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Abstract 
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Dissertation Chair: 
Professor Amy E. Herr 

 
 

Biological processes are often dynamic. On a macro-level, the transformation of a biological 
system from one state to another drive cell differentiation, migration, and basic functions. On a 
micro-level, the active arrangement of biological material is necessary for the generation of 
cellular machinery, critical signaling and binding events, and proteomic production. Across all 
levels, disruptions in these dynamic response processes underpin disease states and drug 
resistance. Advances in single-cell protein measurement tools are necessary to define functional 
heterogeneity in varying cell types, elucidate complex biological processes, and uncover new 
molecular targets for treatments and therapies 

This doctoral research reports on the design and development of new bioanalytical techniques for 
the targeted interrogation of dynamic biological processes with single-cell resolution. On the 
micro-scale, we measure the dynamic arrangement of protein complexes in the cytoskeleton. On 
the macro-scale, we couple mechanical stimulus with multiplexed proteomic evaluation on a 
single-cell level. Both microfluidic platforms leverage protein electrophoresis to increase the 
molecular specificity of the measurement and report on structural and cytoskeletal proteins. 

First, “Single-cell protein Interaction Fractionation Through Electrophoresis and immunoassay 
Readout” (SIFTER) combines differential detergent fractionation, bi-directional electrophoresis, 
and immunoassay steps into an arrayed microdevice for the simultaneous detection of multimeric 
cytoskeletal protein complexes and their respective monomers in 100s of individual cells. To 
improve upon the molecular specificity of antibody-based detection, we physically fractionate 
protein complexes and monomers by size-exclusion electrophoresis in a polyacrylamide gel. 
During fractionation, the depolymerization of complexes is minimized by stabilizing lysis buffer, 
delivered by gel lid fluidics. We apply SIFTER to evaluate the distribution of monomers and 
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complexes within a heterogeneous population of cells, and the change in distribution of 
cytoskeletal complexes upon cellular stimuli. Co-detection of actin filaments, microtubules, and 
intermediate filaments expands SIFTER to global cytoskeletal evaluation. 

Next, to clarify the link between extracellular stiffness and resultant proteomic state of a cell, we 
report on ECM-PAGE, an assay that combines the molecular specificity of single-cell 
polyacrylamide gel electrophoresis (PAGE) with a tunable substrate for extracellular matrix 
(ECM) recapitulation. Two distinct functional layers permit optimization of the ECM layer 
without affecting the analytical layer, and vice versa. The ECM layer, made up of PDMS, is 
compatible with existing material formulations to generate material stiffnesses across several 
orders of magnitude and for stamp-off microcontact patterning of ECM proteins onto the surface. 
By using PAGE for size-based protein separation and immobilization, we report on the 
quantitative protein abundance of 8 proteins, ranging from actin (42 kDa) to Vinculin (117 kDa) 
within a 1 mm separation lane. Informed by separation resolution, we design antibody 
combinations (Actin/actinin and vimentin/paxillin) for the quantification of four proteins with 
only two fluorescent reporter molecules. Further optimization of the ECM-PAGE system is 
necessary to evaluate protein expression for a greater sample number, as a fluid layer between 
the two components causes cross-contamination between single-cell reservoirs with greater array 
occupancy. We anticipate that with further system characterization, the ECM-PAGE system 
could report on single-cell multidimensional data (stiffness, cell morphology, and proteomic 
expression) and elucidate the heterogeneous single-cell responses that drive cancerous tumor 
behavior. 

Given the molecular specificity necessary to report on protein complexes, we investigated means 
mitigation injection dispersion to improve separation performance. Furthermore, the 
miniaturization of these technologies to achieve high-throughput, single-cell quantification 
requires advancements in device materials and geometries. We consider the generation of large-
surface polyacrylamide-polymer devices as a direction for new microscale device geometries. 

By leveraging microscale technologies, these new measurement methods can report on context-
dependent processes with single-cell resolution.  
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Chapter 1: Introduction 

Summaries of existing single-cell proteomic techniques are reproduced with permissions from: 

Hansen, L.L., Lomeli, G., Vlassakis, J., Herr, A.E. (2022). Single-Cell Resolution 
Immunoblotting. In: Sweedler, J.V., Eberwine, J., Fraser, S.E. (eds) Single Cell ‘Omics of 
Neuronal Cells. Neuromethods, vol 184. Humana, New York, NY. https://doi.org/10.1007/978-
1-0716-2525-5_7. 

1.1: The importance of single-cell, proteomic analysis 

For both inter- and intra-cellular communication, proteins act as dynamic functional components 
and signaling molecules. The expression level and state (e.g. unmodified, modified, or 
interacting, etc.) of protein species are the fundamental underpinnings of cellular phenotype and 
function. Thus, irregular protein function and concentrations often underpin disease states. While 
the central dogma suggests we can predict protein expression form RNA or DNA levels, recent 
work has shown poor correlation between some gene products and protein expression the single-
cell level [1]–[4]. The discrepancy between mRNA expression and protein abundance is partially 
attributable to variable protein translation and degradation rates [5]. In addition, by evaluating 
the state of a cell at a point in the central dogma upstream of the proteome, genomic and 
transcriptomic measurements lack information on proteoforms. Proteoforms are variable versions 
of a protein that arise from alternative splicing or post-translational modification (Figure 1.1). 
Proteoforms have distinct biological function and relevance while being highly similar in their 
structure. The high complexity and diversity within the protein population adds to the complexity 
of measuring proteins directly, and correlating DNA or RNA to protein abundance, as a variety 
of proteoforms can arise from a limited number of genes [6], [7]. For example, only 12% of the 
proteins in human cells is directly encoded by the genome [8].  

Direct measurement of protein target levels is essential to understand the role of specific 
biomolecules in cell biology as well as the protein expression changes that drive behavior in 
healthy and aberrant cells. Heterogeneity is inherent in cellular processes. To evaluate important 
biological phenomena such as aging, cancer development, and metastasis, proteomic 
measurement must be made at the single-cell level. Cellular heterogeneity within a collection of 
cells drives drug resistance and paves the way for metastatic colonies [9]–[12] . For example, 
cancerous subpopulations of cells must undergo endothelial-to-mesenchymal transition to gain 
cancerous cellular behavior such as metastatic potential. Single-cell resolution permits the 
quantification and characterization of such heterogeneous sample pools and provide proteomic 
insight into the molecular machines that drive the gain-of-function transition [13]. In 
comparison, bulk measurements mask cell-to-cell variability as they analyze cellular responses 
as blended average parameters. Deeper understanding of the composition and dynamics of the 
proteome at the single-cell level will further our understanding of the inner workings of cells. 
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Figure 1.1 – The central dogma and generation of protein isoforms. DNA is converted into 
transitory mRNA molecules during transcription. Translation converts RNA to proteins. 
During translation, alternative splicing might generate different versions of proteins from the 
same RNA source. After translation, proteins are further subject to chemical modifications 
such as post-translational modifications, cleavage events, and the formation of protein 
complexes and machinery. Protein tertiary structure refers to the folded configuration of a 
protein subunit in three-dimensional space. Quaternary structure refers to the relationship and 
formation of complexes between different protein subunits. 

1.2: Highly specific, highly sensitive measurements of protein  

Precision tools designed to selectively measure protein abundance, form, and state in single cells 
are needed. Technology for the quantification of protein from must be: 1) Highly sensitive for 
single-cell sample detection, and 2) Highly specific for detection of the proteoforms. Highly 
specific measurements permit the quantification of not just important proteins, but their 
respective proteoforms or quaternary structure. Protein cytometry tools are designed to detect 
specific proteoforms in each individual cell, with sufficient throughput to capture intrapopulation 
variation. For a given protein species, these tools then report on differences in chemical 
modification, molecular mass, interactions, conformation, and a myriad of other physicochemical 
parameters among the population of expressed members of that species. 

Currently, single-cell proteomic platforms are primarily based on mass spectrometry and 
immunoassays, such as immunofluorescence, proximity ligation assays (PLA), 
immunocytochemistry (ICC), and mass and flow cytometry.  

Mass spectrometry measures the mass-to-charge ratio of ionized components, and is the result of 
steps including sample handling, ionization, mass analysis and ion detection. With bottom-up 
mass spectrometry, proteins in a complex mixture are digested into small peptide fragments prior 
to detection by mass spectrometry. Bottom-up mass spectrometry identifies thousands of 
different proteins and post-translational modifications in a single sample. However, the protein-
to-peptide digestion makes it difficult to map back modifications to the intact proteins and 
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predict the molecular stoichiometry for a quantifiable assessment of isoform abundance [14], 
[15]. Alternatively, top-down mass spectrometry analyzes intact proteins to detect proteoform 
expression levels (thus reporting molecular stoichiometry). Yet, top-down mass spectrometry 
offers detection sensitivity and throughput insufficient for single-cell analyses [16]–[18].  

Immunoassays are the de facto standard for measuring protein targets at the single-cell level. 
Immunoassays detect a-priori identified targets by using an antibody probe designed to recognize 
and bind to the target epitope. After probing with fluorescently labeled immunoaffinity reagents 
(antibody probes), cells are evaluated by a fluorescence-readout technique such as microscopy. 
ICC maintains single-cell information and can assess cell-to-cell heterogeneity. However, the use 
of antibody probes predisposes ICC to cross-reactivity effects, high background, and limited 
multiplexing capabilities [19]–[21]. Flow cytometry improves upon the throughput of ICC, with 
the tradeoff of requiring large number of cells for analysis. While powerful, the selectivity of 
immunoassays is fundamentally limited by the availability and specificity of antibody probes, as 
well as by fixation artifacts [22]. In considering the vast constellation of proteoforms known to 
exist, the development and application of an antibody probe specific to each proteoform serves 
as a major limiting factor. 

To enhance the specificity of immunoassays, a first stage – typically an electrophoretic 
separation – is prepended to a second-stage immunoassay. This type of two-stage assay is called 
an immunoblot. Instead of simply reporting reactivity of protein target with antibody probes (as 
in an immunoassay), the immunoblot reports two characteristics: the physicochemical 
characteristic measured by the separation and the reactivity. The capacity to report not one, but 
two characteristics of each protein target increases assay specificity. A widely used type of 
immunoblot, known as a western blot, concatenates protein sizing using electrophoresis with 
immunoprobing. The size-based separation physically resolves proteins of different sizes, then 
reports reactivity with antibody probes, even when using a pan-specific antibody probe. In this 
case, the molecular specificity of the antibody is combined with separation science to yield a 
high-fidelity measurement. While the bulk western blot technique is one of the most widely used 
analytical tools, the single-cell western blot (scWB) miniaturizes the workflow for single-cell 
analysis.  

Microfluidic assays like the scWB precisely control mass and fluid handling for efficient, 
reproducible, and timely analysis of biological targets, all while maintaining high local analyte 
concentrations. For electrophoresis, miniaturization enhances performance. scWB-based 
modalities eliminate the need to pool cells to achieve detectable protein concentration, allowing 
single-cell resolution for the detection of intrapopulation protein expression variations. Cell 
handling losses and target dilution are mitigated by microfluidic features designed to match the 
reaction volume of an intact cell to maintain intracellular concentration levels even after cell 
lysis [29]. Minimizing cell lysis and electrophoresis times decreases the dilutive effects of 
diffusion, facilitating the detection of low-abundance molecules from single cells. The scWB 
method is suitable for analysis of proteins in the 15 to 90 kDa range within an 8%T gel, and has 
an estimated limit of detection at 27,000 molecules using purified EGFP (equivalent to 45 zmol), 
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both features that make the device appropriate for detecting a range of protein targets [1], [23], 
[24]. 

1.3: Electrophoretic cytometry at the microscale 

Polyacrylamide gel electrophoresis 

Electrophoresis is the migration of charged particles in an applied electric field. Proteins 
generally have a negative protein charge due to the relatively basic pKa of most amino acids. In 
free solution, particles migrate with a velocity (UEP) proportional to their zeta potential: 

 𝑈𝑈𝐸𝐸𝐸𝐸 =  𝜇𝜇𝐸𝐸𝐸𝐸 ∗ 𝐸𝐸� Eq. 1 

Where µEP is the electrophoretic mobility of the species in a unidirectional and uniform electric 
field 𝐸𝐸. A linear relationship exists between electrophoretic mobility and field strength.  

The analysis of proteins or nucleic acid within a sieving matrix is a conventional lab approach to 
identification and quantification of specific biomolecular targets. Polyacrylamide gel 
electrophoresis (PAGE) is a separation technique where biomolecules are sieved within a porous 
polyacrylamide hydrogel matrix during electrophoresis. In PAGE, species with different 
electrophoretic mobilities are separated spatially within the polyacrylamide matrix [25], [26].  

