic ring structure on benzophenone contains 
conjugated double bonds, resulting in fluorescence in the visible spectrum and is a 
source of autofluorescence in the hydrogel13. Furthermore, upon photoactivation, a side 
product (benzopinacol) can be formed that also emits fluorescence13,14. Second, the 
hydrophobic aromatic ring structures of both benzophenone and benzopinacol may 
facilitate non-specific hydrophobic interactions13 that lead to increased immunoassay 
background signal from non-specific retention of unbound fluorescent probes15.  
To boost in-gel immunoassay performance by reducing fluorescence background 
signal, we consider an alternative photoactivatable molecule utilized for protein 
crosslinking, diazirine. Diazirine is 1) more hydrophilic than benzophenone16,17 and thus 
less likely to non-specifically interact with hydrophobic immunoprobes, and 2) lacks 
conjugated double bonds to emit photons in the visible spectra upon activation. The 
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chemical structure of diazirine consists of a three-membered ring comprised of two 
nitrogen atoms and one carbon atom. Upon UV activation (~350 nm), the diazirine ring 
breaks, irreversibly releasing N2 and forming a reactive carbene species that can insert 
into nearby C-H or heteroatom-H bonds to form a covalent bond18,19.  
However, the highly reactive carbene species has a shorter half-life, in the pico- to 
nano-second range, compared to the benzophenone diradical half-life of 120 μs19. 
Furthermore, while the benzophenone diradical can relax back to the original 
benzophenone molecule and is available for reactivation upon subsequent exposure to 
UV11, carbenes can be quenched by the surrounding solvent, resulting in lower protein 
target crosslinking efficiency compared to benzophenone18,20. We hypothesize that the 
hydrophilic structure of diazirine will allow a higher concentration diazirine to be 
solubilized in the hydrogel precursor to improve in-gel protein capture while the 
hydrophobic structure of benzophenone limits the concentration that can be solubilized 
in the hydrogel precursor.  
 
Here, we seek to reduce in-gel fluorescence background signal utilizing diazirine 
functionalized to acrylamide, hypothesizing that diazirine exhibits both reduced 
autofluorescence and reduced non-specific hydrophobic interactions based on its 
chemical properties. We first synthesized diazirine methacrylamide (DZMA) to enable 
incorporation of diazirine into polyacrylamide (PA) hydrogels. We then utilized hydrogel 
functionalized with varying concentrations of DZMA to determine the optimal 
concentration that would enable comparable protein capture to standard benzophenone 
gels. Next, we compared the background signal from non-specific antibody interactions 
and autofluorescence in diazirine and benzophenone functionalized hydrogels. Finally, 
we utilized DZMA hydrogels to quantify single-cell protein expression in an in-gel 
immunoassay and compared signal-to-noise ratios of detected protein targets to BPMA 
hydrogels. Our findings indicate that initial results with diazirine demonstrated 
comparable signal-to-noise ratios with BPMA hydrogels due to lower background signal, 
however further investigation into diazirine chemistry may be necessary for its use to 
specific immunoassay applications. 

3.2 Materials and Methods 

Antibodies 

The primary antibody to GFP (goat pAb; ab6673) was purchased from Abcam and the 
primary antibody to PTBP1 (mouse mAb; WH0005725M1) was purchased from Millipore 
Sigma. The secondary antibody to mouse IgG pre-labelled with Alexa Fluor 555 (A31570) 
was purchased from Thermo Fisher Scientific. All primary antibodies were used at a 1:10 
dilution from stock concentrations and incubated for 2 hours at room temperature. 
Secondary antibodies were diluted to a 1:20 working concentration from stock and 
incubated for 1 hour at room temperature, protected from light.  

Reagents 

30%T, 3.3%C acrylamide/bis-acrylamide (29 : 1) (A3574), ammonium persulfate (APS, 
A3678), and tetramethyl-ethylene- diamine (TEMED, T9281) for gel polymerization, 
dichlorodimethylsilane (440272) and 3-(trimethoxysilyl)propyl methacrylate (440159) for 
wafer and glass silanization, respectively, bovine serum albumin (BSA, A7638), fetal 
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bovine serum (FBS, F2442), Triton X-100 (X100-100ML), and urea (U5378) were 
purchased from Sigma-Aldrich. Phosphate buffered saline (PBS, 10010023), RPMI 1640 
medium (11875), penicillin–streptomycin (15070063) were purchased from Thermo 
Fisher Scientific. 1.5 M Tris-HCl, pH 8.8 (T1588) was purchased from Teknova, 10× tris-
glycine buffer (1610734) was purchased from Biorad, and 10× Tris buffered saline with 
Tween 20 (TBST, 9997S) was purchased from Cell Signaling Technologies. Deionized 
water (18.2 MΩ) was obtained using an Ultrapure water system from Millipore. N-[3-[(3-
Benzoylphenyl)formamido]propyl]methacry- lamide (BPMA) was custom synthesized by 
PharmAgra Laboratories12,21.  

SU8 and polyacrylamide (PA) gel fabrication 

SU8 fabrication to generate the master wafer and PA gel fabrication were performed as 
described previously.12 Diazirine methacrylamide and N-[3-[(3-
Benzoylphenyl)formamido]propyl]methacry- lamide (BPMA) were each solubilized in 
DMSO in a stock concentration before being added to the 8%T PA precursor in equal 
volumes. For the negative control, a blank vehicle control gel containing an equal volume 
of only DMSO was fabricated. Gels for protein capture and backgrould fluorescence 
experiments were polymerized on a silanized glass slide using wafers (WaferPro C04009) 
microfabricated with SU-8 3050 (Kayaku Advanced Materials Y311075) to have ~40 μm 
“rails”. Gels for single-cell immunoblotting were polymerized on a silanized glass slide 
using wafers (WaferPro C04009) microfabricated with SU-8 3050 (Kayaku Advanced 
Materials Y311075) to have 30 μm diameter “posts” to form microwells that were ~45 μm 
in height. All PA gel precursor was degassed and chemically polymerized with 0.08% 
APS and 0.08% TEMED. BPMA gels were polymerized for 15-20 minutes, covered and 
protected from light and DZMA gels were polymerized for 1.5 hours, covered and 
protected from light.  

Protein and Antibody Labelling 

His-tag green fluorescent protein (GFP) was labelled in-house with DyLight 633 using the 
described protocol in the DyLight 633 Antibody Labeling Kit, resulting in a degree-of-
labelling of 0.46 fluorophores per molecule of protein. Anti-GFP antibody was labeled in-
house using the described protocol in the Alexa Fluor 555 Antibody Labelling Kit, resulting 
in a degree-of-labeling of 4.16.  

Evaluating diazirine methacrylamide protein capture 

To quantify in-gel protein capture, we fabricated diazirine gels with increasing 
concentration of DZMA and used a gasket system (ArrayIt Microarray Gasket, ArrayIt 
Corporation, Sunnyvale, CA) to physically isolate regions of the gels and selectively 
incubate regions with a protein or blank solution as previously described22. Purified 0.01 
mg/mL of His-GFP protein labeled with DyLight 633 (DOL: 0.4-0.5) diluted in 1x PBS were 
loaded into pre-selected 1cm x 1cm regions while the remaining regions were loaded with 
1x PBS buffer. After a 1-hour incubation, gels were exposed to collimated UV light under 
a mercury arc lamp (365 nm, at ~18.0 mW/cm2, Optical Associates, Inc.) for 100 s activate 
protein capture molecules to form covalent bonds with diazirine or benzophenone 
moieties and the protein species. Following UV exposure, gels were subsequently 
washed in 1x TBST  before being dried with N2 air and imaged on a microarray scanner 
using the 635 laser channel. After imaging on the laser microarray scanner, 6 ROI regions 
with immobilized protein were measured for each replicate hydrogel and the integrated 
intensity of each immobilized protein region was analysed. Background subtraction was 
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performed using the integrated signal from an adjacent blank (no protein) region to 
account for any fluorescent signal from the hydrogel itself. 

Evaluating Antibody probe contribution to background fluorescence following in-gel 
immunoprobing  

To assess background fluorescence from the antibody probe, 40 μm-thick hydrogels were 
fabricated for the endpoint range concentrations of DZMA (3mM and 12mM) to compare 
to a blank vehicle control and 3mM BPMA positive control gel. Protein was loaded and 
captured into gels following the same protocol for evaluating DZMA protein capture. After 
dehydration, gels were imaged using a 532 nm excitation laser on the microarray scanner, 
corresponding to the immunoprobe fluorophore to obtain a “before immunoprobing” 
baseline measurement of the gel. After imaging, the gel was then rehydrated in 1x TBST 
before immunprobing the entire gel (both protein and non-protein containing regions) by 
diffusing fluorescently labelled anti-GFP primary antibody labeled in-house with Alexa 
Fluor 555 into the PA gel. Gels were subsequently washed in 1x TBST to remove 
unbound antibody before being dried with N2 air and re-imaged on a microarray scanner 
using the 532 laser channel with same imaging settings to obtain an “after 
immunoprobing” measurement. The Immunoprobed Target Signal was quantified as the 
integrated fluorescence signal from protein-region on the probed gel, using the integrated 
fluorescence signal from the same probed gel of an adjacent blank (non-protein) region 
for background subtraction. To measure the Immunorpbed Background Signal, the 
integrated fluorescence signal from the blank region on the gel before immunoprobing 
was subtracted from the integrated signal from the blank region on the gel after 
immunoprobing to account for any fluorescence signal from the gel itself.12 

Evaluating autofluorescence in BPMA and DZMA gels 

40 μm-thick hydrogels were fabricated on silanized glass slides. Half of the bottom of the 
glass slide was covered with Kapton tape and surrounded with aluminum foil to block any 
light from reaching the gel during UV-exposure, which illuminates from below. The 
fluorescence signal of the half of the gel that was exposed to UV relative to the 
fluorescence of the non-UV exposed region was compared across conditions in all four 
laser channels of the microarray scanner (λ = 488, 532, 594, 635). 

Cell lines and cell harvesting  

MDA-MB-231 cells were obtained from the American Type Culture Collection (ATCC) and 
authenticated (Promega). The MDA-MB-231 cell line was maintained in RPMI 1640 
supplemented with 1% penicillin/streptomycin and 10% FBS. Cells were kept in a 37 °C 
incubator at 5% CO2. For single-cell immunoblotting, cells were harvested using 0.05% 
Trypsin-EDTA (Gibco, 25300-054), and resuspended in 4 °C 1× PBS at a concentration 
of ∼106 cells per mL. 

Single-cell Immunoblotting  

Single-cell Immunoblotting was performed as described previously21. Briefly, cells were 
pipetted over the PA gel and settled by gravity into the microwells patterned in the PA gel. 
Lysis buffer heated in a water bath to 55 °C was poured over the PA gel in order to lyse 
the cells in the microwells for 30 seconds. An electric field (E =40Vcm−1) was applied to 
inject and separate proteins for 30 seconds in the PA gel abutting the microwell. After 
separation, proteins were immobilized in the gel matrix via a 45-second exposure to UV 
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light (Lightningcure LC5, Hamamatsu) which activated the benzophenone 
methacrylamide or diazirine methacrylamide functional group (incorporated during gel 
fabrication) to cross-link proteins to the gel matrix21. The UV light guide was held ~25 cm 
above the gel across all experiments. Immobilized proteins were probed in-gel by 
diffusing fluorescently labelled antibody probes into the PA gel. A fluorescence microarray 
scanner (Genepix 4300A, Molecular Devices) equipped with 4-laser lines (λ = 488, 532, 
594, 635) acquired fluorescence readout.  

Area under the curve (AUC) and signal-to-noise ratios (SNR) purified protein native 
separations  

Purified Ova was labelled in-house using the described protocol in the DyLight 633 
Antibody Labeling Kit, resulting in a degree-of-labelling of 0.28 fluorophores per molecule 
of protein. Labelled Ova was diluted to 2 μM concentration in 1x PBS. Gels for purified 
protein native microscale separations were polymerized on a silanized glass slide using 
wafers microfabricated with SU-8 3050 to have 100 μm diameter “posts” to form 
microwells that were ~60 μm in height. To run purified protein separations, 250 μL of 
protein solution was pipetted on the top of gels with 100 μm diameter microwells and 1 
mm separation lane. The gel was incubated in protein solution for 90 seconds (>3τ 
diffusion timescale for protein to partition into the microwell but not the hydrogel). After 
incubation, the slide was transferred to the electrophoresis chamber and 17 mL of room-
temperature non-denaturing run buffer (1x Tris-Glycine) was poured into the chamber and 
an electric field (E =40Vcm−1) was immediately applied to inject and separate 
proteins for 27 seconds in the PA gel abutting the microwell. After separation, 
proteins were immobilized in the gel matrix via a 45-second exposure to UV light 
(Lightningcure LC5, Hamamatsu) which activated the BPMA or DZMA functional 
group (incorporated during gel fabrication) to cross-link proteins to the gel matrix21. 
The UV light guide was held ~25 cm above the gel across all experiments. 
Immobilized proteins were probed in-gel by diffusing fluorescently labelled antibody 
probes into the PA gel. A fluorescence microarray scanner (Genepix 4300A, 
Molecular Devices) equipped with 4-laser lines (λ = 488, 532, 594, 635) acquired 
fluorescence readout.  

Immunoblot signal quantification and statistical analysis  

The images were first processed in Fiji23,24 by applying a median filter using the 
“Remove Outliers” macro with a 2-pixel radius and a threshold value of 50 AFU to 
remove punctate noise. Quantification of fluorescence signal from immunoblots 
was processed by in- house scripts written in MATLAB (R2018b) as previously 
described21. Gaussian curves were fit to fluorescence intensity profiles in MATLAB 
(R2018b, Curve Fitting Toolbox) in order to obtain the mean μ (used to describe 
the protein migration distance) and the variance σ2 (used to calculate peak width 
as 4σ). Area-under-the-curve (AUC) analysis of the intensity profiles was 
performed to quantify immunoblot signal 4σ from the fitted-curve peak location. 
The signal-to-noise ratio was calculated by taking the peak value of the Gaussian 
fit curve and dividing by the standard deviation of the background region from the 
4σ region surrounding the peak. Only protein peaks with SNR ≥ 3 were included in 
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downstream comparisons. Plots and statistical tests were generated and 
performed with R (version 3.6.1). 