During electrophoresis, directional migration of a molecule is the product of the balance of the 
Stokes drag (Fdrag) and the total electrical force (FEP). The drag force and electric force are 
summarized by Eq. 2 and 3, respectively: 

Where η is the fluid kinematic viscosity of the separation medium, r is the hydrodynamic radius 
of the particle, 𝑈𝑈𝐸𝐸𝐸𝐸 is the particle migration velocity in relation to the medium, and q is the net 
charge of the particle. Equating the Stokes drag to the electrical force, the velocity of the particle 
within an electric field can be described as: 

 𝑈𝑈𝐸𝐸𝐸𝐸 =
𝑞𝑞𝑞𝑞

6𝜋𝜋𝜋𝜋𝜋𝜋
 Eq. 4 

From there, we obtain electrophoretic mobility (𝜇𝜇𝐸𝐸𝐸𝐸) as: 

 𝜇𝜇𝐸𝐸𝐸𝐸 =
𝑞𝑞

6𝜋𝜋𝜋𝜋𝜋𝜋
 Eq. 5 

Thus, electrophoretic mobility is proportional to the particle net charge and is inversely 
proportional to the particle size. In PAGE, proteins or other particles migrate within the sieving 

 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 6𝜋𝜋𝜋𝜋𝜋𝜋 𝑈𝑈��⃗  Eq. 2 

 𝐹𝐹𝐸𝐸𝐸𝐸 = 𝑞𝑞 ∗ 𝐸𝐸�⃗  Eq. 3 
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matrix based on molecular weight and charge, with small and largely charged moving achieving 
a greater velocity than those of large and uncharged particles. 

By electrophoresing proteins through a high viscosity sieving matrix such as polyacrylamide, 
electroosmotic flow is suppressed, and particle mobility is decreased. For polyacrylamide, the 
viscosity of the material is related to the pore size of the polymer network, making it well suited 
for resolving protein targets that often have matching characteristic dimension. Polyacrylamide is 
polymerized through free-radical reaction of acrylamide monomer and crosslinker, such that the 
pore size is directly proportional to the concentration of the monomers [27], [28]. In a gel, the 
Ferguson relationship describes the empirical correlation between protein size and migration 
velocity within a sieving matrix [29]:  

 log�𝜇𝜇𝐸𝐸𝐸𝐸,𝑔𝑔𝑔𝑔𝑔𝑔� = log(𝜇𝜇𝐸𝐸𝐸𝐸) −𝐾𝐾𝑟𝑟 ∗ 𝑇𝑇 Eq. 6 

Where µEP,gel is the electrophoretic mobility of the particle through the gel, µEP is the 
electrophoretic mobility in free solution, KR is the empirically-determined retardation coefficient 
and T is the percent (w/v) of the total polyacrylamide monomer in solution (bis and acrylamide). 
For proteins, PAGE is often completed in one of two conditions: Native or denaturing. In the 
former, proteins are kept in the tertiary and quaternary state, if possible [30], [31]. In this case, 
electromigration is proportional to the zeta potential (𝜇𝜇𝐸𝐸𝐸𝐸,𝑓𝑓𝑓𝑓) and the retardation coefficient [32], 
[33].  In the latter, proteins are denatured and coated with sodium dodecyl sulfate (SDS), an 
anionic detergent [34]. SDS-PAGE, also known as the western blot, confers a constant mass-to-
charge ratio due to the coating of the SDS. This results in the separation of proteins based on 
their size alone, as retardation coefficient scales with protein molecular weight [35], [36]. 

Separation performance 

In electrophoretic assays, the sample is injected and then separated into individual analytes as the 
porous matrix differentially impedes protein electromigration based on analyte size or other 
particle parameters. Assuming we start with a sample plug, a protein separation results in the 
formation of separated product that appears as a series of protein bands within the sieving matrix 
(Figure 1.2). In SDS-PAGE, the distance of each analyte band from the injection site correlates 
to the size of that analyte (i.e., protein). The analyte concentration distribution in the axial 
direction during separation is the result of spontaneous diffusion causing the dispersion of 
analyte over time. Dispersive mass transport causes protein bands to assume a Gaussian 
distribution during electrophoresis [37], [38]. The corresponding equation for diffusion from a 
point source in one dimension is: 

 
𝑐𝑐(𝑥𝑥, 𝑡𝑡) =

𝑐𝑐0
�4𝜋𝜋𝐷𝐷𝑡𝑡

exp(−
𝑥𝑥2

4𝐷𝐷𝐷𝐷
) 

Eq. 7 

Here, the concentration distribution is expressed in terms of the diffusivity coefficient (D), the 
initial concentration of the analyte (C0) and the axial location (x) and time (t). The variance off 
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the Gaussian profile can be expressed as 𝜎𝜎2 = 2𝐷𝐷𝐷𝐷 .The integral of the Gaussian curve produced 
by the analyte equates the total analyte concentration, such that the total protein abundance can 
be calculated by summing over 𝜇𝜇 ± 2𝜎𝜎, where σ is the standard deviation of the curve and ±2𝜎𝜎 
correlates to the 95.45% coverage of the signal (confidence interval). The Stokes-Einstein 
equation allows the estimation of diffusion coefficient based on the Boltzmann constant (k), the 
temperature (T), viscosity (η), and the radius of the particle (r):  

 
𝐷𝐷 =

𝑘𝑘𝑘𝑘
6𝜋𝜋𝜋𝜋η

 
Eq. 8 

 

The efficiency of a molecular separation within a sieving matrix is an important design criterion 
for electrophoretic cytometry measurements. Key analytical metrics include peak width and peak 
intensity. If more than one species is separated and detected, separation resolution is crucial for 
assessing the clarity of each protein peak. The latter is a unitless metric that can be used to 
compare across devices and platforms. separation resolution describes the overlap of the two 
Gaussian profiles. To calculate separation resolution (Rs), the difference in migration distance is 
divided by the average peak width of the two analytes: 

 

Figure 1.2: Graphical representation of analyte concentration distribution within a 
separation matrix. Here, two analytes are detected (analyte A, blue; analyte B, orange). Each 
analyte appears as a Gaussian distribution in the axial direction along the separation axis. In 
SDS-PAGE, the distance from the injection point (µ) directly correlates to analyte size. Here, 
analyte A has a larger molecular mass than analyte B. The width of the peaks (w = 2.35σ) and 
height can be described according to standard Gaussian specifications. The separation 
resolution refers to the amount of overlap between the two peaks. An assay with great 
separation resolution will have minimal overlap between the two peaks.  
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𝑅𝑅𝑠𝑠 =

∆𝑋𝑋1,2

2𝜎𝜎1 + 2𝜎𝜎2
=  

(𝜇𝜇1 − 𝜇𝜇2)𝐸𝐸𝐸𝐸
4�2𝐷𝐷𝑡𝑡 + 𝜎𝜎2

 
Eq. 9 

 

Where µ1 and µ2 are the peak locations from the injection point for the two analytes, also known 
as the differential mobility, and σ is the mean width of the analyte peaks. D is the diffusion 
constant, and E is the electric field. Thus, the efficiency of a separation is directly proportional to 
the width of the analyte concentration distribution. The width of the Gaussian is impacted by 
diffusion, injection, and joule heating, all contributing to ‘band-broadening’ [39], [40]. From this 
equation, strategies for improving separation performance are derived. Increasing the separation 
time increases the separation resolution. Conversely, as the widths of the protein bands increase 
(because of diffusion or injection dispersion), separation resolution decreases. When Rs = 1.5, 
there is no overlap between the two analytes. Commonly, Rs = 1 (98% resolved) is sufficient for 
deconvolution of signal. 

The maximum number of analytes that can be resolved in a separation is quantified by the peak 
capacity (nc) [38]: 

 𝑛𝑛𝑐𝑐 =
𝐿𝐿
𝜎𝜎

 Eq. 10 

Where L is the separation axis length and σ the average peak width. A longer separation axis 
and/or narrower analyte bands permits the detection and deconvolution of a greater number of 
analytes. The width of the analyte band is the result of band broadening (σ2) factors such as 
molecular diffusion, sample injection, joule heating and surface adsorption [41]. 

Sample preparation for electrophoresis 

When working with complex analyte samples from cellular origins, proper sample preparation is 
necessary for predictable sample injection. Prior to electrophoresis, proteins must be extracted 
from the biological sample, freed of contaminants or interfering substances, and kept in solution 
during the separation process [42]. In short, proteins must be solubilized for electrophoretic 
separations to occur. The solubilization process involves the breaking of interactions between the 
substances to be analyzed and interfering substances, and requirements vary greatly from sample 
to sample, and from electrophoretic technique to technique [43]–[46]. Difficulty extracting 
proteins for single-cell analysis techniques arise due to the presence of the plasma membrane. 
Besides disulfide bonds, noncovalent interactions (hydrogen bonding, Van der Waals forces, and 
electrostatic interactions) keep macromolecules together and proteins folded. Detergents 
(synonym with surfactants, derived from surface-active agent) create a stable dispersion of 
hydrophobic components, such as lipids, in the aqueous medium due to the formation of 
micelles. In solution, detergent molecules form micelles with the hydrophobic tails aligning to 
the center and the hydrophilic headgroups interfacing with the solution. The critical micelle 
concentration (CMC) refers to the minimum concentration at which micelles form [47], [48]. 
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While most (if not all) samples must be solubilized for analysis, proteins can be either in their 
native or denatured state. For example, the sample preparation of cellular lysate for size-based 
separation by SDS-PAGE requires both solubilization and denaturation of the sample. In 
comparison to solubilization, denaturation is the disruption of native, functional protein state by 
disrupting interactions within a single protein [42], [48]. It is difficult to solubilize membrane 
proteins without denaturation of those same proteins. Denaturation of proteins can be achieved 
by a range of means, including heat, change in pH, organic solvents, denaturation via agents such 
as urea, and detergents. 

As mentioned earlier, SDS-PAGE is the mass-based sizing of proteins. In this assay, proteins are 
linearized by the ionic surfactant SDS, which also confers a uniform mass-to-charge ratio. SDS 
is hypothesized to bind proteins in a necklace-and-beads fashion. SDS can form hydrophobic 
interaction between its alkyl tail and amino acids, leading to protein denaturation. Furthermore, 
the ionic head of SDS drives electrostatic repulsion between micelles is used to denature the 
protein as they form on different parts of an extended protein [49]–[51]. SDS binds at a known 
ratio of 1.4 g SDS to 1 g protein independent of amino acid composition [42]. As a result, protein 
mobility inside the polyacrylamide sieving matrix is dependent on protein size and is 
independent of native, three-dimensional conformation of the protein. In contrast to 
solubilization, denaturation involves the linearization and disruption of intra-protein interactions. 
Chaotropic agents, such as urea, are chemical denaturants that prevent aggregation of proteins as 
hydrophobic residues are revealed during protein unfolding process. However, these agents are 
not able to solubilize the lipid bilayer.  

Novel bioanalytical assays require the optimization of both detergents and chaotropic agents for 
the solubilization and, if required, denaturation of the analyte. 

Scaling laws in microscale electrophoresis 

The advancements of microfluidics and microscale analytical techniques have led to the 
development of microchip-based electrophoretic separations, such as the scWB. Microscale tools 
enable high precision measurements of biomolecules that were not previously possible. For 
example, microchip-based capillary electrophoresis (µCE) [52], the earliest format of 
microfluidics, has been used to analyze proteins [53]–[56], DNA [57]–[59], antibody-drug 
conjugates [60], and glycans [61]. In general, microfluidics is the handling and manipulation of 
fluids at the microscale [62]. Outside of separation techniques, microfluidic systems developed 
over the past 50 years have permitted the development of organ-on-a-chip [63], diagnostics [64]–
[66], analytical devices and single-cell sequencing [67].  

At the microscale, some physical phenomena and forces scale more favorably than others [71], 
[72]. Common scaling laws derived from dimensional analysis for microfluidics are summarized 
in Table 1. These laws have been used to inform device designs presented in this dissertation. 
Generally, forces and metrics that follow ℓ2 and higher power dependencies have a greater 
dependence on length, while characteristics with ℓ2 and lower power dependencies are less 



9 
 

dependent on length. In microfluidics, phenomena with large power dependencies on length will 
have a reduced effect at smaller length scales. For example, for a 10-time reduction in scale, 
diffusion time is reduced by a factor of 102 and electric field strength is reduced by a factor of 10-

1. Generally, the small geometrical features in microfluidics are less affected by volume-
dependent phenomena, and more affected by surface area-dependent phenomena. 