Hydrogel swelling ratios in water and 70% IPA  

Polyacrylamide precursor was prepared with 12 mM DZMA, 3 mM BPMA, or blank 
DMSO vehicle control. 1 mm thick gels were fabricated by pipetting polyacrylamide 
precursor solution between a clean glass plate and a ¼ of a standard microscope glass 
slide (18.75 x 25 cm), separated by gel casting spacers (C.B.S. Scientific GelWrap, 1 
mm thickness) and polymerized for 1 hour. Gels were released from glass to create 
free-standing 1mm-thick hydrogels. To dose with UV, immediately after fabrication, gels 
were placed on a glass slide and exposed to collimated UV light under a mercury arc 
lamp (365 nm, at ~18.0 mW/cm2; Optical Associates, Inc.) for 100 s activate protein 
capture molecules. Gels were then placed back in MilliQ water to wash overnight (12-18 
hours) to remove any salts from the gel. After washing, gels were dehydrated in a 70°C 
oven until completely dehydrated (~4-6 h). Dehydrated gels were weighed on a scale 
(Mettler Toledo ME204E) to obtain the gel “dry weight”. Gels were rehydrated by 
incubating in either MilliQ H2O or 70% isopropyl alcohol. After 24 h of incubation, 
swollen gels were weighed again for the “swollen” weight. The swelling ratio (Q) was 
calculated as  

 𝑄 =
𝑊𝑒𝑖𝑔ℎ𝑡𝑠𝑤𝑜𝑙𝑙𝑒𝑛

𝑊𝑒𝑖𝑔ℎ𝑡𝑑𝑟𝑦
. 3.1 

3.3 Results and Discussion 

Comparing Protein Capture in BPMA and DZMA Hydrogels  

After synthesizing diazirine methacrylamide (DZMA) (Appendix A1), we incorporated 
varying concentrations of DZMA into the hydrogel precursor to measure protein capture. 
Due to the 1) shorter half-life of activated diazirine (ps-ns range) compared to activated 
benzophenone (80-120 µs)19, 2) potential quenching of the diazirine reaction by water 
whereas benzophenone can be repeatedly reactivated19,25, and 3) formation of a relatively 
stable diazo isomer side product upon diazirine activation18, we hypothesize that in-gel 
protein capture will be lower with diazirine compared to benzophenone. However, due to 
lower hydrophobicity of diazirine molecules compared to benzophenone molecules 
(based on predicted and experimental logP values16,17) we hypothesize that we can 
incorporate a higher concentration of diazirine in the hydrogel precursor to increase the 
protein capture efficiency.  
 

To assess protein-capture ability of DZMA gels, we labeled GFP protein with DyLight 
633 (GFP*) to immobilize in the hydrogel. We utilized the signal from the small fluorophore 
label to quantify protein capture instead of relying on the native GFP fluorescence which 
is dependent on the secondary protein structure and may be disrupted during in-gel 
immobilization and alter fluorescence readout. For each gel condition, we incubated 
physically isolated regions of the gel with either GFP* protein solution or a blank 1x PBS 
solution (Figure 3-1A). After UV exposure to activate protein crosslinking, we washed the 
gels to remove uncaptured GFP* before scanning on a microarray scanner to measure 
the DyLight 633 fluorescence signal. We quantified protein capture from gel regions 
incubated with GFP* protein (Protein ROI), using blank gel regions (Blank ROI) incubated 
with 1x PBS, for background subtraction:  
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𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 =  𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑅𝑂𝐼 − 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝐵𝑙𝑎𝑛𝑘 𝑅𝑂𝐼 
3.2 

When DZMA was added at the same concentration as standard BPMA gels (3 mM)12,21 
to the gel precursor, DZMA gels had significantly lower fluorescence signal (Kruskal-

Figure 3-1 In-gel protein capture of DyLight 633 labelled protein target in DZA and BPMAC 
functionalized hydrogels.  
(A) Schematic of hydrogels functionalized with BPMAC or DZA and protein capture. Hydrogels are 
fabricated with either BPMAC or DZA functional group. Specific regions of the gel are incubated with 
protein and protein capture is initiated by exposure to UV light. (B) Integrated fluorescence of protein 
regions in hydrogels with varying concentration of DZA compared to 0 mM negative control and 
standard 3 mM BPMAC gels. Integrated DyLight 633 signal increases as DZA concentration 
increases, indicating greater protein capture at higher DZA concentrations. (C) Corresponding signal-
to-noise ratios of protein capture.  
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Wallis with Holm correction, p < 0.01, n = 3 slides, 9-11 ROI regions) (Figure 3-1B). 
Increasing the concentration of DZMA up to 12 mM in the PA precursor resulted in 
comparable protein capture signal and higher signal-to-noise ratios (SNR) than the 
standard 3 mM BPMA gels. However, as we increased the concentration of DZMA, we 
observed that the time for hydrogel polymerization increased, despite using equivalent 
volume of the DMSO solvent.  
 

Our results support our hypothesis that DZMA hydrogels have lower capture efficiency 
than BPMA hydrogels, evidenced by lower protein target signal in 3 mM DZMA gels 
compared to the protein target signal from the equivalent concentration 3 mM BPMA gels. 
However, by increasing the concentration of diazirine in the gel precursor, we were able 
to achieve greater protein capture compared to lower DZMA concentrations. The longer 
polymerization times associated with higher DZMA concentrations potentially indicate 
that higher concentrations of photoactivatable molecules interfere with the hydrogel 
polymerization reaction. Diazirines can serve as carbon radical traps26 and at higher 
concentrations may be trapping radicals necessary for gel polymerization thus impeding 
and slowing the polymerization process down. Furthermore, if a portion of the diazirine 
molecules are quenched during gel polymerization, this could explain why we do not 
observe equal scaling between concentration of DZMA and fluorescence signal as well 
as a leveling off of signal at 9 mM and 12 mM DZMA.  

Measuring Sources of Background in Hydrogel-based Immunoassays 

Upon demonstrating that diazirine can be used for in-gel protein capture, we investigated 
the background signal from each functionalized hydrogel. We investigated background 
signal from each molecule due to 1) non-specific antibody retention in gels due to any 
potential non-specific interactions between the gel matrix and antibody probe and 2) 
autofluorescence from the photoactive molecule itself. We hypothesize that the aromatic 
rings in benzophenone serve as a hydrophobic attraction force for immunoprobes to 
partition into the gel and be non-covalently retained in-gel. Furthermore, the conjugated 
double bonds in benzophenone result in fluorescence in the visible spectrum upon UV 
activation, contributing to gel autofluorescence.  
 

To measure background fluorescence from non-specific immunoprobe retention, the 
same hydrogels used to quantify protein capture in DZMA hydrogels and BPMA 
hydrogels were used. Following UV protein capture, the gels were imaged before and 
after immunoprobing using the laser channel corresponding to the fluorescent 
immunoprobe. Thus, we can measure the fluorescence signal directly due to 
immunoprobe introduction.  

 
To quantify the immunoprobed target signal (antibody binding to its protein target), we 

analysed the protein regions in the gel after immunoprobing, using the adjacent non-
protein blank regions of the gel after immunoprobing to perform background subtraction. 
The background subtraction removes any signal due to gel autofluorescence as well as 
the non-specific antibody retention in the gel (Figure 3-2A).  

𝐼𝑚𝑚𝑢𝑛𝑜𝑝𝑟𝑜𝑏𝑒𝑑 𝑇𝑎𝑟𝑔𝑒𝑡 𝑆𝑖𝑔𝑛𝑎𝑙 =  𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑅𝑂𝐼𝑝𝑟𝑜𝑏𝑒𝑑 − 𝐵𝑙𝑎𝑛𝑘 𝑅𝑂𝐼𝑝𝑟𝑜𝑏𝑒𝑑 3.3 

To specifically measure the background signal solely due to non-specific antibody 
interactions with the gel, we measured the fluorescence signal from the blank, non-protein 
regions before and after immunoprobing. The signal from the blank regions before 
immunoprobing was used to mitigate contribution from gel autofluorescence and was 
subtracted from the fluorescence signal after immunoprobing. Thus, the immunoprobe 
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background signal only accounts for antibody signal in the gel that is not specifically 
bound to any protein target (Figure 3-2A).  

𝐼𝑚𝑚𝑢𝑛𝑜𝑝𝑟𝑜𝑏𝑒𝑑 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑆𝑖𝑔𝑛𝑎𝑙
=  𝐵𝑙𝑎𝑛𝑘 𝑅𝑂𝐼𝑎𝑓𝑡𝑒𝑟 𝑖𝑚𝑚𝑢𝑛𝑜𝑝𝑟𝑜𝑏𝑖𝑛𝑔 − 𝐵𝑙𝑎𝑛𝑘 𝑅𝑂𝐼𝑏𝑒𝑓𝑜𝑟𝑒 𝑖𝑚𝑚𝑢𝑛𝑜𝑝𝑟𝑜𝑏𝑖𝑛𝑔 

3.4 

To quantify the autofluorescence background signal between diazirine and BPMA, we 
fabricated negative control gels, 12 mM DZMA gels, and 3 mM BPMA gels, and only 
activated half of the gel with UV light (Figure 3-2B). We compared the fluorescence signal 
to the non-activated half across the 4 laser channels (488, 532, 594, and 635) of the 
microarray scanner. We quantified relative autofluorescence as the fluorescence signal 
from the UV-activated gel normalized by the intensity of the non-activated gel.  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑢𝑡𝑜𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 =  
𝐵𝑙𝑎𝑛𝑘 𝑅𝑂𝐼𝑈𝑉−𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑑

𝐵𝑙𝑎𝑛𝑘 𝑅𝑂𝐼𝑛𝑜𝑛−𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑑
  

3.5 

 

Figure 3-2 Measuring sources that contribute to increased background fluorescence for in-gel 
immunoassays.  
(A) Analysis of the immunoprobed target from fluorescently labelled primary antibody in gel regions 
incubated with protein (Immunoprobed Target Signal) and blank (no protein) regions (Immunoprobed 
Background Signal), and corresponding SNR of Immunoprobed Target Signal. While Immunoprobed 
Target Signal is higher in 3mM BPMAC gels, Immunoprobed Background Signal which corresponds 
to non-specific antibody retention in the hydrogel is also higher, resulting in comparable SNR between 
3 mM BPMAC and 12 mM DZA. (B) Analysis of relative background autofluorescence between 3mM 
BPMAC gels, 12 mM DZA gels and blank (0mM) negative control gels across four excitation laser 
channels in the microarray scanner. * p < 0.05; ** p < 0.01; Kruskal-Wallis with Holm multiple pairwise 
correction 
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Compared to 12 mM DZMA gels, 3mM BPMA gels had significantly higher (~1.5x) 
immunoprobed target signal (Kruskal–Wallis test with Holm pairwise correction, p < 0.01, 
n = 9-11 Protein ROIs) (Figure 3-2A), and ~1.9x higher immunoprobed background signal 
(Kruskal–Wallis test with Holm pairwise correction, p < 0.01, n = 9-11 Blank ROIs). 
Despite lower immunoprobed signal in the 12 mM DZMA gels, the SNR of the probed 
protein was comparable with the SNR in the 3 mM BPMA gels (Kruskal–Wallis test with 
Holm pairwise correction, p =1.0, n = 9-11 Protein ROIs). Blank UV-activated BPMA 
hydrogels also emitted significant relative autofluorescence compared to negative 
controls gels (Kruskal-Wallis with Holm correction, p < 0.01, n = 6 ROIs) (Figure 3-2B), 
particularly in the 488, 532 nm laser channels, having ~ 1.5x and ~4.7x the relative 
autofluorescence signal as non-UV-activated BPMA gels, respectively. In contrast, 
across all laser channels, UV-activated DZMA gels had 0.9x – 1.2x the relative 
autofluorescence signal of non-activated DZMA gels, comparable to the vehicle control 
gels (p > 0.05, Kruskal–Wallis test with Holm pairwise correction). 

The higher immunoprobed background in 3 mM BPMA gels indicates more non-
specific interactions retaining probe in the BPMA gels than in DZMA gels, supporting our 
hypothesis that the aromatic rings in benzophenone are a source of hydrophobic 
attraction to retain immunoprobes in the gel. As a result, the higher immunoprobed 
background signal in BPMA gels adversely affected the SNR of the immunoprobed target 
signal such that SNR was comparable between 12 mM DZMA gels and 3 mM BPMA gels, 
despite the lower probe signal with 12 mM DZMA gels. Additionally, our relative 
autofluorescence results demonstrate that the conjugated double bonds in 
benzophenone adequately absorb electrons to emit autofluorescence, particularly in the 
488 and 532 laser channels, which corresponds to benzophenone and benzopinacol 
emission when activated by UV light1. 

Utilizing diazirine hydrogels to quantify single-cell protein expression  

Finally, we investigated diazirine protein capture and SNR when applied to a more 
complex protein sample (i.e., from single-cell lysate) in an open microfluidic device. We 
hypothesize that with equivalent protein capture to BPMA hydrogels, the lower 
background signal in DZMA gels would enable improved detection of low abundance 
protein targets from single cells. We performed size-based separation single-cell 
immunoblotting12,21, using the same polyacrylamide concentration (8%T) for BPMA and 
DZMA hydrogels and SDS-denaturing conditions. Compared to unmodified PA hydrogels, 
BPMA hydrogels have been shown to slow down protein electrophoretic migration due to 
smaller pore size27. However an alternatively tetratzole-functionalized polyacrylamide gel 
was reported to have similar pore size to the unmodified PA gel27 demonstrating that 
different hydrogel modifications have different impacts on the hydrogel matrix. Thus, we 
also investigated how diazirine functionalized gels would impact electrophoretic mobility 
for single-cell immunoblotting, using the same experimental conditions (lysis and 
electrophoresis buffers and time scales) for BPMA and DZMA hydrogels.  

Following single-cell lysis, the protein target PTBP1 migrated 1.3x faster in DZMA gels 
(electrophoretic mobility (μ) = 0.53 ±0.03 mm2/V·s, n = 688 cells) than in BPMA gels (μ = 
0.38±0.02 mm2/V·s, n = 1322 cells) (p < 0.01; Mann-Whitney U Test) (Figure 3-3D). In 
addition, protein capture, measured by area under the curve (AUC) of the immunoprobed 
protein peak, and SNR in the DZMA gels was observed to be much lower, compared to 
protein peaks in BPMA gels (Figure 3-3C). Protein signal in 12 mM DZMA gels was 
significantly lower, only 15% of the protein signal (AUC) of the signal measured in the 3 
mM BPMA gels and SNR in DZMA gels was 20% of the SNR in BPMA gels (p < 0.01; 
Mann-Whitney U Test, N = 5 gels).  
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Based on the faster protein electrophoretic mobility in DZMA gels, we posit that DZMA 
gels have a larger pore size compared to BPMA gels, resulting in faster protein 

Figure 3-3 Utilizing DZMA hydrogels for single-cell immunoblotting to detect PTBP1 from MDA-MB-
231 breast cancer cells  
(A) Schematic of single- cell immunoblotting workflow: Single-cells are gravity settled into an array of 
microwells for subsequent cell lysis and protein solubilization, protein polyacrylamide gel 
electrophoresis, and in-gel immobilization of separated proteins. Protein targets are immunoprobed 
with fluorophore-conjugated antibodies. (B) Representative false-color fluorescence micrographs and 
intensity plots as examples of protein electromigration (PTBP1, 55 kDa) in each gel condition. (C) 
Analysis of PTBP1 protein area under curve (AUC) signal and SNR following immunoprobing. The 
AUC and SNR is much higher in BPMAC gels indicating higher protein capture efficiency. (D) Analysis 
of peak migration distance for PTBP1 (57 kDa) in a BPMAC gel (purple) and DZA gel (green) indicating 
faster protein migration in the diazirine methacrylamide gels. Each dot corresponds to a single-cell 
and each shade represents a distinct device. (E) Analysis of PTBP1 protein and peak width (4σ) in 
both gels indicating slightly larger peak width is larger in DZA gels. N = 5 replicate devices per gel, ** 
p < 0.01; Mann-Whitney U Test.  
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electromigration. During the hydrogel fabrication, DZMA gels took longer (1.5 hours) to 
polymerize than the BPMA gels (15-20 min). We hypothesize that the slower 
polymerization rate of the DZMA gels indicates that the higher concentration of diazirine 
acting as a carbon radical trap that inhibits the complete gel polymerization reaction and 
results in larger pore sizes in the final hydrogel matrix. To test gel pore size, we measured 
the gel equilibrium swelling ratio of each functionalized hydrogel compared to a negative 
control gel in deionized water (Figure 3-4A) and found that DZMA gels had significantly 
greater swelling compared to both BPMA and the negative control gel (p < 0.01 Kruskal-
Wallis, Holm correction). Because gel swelling depends on both the pore size as well as 
any interactions between the hydrogel matrix and solvent28, we also measured the 
swelling ratio in a more polar solvent of 70% isopropyl alcohol (IPA) to better assess 
hydrogel hydrophobicity29 (Figure 3-4B). However, as polyacrylamide is a hydrophilic 
polymer, the swelling ratios in 70% IPA were not significantly different between diazirine 
and BPMA gels. Thus, the significantly higher swelling ratios of DZMA gels in water 
compared to BPMA hydrogels are more likely to indicate a larger pore size.  