 

Generally, microfluidic separation techniques, such as single-cell PAGE assays, can quantify 
samples with increased speed, reduced sample consumption (nano- to micro-liter) and higher 
throughput than conventional bulk assays. Miniaturization of these assays enhances performance 
by maintaining high local analyte concentration. This eliminates the need to pool samples to 
achieve detectable protein concentration, permitting single-cell resolution of protein abundance 
[1], [23], [24]. 

The separation efficiency of electrophoretic assays is dependent on the voltage applied. While a 
higher electric field might increase separation resolution, it also induces a higher electric current 
within the microfluidic device [41]. This produces Joule heating (𝑄𝑄 =  𝜌𝜌𝐸𝐸2, where ρ is the 
electric conductivity of the buffer). The generation of Joule heating increases analyte dispersion 
by increasing diffusivity of the molecules, causing a decrease in separation resolution [73], [74]. 
In an electrophoretic circuit, the Joule heating can be expanded to: 

 𝑄𝑄 = 𝐸𝐸 ∗ 𝑉𝑉 ∗ 𝐴𝐴 ∗
1
𝛾𝛾

 Eq. 11 

Table 1.1: Scaling laws relevant to microfluidics for use of in biological measurements in 
electrophoretic assays. (Derived after [68]–[70]). 

Physical Phenomena Units Scaling law (in relation to ℓ) 
Capacitance F ℓ1 
Diffusion time s ℓ2 

Drag force N ℓ 2+2n (n is fluid velocity) 
Electric field V/m ℓ-1 
Electrostatic force N ℓ2 
Gravitation force N ℓ3 
Heat capacity J/K ℓ3 
Mass Kg ℓ3 
Resistance Ω ℓ-1 
Surface area m2  ℓ2 
Surface area : volume ratio m-1 ℓ-1 
Volume m3 ℓ3 
Volumetric flow rate m3/s ℓ4 
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Where V is the voltage applied, and A is the cross-sectional area with elementary resistivity of γ. 
While Joule heating correlates to the electric field applied, small cross-sectional areas of 
microfluidic devices permit the use of higher electric fields without detrimental Joule heating.  

Complementary to Joule heating is heat dissipation. Microfluidic chips benefit from small device 
thicknesses and high surface-to-volume ratio to promote heat dissipation, as per Eq. 12: 

 𝑃𝑃 = 𝑘𝑘 ∗
𝑇𝑇 − 𝑇𝑇𝑤𝑤
𝐿𝐿

𝑆𝑆 Eq. 12 

Where T is the temperature of the microfluidic device, Tw is the atmospheric temperature, K is 
the thermal conductivity of the device material, L is the distance of heat dissipation (often the 
thickness of the device) and S is the heat dissipating area (often the top/bottom surface area) 
[39]. 

Similarly, higher electric field strengths can be obtained in microscale separations using a low 
voltage to the short separation axis. High electric field strengths correspond to high separation 
speed [74]. As a result, species can be resolved in seconds over short distances [75], [76]. 
Miniaturization of separation axis allows for parallelization to improve throughput of the assay. 
Some benefits of scaling for biological measurements are speed and power consumption [77]. 
The former implies that biomolecule interaction frequency increases, and the thermal time 
constraints decrease. Rapid analysis makes these platforms compatible with biological kinetic 
rates. 

In summary, the miniaturization of separation-based assays enables the interrogation of small 
sample sizes in a rapid, high-throughput way. This lends itself to implementation of single-cell 
samples for electrophoresis-based proteomic evaluation. With separation rates comparable to 
biological kinetic rates, microscale separation assays enable new types of biological 
measurements that were not previously possible. 

1.4: Molecular interactions in biology 

Proteins are dynamic biomolecules. While essential for most biological processes, their function 
extends beyond simple chemical reactions. Proteins localize to specific environments within the 
cell, undergo directed movements, and assemble into protein complex machinery to execute 
specific chemical events within a cell [78], [79]. Molecular binding interactions, permitted by the 
complementary binding sites on two or more molecules, are integral to many biological 
processes. In addition to being a ubiquitous feature of proteins in their native state, binding 
interactions are harnessed by proteins for the detection of biomolecules and to trigger biological 
pathways. They are also often implemented as a biorecognition event in biosensing applications 
(i.e. immunoassays). There are several types of transient binding interactions that occur in 
biology. These include the binding of small molecule to receptors in drug development, antibody 
to antigen in immuno-based bioassays, and protein-protein binding in protein complexes and 
formation of quaternary protein structure [80].  
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Binding reactions, whether between two proteins of the same species or two different 
biomolecules, are characterized by their binding specificity and affinity. Affinity refers to the 
strength with which two biomolecules interact. Affinity can also be described in terms of ΔG, the 
change in free energy upon binding [81]. This metric is dependent on epitope availability and the 
environment of the reaction. Specificity refers to the affinity to other biomolecules in the 
environment compared to that of the reactions intended binding partner [82], [83].  

To describe the fundamental binding kinetics and affinity constants of a bimolecular system, we 
will pick a bimolecular model system of antibody (A) binding to antigen (B) and forming a 
complex (AB). This bimolecular interaction can be represented as 𝐴𝐴 + 𝐵𝐵 ↔ 𝐴𝐴𝐴𝐴. The forward 
rate constant (k1, units: M-1s-1) and the reverse rate constant (k-1, units: s-1) describe association 
and dissociation, respectively. Assuming the reaction is at equilibrium, k1 and k-1 define the 
molecular dissociation rate constant as 𝐾𝐾𝐷𝐷 = 𝑘𝑘−1

𝑘𝑘1
= [𝐴𝐴][𝐵𝐵]

[𝐴𝐴𝐴𝐴]  (units: M). KD depends on the 

concentration of all three species in the reaction. 

1.5: Dissertation Overview 

In this dissertation, we report the development of two microscale platforms and associated 
technology for highly sensitive and specific protein measurements. The bioanalytical separation 
techniques leverage the miniaturization of existing separation techniques for the characterization 
and quantification of various physiochemical properties. We focus on specific protein 
measurements from single cells, defining specific measurements as those highly sensitive to 
protein state or dynamic cellular processes. 

Specifically, two context-dependent measurements of dynamic relationships are interrogated in 
this dissertation (Figure 1.3): 

 

Figure 1.3: Dissertation overview. Techniques introduced in this dissertation are focused on 
the development and application of microscale separations for the measurements of cell-
microenvironment interactions and protein-protein complexes. Both measurements are 
context-dependent and require not just the quantification of a target analyte, but the state of the 
analyte or the cell from which the measurement is made. 
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1) Protein-protein: Differentiation of protein complex from monomers 
2) Cell-microenvironment: Measurements with substrate sensitivity as tunable stimulus 

input 

In both cases, the quantification of analyte concentration alone is insufficient for accurate 
characterization of the dynamic biological processes. We introduce advancements in separation 
techniques to quantify the presence of biological species in a context-dependent manner. In 
addition to the protein abundance, these tools report either the state of the analyte or the cell from 
which the measurement is made. Such measurements expand capabilities to report on the specific 
quaternary state of the protein analyte or the transient state of a cell in response to external 
stimulus. 

In chapter 2, we present the design and validation of Single-cell protein Interaction Fractionation 
Through Electrophoresis and immunoassay Readout, or SIFTER. SIFTER addresses the gaps in 
multimeric protein-complex quantification by combining size-based fractionation in 
polyacrylamide gel with sequential differential detergent fractionation. We apply this technology 
for the interrogation of actin filaments, microtubules, and intermediate filaments from single 
cells perturbed with diverse stimuli, revealing intra-population heterogeneity. SIFTER expands 
the sensitivity of cytoskeletal measurements by distinguishing quaternary state of proteins, 
reporting not only on the pure abundance of the analyte, but also on its participation in functional 
complexes.  

In chapter 3, we expand on the previously developed single-cell western blot by coupling it with 
on-chip culture for the evaluation of cytoskeletal proteins of adhered cells. Cells are cultured on 
substrates ranging in stiffness, and we link classical morphological features to intracellular 
protein expression. By coupling on-chip culture of cells with subsequent proteomic evaluation, 
we can report the proteomic state of single cells in response to external stimulus. 

Next, key learnings for optimization and mitigation of injection dispersion are summarized in 
chapter 4. While a combination of computational and theoretical approaches is used to study the 
adverse effects of injection dispersion, experimental approaches focus on remedial options 
compatible with open microfluidic devices. To support the development of novel separation 
assays of mixed materials, we detail a method for developing large-area PDMS-polyacrylamide 
structures in chapter 5. 

Lastly, in chapter 6, we summarize the work and suggest directions for future work. 
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Chapter 2: Measuring expression heterogeneity of single-cell 
cytoskeletal protein complexes  
 

Reproduced with permission from: 

Vlassakis, J.*, Hansen, L.L.*, Higuchi-Sanabria, R. et al. Measuring expression heterogeneity 
of single-cell cytoskeletal protein complexes. Nat Commun 12, 4969 (2021). 
https://doi.org/10.1038/s41467-021-25212-3. (* These authors contributed equally) 

 

2.1: Abstract 

Multimeric cytoskeletal protein complexes orchestrate normal cellular function. However, 
protein-complex distributions in stressed, heterogeneous cell populations remain unknown. Cell 
staining and proximity-based methods have limited selectivity and/or sensitivity for endogenous 
multimeric protein-complex quantification from single cells. We introduce micro-arrayed, 
differential detergent fractionation to simultaneously detect protein complexes in 100s of 
individual cells. Fractionation occurs by 60 s size-exclusion electrophoresis with protein 
complex-stabilizing buffer that minimizes depolymerization. Proteins are measured with a ~5-
hour immunoassay. Co-detection of cytoskeletal protein complexes in U2OS cells treated with 
filamentous actin (F-actin) destabilizing Latrunculin A detects a unique subpopulation (~2%) 
exhibiting downregulated F-actin, but upregulated microtubules. Thus, some cells may 
upregulate other cytoskeletal complexes to counteract the stress of Latrunculin A treatment. We 
also sought to understand the effect of non-chemical stress on cellular heterogeneity of F-actin. 
We find heat shock may dysregulate filamentous and globular actin correlation. In this work, our 
assay overcomes selectivity limitations to biochemically quantify single-cell protein complexes 
perturbed with diverse stimuli. 

2.2: Introduction 

Over 80,000 protein complexes comprised of interacting proteins regulate processes from 
proteostasis to transcription1. A critical set of multimeric protein complexes form the cell 
cytoskeleton: actin filaments, microtubules, and intermediate filaments. For example, actin 
dynamically polymerizes and depolymerizes2,3 between monomeric G-actin (~42 kDa) and 
filamentous F-actin4 to determine cell morphology, motility, and proliferation5. F-actin is 
considered the functional actin species in the cytoskeleton. Thus, the F-actin ratio (or F-actin 
abundance divided by total actin) is a metric for cytoskeletal integrity. F-actin levels can be 
increased in metastatic cancer cells5, thus underpinning the design of oncology drugs that disrupt 
F-actin filaments6. In addition, microtubule stabilizing chemotherapeutics (e.g., taxanes) are 
widely used in treatment of numerous cancers7 (e.g., breast, lung, prostate). However, 
development of taxane-resistant cell subpopulations8 requires further advances to screen drugs 
that target the cytoskeleton. Quantifying the distribution of cytoskeletal protein complexes in 
single cells would inform drug development and help elucidate stress-induced cancer 
transformations. 

https://doi.org/10.1038/s41467-021-25212-3
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To understand cytoskeletal protein-complex expression heterogeneity, no existing method 
combines the needed detection sensitivity, throughput, and selectivity for multimeric protein 
complexes in single cells. Single-cell, bottom-up mass spectrometry has been demonstrated,9,10 
with identification of up to 1000 protein groups from individual cells with the nanoPOTS 
system11. Bottom-up mass spectrometry digests proteins and cannot determine protein-complex 
stoichiometry like top-down mass spectrometry of intact proteins. However, lossy sample 
fractionation in top-down mass spectrometry limits identification of protein complexes from 
low-cell number samples12. Indeed, with nanoPOTS integrated with top-down mass 
spectrometry, only ~170 of over a million possible proteoforms were detectable from ~70 pooled 
HeLa cells13. Thus, while highly multiplexed, top-down mass spectrometry currently lacks 
single-cell resolution for protein complexes. Targeted approaches such as proximity ligation 
assay and FRET achieve single-cell sensitivity and can assess cellular heterogeneity with flow 
cytometry readout (10,000 or more cells14). Proximity ligation assay and FRET rely on adjacent 
oligo-bound antibodies or fluorescent probes to infer that two proteins are interacting15,16. As 
proximity-based techniques are designed to measure 1:1 interaction, the most commonly used 
probes (whether fluorophores for FRET, or antibody-oligonucleotide conjugates for proximity 
ligation assay) do not distinguish multi-component or multimeric complexes from 1:1 
complexes. Further, with flow cytometry, it is challenging to discern protein complexes from 
monomeric proteins without a selective probe. Finally, actin-specific detection methods are 
numerous, but suffer from limitations impacting sensitivity, selectivity and applicability to other 
cytoskeletal protein complexes. Visualization of the actin cytoskeleton relies on fluorescently 
tagged actin (e.g., GFP-actin fusion or split GFP-actin fusion17), GFP-fused actin binding 
proteins or peptides (e.g., Lifeact, F-tractin, Utrophin), nanobodies18, or chemicals that directly 
bind actin (e.g., phalloidin). Such molecules may alter cytoskeletal dynamics both in vitro and in 
vivo19–21. Phalloidin competes with, or is dissociated by, endogenous actin-binding proteins22,23 
and actin-targeting drugs, such as Jasplakinolide24. Bulk ultracentrifugation overcomes these 
limitations while sacrificing single-cell resolution. In bulk ultracentrifugation, mild lysis in F-
actin stabilization buffer solubilizes G-actin and preserves F-actin. The supernatant (G-actin) and 
pellet (F-actin) fractions are subsequently quantified by western blot or DNase inhibition assay25. 
However, bulk ultracentrifugation typically requires ~107 cells, masking underlying cell-to-cell 
variation25.  