 
The lower signal following electrophoretic separations is unexpected when compared 

to the earlier protein incubation experiments. We investigated how the denatured protein 
structure would influence protein capture efficiency. Previously, it has been observed that 
benzophenone protein capture efficiency was significantly higher with denatured protein 
compared to native protein likely due to greater exposure of hydrophobic residues that 
favor interaction with benzophenone30. Given the lower hydrophobicity of diazirine, the 
increased exposure of protein hydrophobic residues may result in less interaction with the 
diazirine molecule. To investigate the effect of protein structure, we ran native separations 
with purified protein diluted in 1x PBS and 1x Tris-glycine run buffer (non-denaturing 
conditions) and still observed higher AUC and SNR in 3mM BPMA gels compared to 12 
mM DZMA gels (Figure 3-5). Thus indicating that the denatured protein structure does 
not account for the difference in protein capture observed between the two experimental 
systems.  

 
We hypothesize that larger gel pore size results in faster diffusion of protein loss out of 

the gel. Greater diffusional losses combined with the lower reaction efficiency of diazirine 

Figure 3-4 Swelling ratios (Q) of 0 mM, 12mM DZMA hydrogels and 3 mM BPMA hydrogels in a polar 
solvent, water (A) and nonpolar solvent 70% IPA (B).  
(A) 12 mM DZMA gels had significantly higher swelling ratio in water compared to both 3 mM BPMA 
and the 0mM negative control. (B) Both 12 mM DZMA and 3 mM BPMA had significantly higher 
swelling ratios than the 0 mM negative control, but there was no significant difference between 12 mM 
DZMA and 3 mM BPMA gels.  ** p < 0.01; Kruskal-Wallis with Holm multiple pairwise correction. 
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could explain the lower protein signal observed with single-cell immunoblotting and 
requires further investigation to validate.  

3.4 Conclusions and Future Directions 

While photoactivatable protein crosslinking molecules are a critical way to 
enable hydrogels as immunoassay substrates, they can be sources of background 
fluorescence that impair immunoassay sensitivity. Here, we have determined that 
diazirine, which lacks conjugated double bonds, has significantly lower non-specific 
non-covalent interactions with fluorescent immunoprobes and significantly lower 
autofluorescence compared to benzophenone, resulting in overall lower in-gel 
immunoassay background signal in DZMA hydrogels compared to BPMA-based 
hydrogels. However, when DZMA hydrogels were used for single-cell 
immunoblotting, the alternative diazirine chemistry resulted in faster protein 
electromigration and lower protein capture following the electrophoretic 
separations compared to BPMA gels, even though a higher concentration of 
diazirine capture molecules was utilized. Furthermore, increasing the 
concentration of DZMA appears to interfere with polyacrylamide gel polymerization 
reaction, increasing polymerization completion times and affecting the gel pore 
size. We conclude that while diazirine has lower background signal, the lower 
capture efficiency and larger pore size of diazirine-modified hydrogels reduces its 
utility in open microfluidic systems susceptible to sample losses and does not 
effectively improve in-gel immunoassay sensitivity to detect low abundance protein 
targets.  

 
Further investigation into other photoreactive molecules with higher protein 

capture efficiency than diazirines and lower background fluorescence than 
benzophenone may be of interest to functionalize hydrogels as immunoassay 
substrates. For example, aryl azides are another alternative photoreactive 
molecule used for protein crosslinking. Upon UV activation, aryl azides generate a 
reactive nitrene species that reacts with nearby C-H and heteroatom-H bonds to 

Figure 3-5 AUC and SNR analysis of purified labelled ovalbumin after native microscale separations 
using 1x Tris-glycine run buffer.  
Both AUC and SNR are much higher in BPMA gels indicating higher protein capture efficiency even in 
non-denaturing conditions. N = 3 devices per gel condition, ** p < 0.01; Mann-Whitney U Test. 
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form covalently bound products. The absorption maximum of aryl azides is 250 nm, 
within the protein-damaging wavelength range, however substituted aryl azides 
can have higher absorption maximums31. Furthermore, the singular aromatic ring 
on aryl azides may reduce the hydrophobicity and autofluorescence compared to 
the double aromatic rings on benzophenone.  

3.5 Appendix 

A1 Synthesis of Diazirine Methacrylamide 
Actual IUPAC name:  N-(3-(3-(3-methyl-3H-diazirin-3-
yl)propanamido)propyl)methacrylamide 

 
Materials: NHS-diazirine (26167), Triethylamine (25108) and Dimethylformamide 
(20673) were purchased from Thermo Fisher Scientific. N-(3-
Aminopropyl)methacrylamide hydrochloride (21200) was purchased from Polysciences. 
All commercially purchased materials were used without further purification unless 
stated otherwise. Bruker 400MHz Spectrometer was used for NMR analysis. 
 
Procedure: A 250 mL, round bottom flask was equipped with a magnetic stir bar and 
charged with N-(3-Aminopropyl)methacrylamide hydrochloride (29.2 mmol, 1.0 eq.), 
DMF (80 mL) and triethylamine (32.2 mmol, 1.1 eq.) under N2 atmosphere.  NHS-
diazirine (29.2 mmol, 1.0 eq) was added and reaction was stirred for 18-24 hours under 
N2 at ambient temperature.  Solids were removed by filtration and the filtrate was 
concentrated using a rotary evaporator.  The concentrate was dissolved in 
dichloromethane (200 mL), washed with H2O (2 x 100 mL), brine (2 x 100 mL) and dried 
over MgSO4.  The solvent was evaporated and the crude product was triturated using 
heptane (100 mL). Solids were filtered and dried in a vacuum oven overnight at 50 oC 
giving a white solid in 85% yield (99% purity via quantitative 1H NMR using an internal 
standard (DIB, Diiodobenzene)). 
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Figure 3-6: Confirmation of diazirine identity and purity.  
1H NMR (DMSO-d6, 400 MHz): 7.8 (m, 2H), 5.7 (s, 1H), 5.3 (s, 1H), 3.15 (q, J = 4 Hz, 2H), 3.05 (q, J = 4 Hz, 2H), 1.95 (t, J = 4 Hz, 2H), 1.85 (s, 3H), 
1.55 (m, 4H), 1.00 (s, 3H). 

3.6 References 

(1)  Gupta, M. K.; Martin, J. R.; Dollinger, B. R.; Hattaway, M. E.; Duvall, C. L. 
Thermogelling, ABC Triblock Copolymer Platform for Resorbable Hydrogels with 
Tunable, Degradation-Mediated Drug Release. Adv. Funct. Mater. 2017, 27 (47), 
1–14. https://doi.org/10.1002/adfm.201704107. 

(2)  Negishi, R.; Iwata, R.; Tanaka, T.; Kisailus, D.; Maeda, Y.; Matsunaga, T.; 
Yoshino, T. Gel-Based Cell Manipulation Method for Isolation and Genotyping of 
Single-Adherent Cells. Analyst 2019, 144 (3), 990–996. 
https://doi.org/10.1039/c8an01456f. 

(3)  Batalov, I.; Stevens, K. R.; DeForest, C. A. Photopatterned Biomolecule 
Immobilization to Guide Three-Dimensional Cell Fate in Natural Protein-Based 
Hydrogels. Proc. Natl. Acad. Sci. U. S. A. 2021, 118 (4). 
https://doi.org/10.1073/pnas.2014194118. 

(4)  Ling, Y.; Rubin, J.; Deng, Y.; Huang, C.; Demirci, U.; Karp, J. M.; 
Khademhosseini, A. A Cell-Laden Microfluidic Hydrogel. Lab Chip 2007, 7 (6), 
756–762. https://doi.org/10.1039/b615486g. 

(5)  Le Goff, G. C.; Srinivas, R. L.; Hill, W. A.; Doyle, P. S. Hydrogel Microparticles for 
Biosensing. Eur. Polym. J. 2015, 72, 386–412. 
https://doi.org/10.1016/j.eurpolymj.2015.02.022. 



 48 

(6)  Dementieva, E. I.; Rubina, A. Y.; Darii, E. L.; Dyukova, V. I.; Zasedatelev, A. S.; 
Osipova, T. V.; Ryabykh, T. P.; Baryshnikov, A. Y.; Mirzabekov, A. D. Protein 
Microchips in Quantitative Assays for Tumor Markers. Dokl. Biochem. Biophys. 
2004, 395 (1–6), 88–92. https://doi.org/10.1023/B:DOBI.0000025553.98757.be. 

(7)  Brambilla, D.; Chiari, M.; Gori, A.; Cretich, M. Towards Precision Medicine: The 
Role and Potential of Protein and Peptide Microarrays. Analyst 2019, 144 (18), 
5353–5367. https://doi.org/10.1039/c9an01142k. 

(8)  Sharafeldin, M.; McCaffrey, K.; Rusling, J. F. Influence of Antibody Immobilization 
Strategy on Carbon Electrode Immunoarrays. Analyst 2019, 144 (17), 5108–5116. 
https://doi.org/10.1039/c9an01093a. 

(9)  Zubtsov, D. A.; Savvateeva, E. N.; Rubina, A. Y.; Pan’kov, S. V.; Konovalova, E. 
V.; Moiseeva, O. V.; Chechetkin, V. R.; Zasedatelev, A. S. Comparison of Surface 
and Hydrogel-Based Protein Microchips. Anal. Biochem. 2007, 368 (2), 205–213. 
https://doi.org/10.1016/j.ab.2007.04.040. 

(10)  Hughes, A. J.; Lin, R. K. C.; Peehl, D. M.; Herr, A. E. Microfluidic Integration for 
Automated Targeted Proteomic Assays. Proc. Natl. Acad. Sci. 2012, 109 (16), 
5972–5977. https://doi.org/10.1073/pnas.1108617109. 

(11)  Dormán, G.; Nakamura, H.; Pulsipher, A.; Prestwich, G. D. The Life of Pi Star: 
Exploring the Exciting and Forbidden Worlds of the Benzophenone Photophore. 
Chem. Rev. 2016, 116 (24), 15284–15398. 
https://doi.org/10.1021/acs.chemrev.6b00342. 

(12)  Hughes, A. J.; Spelke, D. P.; Xu, Z.; Kang, C.-C.; Schaffer, D. V; Herr, A. E. 
Single-Cell Western Blotting. Nat. Methods 2014, 11 (7), 749–755. 
https://doi.org/10.1038/nmeth.2992. 

(13)  Schneider, M. H.; Tran, Y.; Tabeling, P. Benzophenone Absorption and Diffusion 
in Poly(Dimethylsiloxane) and Its Role in Graft Photo-Polymerization for Surface 
Modification. Langmuir 2011, 27 (3), 1232–1240. 
https://doi.org/10.1021/la103345k. 

(14)  Dormán, G.; Nakamura, H.; Pulsipher, A.; Prestwich, G. D. The Life of Pi Star: 
Exploring the Exciting and Forbidden Worlds of the Benzophenone Photophore. 
Chemical Reviews. 2016, pp 15284–15398. 
https://doi.org/10.1021/acs.chemrev.6b00342. 

(15)  Su, A.; Smith, B. E.; Herr, A. E. In Situ Measurement of Thermodynamic 
Partitioning in Open Hydrogels. Anal. Chem. 2019, 92 (2), 875–883. 
https://doi.org/10.1021/acs.analchem.9b03582. 

(16)  CSID:10629329 http://www.chemspider.com/Chemical-Structure.10629329.html 
(accessed Jun 20, 2021). 

(17)  CSID:2991 http://www.chemspider.com/Chemical-Structure.2991.html (accessed 
Jun 20, 2021). 

(18)  Brunner, J.; Senn, H.; Richards, F. M. 3-Trifluoromethyl-3-Phenyldiazirine. A New 
Carbene Generating Group for Photolabeling Reagents. J. Biol. Chem. 1980, 255 
(8), 3313–3318. https://doi.org/10.1016/s0021-9258(19)85701-0. 

(19)  Tanaka, Y.; Bond, M. R.; Kohler, J. J. Photocrosslinkers Illuminate Interactions in 
Living Cells. Mol. Biosyst. 2008, 4 (6), 473–480. 
https://doi.org/10.1039/b803218a. 

(20)  A. Fleming, S. Chemical Reagents in Photoaffinity Labeling. Tetrahedron 1995, 



 49 

51 (46), 12479–12520. https://doi.org/10.1016/0040-4020(95)00598-3. 
(21)  Kang, C.-C.; Yamauchi, K. A.; Vlassakis, J.; Sinkala, E.; Duncombe, T. A.; Herr, 

A. E. Single Cell–Resolution Western Blotting. Nat. Protoc. 2016, 11 (8), 1508–
1530. https://doi.org/10.1038/nprot.2016.089. 

(22)  Gopal, A.; Herr, A. E. Multiplexed In-Gel Microfluidic Immunoassays: 
Characterizing Protein Target Loss during Reprobing of Benzophenone-Modified 
Hydrogels. Sci. Rep. 2019, 9 (1), 1–12. https://doi.org/10.1038/s41598-019-
51849-8. 

(23)  Rueden, C. T.; Schindelin, J.; Hiner, M. C.; DeZonia, B. E.; Walter, A. E.; Arena, 
E. T.; Eliceiri, K. W. ImageJ2: ImageJ for the next Generation of Scientific Image 
Data. BMC Bioinformatics 2017, 18 (1), 1–26. https://doi.org/10.1186/s12859-017-
1934-z. 

(24)  Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, 
T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An Open-Source 
Platform for Biological-Image Analysis. Nature Methods. Nature Publishing Group 
July 28, 2012, pp 676–682. https://doi.org/10.1038/nmeth.2019. 

(25)  Dormán, G.; Prestwich, G. D. Benzophenone Photophores in Biochemistry. 
Biochemistry 1994, 33 (19), 5661–5673. 

(26)  Barton, D. H. R.; Jaszberenyi, J. C.; Theodorakis, E. A.; Reibenspies, J. H. The 
Invention of Radical Reactions. 30. Diazirines as Carbon Radical Traps. 
Mechanistic Aspects and Synthetic Applications of a Novel and Efficient 
Amination Process. J. Am. Chem. Soc. 1993, 115 (18), 8050–8059. 
https://doi.org/10.1021/ja00071a017. 

(27)  Zhang, T.; Li, S.; Warden, A. R.; Ghalandari, B.; Li, H.; Zhi, X. A Photoclick 
Hydrogel for Enhanced Single-Cell Immunoblotting. 2020, 1910739, 1–8. 
https://doi.org/10.1002/adfm.201910739. 