In this work, we address gaps in multimeric protein-complex quantification by introducing 
Single-cell protein Interaction Fractionation Through Electrophoresis and immunoassay 
Readout, or SIFTER. With sequential differential detergent fractionation and bi-directional, 
single-cell polyacrylamide gel electrophoresis (originally developed for nuclear versus 
cytoplasmic protein separation26), we electrophoretically separate monomers from protein 
complexes. Single cells are gravity-settled in microwells formed in polyacrylamide, where the 
microwell aspect ratio is selected to maximize single-cell microwell occupancy27. Here, each cell 
is lysed in situ in buffer designed to maintain protein complexes. Under an applied electric field, 
the gel size-excludes protein complexes larger than ~740 kDa to the microwell. Small 
monomeric proteins electromigrate into the gel in two steps: first from the monomeric fraction, 
and second from the intentionally depolymerized protein complex fraction after a buffer 
exchange. SIFTER fractionates protein complexes in < 1 min, or 40× faster than the 
ultracentrifugation assay. The thin SIFTER gel (0.5 mm thick) minimizes resistive heating that 
could prematurely depolymerize or dissociate protein complexes. Owing to the arrayed format 
and open microfluidic design, hundreds of fractionation separations are performed 
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simultaneously. After fractionation and bi-directional electrophoresis, both the depolymerized 
protein complex (e.g., F-actin, microtubule, and/or intermediate filament) and monomer (e.g., G-
actin, β-tubulin, or vimentin) states are blotted (or immobilized) in distinct gel regions abutting 
each microwell. Protein complex and monomer states are quantified by in-gel immunoprobing, 
allowing target multiplexing27. We applied SIFTER to four basic questions. First, do two well-
studied actin-targeting drugs (Latrunculin A and Jasplakinolide) induce variation in F-actin 
complex-levels in single cells compared to controls? Second, as a corollary, does Latrunculin A 
yield cellular phenotypes distinct from controls with different organization of other cytoskeletal 
protein complexes, such as microtubules and intermediate filaments? Third, what is the 
distribution of the F-actin ratio across a population of single cells? Fourth, how does heat shock, 
another cellular stress, shift the F-actin ratio distribution and coordination between F- and G-
actin at the single-cell level? We show SIFTER is a versatile method for understanding cellular 
heterogeneity – at single-cell resolution – in protein-complex levels in response to perturbation.  

2.3: Materials and Methods 

Chemicals: Tetramethylethylenediamine (TEMED, T9281), 40% T, 3.4% C acrylamide/bis-
acrylamide (29:1) (A7802), N,N,N′,N′-, ammonium persulfate (APS, A3678), sodium 
deoxycholate (NaDOC, D6750), sodium dodecyl sulfate (SDS, L3771), bovine serum albumin 
(BSA, A7030), dithioerythritol (DTE, D8255), triton X-100 (X100), urea (U5378), β-
Mercaptoethanol (M3148), anhydrous magnesium chloride (MgCl2, 814733) and 
dimethylsulfoxide (DMSO, D2438) were acquired from Sigma Aldrich. An Ultrapure Millipore 
filtration system provided deionized water (18.2 MΩ). PharmAgra Laboratories custom-
synthesized N-[3-[(3-Benzoylphenyl)- formamido] propyl] methacrylamide (BPMAC). 
Phosphate buffered saline was purchased from VWR (10X PBS, 45001−130). Tris glycine (10X) 
buffer was obtained from Bio-Rad (25 mM Tris, pH 8.3; 192 mM glycine, #1610734). Petroleum 
jelly (Cumberland Swan Petroleum Jelly, cat. no. 18−999−1829). Tris-HCl was obtained from 
Fisher Scientific (1M, pH = 7.5; Corning MT46030CM), while 0.5 M Tris-HCl, pH 6.8 was 
purchased from Teknova (T1568). Photoinitiator 2,2-Azobis(2-methyl-N-(2-hydroxyethyl) 
propionamide) (VA-086) was acquired from FujiFilm Wako Pure Chemical Corporation. Gel 
Slick was purchased from Lonza (#50640). Tris Buffered Saline with Tween 20 (TBST-10X) 
was procured from Cell Signaling Technology (9997S). Paraformaldehyde (4% EM grade) was 
purchased from Electron Microscopy Sciences (157-4). 

Cell culture: All cell lines were authenticated by short tandem repeat profiling by the UC 
Berkeley Cell Culture facility and tested negative for mycoplasma. Naive U2OS cells were 
purchased from the UC Berkeley Cell Culture Facility. BJ fibroblasts expressing hTERT and 
Cas9 were provided by the Dillin lab. U2OS RFP-Lifeact cells were previously generated by the 
Kumar lab91 at UC Berkeley, and kindly provided for this study. MDA-MB-231 GFP-actin cells 
were kindly provided by the Drubin lab at UC Berkeley. BJ fibroblasts and U2OS (RFP-Lifeact 
and naive) cells were maintained in DMEM (11965, ThermoFisher Scientific) supplemented 
with 10% FBS (100-106, GeminiBio), 1% penicillin/streptomycin (15140-122, ThermoFisher 
Scientific), and 1% non-essential amino acids (11140-050, ThermoFisher Scientific), while 
MDA-MB-231 GFP-actin cells were maintained in the same media minus the 1% non-essential 
amino acids. All cells were cultivated in a humidified incubator in 5% CO2 kept at 37 °C. Cells 
were sub-cultured at ~80% confluency and detached with 0.05% Trypsin-EDTA (Gibco #25300-
054) for 3 min. Each SIFTER assay was performed on a distinct single-cell suspension. 
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Generation of RFP-Lenti MDA-MB-231 GFP-Actin cells: MDM-MB-231 GFP-actin cells were a 
kind gift from the laboratory of Dr. David Drubin. Genome editing was performed at the 
genomic locus by integrating TagGFP (see Source Data for sequence) at the genomic locus for 
ACTB. Verification of genome editing was performed via standard PCR and sequencing. Briefly, 
DNA was collected from cells using the Qiagen DNeasy Blood and Tissue Kit (69506) as per 
manufacturer’s guidelines. 100 ng of genomic DNA was used for PCR and sequencing was 
performed using standard sanger sequencing (primers provided in Table 2.1). A schematic for 
genome editing is provided in Figure 2.1. MDA-MB-231 GFP-actin cells were infected with 
lentivirus containing CD510B-1_pCDH-CMV-MCS-ED1-Puro (SystemBio) modified to carry 
TagRFP (see Source Data for sequence) under the CMV promoter.  

Table 2.1: Primers used in the study. 

Type of Primer Sequence 

Forward Primer for PCR 5’GGACTCAAGGCGCTAACTGC3’ 

Reverse Primer for PCR 5’ GGTACTTCAGGGTGAGGATGCC3’ 

Primer for Sanger Sequencing 5’GCTTCCTTTGTCCCCAATCTGG3’ 

 

 

 

Figure 2.1: Schematic of genome edit generating the GFP-actin fusion in the MDA-MB-
231 cells. Actin gene (ACTB) exon, inserted GFP sequence (TagGFP) and untranslated region 
(UTR) shown. 

SIFTER assay (step-by-step protocol provided on Protocol Exchange93): Buffers and gel lid 
incubation: F-actin stabilization lysis buffer used was 10 mM Tris-HCl, 1% Triton X-100, 2 mM 
MgCl2, and 0.5 mM DTE (titrated to pH=7.4). The DTE was added at the time of a given 
experiment. The depolymerization buffer was prepared as a 1.56x RIPA buffer such that upon 
addition of 8 M urea, the final buffer composition was 0.5x Tris glycine, 0.5% SDS, 0.25% 
sodium deoxycholate, 0.1% Triton X-100, 8 M urea, pH = 8.3. Urea was added fresh at the time 
of the experiment and allowed to dissolve at 75 °C. Hydrogel lids (15%T, 3.3% C) were 
photopolymerized as previously described between Gel Slick-coated glass plates offset with a 
500 μm spacer26. Hydrogel lids were incubated overnight at 4 °C in either the F-actin 
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stabilization or the depolymerization buffer (before urea or DTE addition). Upon complete 
preparation of the urea-containing depolymerization buffer, the buffer was introduced to the gel 
lids in a water bath set to 75 °C and incubated for ~30 min before beginning the experiments. F-
actin stabilization buffers and gel lids were kept at room temperature. Gel lids and buffers were 
only stored for up to 2 weeks, and buffer solution was never re-used. 

Polyacrylamide fractionation gels (8%T and 3.3%C with 3 mM BPMAC incorporated) were 
polymerized on SU-8 micro-post molds as described elsewhere27. Trypsinization was performed 
for 3 min at 37 °C, and cells in PBS (10010049, Thermo Fisher Scientific, pH = 7.4, magnesium 
and calcium free) settled in the microwell array for 10 min. Trypsinized cells were introduced to 
the microwell array in 1X PBS solution for passive gravity settling settling27. Every few minutes, 
the fractionation gel is gently slid back and forth to distribute cells across the gel. After ten 
minutes, the gel is placed at a slight incline and excess cells are lightly rinsed off the gel surface 
with PBS. Each replicate experiment was run with a different 1-cm petri dish of freshly 
trypsinized cells in suspension. 

For the fractionation separation, the fractionation gel device was pre-incubated in 10 mM Tris-
HCl (pH = 7.5) briefly before the glass slide was adhered to the surface of a custom 3D-printed 
PAGE chamber with petroleum jelly. A custom heater with a 12V PTC ceramic heating element 
(ELE147, Bolsen Tech) and PID temperature controller (ITC-106VH, Inkbird) was interfaced to 
the bottom surface of the PAGE chamber at 37 °C. The F-actin stabilization hydrogel lid was 
then applied to the array and cell lysis proceeded for 45 s before the electric field was applied (30 
V cm-1, 45 s for 42 kDa actin in U2OS or BJ fibroblasts, or 60 s for 69 kDa GFP-actin from the 
GFP-actin cells; Bio-Rad Powerpac basic power supply). Proteins were blotted, or bound to the 
fractionation gel, by UV-induced covalent immobilization to the BPMAC incorporated in the 
fractionation gel (Lightningcure LC5, Hamamatsu, 100% power, 45 s). The electrode terminals 
were reversed, and the hydrogel lid was exchanged with depolymerization buffer gel hydrogel lid 
for 45 s. PAGE was performed for the same duration in the opposite direction before a final UV 
photo-immobilization step (same UV power and duration). The glass slide was peeled from the 
PAGE chamber, and the fractionation gel was washed in 1X TBST for at least 30 min to 
overnight prior to immunoprobing. 

Immunoprobing was performed as previously described27, utilizing a rabbit anti-GFP antibody 
for GFP-actin (Abcam Ab290), rabbit anti-actin monoclonal antibody (Ab 200658 for BJ 
fibroblasts in Figure 3), rabbit anti-actin monoclonal antibody (Abcam Ab 218787 for U2OS 
cells), mouse anti-vimentin monoclonal antibody (Abcam Ab8978) and rabbit anti-β-tubulin 
monoclonal antibody (Abcam Ab6046). See additional antibodies tested in Table 2.2. Gels were 
incubated with 50 μl of 1:10 dilution of the stock primary antibody in TBST for two hours and 
then washed 2x for 30 min in 1X TBST. Donkey Anti-Rabbit IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 647-labeled (A31573, Thermo Fisher Scientific), Donkey 
Anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 555-labeled 
(A31570, Thermo Fisher Scientific) and Donkey Anti-Mouse IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 647-labeled (A31571, Thermo Fisher Scientific) were used at 
a 1:20 dilution in TBST for a one-hour incubation after 5 min of centrifugation at 10,000 xg. 
Two more 30-min TBST washes were performed prior to drying the gels in a nitrogen stream 
and imaging with a laser microarray scanner (Genepix 4300A, Genepix Pro 7 software, 
Molecular Devices). When immunoprobing with rhodamine-labeled anti-actin Fab (see Table 
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2.2) and Ab 200658, 1:5 dilutions were used. For the Fab, immunoprobing completed after the 
two-hour incubation and two 30-minute washes in TBST. For multiplexed analysis of actin, 
vimentin and β-tubulin protein complexes, actin and vimentin were immunoprobed together, the 
gels were chemically stripped27 and then re-probed for β-tubulin. Chemical stripping was 
performed for at least one hour at 55 °C. Gels were briefly rinsed in fresh 1x TBST three times 
and then washed in 1x TBST for at least one hour prior to re-probing. 

Images were analyzed as described elsewhere27. Briefly, the images were median filtered 
utilizing the Remove Outliers macro in Fiji (pixel radius = 2 and threshold = 50 AFU; except for 
the data presented in Figures 2.7 and Figure 2.16). The images were then segmented, intensity 
profiles were generated for each separation lane and peaks were fitted to a Gaussian curve. For 
fits with an R2 > 0.7 user-based quality control is performed, and area under the curve is 
calculated within two peak widths from the center on the background subtracted profile. The 
signal-to-noise ratio (SNR) of each peak is calculated with signal taken as the amplitude of the 
Gaussian fit. Noise is calculated as the standard deviation of pixel intensities in a background 
region at the edge of the region of interest (aligned with two peak widths from the peak center 
location of the Gaussian). We report the area-under-the-curve for peaks with SNR > 3, a criterion 
used when determining a lower limit of detection for a semi-quantitative assay. Image analysis 
was performed in MATLAB R2019b. 

Table 2.2: Summary of immunoprobing results with various antibodies. Epitope information 
and valid applications indicated by the manufacturer are included. The ‘Heater Status’ column 
indicates whether the SIFTER assay was performed with the heater interfaced with the device 
during lysis and electrophoresis. Gels from the ‘Without Heater’ protocol were immunoprobed 
with 25 μl antibody solution instead of 50. Abbreviations: western blot (WB), enzyme-linked 
immunosorbent assay (ELISA), immunofluorescence (IF), immunohistochemistry (IHC), flow 
cytometry (flow), immunoprecipitation (IP), immunocytochemistry (ICC), amino acid (a.a.). 

Vendor Product # Clonality Epitope Info Valid 
Applications 

Separation 
results 

Heater 
status 

Millipore MAB1501 Monoclonal 
(clone c4) 

a.a. 50-70 
(Chicken 

gizzard actin) 

ELISA, IHC 
IF, ICC, & 

WB 

F-actin band 
only (BJ 

fibroblasts) 

With 
and 

without 
heater 

CST 8456S Monoclonal 

C-terminus of 
β-actin 

(synthetic 
peptide) 

WB, IF, IHC 
F-actin band 

only (BJ 
fibroblasts) 

Without 
heater 

CST 8457 Monoclonal 

Near N-
terminus of β-

actin 
(synthetic 
peptide) 

WB, IF, 
Flow 

F-actin band 
only (BJ 

fibroblasts) 

With 
heater 
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CST 3700 Monoclonal 

Near N-
terminus of β-

actin 
(synthetic 
peptide) 

WB, IHC, IF, 
Flow 

F-actin band 
only (BJ 

fibroblasts) 

With 
heater 

CST 4968S Polyclonal 

Residues 
around 
Asp244 

(synthetic 
peptide) 

WB, IHC 
F-actin band 

only (BJ 
fibroblasts) 

Without 
heater 

Abcam ab1801 Polyclonal 
~residues 350 
to C-terminus 

(peptide) 
WB, IHC 

No signal 
(BJ 

fibroblasts) 

Without 
heater 

Abcam ab198991 Monoclonal 

Synthetic 
peptide ~a.a.  

300 to C-
terminus 

WB, IP 
F-actin band 

only (BJ 
fibroblast) 

With 
heater 

Abcam ab200658 Monoclonal 

Synthetic 
peptide ~ a.a.  

300 to C-
terminus 

WB, ICC, 
Flow 

F-actin band 
with few G-
actin bands 

(BJ 
fibroblast) 

With 
heater 

Abcam ab218787 Monoclonal 

Synthetic 
peptide 

corresponding 
to human actin 

ICC, WB 

F-actin band 
only (U2Os 

and BJ 
fibroblast) 

With 
heater 

Biorad 12004164 
Unspecified; 
rhodamine-
labeled Fab 

Recombinant 
human beta β-

actin 
expressed in e. 

Coli 

WB 

F-actin band 
and some 
G-actin 

bands (BJ 
fibroblasts) 

Without 
heater 

 

Temperature measurement in SIFTER: Temperature sensors (liquid crystal thermometers; Type 
C 30-60 °C with 5 °C intervals from ThermometerSite) were placed directly under the hydrogel 
lid (immersed in F-actin stabilization lysis buffer). The temperature was monitored while 
applying 30 V cm-1 across the electrodes of the electrophoresis chamber without interfacing with 
the custom heater. 

Fluorescence imaging of cells in microwells, lysis and PAGE: Imaging was performed via time-
lapse epi-fluorescence microscopy on an Olympus IX50 and IX51 inverted epifluorescence 
microscope (and thus the custom heater was not used as it would block the illumination path 
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through the PAGE chamber). The microscope was controlled using Metamorph software 
(Molecular Devices) and images were recorded with a CCD camera (Photometrics Coolsnap 
HQ2). The imaging setup included a motorized stage (ASI), a mercury arc lamp (X-cite, Lumen 
Dynamics) and a XF100-3 filter (Omega Optical) and 41017 (Chroma) for GFP and an XF111-2 
filter for RFP (Omega Optical). Imaging was performed with a 10× magnification objective 
(Olympus UPlanFLN, NA 0.45 or UPLFLN10X2, NA 0.3) and 900 ms exposures with 1s 
intervals with U2OS RFP-Lifeact, and 2s exposure with 2s intervals with MDA-MB-231 GFP-
actin (1x pixel binning). Exposure times were lowered for lysis imaging to 600 ms.  

F-actin cell staining and drug treatment: Latrunculin A (Cayman Chemicals 10010630) was 
dissolved in DMSO as a 2 mM stock solution and stored at -20 °C until use. Jasplakinolide 
(Millipore-Sigma, 420107) was reconstituted in DMSO and stored at -20 °C for up to 3 months. 
Cells were incubated in the LatA for 60 min at 2 μM and in the Jpk for 120 min at 0.1 or 0.2 μM. 
Dosing concentration and duration to induce actin depolymerization were based on reported 
conditions for other cell types62,92,94 and verified qualitatively by phalloidin staining and 
fluorescence microscopy of adherent cells. The DMSO control cells were exposed to 0.1% 
DMSO in cell culture media for the same time as the drug treated cells. Cells were fixed with 
3.7% paraformaldehyde in 1X PBS (10 min at room temperature), and permeabilized with 0.1% 
Triton X-100 (for 5 min at room temperature and stained with Alexa Fluor 647-labeled 
phalloidin (20 min at room temperature, ThermoFisher Scientific, A22287). 

Cells were imaged by epi-fluorescence with an Olympus IX70 inverted microscope controlled 
with Metamorph (Molecular Dynamics). Images were captured with an Andor iXon+ EMCCD 
camera (DU-885K-C00-#VP) with an Olympus LCPlanFl 40X (0.6 NA) objective, a mercury arc 
lamp (X-cite exacte, Lumen Dynamics) and a Chroma 49009 ET filter. Exposure time was 800 
ms and pixel binning was 1x. 

Flow cytometry analysis of phalloidin-stained cells: Fixed cells were incubated in 
permeabilization buffer (0.1% Triton X-100 in PBS) at room temperature for 10 minutes. Cells 
were then spun down and incubated in staining solution (66 nM AlexaFluor 594 phalloidin in 
PBS supplemented with 2% BSA) at 4 °C for 30 minutes. Finally, cells were washed twice with 
PBS and analyzed with flow cytometry using BD LSRFortessa (and Flowjo v10.6 software). To 
analyze stained cells, single cells were gated by forward and side scatter (Figure 2). Only single 
cells were included in the fluorescence analysis. 
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Figure 2.2: Area density plots showing gating strategy for flow cytometry data presented 
in Figure 7d for the DMSO control and Latrunculin A-treated cells. Blue points 
correspond to the lowest densities and red are the highest densities of the color scale. 
Abbreviations: Side Scatter Area (SSC-A), Forward Scatter Area (FSC-A), Side Scatter Width 
(SSC-W), Side Scatter Height (SSC-H). Values provided on each plot are the percentage of 
events within each gate out of total events. Cells were first gated on FSC and SSC areas for 
live cells (i.e., live at the time of fixation), then gated on FSC (FSC singlets) and SSC (SSC 
singlets) for single cells. Fluorescence analysis was performed only on single cells. 

Heat shock treatment of cells: MDA-MB-231 GFP-actin RFP-lenti cells were incubated at 45 °C 
(VWR mini incubator, 10055-006) for heat shock, or at 37 °C in a humidified 5% CO2 incubator 
for controls for 1-h prior to trypsinization and gravity settling in the fractionation gel. 

Statistical analysis: Mann-Whitney test (with U test statistic) and Kruskal-Wallis test with post-
hoc Dunn’s test (Chi-squared test statistic), Spearman rank correlations, and QQ-plot generation 
with normal and gamma distributions were performed using pre-existing functions in MATLAB 
2019b. All tests were two-sided. All boxplots include a centerline for the median, boxes at the 
25th and 75th percentile and whiskers that extend to the extremes of the data. Violin plots were 
generated in RStudio (Version 0.99.903) using the library Vioplot. The boxplot within the kernel 
density plot displays boxes at the 25th and 75th percentile, a point at the median, and whiskers 
that extend to the extremes of the data. Beeswarm plots used the library swarm. 

Cell Fishing clustering analysis: Standardization is by row for both the LatA treated and DMSO 
control data sets (expression level, or Gaussian protein peak AUC, for each protein complex) 
with the mean at 0 and standard deviation of 1. Initial agglomerative hierarchical clustering was 
performed separately for the LatA treated and DMSO control data sets utilizing Euclidean 
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distances, and the Ward linkage criterion (R version 3.6.1, NMF package). Distinct sub-clusters 
in the LatA treated data were further inspected as bait groups of cells inspired by the 
GeneFishing method described elsewhere72. We conducted an analogous analysis to 
GeneFishing, which we call Cell Fishing.  Candidate cells from the DMSO control data sets were 
randomly split into subsamples of 100 cells, and each subsample was pooled together with the 
bait cells to form a sub-dataset. Semi-supervised clustering is applied to each sub-dataset using 
spectral analysis and a clustering algorithm based on the EM-fitted mixture Gaussian of two 
components model95 (R version 3.6.1, mclust package). The subsampling protocol was repeated 
3000 times for a given bait set, and cells were considered fished out if they had a capture 
frequency rate of 0.999 or higher.  