(28)  Gehrke, S. H.; Fisher, J. P.; Palasis, M.; Lund, M. E. Factors Determining 
Hydrogel Permeability. Ann. N. Y. Acad. Sci. 1997, 831 (508), 179–207. 
https://doi.org/10.1111/j.1749-6632.1997.tb52194.x. 

(29)  Munoz-Pinto, D. J.; Grigoryan, B.; Long, J.; Grunlan, M.; Hahn, M. S. An 
Approach for Assessing Hydrogel Hydrophobicity. J. Biomed. Mater. Res. - Part A 
2012, 100 A (10), 2855–2860. https://doi.org/10.1002/jbm.a.34289. 

(30)  Hughes, A. J.; Herr, A. E. Microfluidic Western Blotting. Proc. Natl. Acad. Sci. U. 
S. A. 2012, 109 (52), 21450–21455. https://doi.org/10.1073/pnas.1207754110. 

(31)  MacKinnon, A. L.; Taunton, J. Target Identification by Diazirine Photo‐Cross‐
Linking and Click Chemistry. Curr. Protoc. Chem. Biol. 2009, 1 (1), 55–73. 
https://doi.org/10.1002/9780470559277.ch090167. 

 
 
  



50 

Chapter 4: Western blotting using an offset electrode configuration during 
electrotransfer 

This work was performed in collaboration with Andoni P. Mourdoukoutas, Amy E. Herr, 

Krishna Vattem, Brian Webb, Steve Crouse, Paul J. Haney, Kelli D. Feather-Henigan, 

and Carrie Clothier. 

4.1 Introduction 

Problem 
Conventional western blotting protocols involve multiple hands-on steps that are time 
consuming. Furthermore, during the blotting step when proteins are transferred from the 
separation gel to the membrane, there is a risk of over transferring smaller molecular 
weight species such that they pass through the membrane1. To address both of these 
concerns, Thermo Fisher Scientific designed a prototype electrotransfer system with an 
“offset” electrode configuration that would leverage electrotransfer of protein in both the 
vertical and lateral dimensions. The offset design has the potential to 1) prevent over 
transferring smaller-sized species, retaining smaller proteins laterally on the blotting 
membrane as larger proteins elute from the gel and 2) simplify the conventional western 
blot workflow by minimizing handling. However, due to the addition of the lateral 
dimension, non-uniformities arise in electric field and path length, as expected from 
theory, resulting in performance losses such as lower transfer efficiency, particularly 
with higher molecular weight targets and protein band dispersion2. Thus, we determined 
the operational regimes and performance losses for gel-to-membrane electrotransfer of 
separated proteins using an ‘offset electrode configuration’ compared to conventional 
vertical electrotransfer.  

Method 
To investigate the impact of electrode placement on the electric field magnitude and 
electrical current path, we developed a finite element analysis model (COMSOL 
Multiphysics®) to predict the electric field magnitude and electrical current path in 
various electrotransfer system designs, and used the results to develop a modeling 
framework to approximate protein migration velocity (and thus electrotransfer transfer 
times) as functions of gel density, protein size, and EZ. We then experimentally 
validated the results of the model using the offset electrode configuration with standard 
1 mm thick gels and thin (~100 µm) gels, comparing offset transfer performance to the 
standard vertical electrotransfer. Due to the losses observed in the offset electrode 
configuration system, we proposed and modeled alternative electrode designs to 
increase EZ magnitude and reduce non-uniformity of protein electrotransfer times.  

Major Results 
In the initial offset electrode configuration (Gen 1.0), modeling results indicated that the 
EZ magnitude is 10-1-10-4 lower than in conventional electrotransfer, which adversely 
impacts electrotransfer protein velocities of large molecule weight species in particular. 
These modeling results were experimentally confirmed, as poor electrotransfer of large 
molecular weight species was observed in the Gen 1.0 system. As predicted by the 
models, attempts to increase the EZ magnitude for the large molecular weight species 
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did not improve elution of larger molecular weight species from the gel. Furthermore, 
reducing gel thickness by a single order of magnitude did not make up for the >102-fold 
difference in EZ to improve transfer performance. To increase the EZ magnitude, 
alternative ‘offset’ electrode assemblies were designed with the following modifications: 
reduced electrode spacing from 20 mm to 1 mm (Gen 1.1 system), inclusion of multiple 
anodes with one on either side of the cathode (Gen 2.0 system), and a wire mesh 
anode placed directly below the cathode (Gen 2.1 system). Investigation of the EZ 
magnitudes in the alternative systems was performed by modeling analysis: the Gen 1.1 
system EZ ranges from 10-1 to 10-3, the Gen 2.0 system EZ ranges from 10-1 to 10-2, and 
the Gen 2.0 system EZ ranges from 100 to 10-1, compared to conventional 
electrotransfer Ez magnitudes. 
 
Outcome/Conclusions 
The offset electrode configurations resulted in non-uniform, lower EZ magnitude 
compared to the conventional vertical electrode configuration. The reduced EZ 
magnitude adversely impacts protein transfer time, as protein migration velocity is 
linearly related to EZ and this is particularly detrimental for transfer of large molecular 
weight species. Experimentally, large molecular weight species were not able to transfer 
and adjustments to increase the electric field were not sufficient to improve transfer 
performance. Alternative geometries that maintain comparable EZ to the standard 
vertical electrotransfer geometry, such as the wire mesh electrode directly below the 
gel, may result in less performance loss during transfer and would require additional 
experimental investigation to assess efficacy of large molecular weight species transfer 
in such systems. 

4.2 Results and Discussion 

Investigation of EZ in Conventional and Gen 1.0 Electrotransfer Systems by Modeling 
Analysis 

To investigate the impact of electrode placement on the electric field magnitude and 
electrical current path, we developed a finite element analysis model (COMSOL 
Multiphysics®) to predict the electric field magnitude and electrical current path in various 
electrotransfer system designs (Figure 4-1). We applied this modeling analysis to a 
conventional electrotransfer system (Figure 4-1A-C), as well as to an electrotransfer 
system involving an offset electrode arrangement (Gen 1.0 device; Figure 4-1D-F).  
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As expected, modeling analysis in the conventional system indicates that current path is 
parallel to the Z-axis throughout the entire electrotransfer system (Figure 4-1A), and thus 
the magnitude of electric field that contributes to protein electrotransfer (parallel to the Z-
axis, EZ; V/cm) is uniform throughout the entire electrotransfer system (Figure 4-1). To 
specifically evaluate the magnitude of EZ in the active protein electrotransfer region in 
relation to the average magnitude of EZ in the entire electrotransfer system, we plotted a 
dimensionless EZ at the gel-membrane interface as a function of X-location (Figure 4-1C). 
The dimensionless EZ is determined by dividing the magnitude of the X-location specific 
EZ by the average magnitude of EZ in the entire electrotransfer system, facilitating direct 
comparison of EZ at the active protein electrotransfer region to the average EZ in the 
system. We observe dimensionless EZ = 1 at all X-locations, indicating uniform EZ 

Figure 4-1: Finite element analysis model of electric field magnitude and electrical current path in 
various electrotransfer system designs. 
In the conventional electrotransfer system, (A) the electrical current path is uniform and parallel to 
the Z-axis and (B) the electric field magnitude in Z, EZ, is uniform throughout the gel. (C) The EZ in 
the conventional system at the active transfer area is thus also uniform in X. In the Gen 1.0 
electrotransfer system, (D) the electrical current path is non-uniform in Z and includes components 
in X and Z and (E) the EZ is non-uniform throughout the gel. (F) The EZ in the Gen 1.0 system at the 
active transfer area is non-uniform in X and increases with proximity to the anode (+). 
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magnitude that is additionally equivalent to the average EZ magnitude in the 
electrotransfer system. 
 
Application of our modeling analysis to the Gen 1.0 device shows that the electrical 
current path is non-uniform throughout the electrotransfer system and includes 
components in X and Z dimensions (Figure 4-1D). We additionally find that the EZ 
magnitude is non-uniform, particularly at the gel-membrane interface (Figure 4-1E). To 
compare the EZ magnitude in the Gen 1.0 device to the average EZ in the conventional 
system, we non-dimensionalized the EZ at the gel-membrane interface in the Gen 1.0 
device by dividing EZ by the average EZ in the conventional system. The dimensionless 
EZ is plotted as a function of X-location, showing that the EZ magnitude is 10-1-10-4 lower 
than in conventional electrotransfer (Figure 4-1F). 

Investigation of Protein Electrotransfer Timescale in Gen 1.0 System by Modeling 
Analysis 

Using the results of our electric field modeling analysis, we sought to develop a modeling 
framework to approximate protein migration velocity (and thus electrotransfer transfer 
times) as functions of gel density, protein size, and EZ. Protein electromigration velocity 
(v; cm/s) is linearly proportional to the electric field strength and the electrophoretic 
mobility (μ; cm2/V·s) 

 𝑣 = 𝜇𝐸 4.1 

The Ferguson relation3 describes protein electromigration in polyacrylamide gel 
electrophoresis as 

 𝜇 = 10−𝐾𝑟∗%𝑇 4.2 

where Kr is the retardation coefficient, and %T is the total acrylamide concentration4. Kr 
is related to the size of the protein and the sieving quality of the separation matrix, and 
follows a linear relationship with molecular weight for most proteins3,5  

 𝐾𝑟 = 𝐴 + 𝐵 ∗ 𝑀𝑊 4.3 

where A and B are empirically determined constants that are unique to a particular 
system. Ultimately, a governing equation for protein velocity that incorporates gel density, 
protein molecular weight, and electric field strength can be described as 

 𝜇 = 10−(𝐴+𝐵∗𝑀𝑊)∗%𝑇 4.4 

 𝑣 = 𝐸𝑍 ∗ 10−(𝐴+𝐵∗𝑀𝑊)∗%𝑇 4.5 

As approximations of A and B in our system, we accepted values determined in previous 
studies using similar polyacrylamide gel electrophoresis systems (A = -0.001, B = 2.2*10-

3)6. To describe protein electromigration velocity in our electrotransfer systems, we can 
input EZ (from Figure 4-1 modeling analysis) and the range of MW and %T of interest. 
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We demonstrate this modeling framework as a tool to relate μ to any combination of MW 
and %T by plotting the μ for protein targets with MW ranging from 5 to 200 kDa in distinct, 
uniform %T gels from 4 to 14%T (Figure 4-2A). For protein targets that have undergone 
electrophoretic separations in a %T gradient gel, protein MW can be spatially encoded 
across the gradient gel such that a high to low MW distribution overlays a low to high %T 
gradient; large MW proteins exist in low %T gel regions, and small MW proteins exist in 
high %T gel regions. To model protein transfer velocity resulting from this combination of 
non-uniform spatial distributions of MW and %T, we plot protein transfer velocity as a 
function of a %T gradient gel (4 to 14%T, linearly increasing) and size separated protein 
MW distribution (200 to 5 kDa, linearly decreasing), considering the electric field profiles 
in a conventional electrotransfer system, the Gen 1.0 device, and a Gen 1.0 device with 

the gel orientation flipped with respect to the electrode arrangement (Figure 4-2B, top). 
Electric field profiles in the Gen 1.0 and Gen 1.0 with flipped gel orientation are shown in 
Figure 4-2B, bottom, with respect to the %T and MW distributions. In the conventional 
electrotransfer system, the electric field is spatially uniform. The transfer velocities are all 
non-dimensionalized by dividing all the transfer velocities by the fastest moving analyte 
(a 5 kDa protein in a 14%T gel under the electric field in the conventional electrotransfer 
system). We thus developed an analytical model to approximate protein transfer velocity 

Figure 4-2: Relationship between μ to any combination of MW and %T 
(A) Protein transfer time depends on the electric field and protein electrophoretic mobility. 
Electrophoretic mobility depends on the gel pore size, determined by %T, and the molecule’s 
retardation coefficient which, in a denatured system, scales linearly with protein molecular weight. 
(B) Taking all these factors into account and modeling the dimensionless transfer time, the transfer 
time of the largest protein in the offset system (blue line) is 10-5 slower than the convectional vertical 
electrotransfer due to the lower electric field in that region of the gel (blue line). Reversing the 
orientation such that the higher molecular weight proteins are in the region with highest electric field, 
in the offset system (orange line), reduces the transfer time, but it is still 102 slower transfer than 
conventional system.  
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as functions of gel %T, protein MW and applied EZ. We applied this framework to 
determine transfer velocities of size separated proteins in a gradient gel with three 
different electrotransfer systems; a conventional system, the Gen 1.0 device, and a Gen 
1.0 device with a flipped gel orientation. In the Gen 1.0 system, protein transfer velocities 
were 10-1 to 10-4 slower than in the conventional system. In the Gen 1.0 system with the 
gel orientation flipped, protein transfer velocities were 10-1 to 10-3 slower than in the 
conventional system. Our modeling analysis indicates that the Gen 1.0 device is a tool to 
shape non-uniform spatial distributions of Ez in an electrotransfer system, but adversely 
impacts protein electrotransfer velocities compared to conventional electrotransfer 
systems. 

Experimental Investigation of Protein Transfer Efficiency using Offset Electrode 
Configurations 

To experimentally validate the simulated models, we tested the offset transfer using 
standard 1mm-thick gels with standard semi-dry transfer buffer (Figure 4-3A). To improve 
transfer, we tested 1) increasing voltage to increase E-field and 2) reversing the gel 
orientation during electrotransfer to place larger molecular weight proteins closer to anode 
where there is higher magnitude E-field (Figure 4-3B). Based on the linear relationship 
between electrophoretic mobility and electric field strength, we hypothesize that 
increasing the electric field will improve transfer of larger MW proteins in the offset transfer 
geometry compared to the original offset set up. 