2.4: Results 

SIFTER design principles and characterization 

To selectively detect cytoskeletal protein complexes from single cells, we integrate differential 
detergent fractionation, electrophoretic separation, and immunoassay steps into a single 
microdevice. An important set of dynamic protein complexes comprise the cytoskeleton, 
including F-actin filaments, microtubules (MT) and intermediate filaments (IF; Figure 2.3a). 
Two design considerations are central to our measurement of dynamic protein complexes: (1) 
discerning the protein complexes from monomers; and (2) maintaining protein complexes during 
fractionation. For the first design consideration, we focus on the F-actin filament, which is the 
smallest and most dynamic of the three cytoskeletal protein complexes. Each filament can be 
composed of up to 100s of globular G-actin monomers (koff ~ 0.2 - 1.0 s-1 in vivo28). F-actin 
averages ~2.7 MDa (versus MT at ~178 MDa with 1 μm average MT length29 and 1625 tubulin 
heterodimers per μm of MT30, and IF at ~30 MDa for typical μm-scale IF31 at >30 kDa per nm of 
filament32). F-actin polymerization proceeds rapidly once four G-actin are incorporated in a 
filament. Steady-state polymerization (kon ~0.1-5 μM-1s-1)28 yields a distribution of filament 
masses33. While the F-actin mass distribution below ~2700 kDa is unknown in vivo, F-actin is 
highly enmeshed. Thus, discerning F- (>160 kDa) vs. G-actin (42 kDa) requires coarse size 
cutoff (~100s of kDa), which should also fractionate MT and IF. On the second design 
consideration, rapid F-actin depolymerization occurs below the critical concentration of total 
actin (~0.2 - 2.0 μM in vivo). To maintain local concentrations of actin above the critical 
concentration demands < ~10× dilution during the assay, as cellular total actin is ~10-100 μM. 
Thus, the SIFTER fractionation gel contains microwells with ~108× smaller reaction volume 
versus bulk ultracentrifugation to minimize dilution. The microwells accommodate gravity-
sedimented single cells27 within the fractionation gel (Figure 2.3a). The open SIFTER device is 
suited to rapid serial introduction of buffers via interchangeable hydrogel lids to first lyse cells 
and stabilize protein complexes during fractionation, and then depolymerize or dissociate protein 
complexes to spatially separate monomers from protein complexes (Figure 2.3b-c).  

To report both the state (protein complex vs. monomer) and amount of specific protein 
complexes per cell, SIFTER comprises five assay steps (Figure 2.3c). First, single trypsinized 
cells are gravity-settled in the microwell array (from a cell suspension27) and lysed in an F-actin 
stabilization buffer delivered by the hydrogel lid, creating a lysate containing the monomers and 
complexes. Second, protein complexes are fractionated from the smaller monomers by 
polyacrylamide gel electrophoresis (PAGE, 60 s), during which large protein complexes are size-
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excluded from the gel and retained in each microwell. Monomers electrophorese into the gel and 
are immobilized (blotted) using a UV-induced covalent reaction to benzophenone 
methacrylamide integrated into the gel polymer network27. Covalent immobilization to the gel 
prevents monomer diffusion that would broaden the protein peak and result in protein loss out of 
the gel. Third, to depolymerize the complexes retained in each microwell, a protein-complex 
depolymerization buffer is introduced by another hydrogel lid. Fourth, we electrophorese the 
now depolymerized complexes into a region of the gel separate from the immobilized monomers, 
where depolymerized complexes are in turn immobilized. Fifth, in-gel immunoprobing (~5 
hours) detects the immobilized populations of monomer and monomer depolymerized from the 
complexes (Figure 2.3e-f). We use a fluorescently labeled antibody probe against the protein 
(i.e., anti-actin antibody probe to detect F- and G-actin, and anti-vimentin antibody probe to 
detect vimentin monomers and intermediate filaments).   

To maintain intact protein complexes in each microwell during PAGE fractionation, the F-actin 
stabilization buffer slows the natural depolymerization kinetics. The non-ionic detergent Triton 
X-100 at ~1% v/v lyses the cell and minimally alters in vitro polymerization rates of actin25,34,35. 
The addition of 2 mM MgCl2 stabilizes F-actin complexes25, as Mg2+ binds G-actin to lower 
depolymerization rates33. Consequently, only ~2% of total F-actin depolymerizes per minute in 
mammalian cells lysed in stabilization buffer25, compatible with our goal to fractionate in ~1 
min. Cell lysis depends on diffusion of Triton X-100 micelles, which requires ~10 s to reach the 
bottom of the microwells36. Imaging release of monomeric G-actin fused to fluorescent GFP 
from GFP-actin expressing breast cancer cells (MDA-MB-231 GFP-actin) within a microwell 
confirms a 45 s lysis yields only ~2.5-4× dilution of total actin to remain above the actin critical 
concentration (Figure 2.3d). Important to minimizing F-actin-complex depolymerization during 
the assay, SIFTER completes cell lysis and fractionation in <5 min, or ~40× faster than bulk 
ultracentrifugation. 

Validation and benchmarking SIFTER 

We first validated SIFTER by fractionating and quantifying the G-actin monomer vs. F-actin 
complexes in single MDA-MB-231 GFP-actin cells. We selected GFP-actin expressing cells to 
utilize fluorescence imaging to optimize cell lysis (Figure 2.3d) and PAGE conditions. 
Immunoprobing for GFP yields distinct Gaussian protein peaks corresponding to GFP G-actin 
(G) on the left and GFP F-actin (F) to the right of each microwell (Figure 2.3e). The area-under-
the-curve of F-actin and G-actin peaks corresponds to the F-actin (F) and G-actin (G) protein 
fraction abundances, respectively. By design, the target peak is identified using a combination of 
reactivity with immunoprobe and migration distance (size). For immunoblots where dispersed 
signal between the target actin peak and microwell is both detectable and resolvable, the off-
target signal is excluded from quantification. Immunoblots with non-Gaussian target signal are 
omitted from data analysis. We attribute the dispersed signal to either (or both): (i) cross-
reactivity of the fluorescent antibody probes with smaller proteins and cellular material or (ii) 
injection dispersion arising from likely incomplete protein solubilization37 (including 
dissociation of the filamentous actin we study here). Full solubilization of the F-actin filament 
may not be complete for all cells in the short 45-s lysis and solubilization period, a duration that 
is dictated by diffusive losses of protein out of the microwell prior to electrophoresis26. We 
calculate the F-actin ratio: 
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Fratio = F / (F+G)  (1) 

for each cell. The MDA-MB-231 GFP-actin fusion cell average Fratio = 0.45 ± 0.10 (standard 
deviation; n = 578 cells, from N = 3 SIFTER devices), in reasonable agreement with Fratio ~0.5 
for MDA-MB-231 from bulk ultracentrifugation38. With SIFTER, the Fratio coefficient of 
variation is 22%, revealing single-cell variation obscured in the bulk assay.  Fratio variation 
measured by SIFTER includes cellular variation, such as the inverse correlation between the 
Fratio and cell volume. For example, cells grown in microniches that controllably decrease cell 
volume by half undergo similar magnitude increase in F-actin and decrease in G-actin (which 
should correspond to ~2× increase in Fratio)39. 

Further, the F-actin stabilization buffer also maintains IF complexes (Figure 2.3f). We apply the 
F-actin stabilization buffer to the measurement of intermediate filament (IF) and microtubule 
(MT) cytoskeletal protein complexes. First, we note that MT and IF are relatively stable 
compared to F-actin. MT have depolymerization t1/2 timescales of minutes97 and IF experience 
subunit exchange ~10% over 7 hr98. Due to the similarity in protein complex-stabilizing buffers 
for each cytoskeletal protein complex (Triton X-100 ~0.5-1.0%, pH ~6.7-7.4, and inclusion of 1 
mM MgCl2  for MT25, 99, 100, we determined the F-actin stabilization buffer employed in SIFTER 
could be usable for MT and IF fractionation.  

As such, we define and quantify an IF ratio: 

IFratio = IF/(IF + VIMmonomer)  (2) 

from the area-under-the-curve of the peaks, where VIMmonomer is the amount of native vimentin 
monomer. The IFratio indicates the fraction of vimentin actively giving structure to the cell, the 
primary function of IF. We find MDA-MB-231 GFP-actin cells have an average IFratio = 0.63 ± 
0.11 (error is the standard deviation; n = 168 cells, from N = 4 SIFTER devices measured on the 
same day). The significance of determining metrics such as Fratio  and IFratio with single-cell 
resolution is to detect small sub-populations of cells with distinctive filament and monomer 
distributions, especially the phenotypes that arise in response to stresses. Observed cell-to-cell 
variation in Fratio and IFratio raises the intriguing question of whether cells compensate levels of 
one cytoskeletal protein complex for another. We investigate differential stress responses and 
compensation of cytoskeletal protein complexes later in this work. 
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Figure 2.3: SIFTER detects cytoskeletal complexes from hundreds of single cells by on-
chip integration of single-cell differential detergent fractionation and immunoblotting. 
(a) Schematic of three key cytoskeletal protein complexes: filamentous actin (F-actin; 4-100s 
of globular G-actin, 42 kDa each), microtubules (MT; assembled from α- and β-tubulin 
heterodimers) and intermediate filaments (IF; comprising vimentin monomers). Trypsinized 
cells contain the three cytoskeletal protein complexes and are heterogeneous with low to high 
F-actin ratios (Fratio). Brightfield image shows a cell gravity settled into an individual 
microwell of a polyacrylamide fractionation gel. (b) Side-view schematic of hydrogel lid 
delivery of assay-stage optimized buffers to microwells in the fractionation gel. (c) The 
SIFTER assay comprises: 1) hydrogel lid delivery of protein complex-stabilizing lysis buffer 
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to the array; 2) polyacrylamide gel electrophoresis (PAGE) and UV-immobilization of 
monomers (e.g., G-actin) in the gel; 3) hydrogel lid delivery of protein-complex dissociation 
buffer; 4) PAGE of dissociated protein complexes (e.g., F-actin, depolymerized) in the 
opposite direction of monomers and UV immobilization; and 5) in-gel antibody 
immunoprobing. (d) Cell lysis monitoring: false-color fluorescence micrograph montage and 
quantification of single MDA GFP-actin cells in microwells (cells 1-3) upon lysis with F-actin 
stabilization buffer (lyses cell but retains F-actin). Scale bar is 100 μm. Total fluorescence in 
the microwell normalized to initial in-microwell fluorescence as a function of lysis time for n 
= 3 cells (yellow circles). (e) Immunoassay results: representative false-color micrograph of 
subset of the SIFTER array and intensity profile of GFP F-actin and GFP G-actin from single 
MDA-MB-231 GFP-actin cells (scale bar is 100 μm). Microwell annotated with dashed line. 
Boxplot with beeswarm (white circles) shows the Fratio calculated from F- and G-actin peak 
area-under-the-curve from n = 578 single-cell protein complex separations from N = 3 
SIFTER devices. Boxplot box edges are at 25th and 75th percentile, middle line is the median, 
and whiskers extend to minimum and maximum values of the data set. Red dashed line shows 
the Fratio from a bulk assay38. (f) Representative false-color micrograph of a subset of the 
SIFTER array and intensity profile of vimentin from single MDA-MB-231 GFP-actin cells 
(scale bar is 100 μm). Boxplot with beeswarm (white circles) shows IFratio = IF/(IF + 
VIMmonomer), from n = 168 cells from N = 4 SIFTER devices. Boxplot box edges are at 25th 
and 75th percentile, middle line is the median, and whiskers extend to minimum and 
maximum values of the data set. 

 

 