To test the impact of gel orientation during transfer we ran two samples of iBright Protein 
Standard ladder via conventional PAGE using a 14%T Tris-glycine gel and 1x Tris-
Glycine run buffer. After the separation, the gel was then cut in half, and one separation 
lane was reversed to have opposite orientation to the other lane. During the offset 
transfer, there was one lane with the original orientation with larger molecular weight 
proteins closer to the cathode (weaker E-field) and one lane with reverse orientation with 
larger molecular weight proteins closer to the anode (stronger E-field). Both gels were 
transferred to the same nitrocellulose membrane simultaneously using the offset 
electrode configuration transfer system. Pierce™ 1-Step Transfer Buffer was used for the 
transfer step. The nitrocellulose membrane was then imaged to compare protein transfer 
and signal of the two orientations. All gels were run using the same settings for the 
separation. We tested the reverse orientation at three different voltages during 
electrotransfer to determine if the combined effect of reverse orientation and higher 
electric fields would improve transfer. We tested three different voltages: 50V, 75V and 
100V and electrodes were spaced 5 cm apart for all 3 conditions for average electric fields 
of 10 V/cm, 15V/cm and 20 V/cm. The nitrocellulose membranes post-transfer were 
imaged using the iBright using the same imaging settings (exposure time and optical 
zoom) and area under the curve and SNR of the proteins bands was quantified (Appendix 
S1). For analysis, protein band 10 refers to the smallest MW protein, regardless of 
orientation. 
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We observed that regardless of orientation, only the lower molecular weight proteins were 
eluted from the gel and transferred out of the gel to the nitrocellulose membrane. This 
aligns with the predicted results from the model indicating that the transfer velocity of 
smaller molecular weight species will always be higher than larger molecular weight 
species (Figure 4-2B). Furthermore, the relatively small increases in electric field, 
compared to the orders of magnitude difference in the models, did not substantially 
improve the detectable (SNR >3) transfer of high molecular weight proteins. We note that 
faint bands corresponding to larger molecular weight proteins were visible by eye in the 

Figure 4-3: Experimental results of using offset electrode configuration to perform electrotransfer in 
forward and reverse orientations 
(A) Experimental schematic: Protein ladder was run using conventional PAGE using a 14%T Tris-
glycine gel. Offset transfer was performed with one lane with smaller MW proteins closer to the 
anode where the E-field is highest. The other lane had the reverse orientation such that the larger 
MW proteins were in the region of higher E-field. (B) SNR, AUC and fluorescence image of detected 
protein bands transferred to the nitrocellulose membrane for each voltage setting (50V, 75V, and 
100V) and both gel orientations. 
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reverse orientation compared to the standard orientation, but none of the additional bands 
had an SNR >3. This further verifies the modeling that the z-direction mobility of the high 
MW proteins is not high enough to leave the gel, even in the highest E-fields in the offset 
system. We also note that the higher voltage condition (100V), did not result in increased 
dispersion of smaller molecular weight bands as previously observed. there was not 
dispersion of the lower MW that had been previously observed. We hypothesize that the 
lower current in the current run (6-9 mA) compared to previous run (30-40 mA). To reduce 
variation, it will be important to standardize the protocol (e.g. cutting the wicks all to the 
same size, loading the same volume of buffer, cutting the NC membranes and gels to the 
same size). 

Experimental Investigation of Protein Transfer Efficiency in Thin-Gel Assemblies 

We next investigated if reducing gel thickness reduces transfer such that offset transfer 
of large molecular weight protein is feasible (Figure 4-4). We compared transfer of protein 
separation from a standard 1 mm thick gel and vertical semi-dry transfer (Figure 4-4A) to 
a thin-gel separation and offset electrode configuration transfer (Figure 4-4B). Protein 
transfer time scales linearly with distance and inversely with electric field. Based on the 
results of the models, the Z-direction electric field in the offset system varies by >102-fold, 
however we can only reduce the distance (thickness of the gel) by a factor of 10 (from 
1mm thick gels to 100 μm). To perform electrotransfer of protein using thin gels, we first 
fabricated thin (~125 μm) 8%T fsPAGE gels on top of NetFix (60 μm) to provide 
mechanical support for handling the gel during transfer. The total thickness of the thin gel 
was ~185 μm (Appendix S2). Purified BSA protein labeled with Alexa Fluor 555 was run 
using horizontal fsPAGE (Appendix S2). After running the separation, the blot transfer 
was run using the offset electrode configuration to transfer both the BSA monomer and 
dimer to a nitrocellulose membrane. The offset transfer was run for 3 minutes at 75V, with 
electrodes spaced 5 cm apart (15 V/cm). 
 
We observed that the smaller BSA monomer (66 kDa) was successfully transferred to the 
nitrocellulose membrane, but the larger BSA dimer (132 kDa) was not. The thin gels do 
not appear to improve transfer of large molecular weight proteins out of the gel in the 
offset electrode configuration as the single order of magnitude reduction in transfer 
distance does not make up for the several orders of magnitude difference in transfer 
velocity between larger and smaller molecular weight species. Additionally, the post-
transfer protein band of the BSA monomer on the nitrocellulose membrane had a greater 
band width than the protein band in-gel potentially indicating that protein travelled down 
and laterally from the gel to the membrane. 
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Investigation of EZ in Gen 1.1 Electrotransfer System by Modeling Analysis 

To increase EZ magnitude and reduce non-uniformity of protein electrotransfer times 
compared to the Gen 1.0 device, we sought to investigate new electrode configurations 
for reduced voltage loss across active transfer area (gel-membrane boundary). We first 
sought to increase EZ magnitude by reducing the electrode spacing in the Gen 1.0 system 
(Gen 1.1 system; Figure 4-5A,B). By reducing the electrode spacing from 20 mm (Gen 
1.0) to 1 mm (Gen 1.1), we observe a 101 increase in EZ magnitude (Figure 4-5C). While 
this validates our assumptions of the design rule that minimizing electrode spacing can 
maximize EZ magnitude, EZ min the Gen 1.1 system is still 10-1 to 10-3 lower than in the 
conventional electrotransfer system.  
 

Figure 4-4: Experimental results of using offset electrode configuration to transfer protein out 
of thin gels 
(A, Left) Protein ladder separation in 1mm gel prior to transfer using conventional vertical 
PAGE tank system. (A, Right) Nitrocellulose membrane post-transfer using standard vertical 
semi-dry transfer system. (B, Left) Purified protein (BSA monomer and dimer) in gel following 
fsPAGE horizontal separation using a ~125 μm thick gel. (B, Right) Nitrocellulose membrane 
post-transfer using offset electrode configuration 
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Investigation of EZ in Redesigned Gen 2.0 and 2.1 Electrotransfer Systems by Modeling 
Analysis 

We next sought to increase EZ over the active transfer area by using multiple anodes as 
a method to reduce electrode spacing at both ends of the cathode (Gen 2.0 system; 
Figure 4-6A,B). In this Gen 2.0 assembly, we use learnings from the Gen 1.1 system to 
inform the Gen 2.0 electrode separation design and include 1 mm of spacing between 
cathode edges and each anode. We observe the EZ magnitude at each edge of the 
cathode in the Gen 2.0 design to be 10-1 lower than in the conventional electrotransfer 
system (Figure 4-6C). This represents an improvement over the Gen 1.1 system, where 
EZ at the edges of the cathode were 10-1 (proximal to lone anode) and 10-1 (distal to lone 
anode) lower than in the conventional electrotransfer system. Additionally, we observe 

Figure 4-5: Finite element analysis model of electric field magnitude and electrical current path in 
Gen 1.1 design  
(A,B) The Gen 1.1 electrotransfer system aims to increase EZ magnitude at the active transfer area 
by reducing spacing between the cathode and anode from 20 mm in the Gen 1.0 system to 1mm 
in the Gen 1.1 system. (C) EZ magnitude in the active transfer area is an order of magnitude larger 
in the Gen 1.1 system than Gen 1.0 system. 
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that in the Gen 2.0 system, the EZ minimum is 10-2 lower than the conventional system 
(instead of 10-3 in Gen 1.1) and occurs in the center of the gel. 
 

 

Figure 4-6: Finite element analysis model of electric field magnitude and electrical current path 

in Gen 2.0 design  

(A,B) The Gen 2.0 system aims to increase EZ magnitude at the active transfer area by 
including multiple anodes, one on either side of the cathode. (C) EZ magnitude at each edge 
of the active transfer area is has a value of 10-1, but the gel center has a minimum EZ value of 
10-2. 
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Lastly, we sought to increase EZ over the active transfer area by using a wire electrode 
mesh placed directly below the electrotransfer assembly (Gen 2.1 system; Figure 
4-7A,B). Use of a wire electrode mesh (as opposed to an electrode plate) would permit 
membrane visualization as well as access of fluid reagents to the membrane (critical for 
immunoprobing proteins immobilized in membrane) without disassembling the electrode 
arrangement. Using a wire electrode mesh with 1 mm diameter wires spaced 5 mm apart, 
we observe minimum EZ values 10-1 lower than in conventional systems (Figure 4-7C). 
The EZ minimums occur at the midpoint between each electrode wire. Maximum EZ values 
occur directly above each electrode wire and are 100, indicating no difference between 
the Gen 2.1 system and the conventional electrotransfer systems at these locations.  
From our modeling analysis, we observe that the EZ magnitude is 10-1 to 10-4 lower at the 
active transfer area when using offset electrode assemblies as compared to the 
conventional electrotransfer system. Reduced magnitude of EZ adversely impacts protein 
transfer time, as protein migration velocity is linearly related to EZ. Thus, 10-1-10-4 lower 

Figure 4-7: Finite element analysis model of electric field magnitude and electrical current path 

in Gen 2.1 design  

(A,B) The Gen 2.1 system aims to increase EZ magnitude at the active transfer area by 
including a mesh of wire electrodes directly below the capture membrane. (C) EZ magnitude 
is at minimums of 10-1 between each wire electrode, and EZ maximums of 100 directly above 
each wire. 
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EZ magnitude results in 101-104 longer electrotransfer times. The use of a wire mesh 
electrode introduces maximum EZ values of 100, and minimum EZ values of 10-1. Further 
investigation of the Gen 2.1 system would be required to determine its compatibility with 
protein electrotransfer, as limited buffer capacity and introduction of gas products via 
electrolysis may present additional challenges to protein migration. The results of the EZ 
magnitudes at the active transfer area for all electrotransfer systems are summarized for 
direct visual comparison in Figure 4-8. 

4.3 Conclusion & Next Steps 

Here, we investigated an offset electrode configuration as a system for gel to membrane 
protein electrotransfer. Our investigation involved a modeling analysis of the electric field 
magnitude and electrical current path resulting from electrode placement, and an 
experimental investigation of protein electrotransfer transfer using the offset electrode 
arrangements with conventional 1mm and thin (100μm) gels. Our modeling analysis 

indicates that the electric field magnitude is 10-1 to 10-3 lower than in conventional 
electrotransfer systems, presenting a challenge to electrotransfer of large molecular 
weight proteins in the offset electrode system. The results of the modeling analysis are 
supported by our experimental investigation of protein electrotransfer, as we observed 
poor electrotransfer of large molecular weight species in the offset electrotransfer system 
(compared to conventional electrotransfer system) regardless of gel thickness. To 
mitigate voltage loss across active electrotransfer areas, we investigated the design of 
Gen 2.0 electrotransfer systems with alternative electrode configurations via a modeling 
analysis of the electric field magnitude and electrical current path in the Gen 2.0 systems. 
 
Our proposed next steps for this study involve continuing the investigation of Gen 2.0 
electrotransfer systems beyond the initial modeling analysis. Specifically, we propose (i) 
investigation of the physical assembly of proposed Gen 2.0 electrotransfer systems and 
(ii) experimental investigation of gel to membrane protein electrotransfer in Gen 2.0 
electrotransfer systems. We propose that the experimental investigation of gel to 
membrane protein electrotransfer in Gen 2.0 systems would be performed in thin (~100 
μm thick) gels using NetFix as a gel support material, and would include an analysis of 
protein dispersion during electrotransfer. Additional challenges to using thin gel systems 
include limited buffering capacity of the electrotransfer system. Conception of Gen 2.0 

Figure 4-8: Comparison of the EZ magnitude at the active transfer area in all electrotransfer 
system. 
(A) conventional system, (B) Gen 1.0 and Gen 1.1, (C) Gen 2.0, and (D) Gen 2.1. 



 63 

systems with sufficient buffering capacity during minimum electrotransfer time required 
for protein elution would thus be an additional next step.  

4.4 Appendix 

S1 MATLAB Image analysis script to quantify AUC and SNR from gels and 
nitrocellulose membranes imaged on the iBirght  

1. Rotate and Align the Image: 
Import raw TIFF image into 
MATLAB. Select the middle of 
band near the top and bottom to 
draw a reference line to rotate the 
image to the straight.  

 

 

2.  Select ROI: Manually draw box 
around lane to analyze.  

 

 

3. Generate Intensity Profile: 
Background subtraction 
performed using a gutter region 
on the left and right (blue lines). 
Then an average intensity profile 
is generated for peak fitting 
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4. Input parameters for Gaussian 
Fitting: Input number of peaks to 
Gaussian fit and input left (blue 
line) and right (green line) 
boundaries for each peak 

 

 
5. Use to MATLAB perform 

Gaussian peak fitting: Using the 
Gaussian fits, extract 
measurements such as peak 
amplitude, peak width, AUC, and 
R2 value of fit.  

 

 
 

S2 NetFix Gel Fabrication and fsPAGE protocol (adapted from T. A. Duncombe and A. 
E. Herr, Lab on a Chip, 2013) 

To perform offset transfer with thin gels, we fabricated thin gels with NetFix to perform fsPAGE 
separation and then offset transfer. The fsPAGE separation system7 typically utilizes thin gels (100-
200 μm tall) fabricated on a glass slide to perform horizontal protein separations. Here, we have 
adapted the system, fabricating thin gels on NetFix to run the horizontal protein separation.  

NetFix Thin Gel Fabrication process: 

First to adhere the NetFix to the glass slide, a ~20 μL drop of gel precursor solution (before 

adding APS and TEMED) was pipetted onto the glass slide and a Western Blot Roller 
was used to roll across the NetFix to adhere the NetFix to the glass slide and remove any 
bubbles. TEMED and APS were added to the remaining gel precursor before it was 
pipetted onto the SU-8 wafer mold. Then the glass slide with NetFix was placed on top of 
the wafer, with the NetFix side face down, to sandwich the gel precursor in between the 

Figure 4-9: Schematic of step-by-step NetFix gel fabrication. 
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wafer and glass slide (Error! Reference source not found.). The NetFix sits on top of 
the SU-8 wafer posts that form the sample wells in the gel. NetFix add about 60 μm to 
the total gel thickness, which is primarily determined by the height of the SU-8 wafer 
features. Gels were polymerized for 20 minutes before lifting off of the wafer. With the 
NetFix support, gels can be removed from the glass slide to be free standing and easily 
handled without breaking. Gels were incubated in fsPAGE run buffer solution until sample 
loading and electrophoresis.  

For standard fsPAGE, the run buffer is a 1x Tris-Glycine solution with 10% glycerol and 
0.5% Triton X-1007. A purified protein solution containing 3µM BSA-AF555 was prepared 
in the fsPAGE run buffer.  

To perform the fsPAGE separation, the NetFix gel was gently dried with Kimwipe to 
remove excess buffer before being placed on a dry glass slide which provided a uniform 
flat surface. Serva electrode wicks were cut in half and pre-soaked in fsPAGE run buffer 
before being attached to carbon electrodes using rubber bands. The wicks were gently 
blotted on a Kimwipe to remove excess buffer before the carbon electrodes (with wicks 
facing downward toward the gel surface) were placed on the surface of the gel, 3 cm 
apart. Then 0.3-0.5 µL of protein solution was loaded into each well. The separation was 
run for 3 min at 300V (100V/cm) and protein migrated laterally through the gel. After 
separation, the electrophoresis chamber was disassembled and the NetFix gel was 
removed from the glass slide and transferred to the offset electrode configuration transfer 
system.  

Detailed fsPAGE protocol  

1. Place NetFix on top of a drop of gel precursor on 
a clean unsilanized glass slide 

 

2. Use a Western blot roller to remove any air 
bubbles from the NetFix membrane and gel 
precursor solution 
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3. Add TEMED and APS to remaining gel precursor 
and pipette ~250 µL on SU-8 wafer with posts. 
Be sure to treat SU-8 wafer with gel slick before 
gel fabrication so prevent gel from sticking to 
wafer.  

 

4. Place NetFix slide on top of gel precursor to 
sandwich (NetFix side facing the wafer). Let gel 
polymerize for ~15-20 minutes 

 

5. After gel polymerization, lift slide with 
polymerized gel off of wafer 

 

6. Gently peel the NetFix-gel off of the glass slide 
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7. Place NetFix-gel on a glass slide and in the 
fsPAGE electrophoresis chamber. Place wicks 
soaked in run buffer on the surface of the gel 

 
fsPAGE electrophoresis 
chamber 

 

8. Place electrodes on top of the wicks and then fill 
the wells with 0.5 µL of protein sample 

 

9. Connect electrode to power source and run 
separation 
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Chapter 5: Developing Methods to Measure the Sub-Cellular Localization of 
Estrogen Receptor-α (ERα) Isoforms 

5.1 Introduction 

Approximately 70% of breast cancers (BCa) express the oncoprotein estrogen receptor-
α (ER-α) which is a key mediator controlling cell proliferation1. Common therapies to treat 
ER-α+ tumors include hormone therapies, such as tamoxifen, which represses 
transcription of ER-α target genes to reduce tumor size1. However, approximately 60% of 
patients who receive hormone therapy do not see an increased 5-year survival rate,2,3 
and ~100% of late-stage and ~50% of early-stage BCa are resistant to hormone 
therapies.4,5 Furthermore, 5~10% ER-negative breast tumors have shown sensitivity to 
tamoxifen, but with current treatment guidelines would not be classified to receive 
hormone treatment1,6,7. New tools capable of identifying mechanisms of hormone 
response in heterogenous BCa populations will help address a major challenge in 
developing targeted BCa treatments. 

Contemporary clinical guidelines focus on the presence of ER in the nucleus using 
immunohistochemistry (IHC)8. However, there is evidence that ER-α and truncated 
isoforms are involved in non-classical signaling pathways outside of the nucleus. First, 
membrane-bound ER-α has been shown to result in rapid activation of MAPK and Akt 
kinase signaling to promote cell growth9. Second, resistant cells that had undergone long-
term Tamoxifen (TAM) treatment exhibit greater ER-α localization to the cytoplasm and 
plasma membrane compared to untreated cells10. Third, the identification of ER-α sub-
cellular localization alone is not enough to evaluate drug sensitivity. Truncated isoform 
ER-α46 is also expressed in the plasma membrane and is known to dimerize with ER-
α66 to block downstream signaling11. Transfection of the isoform into TAM-resistant cells 
has been shown to restore drug sensitivity12. Intriguingly, triple negative breast cancer 
patients who either lack the full length ER-α protein or have very low expression levels, 
can exhibit truncated ER isoforms.13,14  

Consequently, to better understand ER-α isoform mechanisms, we investigated methods 
for specific measurement of ER-α isoforms and the sub-cellular localization of said 
isoforms. While differential fractionation assays utilize separations to detect truncated 
isoform localization, all of these assays are bulk assays, which are subject to averaging 
protein expression from a population of cells such that resolution of rare protein signals 
are obscured as well as subject to high sample loss. With single-cell resolution, available 
technologies to measure protein sub-cellular localization, such as immunocytochemistry, 
are unable to discern truncated isoforms due to lack of antibody specificity. In a second 
shortcoming, these single-cell assays can be subject to fixation artifacts that generate 
diffusion gradients during the fixation process that cause mis-localization of proteins15,16. 
Single-cell genomic and transcriptomic measurements such as single-cell RNA and DNA 
FISH or single-cell sequencing provide great insight into which and how many genes and 
transcripts expressed, but has been shown to be poorly correlated to single-cell protein 
measurements and also do not provide spatial information regarding protein activity.17 

 



 70 

We hypothesize that differential ER-α expression intracellularly versus on the plasma 
membrane indicates sensitivity to ligand activation (e.g. E2, tamoxifen). Localization of 
ER may offer an avenue for improved classification of drug efficacy as ER-α localized to 
the plasma membrane participates in ligand-independent non-classical ER-α signaling 
pathways18. Thus, we introduce a single-cell surface receptor pull-down assay (scPD) to 
quantify plasma membrane localized ER-α distinct from intracellular ER-α. Furthermore, 
we hypothesize that expression of ER-α isoforms, particularly truncated ER-α isoforms, 
is another measure of drug sensitivity. As a corollary hypothesis, we posit that the sub-
cellular localization of these isoforms determines which signaling pathways are 
activated upon ER-α activation. Thus, we will advance, validate, and apply a single-cell 

resolution differential detergent fractionation assay (scDDF) suitable for breast cancer 
cells. 

5.2 Materials and Methods 

Reagents 

30%T, 3.3%C acrylamide/bis-acrylamide (29:1) (A3574, Sigma), ammonium persulfate 
(APS, A3678), and tetramethyl- ethylenediamine (TEMED, T9281) for gel 
polymerization, dichlorodimethylsilane (440272) and 3-(trimethoxysilyl)propyl 
methacrylate (440159) for wafer and glass silanization, respectively, bovine serum 
albumin (BSA, A7638), β-Estradiol 6-(O-carboxymethyl)oxime:BSA (E5630), Hoechst 
33342 (B2261), digitonin (D141), and urea (U5378) were purchased from Sigma-
Aldrich. Triton X-100 (BP-151), phosphate buffered saline (PBS, 10010023), RPMI 
1640, no phenol red medium (11-835-030), penicillin–streptomycin (15070063), wheat 
germ agglutinin, AF488 (W11261), BSA-FITC (A23015), and fetal bovine serum, 
charcoal stripped (A3382101) were purchased from Thermo Fisher Scientific. 1.5 M 
Tris-HCl, pH 8.8 (T1588) was purchased from Teknova, 10x tris-glycine buffer 
(1610734) was purchased from Biorad, and 10x Tris buffered saline with Tween 20 
(TBST, 9997S) was purchased from Cell Signaling Technologies. VA-086 (61551) was 
purchased from Wako Chemicals. Deionized water (18.2 MΩ) was obtained using an 
Ultrapure water system from Millipore. N-[3-[(3-Benzoylphenyl)formamido]propyl] 
methacrylamide (BPMAC) was custom synthesized by PharmAgra Laboratories19,20. 

Antibodies.  

The primary protein antibodies to GAPDH (goat pAb; SAB2500450, Sigma), GFP (goat 
pAb; ab6673, Abcam), β-tubulin (rabbit pAb; ab6046, Abcam), α-Actinin (rabbit mAb, 
6487S, Cell Signaling Technology), ER-α (rabbit mAb; RM9101S, Thermo Fisher 
Scientific), FITC (mouse mAb; MA5-14696, Thermo Fisher Scientific), PTBP1 (mouse 
mAb; WH0005725M1, Sigma-Aldrich), CK-8 (mouse mAb; C5301, Sigma-Aldrich), and 
mTOR (rabbit, 2983S; Cell Signaling Technologies) were used. Secondary antibodies to 
goat IgG prelabelled with Alexa Fluor 647 (A21447), rabbit IgG pre-labelled with Alexa 
Fluor 555 or 647 (A31572 and A31573), and to mouse IgG pre-labelled with Alexa Fluor 
488 or 555 (A11001 and A21424) were purchased from Thermo Fisher Scientific. All 
primary antibodies were used at a 1:10 dilution in 2% TBST/BSA from stock 
concentrations and incubated for 2 hours at room temperature, except for anti-GAPDH 
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and anti-ER-α, which were incubated for 3 hours at room temperature. Secondary 
antibodies were diluted to a 1:20 working concentration in 2% TBST/BSA from stock 
and incubated for 1 hour at room temperature, protected from light.  

SU8 and PA gel fabrication.  

SU8 fabrication to generate the master mold and PA gel fabrication were performed as 
described previously19,21. 5%T, 6%T, and 8%T PA gels were fabricated to all have 
microwell diameter and depth of 30 μm and 45 μm respectively on wafers (WaferPro 
C04009) microfabricated with SU-8 3050 photoresist (Kayaku Advanced Materials 
Y311075) and coated with dichlorodimethylsilane. All PA gels on the single-cell PAGE 
slides were chemically polymerized with 0.08% APS and 0.08% TEMED. 

Cell lines, Drug Treatment, and Cell harvesting. 

MCF-7 and MCF7-GFP cells were obtained from the American Type Culture Collection 
(ATCC) and authenticated (Promega). Both cell lines were maintained in RPMI 1640 
supplemented with 1% penicillin/streptomycin and 10% FBS. Cells were kept in a 37 °C 
incubator at 5% CO2. 48 hours prior to drug treatment of MCF-7 cells, cell media was 
changed to phenol red free RPMI1640 and charcoal stripped FBS with 1% P/S to 
eliminate any estrogen activity originating from serum steroids. E6-BSA-FITC was 
dissolved in 1x PBS to make 1 g/L stock concentration. The stock solution was spun 
down to remove free E6 or free FITC dye. 400 μL was added to a centrifugal filter unit 
with MW cut-off of 3000 and centrifuged at 14,000 x g until 50 μL of the retentate 
remains. The retentate was washed 3x with 350 μL of buffer to adjust to 400 μL. BSA-
FITC was dissolved in 1x PBS to make 2 g/L stock concentration. Cells were either 
treated with 1 μM of E6-BSA-FITC or 1 μM BSA-FITC and incubated for 30 minutes at 
37°C before washing twice with 1x PBS. For single-cell PAGE, drug-treated cells were 
harvested using a cell scraper (Falcon, 353085), and resuspended in 4 °C 1X PBS at a 
concentration of ∼106 cells per mL. For single-cell DDF, cells were harvested using 
0.05% Trypsin-EDTA (Gibco, 25300-054), and resuspended in 4 °C 1× PBS at a 
concentration of ∼106 cells per mL  

Single-cell PAGE.  

Single-cell PAGE was performed as described previously19,21. Briefly, cells were 
pipetted over the PA gel and settled by gravity into the microwells patterned in the PA 
gel. Lysis buffer heated in a water bath to 55 °C was poured over the PA gel in order to 
lyse the cells in the microwells for 30 seconds. An electric field (E =40 V/cm) was 
applied to inject and separate proteins for 30 seconds in the PA gel abutting the 
microwell. After separation, proteins were immobilized to the gel matrix via a 45 second 
exposure to UV (Lightningcure LC5, Hamamatsu) which activated the benzophenone 
methacrylamide cross-linked into the PA gel to immobilize proteins in the gel matrix19,21. 
Immobilized proteins were probed in-gel by diffusing fluorescently labelled antibody 
probes into the PA. A fluorescence microarray scanner (Genepix 4300A, Molecular 
Devices) equipped with 4-laser lines (λ = 488, 532, 594, 635) acquired fluorescence 
readout. Subsequent rounds of antibody stripping were performed were performed over 
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the course of  9 months following the protocols for multiplexed protein analysis, as 
detailed previously19,21. Because all proteins from a single-cell are sieved in the gel 
matrix simultaneously and subsequently immobilized in-gel, additional targets can be 
immunoprobed months after the separation is performed. Previous work has 
demonstrated the long-term stability of single-cell PAGE slides demonstrating the ability 
to detect protein after 4 months of storage and the ability to strip immunoprobed protein 
signal after 7 months of storage7.  

Hydrogel lid fabrication  

Hydrogel lids soaked in cell lysis differential detergent fractionation buffers were used to 
deliver buffer to single cells and fabricated as previously described using 
photopatterning methods22,23. Briefly, a 15% polyacrylamide precursor solution (29:1 
acrylamide/bis-acrylamide) with 1% VA-086 was prepared in water. The precursor 
solution was pipetted between two hydrophobic glass plates that had been coated with 
Gel Slick and were separated by 500 μm tall spacers. The glass plates were then 
placed on top of a photomask containing the pattern for the lids (rectangle measuring 
50× 70 mm), and the polyacrylamide was polymerized with ultraviolet light (λ = 365 nm) 
for 45 s at 20 mW·cm−2. The completed lids measured 50× 70× 0.5 mm. Following 
fabrication, the lids were soaked in the appropriate buffer for at least 1 hour be use.  

Single-cell differential detergent fractionation (scDDF) assay 

scDDF was performed as described previously24. Briefly, cells were pipetted over the 
PA base gel and settled by gravity into the microwells patterned in the PA base gel. 
After 5-10 minutes of settling, excess cells were washed off of the surface of the base 
gel layer with PBS, leaving only the cells in the microwells. The PBS is exchanged out 
of the base layer by incubating in 1x Tris-glycine for 20 s. The cell-containing base layer 
is transferred to the electrophoresis chamber containing carbon electrodes spaced 3 cm 
apart. The gel lid containing the cytoplasm-specific buffer (1% v/v Triton X-100, 0.125 
mg/mL digitonin, and 0.5x Trig-glycine buffer)24 was placed on top of the base layer, 
initiating lysis. After lysis an electric field (E = 40 V/cm) was applied to inject and 
separate cytoplasmic proteins in the PA gel abutting the microwell. After separation, 
cytoplasmic proteins were immobilized to the gel matrix via a 45 second exposure to UV 
(Lightningcure LC5, Hamamatsu) which activated the benzophenone methacrylamide 
cross-linked into the PA gel to immobilize proteins in the gel matrix19,21. The lid 
containing the cytoplasm-specific buffer was removed and replaced with the lid 
containing the nucleus-specific buffer (1% SDS, 0.5% mg/mL sodium deoxycholate, 
0.1% v/v Triton X-100, and 0.5x Tris-glycine buffer)24, initiating lysis of the intact nuclei 
retained in the microwells. After nuclear lysis, PAGE on the nuclear fraction was 
performed by applying an electric field (E =40 V/cm) in the opposite polarity of the 
cytoplasmic PAGE step. Following the completion of the nuclear PAGE step, the 
nuclear proteins were immobilized to the gel matrix via a 45 second exposure to UV 
which re-activated the benzophenone methacrylamide cross-linked into the PA gel to 
immobilize proteins in the gel matrix19,21.  

Chemical Stripping and Reprobing.  
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Harsh stripping buffer was made with 62.5 mM Tris-HCl (pH 6.8), 2% SDS, and 0.8% β-
mercaptoethanol. Wash buffer consisted of 1x TBST. Gels were incubated in stripping 
buffer at 55–57 °C for ≥ 1 hr. Gels were subsequently washed in 1x TBST for ≥ 1 hr, 
before the next round of immunoprobing.  

Immunoblot signal quantification and statistical analysis.  

The data sets reported here are available from the corresponding author on reasonable 
request. The images were first processed in Fiji25,26 by applying a median filter using the 
“Remove Outliers” macro with a 2-pixel radius and a threshold value of 50 AFU to 
remove punctate noise. Then quantification of fluorescence signal from immunoblots 
was processed by in-house scripts written in MATLAB (R2018b) as previously 
described21. Gaussian curves were fit to fluorescence intensity profiles in MATLAB 
(R2018b, Curve Fitting Toolbox) in order to obtain the mean μ (used to describe the 
protein migration distance) and the variance σ2 (used to calculate peak width as 4σ). 
Area-under-the-curve (AUC) analysis of the intensity profiles was performed to quantify 
immunoblot signal 4σ from the fitted-curve peak location. The signal-to-noise ratio was 
calculated by taking the peak value of the Gaussian fit curve and dividing by the 
standard deviation of the background region from the 4σ region surrounding the peak. 
Only protein peaks with SNR ≥ 3 were included in downstream quantification of AUC 
and σ comparisons. Plots and statistical tests were generated and performed with R 
(version 3.6.1). 