Figure 2.4: Scatter plot of protein size excluded in blue native polyacrylamide gel 
electrophoresis (black circles) as a function of Total acrylamide concentration (%T, 
g/mL) as reported by Wittig et al.41 The linear fit is shown as a red line with equation: y = -
0.0999T + 3.6683 (r2 = 0.992).  
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To validate monomers vs. protein complex detection specificity, we determined the gel 
composition needed to fractionate F-actin (the smallest of the three cytoskeletal protein 
complexes) and directly observed PAGE of fluorescently labeled actin from single-cell lysates. 
The molecular mass cutoff for the gel depends on the total acrylamide concentration (%T). 
Based on native PAGE40,41, the SIFTER cutoff for an 8%T gel is ~740 kDa (Figure 2.4, Figure 
2.5a), or larger than 42 kDa G-actin, but smaller than an average ~2700 kDa F-actin. During 
PAGE of MDA-MB-231 GFP-actin cells (in which GFP is fused to both G- and F-actin), actin 
species indeed fractionate at the microwell edge (Figure 2.5b). Within 45 s of PAGE, the G-
actin Gaussian protein band completely injects a mean distance of 350 ± 16 μm into the 
polyacrylamide gel (with mean peak width of 66 ± 8 μm, n = 275; errors are standard deviations 
from one SIFTER device). We confirm the actin state of the species in the microwell by imaging 
PAGE of U2OS cells expressing RFP-Lifeact, a common marker for F-actin19. The microwell 
retains the F-actin complexes (Figure 2.5c), with signal decrease attributable to diffusive losses27 
of RFP-Lifeact-bound G-actin out of the microwell and photobleaching.  We hypothesize two 
factors lead to no observed F-actin electromigration into the gel, including RFP-Lifeact bound 
dimers42. First, small oligomers are a minor fraction of F-actin due to substantial dissociation 
rates43. Second, highly crosslinked filaments23 remain enmeshed within the cytoskeleton even in 
lysed cells44. Further, we expect that free RFP-Lifeact would diffuse out of the microwell during 
cell lysis if present. Thus, we confirm that SIFTER fractionates F-actin complexes from single 
cells. Importantly, size exclusion may fractionate other protein complexes by adjusting the %T, 
as >99% of individual proteins of the mammalian proteome are larger than the molecular mass 
cutoff of even a denser 10%T gel45. 
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Figure 2.5: Size-based fractionation and efficient heat dissipation at the micro-scale 
provides molecular specificity to fractionate F-actin complexes from single cells. (a) Left: 
schematic of fractionation using polyacrylamide gel electrophoresis (PAGE) to separate F-
actin complexes from G-actin monomers. Right: Estimated molecular mass cutoff as a 
function of gel density (%T). Shaded region is the molecular mass range of 99.9% of non-
interacting protein species comprising the mammalian proteome, with notations indicating G-
actin (42 kDa, solid green line) and average F-actin (~2700 kDa, dashed green line) molecular 
masses. (b) False-color fluorescence micrographs and corresponding intensity profiles during 
electrophoresis (30 V cm-1) of MDA-MB-231 GFP-actin single-cell lysates in F-actin 
stabilization buffer; 76 ± 3% of the fluorescence remains in the microwell (n = 4, error is 
standard deviation). Microwell outlined with dashed line in the micrograph and intensity 
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profile. (c) Intensity profiles (top) and false-color fluorescence micrographs of single RFP-
Lifeact U2OS cells in microwells (dashed outline; only F-actin is fluorescent) upon lysis in F-
actin stabilization buffer. PAGE results in retention of F-actin complexes in the microwell 
(repeated for a total of n = 3 cells). (d) Left: schematic of heating in the fractionation gel 
(gray) and gel lid (yellow) upon applying a current. Right: plot of temperature as function of 
elapsed PAGE time under the F-actin stabilization lysis buffer gel lid at 30 V cm-1 (n = 3; 
black diamonds). 

We further validate SIFTER maintains F-actin complexes during fractionation without PAGE-
induced temperature rise that may depolymerize or dissociate protein complexes (e.g., as shown 
in vitro or in certain cell types above 45 °C46–48). Electrical current passing through conductive 
buffer produces heat (Joule heating) during PAGE, which can increase temperature if not 
efficiently dissipated. The temperature difference, ∆𝑇𝑇, between the surrounding medium and the 
conductor varies along the height axis, z, of the conductor:   

∆𝑇𝑇 =  𝐸𝐸2𝜎𝜎𝑐𝑐 �
𝑎𝑎2−𝑧𝑧2

2𝑘𝑘
�  (3) 

where E is the electric field strength (V m-1), 𝜎𝜎𝑐𝑐 is the buffer conductivity (S m-1), 2a is the 
height and k is the thermal conductivity of the conductor (W m-1 K-1)49. Due to large temperature 
rises during electrophoresis in F-actin stabilization buffers containing MgCl2 (𝜎𝜎𝑐𝑐 ~1.3 mS cm-1), 
E is limited to ~2-10 V cm-1 for 120-480 min in native slab gels50, or ~18 V cm-1 in capillaries50. 
In SIFTER, the anticipated ∆𝑇𝑇 at 30 V cm-1 is ~0.02 °C (2a ~ .54 mm) vs. ~6.18 °C increase in a 
slab gel (2a ~ 5 mm; Figure 2.6). Indeed, we measure constant room temperature using liquid 
crystal temperature sensors under the hydrogel lid during PAGE at 30 V cm-1 with SIFTER 
(Figure 2.5d). Thus, we confirm SIFTER maintains endogenous protein complexes without 
Joule heating with ~100× faster fractionation than in a slab gel, 100-1000× higher sample 
throughput than a capillary (or comparable to automated capillary systems51), and without 
purifying, labeling or crosslinking of complexes52. 

We sought to validate SIFTER’s quantification of single-cell heterogeneity of F-actin complex 
levels as quantitative assessment is needed for screening drugs targeting metastatic cell 
subpopulations53. In conventional imaging of F-actin with phalloidin (conjugated to a 
fluorophore), two factors pose a challenge to quantifying F-actin complex heterogeneity. First, 
phalloidin competes with, or is dissociated from, F-actin by both actin-binding proteins (e.g., 
cofilin)22,23 and drugs (e.g., actin nucleating drug jasplakinolide, Jpk24 and the structurally similar 
MiuA54). The number of potential actin-targeting drugs that compete with phalloidin are 
unknown. Nevertheless, Jpk and MiuA highlight the fact that a decrease in phalloidin staining 
signal can be due to decreased F-actin expression, competitive binding, or a combination of the 
two. Second, optimal cell segmentation requires that cells are not in contact with one another55, 
which limits quantification from tissues and high-throughput analysis55. The latter may be 
overcome in the case of actin by conducting analysis by flow cytometry. While flow cytometry is 
compatible with proximity ligation assay for two proximal proteins, the lack of antibodies 
specific for protein interactions prevents multi-component protein complex measurement by flow 
cytometry56. Alternatively, SIFTER is free from competitive binding, cell segmentation 
challenges, and can discern and quantify protein complexes.  
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Figure 2.6: Schematic representations of SIFTER and a slab gel setup with parameters 
used for estimates of temperature difference. Temperature difference between the edge of 
the conductor and different z positions is given by2: ∆𝑇𝑇 = 𝐸𝐸2𝜎𝜎𝑐𝑐 �

𝑎𝑎2−𝑧𝑧2

2𝑘𝑘
� where E is the electric 

field (V m-1), 𝜎𝜎𝑐𝑐 is the electrical conductivity (S m-1), 2a is the cross-sectional thickness, and k 
is the thermal conductivity (W m-1 K-1). We neglect an additional term in the equation that 
accounts for heat transfer to a material incasing the conductor (thus we assume the width of 
the encasing material is zero). For E =3000 V m-1, 𝜎𝜎𝑐𝑐 = 0.13 S m-1, and approximating the 
conductor as water (given the high water volume fraction of polyacrylamide gel), k = 0.5918 
we find ∆𝑇𝑇=0.02 °K in SIFTER (at the fractionation gel or z = -0.00023), and ∆𝑇𝑇 = 6.18 °K in 
the slab gel (at the location of the sample in the slab gel, or z = 0). Slab gel schematic created 
with BioRender.com 

With SIFTER, we investigated two well-studied drugs – Jpk and Latrunculin A (LatA) – each 
having a unique mechanism of action on actin57,58 (Figure 2.7). Understanding Jpk effects on F-
actin complexes is confounded by competitive binding with phalloidin and differing observations 
in vivo versus in vitro58., Jpk binds at the interface of three actin subunits59 to lower the number 
of actin subunits needed for a stable multimer for filament elongation, causing disordered 
aggregates58. Still, F-actin complex levels increase in certain cell types with Jpk treatment in the 
0.1 - 1.0 μM range as determined by bulk ultracentrifugation60,61. With phalloidin staining of 
Jpk-treated BJ fibroblasts, we qualitatively observe shorter filaments and small aggregates when 
dosing with 100 nM Jpk. While 100 nM Jpk is below the reported IC50 of 555 nM Jpk treatment 
for 4 hours in breast cancer cells62, the concentration is high enough to induce decreased 
phalloidin fluorescence. When phalloidin stained Jpk-treated cells display decreased 
fluorescence signal, as with the BJ fibroblasts here, it is difficult to discern if competition with 
phalloidin obscures interpretation (Figure 2.7a). SIFTER yields a ~1.6× and 2.1× decrease in 
median F-actin relative to the control at the 100 and 200 nM Jpk concentrations, respectively 
(Kruskal-Wallis p-value < 0.0001 with Dunn-Sidak correction for multiple comparisons, Figure 
2.7b-c). The decrease in F-actin levels from Jpk treatment is not accompanied by increasing G-
actin immunoprobe signal. To assess heterogeneity in SIFTER F-actin complex levels across 
100s-1000s of individual cells, we calculate the coefficient of quartile variation (CQV). The CQV 
is a metric of variance accounting for skewed distributions63, such as gamma-distributed protein 
expression64: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑄𝑄3−𝑄𝑄1
𝑄𝑄3+𝑄𝑄1

   (4) 

https://biorender.com/


37 
 

where Q3 is the 75th percentile and Q1 is the 25th percentile F-actin level.  We find CQVDMSO 

control, BJ =0.38, CQVJpk 100 nM, BJ =0.39 and CQVJpk 200 nM, BJ = 0.39 (subscripts refer to the treatment 
and cell type).  Similar CQV values with increasing drug concentration indicate the drug effect is 
relatively consistent across the cell population. 

In contrast, LatA sequesters G-actin and reduces both F-actin complex levels and the Fratio, as 
determined by phalloidin staining, DNAse I staining (of G-actin) and bulk methods57,65,66, but 
variation in cell response is unknown. After treatment with 2 μM LatA, we phalloidin-stained 
U2OS cells and observed decreased F-actin complex fluorescence (Figure 2.7a) in agreement 
with previous findings66. As with Jpk, we utilized a high enough LatA drug concentration to 
induce visible changes in phalloidin fluorescence. To assess variation in cell response to LatA, 
we benchmarked the distribution of F-actin levels from LatA treatment in SIFTER versus flow 
cytometry of trypsinized, fixed, and phalloidin-stained U2OS cells. By flow cytometry, we find 
the median F-actin complex level of DMSO control cells is significantly higher than the LatA 
treatment median by 1.9× (Mann-Whitney P-value < 0.0001, Figure 2.7d, n = 9203 control cells 
and n = 5114 LatA-treated cells). With SIFTER, we observe the median F-actin complex level in 
DMSO control cells is significantly higher than the LatA treatment median by 1.5× (Mann-
Whitney P-value < 0.0001, n = 911 control cells, and n = 444 LatA-treated cells, Figure 2.7d-e). 
We further found that SIFTER measured a significantly lower log fold change (i.e., smaller 
increase in DMSO control over LatA) than flow cytometry (Mann-Whitney P-value < 0.0001, 
Figure 2.8). For each of the two techniques, we converted the original data to the log scale, and 
normalized the LatA measurements by the mean and variance of the DMSO control. During 
normalization of the flow cytometry data set, sample size was accounted for by a repeated 
downsampling to match the sample size of SIFTER assay: we subsampled 444 points from 5114 
flow cytometry LatA measurements and 911 points from 9203 flow cytometry DMSO control 
measurements. Next, we normalized the 444 subsampled LatA points, and repeated the 
subsampling and normalization protocol 100 times. The normalization procedure resulted in 444 
SIFTER assay data points reflecting the log fold changes (DMSO control over LatA), and 44400 
flow cytometry data points after pooling together the 100 subsamples. A Mann-Whitney test 
shows the normalized data in flow cytometry assay is significantly higher than for SIFTER 
assay, with a p < 0.0001 and 99% confidence interval of shift in locations being [0.6306, 
0.9304]. This indicates that with a 99% high chance, the range [1.88, 2.54] will cover the ratio 
between the fold change in flow cytometry and the fold change in SIFTER measurement (DMSO 
control over LatA). Here 1.88=exp(0.6306), 2.54=exp(0.9304). The confidence interval suggests 
the fold change measured in flow cytometry assay is significantly higher. Thus, SIFTER does not 
measure as large a decrease in F-actin levels upon LatA treatment as flow cytometry of fixed and 
phalloidin-stained cells. One reason SIFTER may report smaller decreases in F-actin levels upon 
LatA treatment (while still maintaining statistical significance) is due to run-to-run variation 
observed across assay replicates (each replicate shown in Figure 2.9). 

Unlike Jpk, LatA treatment corresponds with an increase in F-actin CQV as CQVLatA, U2OS = 0.49 
vs. CQVDMSO control, U2OS = 0.32 by SIFTER (a 1.5× increase) and CQVLatA, U2OS = 0.30 vs. 
CQVDMSO control, U2OS = 0.23 by flow cytometry (a 1.3× increase). Previously, phalloidin staining 
revealed a single F-actin complex-phenotype from ~200 sparsely seeded cells treated with 250 
nM LatA67. Here, the CQV increase upon LatA exposure suggests differential cell tolerance to 
LatA potentially due to the almost 10× higher LatA concentrations utilized here. Thus, SIFTER 
circumvents competitive binding or cell segmentation challenges to quantify variation in drug 
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effects on F-actin complexes at the single-cell level. The high CQVLatA, U2OS from SIFTER 
prompted us to further investigate cellular variation in response to LatA treatment. It is not 
currently possible to quantify the variation in the other cytoskeletal protein complexes, IF and 
MT with flow cytometry, as vimentin and tubulin antibodies would bind both the monomer and 
protein complexes in the cell. However, with SIFTER, co-detection of protein complexes within 
the same cell is possible, using antibodies raised against different species, or with a chemical 
stripping and re-probing approach developed previously27. 