Cell treatment with WGA-AF488 for real-time imaging of cytoplasmic cell lysis  

Naïve MCF-7 cells were treated with wheat germ agglutinin and Hoechst for real-time 
imaging of cell membrane lysis and cytoplasmic protein electromigration and the cell 
nucleus. After harvesting cells, cells were resuspended in 1x PBS solution, containing 5 
µg/mL final concentration of wheat germ agglutinin conjugated to Alexa Fluor 488. Cells 
were incubated in staining solution for 10 minutes at 37°C. Following staining, cells 
were washed twice in 1x PBS (spun down at 500g and decanting the supernatant) 
before Hoechst staining. The Hoechst staining solution was prepared by diluting 
Hoechst stock solution 1:2000 in PBS. Sufficient staining solution was added to 
resuspend the cells and incubated, protected from light) for 30 minutes. After 
incubation, cells were washed 3x in 1x PBS. For imaging, cells were settled into 
microwells following the single-cell PAGE and scDDF protocols. The electrophoresis 
chamber was placed on the stage of an epifluorescence microscope with a 20x 
objective lens and set for time lapse imaging with the FITC filter set. The time-lapse was 
started and a gel lid that had been previously incubating in cytoplasmic lysis buffer was 
immediately placed on top of the base gel.  

5.3 Results and Discussion 

Quantifying plasma membrane localized ER-α distinct from intracellular ER-α 

To differentiate membrane-bound from nuclear ER-α isoforms we build upon the current 
scWB assay by introducing a preliminary step where we specifically tag ER-α located on 
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the plasma membrane27. We utilize an estrogen ligand (estradiol, E2) conjugated to a 
bulky, hydrophilic BSA-FITC molecule that is unable to permeate the cell membrane, thus 
binding only the ER-α localized to the cell surface. We then analyze the treated cells in a 
scWB assay, lysing the tagged cell and subjecting the protein to single-cell electrophoretic 
separations and immunoblotting. Due to the molecular weight (MW) of the BSA molecule 
(66 kDa) conjugated to E2, we alter the electrophoretic mobility of only the plasma 
membrane-localized ER-α that were bound by E2-BSA-FITC such that it does not migrate 
with intracellularly localized ER-α monomer protein peak (66 kDa). After electrophoretic 
separation, the proteins are immobilized in the gel via a UV-activated benzophenone 
moiety that was incorporated during gel fabrication to enable later detection via 
immunoprobing using antibodies specific to ER-α and FITC, to detect the monomer and 
complex, respectively.  

The unconjugated ligand-receptor interaction has reported Kd values in the < 1 nM range 
as measured by multiple measurement techniques, SPR and FRET.28,29 SPR has also 
been used to measure kon of the interaction to be on the orders of 1.3 X 106 M-1 s-1 and 
koff as 1.2 X 10-3 s-1

. Using these values for the E2-BSA-FITC construct, we modeled the 
association for complex formation and determined that binding occurred within ~10 
seconds, and well below the time of 30 minutes we currently use to treat the cells. We 
then modeled the dissociation rate to determine how much of the complex remained 
during the time it takes to run our scPD assay. The cell lysis and electrophoresis steps in 
the scPD assay are 30-40 seconds each and using our model we determined that at 80 
seconds, ~90% of the complex is maintained in our system.  

The limit of detection for our existing single-cell targeted proteomic tools has been 
previously reported to be 27,000 molecules.19 It is reported that that 10-20% of total ER-
α protein is localized to the plasma membrane9 and protein abundances of ER-α range 
from 3.17 ppm to 34.5 ppm, depending on cell type.30 Accounting for protein losses during 
the assay, the amount of remaining ER-α protein molecules in our system ranges from  
4,000 to 95,000 molecules. Thus, we should be able to detect ER-α in cells that have 
abundant ER-α expression.   

To investigate if the 264 kDa-complex receptor-ligand complex was beyond the exclusion 
limit of the gel matrix, we performed scWB assays, varying the total polyacrylamide 
percentage (%T) and probing for a set of ‘ladder’ proteins of known molecular weight to 
perform Ferguson analysis (Figure 5-1). As the %T increases the pore size of the gel 
decreases. At higher %T gels, there is a greater chance of size-excluding larger MW 
proteins from the matrix, however with lower %T gels that have a larger pore size, there 
is a trade-off with increased diffusional losses during the assay. Thus, we tested 3 
different gel polyacrylamide concentrations: 5%T, 6%T, and 8%T, and immunoprobed for 
three ‘ladder’ proteins: mTOR (289 kDa), Actinin (103 kDa), and β-tubulin (50 kDa) 
(Figure 5-1). From this study, we observed that we were able to detect mTOR, a protein 
of larger MW (289 kDa) than our E2-ERα complex of interest, in both conditions. Thus, 
we concluded that the complex would not be size-excluded from either gel composition.  
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Figure 5-1. Internal ‘ladder’ protein controls of known molecular weight are used to predict migration 
distance of our complex of interest in different gel compositions.  
False-colored micrographs of single-cell western blot performed with an 8%T gel (top) and 5%T gel 
(bottom), detecting ER-α and internal ‘ladder’ controls (mTOR, Actinin, and β-tubulin). For all 
conditions, a 30 second cell lysis step was followed by applying an electric field at 40 V/cm for 30 
seconds to electrophorese proteins into the gel. With the lower %T gel, proteins had a greater 
electrophoretic mobility and migrated further into the gel. 

 
Next, we investigated whether the scPD could distinguish protein lysates from individual 
cells with and without E2-BSA-FITC at the cell membrane. Before cell settling in the scPD 
assay, we treated MCF-7 cells with either 1 μM E2-BSA-FITC or 1 μM BSA-FITC. After 
performing lysis and electrophoresis with the ligand-stimulated cells, we assessed the 
presence of ER-α isoforms by probing with an anti-ER-α antibody. To specifically detect 
the ligand-receptor complex, we used an anti-FITC antibody. Similar to previous confocal 
data, we detected that multiple microwells that were positive for ER-α66 also retained 
FITC signal at the edge of the microwell (Figure 5-2). As expected, we did not discern 
any FITC signal immobilized in the scPD separation lanes – implying that BSA-FITC does 
not bind to the cell.  
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Figure 5-2: Single-cell pull down blot of MCF-7 cells with E2-BSA-FITC stimulation reveals the 
membrane-bound E2-BSA-FITC ligand.  
False-colored micrographs and corresponding intensity profiles from E2-BSA-FITC treated cells (left) 
suggesting the presence of ER-α66 (blue) and bound E2-BSA-FITC (green) at the edge of the 
microwell. Compared to negative control BSA-FITC treated MCF-7 cells (right) that only have 
detectable ER-α66 peaks and no detectable peaks in the FITC channel. 
 

Analyzing only separations lanes that had ER-α signal, we compared the number of 
lanes that also had FITC signal (SNR > 3) for both treatment conditions. The number of 
lanes with detectable FITC signal was higher for the E2-BSA-FITC treated cells, with 
37% of separations lanes with ER-α signal also having FITC signal at the microwell 
compared to 0% of lanes in the BSA-FITC treatment condition (Figure 5-3). 

 

 
Figure 5-3: Number of microwells with ER-α66 signal that also had FITC signal.  
Separations lanes positive for ER-α were analyzed for FITC signal at the microwell. E2-BSA-FITC 
treated cells had a higher number of individual cells (37%) with FITC signal at the microwell compared 
to BSA-FITC treated negative controls (0%).  
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Once both plasma membrane and intracellular species of ER-α can be distinctly 
quantified, the impact of these membrane-localized receptors on drug resistance, 
correlating expression with drug response, can be measured. Further analysis could 
include immunoprobing for protein targets involved in downstream signaling pathways 
known to be involved with drug resistance and compare expression levels to BSA-FITC 
treated cells.  

Applying a single-cell resolution differential detergent fractionation assay (scDDF) 
toward breast cancers cells 

Using previously published chemical conditions for cytoplasmic protein lysis in scDDF 
assays22 we were unable to isolate cytoplasmic proteins in breast cancers cells. Thus, 
we performed further investigation into cytoplasmic protein solubilization for selective 
electrophoretic separations to measure localization of ER-α isoforms.  
 
First, to assess buffer efficacy with breast cancer cells, we initially ran the assay with an 
MCF-7 breast cancer cell line with transfected GFP protein expressed in the cytoplasm 
and immunoprobed for GFP and a nuclear control protein, PTBP1 (Figure 5-4). As 
expected, the GFP protein signal was detected on the cytoplasmic fraction side of the 
microwell, and the nuclear PTBP1 was detected on the opposite side of the microwell in 
the nuclear fraction.  
  

 
Figure 5-4. Detection of GFP protein localized to the cytoplasmic fraction and nuclear PTBP1 localized 
to the nucleus after performing scDDF. 
False color micrographs (top) and corresponding intensity profile (bottom) of a single-cell separation 
lane from the scDDF assay with MFG7-GFP cells. Dotted lines indicate microwell location. Following 
the cytoplasmic and nuclear lysis steps, an electric field at 40 V/cm was applied for 30 s to 
electrophorese proteins through the 8% T gel. 
 

Next, to investigate the robustness of the detergents to various protein targets in breast 
cancer cells, we immunoprobed for three ‘housekeeping’ proteins (β-tubulin, Keratin 8 
and GAPDH) reported to be expressed only in the cytosol (Figure 5-5). However, none 
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of the three targets were detected in the cytoplasmic fraction of the microwell. Instead, 
all three protein targets either were detected in the nuclear fraction (Keratin 8 and 
GAPDH) or were not quantifiable, with an SNR less than 3 (β-tubulin).  

 
Figure 5-5: Detection of three cytoplasmic proteins in the nuclear fraction after performing scDDF.  
False color micrographs and corresponding intensity profiles of single-cell separation lanes from the 
scDDF assay with MCF-7 cells, immunoprobing for cytosolic proteins β-tubulin, Keratin 8 and GAPDH 
and nuclear protein PTBP1. Dotted lines indicate microwell location. Following the cytoplasmic and 
nuclear lysis steps, an electric field at 40 V/cm was applied for 30 s to electrophorese proteins through 
the 8% T gel.  

From these results, we hypothesize that the current scDDF lysis buffers are not robust 
to fully solubilize endogenous cytoplasmic proteins and instead may only be 
permeabilizing the cell membrane of breast cancer cells. Permeabilization would allow 
the transfected GFP protein, which does not serve a biological function in the cell, and 
thus is not involved in interactions with other proteins, to freely diffuse out of the cell 
during lysis and electrophoresis. However, for endogenous protein targets such as β-
tubulin and Keratin 8 that interact to form the cytoskeleton of the cell and GAPDH which 
is known to form tetramers, we hypothesize that the non-ionic lysis buffer does not 
dissociate these complexes and the pores in the cell membrane formed from 
permeabilization are not large enough to allow the entire protein complex to diffuse and 
migrate out of the cell. To confirm our hypothesis, we performed an experiment to 
observe and monitor lysis in naive MCF-7 cells. We treated cells with wheat germ 
agglutinin (WGA) labeled with Alexa Fluor 488, that binds to sialic acid and N-
acetylglucosaminyl residues found on glycoproteins and glycolipids in the plasma 
membrane to monitor cell membrane integrity after the cytoplasmic lysis buffer was 
applied and during electrophoresis (Figure 5-6). After settling the treated cells into 
microwells, we used an epifluorescence microscope and time-lapse imaging to record 
fluorescence intensity profiles during cytoplasm-specific lysis and electrophoresis. 
When the cytoplasm-specific buffer is applied, we observe that the fluorescence signal 
diffuses to fill the well, indicating that the plasma membrane is breaking down. However, 
upon application of the electric field, we observe that most of the signal remains in the 
microwell and is not injected into the 8%T gel separation lane. This supports the 
hypothesis that there is incomplete solubilization of the plasma membrane and some 
cellular structure remains intact, preventing proteins from being injected into the gel. 
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Figure 5-6: False-colored micrographs of a microwell containing a naïve MCF-7 cell that has been 
treated with fluorescently labelled wheat germ agglutinin that bind specifically to the plasma 
membrane, as it undergoes cytoplasm-specific lysis (left) and electrophoresis (right).  
Line intensity profiles are shown to the right of each micrograph. During lysis, the labeled WGA signal 
expands to fill the microwell, however during electrophoresis, a majority of the signal is retained in the 
microwell. All scale bars are 50 μm. 
  

In order to improve the lysis and separations conditions for isolating and detecting 
cytoplasmic proteins from MCF-7 cells, we tested increasing the Triton X-100 
concentration up to 10% (Figure 5-7), using convection to deliver the lysis buffer as 
opposed to the diffusion from a gel lid, and increasing the lysis temperature to 55°C 
(Figure 5-8), as well as extending the lysis time (up to 60 seconds), and electrophoresis 
times (up to 60 seconds) (Figure 5-9) used during the cytoplasmic portion of the assay. 
However, our initial results were not promising and did not show improvement for 
detecting endogenous cytoplasmic proteins. 
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Figure 5-7: Increasing concentration of Triton X-100 in cytoplasmic lysis buffer formulation does not 
improve detection of cytoplasmic proteins. 
Triton X-100 was increased to 5% and 10% (original concentration was 1%). Cytoplasmic lysis was 
performed for 30 seconds and electrophoresis was performed for 30 seconds at 40 V/cm. Nuclear lysis 
was performed following cytoplasmic lysis per previously published protocol. Even at higher 
concentrations of Triton X-100, the cytoplasmic protein control β-tubulin, was not solubilized and 
separated during the cytoplasmic lysis step and instead was only detected after nuclear lysis and 
separation. 
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To improve cytoplasmic-specific lysis, alternative buffer compositions that would not 
disrupt the nuclear lamina structure can be investigated. One possibility is NP-40 
(Nonidet P40) which is a nonionic detergent that has also been used to solubilize 
cytoplasmic protein in bulk assays and may be more effective solubilizing protein than 

Triton X-10031. Previous bulk studies using NP-40 to specifically study ER- isoforms 
report varying success. Penot et al. previously used a 0.5% Nonidet P-40 lysis buffer in 

a bulk assay to isolate ER isoforms32. However, Kocanova et. al. cited “unpublished 
observations” from V. Marsaud and H. Richard-Foy that low concentrations of 
detergents such as NP-40 may also be extracting nuclear receptors proteins, such as 

ER-, which may lead to an artificial enrichment of cytoplasmic ER-33. CHAPS may be 
another particularly promising alternative as it is as a non-denaturing zwitterionic 

Figure 5-8: Heating cytoplasmic lysis buffer with convection delivery solubilizes β-tubulin. 
Cytoplasmic lysis buffer was heated to 55 °C and poured onto the microwell array gel with single 
cells. Lysis was performed for 30 seconds, and electrophoresis was performed for 30 seconds at 
40 V/cm. The nuclear lysis step was not run. While the heated lysis buffer did enable detection of 
the positive cytoplasmic protein control β-tubulin, we were unable to solubilize/detect the protein 

target of interest, cytoplasmic ERα. Furthermore, the SNR of the detected β-tubulin peak was low 

(SNR ~3.1) for an abundantly expression housekeeping protein. 
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detergent capable of disrupting protein-protein interactions, leading to improved protein 
solubilization.31 Future experiments are necessary to determine efficacy of each 
detergent to selectively solubilize proteins from cytoplasm of breast cancer cells.  

An initial titration experiment can determine concentrations necessary for each 
detergent until the cytoplasmic protein controls (β-tubulin, Keratin 8 and GAPDH) can 
be detected until expression levels match that of a whole cell lysis control. To ensure 
that the nuclear lamina is not lysed, the nuclear protein PTBP1 should be included as a 
negative control and should not be detected during cytoplasmic-specific lysis. However, 
at higher detergent concentrations it may be possible to disrupt the nuclear lamina 
structure and observe contamination of nuclear protein thus indicated the maximum 
detergent concentration. 

Additionally, to evaluate the efficacy of altered detergent compositions, cell lines with 
fluorescently-tagged cytoplasmic proteins, such as GFP-tagged β-tubulin, can be used 
to directly monitor the cytoplasmic lysis and electrophoresis of target proteins in real 
time. Upon immunoprobing, it is expected that for each ROI containing a PTBP1 protein 
peak on the nuclear side of the microwell, there is a corresponding β-tubulin protein 
peak (SNR > 3) on the cytoplasmic side of the microwell. 
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Figure 5-9: Increasing lysis times for the cytoplasmic lysis step did not improve detection of 
cytoplasmic proteins. 
The cytoplasmic electrophoresis step, performed after lysis with gel lids, was increased to 40 seconds 
and 60 seconds at 40 V/cm. Nuclear lysis was performed following cytoplasmic protein immobilization 
per previously published protocol. Even at longer electrophoresis times, the positive cytoplasmic protein 
control β-tubulin, was not solubilized and separated during the cytoplasmic lysis step and instead was 
only detected after nuclear lysis and separation. 
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5.4 Conclusions and Future Directions 

These preliminary studies suggest the ability to isolate membrane-localized ER-α. 
However, the protein-probe complex does not migrate into the gel matrix as hypothesized. 
For the scPD experiments, 8%T gels were used, and further investigation is required to 
assess if a lower %T gel would allow the complex to be injected into the separation gel. 
Another method to increase pore size is by using porogen to create macropores that 
would be more amenable to the large protein complex migrating into the gel34. 
Alternatively, if the complex is retained in the microwell during separations, we can 
determine if it is possible to perform a serial single-cell separations assay. After the 
protein immobilization step, we can perform a second lysis step with even stronger 
detergents or protein denaturants to break apart the complex. Then a second protein 
separations can be performed, migrating protein to the opposite side of the microwell 
where it is immobilized for downstream detection.  

Potential problems and alternate strategies.  

Detection of cytoplasmic ER-α requires that expression levels be above the limit of 
detection of the scWB assay (27,000 molecules).19 If the only a small percentage of 
total ER-α localizes to the cytoplasm and it is below the limit of detection, an alternative 
method to quantify could be an indirect method, whereby two samples from the same 
population are, one with whole cell lysis and one with the scDDF and compare the 
protein expression of the nuclear ER-α isoforms to whole-cell ER-α protein expression 
to detect if there is a shift in protein amounts detected. This would require that the 
assays be run as similarly as possible to compare results. It is anticipated that lower 
levels of nuclear ER-α expression detected with the scDDF assay, compared to whole-
cell lysis levels, would be due to initial fraction and separation of cytoplasmic ER-α. 
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Chapter 6: Conclusions and Future Directions 

In this dissertation we have focused on understanding and expanding the capability of 
utilizing thin microscale hydrogels (~30-100 μm thick) for electrophoretic separations 
and subsequent in-gel protein isoform detection for single-cell analysis applications. 
Understanding how physicochemical phenomena influence each step of the single-cell 
electrophoretic cytometry workflow can guide assay design to optimize performance. 
Our understanding of established electromigration models has elucidated anomalous 
electromigration of large molecular mass proteins. Additionally, we have investigated 
two alternative protein capture methods: 1) an alternative photoactivatable molecule 
and 2) offset electrotransfer from thin gels to a blotting membrane. 

For future directions, detection of a wide range of protein targets, both in terms of 
molecular mass and protein abundance, is necessary to understand mechanisms for 
disease progression and treatment. Future optimizations can be made with on-chip 
single-cell sample preparation, particularly for large molecular mass protein targets and 
for subcellular measurements. Subcellular protein expression is potentially lower than 
that of the whole cell, thus being able to detect lower abundance targets is critical. 
Furthermore, being able to detect additional protein targets can elucidate which 
signaling pathways are activated based on isoform location, potentially guiding 
therapeutic strategies and improve clinical outcomes with more personalized treatment. 
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Appendix 

A. RT-qPCR experiments for analysis of mRNA transcript expression after drug 
treatment 

A.1 Method

Three biological replicates were run with three technical replicates per gene, per 
biological replicate. MCF-7 and MDA-MB-231 cells were grown in charcoal-stripped 
media with. Cells were grown to confluency and treated with 1 µM of Tamoxifen or 
Estradiol in ethanol for the treatment groups. Control group was treated with an equal 
volume of ethanol. Cells were collected 24 hours post-treatment using a cell scrapper 
(Corning) and centrifuged to pellet. Cell pellets were homogenized using a 
QIAshredder before RNA was isolated using a QIAGEN RNeasy Mini Kit. RNA was 
then treated with DNase using the TURBO DNA-freeTM Kit (Invitrogen/ThermoFisher). 
One-step RT-qPCR was performed using Bio-Rad’s iTaq™ Universal SYBR ® Green 
One-Step Kit and CFX ConnectTM Real-Time PCR Detection System. RT-qPCR cycling 
conditions were 10 minutes at 50°C, 1 minute at 95°C, [10 seconds at 95°C, 30 
seconds at 60°C] (40 cycles) followed by melt curve analysis.  

Each RT-qPCR reaction had a total volume of 20 µL with a final primer concentration of 
300 nM. A total of 50 ng of RNA was used for each reaction, except for RT-qPCR 
experiments targeting ERα transcripts in MDA-MB-231 cells which had 500 ng of 
starting RNA due to low levels of ERα expression (Figure A-1B). A negative control 
with all reaction components except for the RNA template was included for each gene 
of interest in order to detect primer dimers. An additional negative control reaction with 
all components except the Reverse Transcriptase enzyme was included for each gene 
of interest in each cell type to detect potential genomic amplification.  

The change in gene expression due to drug treatment was assessed by calculating 

relative expression levels (∆Ct) of the target gene to GAPDH, which was used as an 

internal control gene whose expression did not change across treatment groups. A 

higher ∆Ct value indicates that the overall expression was lower relative to the internal 

control gene (GAPDH), as it took more cycles for signal to be above the fluorescence 

threshold. The Kruskal-Wallis test with Dunn correction was used to compare ∆Ct 

between treatment groups.  

A.2 Results and Discussion

Signal was not observed in any of the negative controls, indicating that there was no 
signal from primer dimers and no signal from genomic DNA contamination.  
Plot represents the relative expression, 2-∆Ct value which is the difference between ∆Ct 
values of the treatment (E2 or TAM drug treatment conditions) and reference negative 
control (untreated) samples. Each point corresponds to one biological replicate, with 
error bars representing the confidence interval calculated from the three technical 
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replicates for each gene (Kruskal-Wallis test with Dunn and Sidák correction, *p < 0.05, 
**p < 0.1).  

*A

B

Figure A-1: Effect of Tamoxifen and E2 treatments on ERα mRNA expression. 
(A) Relative expression of all ERα mRNA isoforms in MCF-7 cells in response to drug treatment 
(Kruskal-Wallis test with Dunn and Sidák correction, *p < 0.05). (B) Relative expression of all ERα
mRNA isoforms in MDA-MB-231 cells. Overall the relative expression value of ERα transcripts, 
compared to GAPDH, is much lower in MDA-MB-231 cells. Each point represents one biological 
replicate. Error bars represent confidence interval calculated from variation of technical replicates
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**

Figure A-2: Effect of Tamoxifen and E2 treatments on corresponding mRNA 

transcripts from ERα signaling pathways for MDA-MB-231 and MC-7 cell lines.  

Kruskal-Wallis test with Dunn and Sidák correction, **p < 0.1 (exact p-value = 0.06). 

Each point represents one biological replicate. Error bars represent confidence 

interval calculated from variation of technical replicates. 
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A.3 Supplementary Information

*

Figure A-3: ∆Ct values for ERα mRNA transcript expression 

∆Ct was calculated from 𝐶𝑡 𝑡𝑎𝑟𝑔𝑒𝑡 − 𝐶𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 . Error bars represent standard 

deviation, calculated from error propagation of standard deviation of technical 

replicates. 
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**

Figure A-4: ∆Ct values for signaling pathway mRNA transcript expression for 

additional transcripts.  

∆Ct was calculated from 𝐶𝑡 𝑡𝑎𝑟𝑔𝑒𝑡 − 𝐶𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒. Error bars represent standard 

deviation, calculated from error propagation of standard deviation of 

technical replicates.  



93 

Table A-1: RT-qPCR Primers used in experiments. 

All primers were designed using the IDT RealTime qPCR Assay Entry tool 
(https://www.idtdna.com/scitools/Applications/RealTimePCR/) or chosen from the RT 
primer database (www.rtprimerdb.org) which is a database of primers that have been 
used in publications. 

Primer 
Name 

Target Gene Fwd Sequence Rev Sequence 

16_GAPD
H 

GAPDH ACATCGCTCAGACACCATG TGTAGTTGAGGTCAATGAAG
GG 

P38-
MAPK 

MAPK14 ACATTGTTTCCTGGTACAGA
CC 

AGTTCATCTTCGGCATCTGAG 

10_RPS6 NM_001010  (RPS
6)  

TGATGTCCGCCAGTATGTTG TCTTGGTACGCTGCTTCTTC 

9_AKT1 NM_005163.2 
(AKT1) 

GCAGCACGTGTACGAGAAGA GGTGTCAGTCTCCGACGTG 

7_CD44 NM_000610.3 
(CD44) 

TGCCGCTTTGCAGGTGTAT GGCCTCCGTCCGAGAGA 

5_JUN NM_002228.3 
(JUN) 

TCGACATGGAGTCCCAGGA GGCGATTCTCTCCAGCTTCC 

ERall NM_000125  (ESR
1)  
All isoforms 

CAGGGAGAGGAGTTTGTGTG AGGTGGATCAAAGTGTCTGT
G 

ER66_1 Only ERa-66 GGACTGCACTTGCTCCCGT AGAGCACAGCCCGAGGTTAG 

ER66_2 Only ERa-66 
TTCGTCCTGGGACTGCACTT
G AGAGCACAGCCCGAGGTTA 

ER46 XM_006715375.3 ACTCTCCACCCACTTACCGT GGAGGTGTTTTCCCCCACAA 

Table A-2: List and description of primers tested using RT-qPCR 

Primer 
Name 

Transcript 
Target 

Notes 

GAPDH GAPDH 

ERa_all All ER isoforms Designed to target Exons 2-8 

ERa-E1 ER-66 only Designed for Exon 1 of mRNA transcript 

ERa-66 ER-66 only Designed from the first 685 bp of ER-66 mRNA 
sequence 

ERa-46 ER-46 only Designed from the first 793 bp of ER-46 mRNA 
sequence 

The protein structure of ERα-46 is a truncated version of ERα-66 that is missing the first 

domain which functions as the Activation Function 1 domain (AF-1). Therefore, ERα-66-

specific primers were designed to target the first exon of the ERα mRNA transcript 

(Figure A-5). A primer to target all the ERα isoforms was also selected by targeting a 

region common to all isoforms to amplify. Using BLAST to compare the reported ER

α-66 mRNA sequence with the predicted ERα-46 mRNA sequence, we realized that the 

first ~700 bp of the ERα-46 transcript were unique, and so we designed a primer to 

target that region to determine if we could detect only the ERα-46 mRNA. (Figure A-5).  

https://www.idtdna.com/scitools/Applications/RealTimePCR/
http://www.rtprimerdb.org/
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Figure A-5: Schematic of ERα protein domains and how they map to the mRNA transcript sequence. 
Arrows depict where the primers are designed to target. 

Validation of RT-qPCR primers 

In order to determine what is being amplified we decided to run the RT-qPCR product 
on an agarose gel to determine the size of the amplified cDNA product. Unfortunately, 
when we ran the first gel, the ladder did not show up in the gel, either because it was 
not stained properly or because it was not correctly added to the gel (Figure A-6). 
However, from the gel, we can identify that as expected, ERα_all negative controls and 
the GAPDH_noRNA negative control do not have a band. We also observe the same 
size products for the other ERα primers in both the sample and the ‘noRT control’ 
indicating that the same target is being amplified in both reactions. Furthermore, all the 
DNA bands are roughly the same length which corresponds to the predicted ERα_all 
and GAPDH product length of ~130 bp, so ERa_E1, ERa_66, and ERa_46 are also 
around that size (Table A-1). These results indicate that we have probably amplified our 
intended target, but from genomic DNA as opposed to RNA.  
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Lane Sample 

1 Ladder 

2 ERa_all MCF7 

3 ERa_all 
MCF7_noRNA 

4 ERa_all MCF7_noRT 

5 GAPDH_HEK 

6 GAPDH_HEK_noRNA 

7 GAPDH_HEK_noRT 

8 Ladder 

9 ERa_E1 MCF7 

10 ERa_E1 MCF7_noRT 

11 ERa_66 MCF7 

12 ERa_66 MCF7_noRT 

13 ERa_46 MCF7 

14 ERa_46 MCF7_noRT 

To confirm our results, we ran a second gel with the DNA stain incorporated into the gel 
and with the ladders at a higher concentration than the first gel and we were able to 
see the ladder this time (Figure A-7). The RT-qPCR amplified product does indeed look 
like it’s the same size as the intended product, which indicates that we are amplifying 
DNA and that the abundance of mRNA of these targets is very low, relative to the DNA 
contaminants.  

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure A-6: RT-qPCR product run on a 2% agarose gel. 

The gel was run at 5 V/cm for 47 minutes followed by staining with SYBR safe DNA stain for 30 

min. Ladders were either not added properly or were not stained properly and did not show up 

during imaging. For ERα isoform specific primers, the product length of the sample and the no 

RT control are the same.  
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We analyzed results from two RT-qPCR experiments to test efficacy of ERα primers 
and determined that contamination from genomic DNA is contributing to results. As 
a result, we need to use DNase during RNA extraction to degrade any genomic DNA 
remaining in the isolated RNA sample. We also designed and ordered new isoform-
specific primers to test with DNase treated RNA samples (Figure A-8)  

Figure A-8: Location of new primers ordered (blue) 

ERα-46 and ERα-66 primers are in the same general location, targeting the same exon, but different 

sequences from previous primers. 

Lane Sample 

1 Ladder 

2 ERa_all MCF7 

3 ERa_all MCF7_noRT 

4 GAPDH_HEK 

5 GAPDH_HEK_noRT 

6 Ladder 

7 ERa_E1 MCF7 

8 ERa_66 MCF7 

9 ERa_46 MCF7 

10 Bank 

11 ERa_46 MCF7_noRT 

300 bp

200 bp

150 bp

100 bp

Figure A-7: RT-qPCR product run on a 2% agarose gel with SYBR safe stain. 
The gel was run at 5 V/cm for 43 minutes. The SYBR safe stain was incorporated in gel 
precursor before gel was cast. Additionally, 2 µL of DNA ladder was run, instead of the 1 µL 
used previously in Figure A-6. DNA bands appear between 150 - 200 bp in size, which match 
the intended target sequence.  
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