 

Figure 2.7: SIFTER quantifies cellular heterogeneity in F-actin complex levels, avoiding 
competitive binding or cell segmentation challenges encountered with phalloidin staining 
and capturing the cellular variation identified by flow cytometry. (a) False-color 
fluorescence micrographs of U2OS or BJ fibroblast cells fixed and stained with fluorescent 
phalloidin (F-actin, green) and Hoechst (nuclear stain, blue) after incubation with Latrunculin 
A (LatA, 60 min) or Jasplakinolide (Jpk, 120 min). Scale bar is 50 μm. Experiment was 
repeated for a total of at least two times. (b) False-color fluorescence micrographs and 
representative intensity profiles from SIFTER on single BJ fibroblast cells treated with the 
indicated concentration of Jpk. Scale bar is 100 μm. Microwell is outlined with a dashed line 
in the intensity profile and in the micrograph. (c) Violin plot of F-actin levels quantified from 
three different SIFTER devices with the indicated total number of single cells. Medians are 
11053 for control, 6876 for 100 nM Jpk and 5343 for 200 nM Jpk. Boxplot box edges are at 
25th and 75th percentile, middle point is the median, and whiskers extend to minimum and 
maximum values of the data set. Kruskal-Wallis p-value < 0.0001 with Dunn-Sidak correction 
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for multiple comparisons. (d) Histograms of F-actin fluorescence with cell count normalized to 
the mode from flow cytometry measurement of trypsinized and phalloidin-stained U2OS cells. 
Medians are 3454 for control (n = 9203, gray) and 1858 for LatA (n = 5114, blue). Mann-
Whitney U Test p-value < 0.0001. (e) False-color fluorescence micrographs and representative 
intensity profiles from performing SIFTER on single U2OS cells. Scale bar is 100 μm. 
Microwell is outlined with a dashed line in the intensity profile and in the micrograph. (f) 
Violin plot of F-actin levels quantified from four different SIFTER devices with the indicated 
total number of single cells. Boxplot box edges are at 25th and 75th percentile, middle point is 
the median, and whiskers extend to minimum and maximum values of the data set. Medians 
are 42105 for control (n = 911, gray) and 28144 (n = 444, blue) for LatA. Mann-Whitney U 
test p-value < 0.0001. 

 

 

 

 

Figure 2.8: Violin plot of the normalized log fold-change distributions in F-actin levels 
from flow cytometry (of trypsinized, fixed and phalloidin-stained U2OS cells; n = 9203 
DMSO control cells and n = 5114 Latrunculin A (LatA)-treated cells from one 
experiment) and SIFTER (n = 911 DMSO control cells and n = 444 LatA-treated cells 
from N = 4 SIFTER devices) from Figure 2.7. Boxplot box edges are at 25th and 75th 
percentile, middle point is the median, and whiskers extend to minimum and maximum values 
of the data set. Normalization of DMSO control data to LatA data and subsampling results in a 
distribution with 44000 data points for flow cytometry and 444 data points for SIFTER. Mann-
Whitney p-value < 0.0001 and the 99% confidence interval for a shift in locations is [0.6306, 
0.9304]. 
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Multiplexed SIFTER uncovers subpopulations of LatA-treated cells  

We asked two questions regarding Latrunculin A-induced cellular variation, recognizing that 
SIFTER could permit measurement of all three major cytoskeletal protein complexes 
simultaneously. First, we sought to understand if LatA yields differential expression of other 
cytoskeletal protein complexes. Second, we asked whether LatA induced unique cell 
subpopulations. The cytoskeletal protein complexes F-actin, microtubules (MT, of α- and β-
tubulin subunits), and intermediate filaments (IF, of vimentin or keratin subunits) have both 
redundant and distinct functions in maintaining cytoskeletal integrity (Figure 2.10a). Such 
redundancy68 yields increased IF to counteract F-actin destabilization of mesenchymal cells69 
with only 1-h treatment with another Latrunculin, LatB. The counteracting increase in 
intermediate filament levels occurs because keratin intermediate filament-regulating genes 
become differentially expressed69. Yet, quantification of cytoskeletal changes remains a 
challenge in single cells by microscopy due to segmentation artifacts and low signal-to-noise 
ratio from immunohistochemistry and phalloidin staining70,71.  

To understand concerted effects of 1-h LatA drug treatment on F-actin, MT, and IF, we performed 
same-cell, target-multiplexed SIFTER (Figure 2.10b and Figure 2.11). We assess the expression 
relationships between the three protein complexes in the DMSO vehicle control cells (n = 201 
single cells) by Spearman rank correlation, and obtain ρ = 0.70 for MT vs. F-actin, ρ  = 0.72 for F-

 

Figure 2.9: Boxplot of F-actin quantified from DMSO Control and Latrunculin A (LatA) 
replicates (Rep) comprising Figure 2.7F. Kruskal-Wallis p-value < 0.005 for Control Rep 1-
3 (n = 286, n = 287 and n = 338, respectively), and for LatA Rep 1-3 (n = 237, n = 97 and n = 
110, respectively). Medians for Control Rep 1-3 are: 50749, 40601, and 33728, respectively. 
The DMSO Control mean median is 41693, and mean median coefficient of variation (CV) = 
21%. Medians for LatA Rep 1-3 are: 42581, 22255 and 17885, respectively. The LatA mean 
median is 27573 and mean median CV = 48%. Boxplot box edges are at 25th and 75th 
percentile, middle line is the median, and whiskers extend to minimum and maximum values 
of the data set. 
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actin vs. IF, and ρ  = 0.59 for MT vs. IF (Figure 2.12; p < 0.0001 for each correlation). The 
correlation values suggest coordination of cytoskeletal protein-complex levels across a large 
proportion of cells. A follow-up agglomerative hierarchical clustering analysis reveals sets of cells 
with distinct patterns of protein-complex expression (e.g., groups A-D, Figure 2.10c). 

Next, to elucidate whether any of the potential subpopulations shown in Figure 2.10c (e.g., groups 
A-D) were unique to the LatA-treatment, we adapted the GeneFishing method72 for CellFishing. 
Using a group of co-expressed cells as bait, we attempt to fish out other cells from a candidate 
pool that present a similar protein complex-expression pattern to that of the bait cells. We do this 
through a semi-supervised clustering approach, coupled with sub-sampling to ensure robust 
discoveries. Here, groups of LatA-treated cells from hierarchical clustering that appear as unique 
phenotypes each define a set of bait cells, and the DMSO control cells define the candidate pool. 
If a group of bait cells does not identify any cells with similar phenotypes in the DMSO control 
cells, we assume the phenotype is unique to the LatA-treated cell population. We found that bait 
group A does not fish out DMSO control cells, while groups B-D are examples of baits that do 
(Figure 2.10d). Groups B (~3% of LatA cells), C (~4% of LatA cells) and D (~3% of LatA cells) 
all fish out DMSO control cells (~0.5%, 2% and 20% of the DMSO control cells, respectively) 
and thus represent phenotypes not exclusive to LatA treatment. Group B is marked by elevated 
MT and to a lesser extent, elevated IF compared to the average protein complex expression levels 
of the LatA-treated cells. Group C is characterized by increased IF. Group D expresses low F-
actin, MT, and IF, which was a phenotype observed in a substantial number of both control and 
LatA cells as displayed in the heat map. Group A (~2% of LatA-treated cells) is characterized by 
elevated MT in response to F-actin destabilization and is only found in the LatA treatment cells. 
If MT compensates for F-actin perturbation in subpopulations of cells, such cells may be better 
equipped to maintain cytoskeletal integrity in response to stress. LatA causes an increase in the 
percentage of serum-starved fibroblasts expressing mature microtubules (from 40% to 70% of cells 
after one hour at 0.1 μM)73, a shift between two cell populations. Here, hierarchical clustering of 
multiplexed SIFTER reveals distinct subpopulations with unique cytoskeletal composition 
stratified by expression of all three complexes. For example, IF levels distinguish Groups A and 
B with similar MT and F-actin levels, Figure 2.10c-d. Our results open new questions such as 
whether increases in MT in LatA-treated cells correspond with changes in transcriptional or 
translational rates, and subunit stability or MT organization, which warrant further investigation. 
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Figure 2.10: Multiplexed SIFTER detects subpopulations of cells with altered 
cytoskeletal protein complexes in response to F-actin destabilization. a) Schematic of the 
cell cytoskeleton composed of F-actin, intermediate filaments (IF) and microtubules (MT), and 
the unknown effects of Latrunculin A (LatA) on IF and MT. (b) Representative false-color 
fluorescence micrographs and intensity profiles from SIFTER. F-actin (green), MT (blue) and 
IF (orange) are electrophoresed to the right of the microwell. Protein quantification is 
performed by peak area integration. Scale bar is 100 μm. Microwell is outlined by a dashed 
line in the micrographs and intensity profiles. (c) Heat maps with dendrograms from 
agglomerative hierarchical clustering with Euclidean distance metric and Ward linkage for 
U2OS cells incubated in DMSO (n = 201 cells, three SIFTER devices) or 2 μM Latrunculin A 
(LatA, n = 507 cells, four SIFTER devices). Distinct sub-lineages used as bait groups A-D for 
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Figure 2.11: Violin plots of F-actin (green), microtubule (MT, blue) and intermediate 
filament (IF, orange) expression levels with DMSO control or 2 μM LatA treatment. 
Boxplot box edges are at 25th and 75th percentile, middle point is the median, and whiskers 
extend to minimum and maximum values of the data set. Mann-Whitney (two-sided test) p-
value is significant (*)  p-value < 0.0001 for F-actin (DMSO control median = 16573 and LatA 
median = 6765). Mann-Whitney p-value = 0.0027 for MT (DMSO control median = 5187 and 
LatA median = 6517).  The Mann-Whitney p=0.8917 for IF (DMSO control median = 59137 
and LatA median = 63607). 

 
 

 
 

Figure 2.12: Correlation matrices for DMSO control (n = 201 cells) and Latrunculin A 
treated cells (n = 507 cells) with histograms (blue bars) and scatter plots (blue circles). 
Protein complexes detected are microtubules (MT), F-actin and intermediate filaments (IF). 
Spearman ρ are shown in the upper left-hand corner of each scatter plot (p-value < 0.0001 for 
all correlations). Least-squares reference lines are shown in magenta with the slope equivalent 
to the correlation coefficient. 

CellFishing are shown with colored bars (blue, purple, teal and lavender, respectively). 
Heatmap is standardized by row (mean at 0, and color gradations at units of standard 
deviation). (d) Spectral clustering projections and heatmaps depicting LatA treatment bait 
group cells (blue), DMSO control cells (grey) and fished out DMSO control cells (yellow).  
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Quantifying distributions of total actin and Fratio across cells 

To assess actin cellular heterogeneity, we asked: what are the statistical distributions of total 
actin and Fratio across cells? In order to assess statistical distributions across SIFTER replicates, 
we needed to measure the cells at a fixed time after preparing the single-cell suspension, as 
detachment lowers the level of cytoskeletal protein complexes74–76. We conducted SIFTER 
replicates with constant cell handling times and measured the Fratio from each device. The 
median Fratio values from the three SIFTER replicates were 0.47, 0.42 and 0.46 (n = 275 n = 193 
and n = 110 respectively, Kruskal-Wallis p-value = 0.0084; Figure 2.13), with a mean median of 
0.45 and coefficient of variation of mean median of 5%. The interquartile ranges were 0.15, 0.13, 
and 0.08, which indicates the distributions overlap substantially with similar medians despite 
statistically significant run-to-run variation indicated by the p-value < 0.05. In each of three 
replicates displayed as quantile-quantile (QQ) plots, we found total actin largely follows a 
gamma distribution, as expected based on transcriptional bursting (Figure 2.14)77. One of the 
replicates deviates from the gamma distribution at the highest quantiles, indicating the tail 
behavior is less well-described by a gamma distribution. We find the Fratio follows a normal 
distribution across cells by examining the QQ plots (Figure 2.14). The normal Fratio distribution 
measured with SIFTER suggests actin binding proteins stochastically regulate actin 
polymerization/depolymerization.  

Characterizing Fratio requires accurate quantification of the G-actin fraction to calculate the total 
actin (the denominator of the ratio, F+G). As with any immunoassay, immunoreagents must be 
screened for each specific application, as sample preparation determines whether the epitope is 
native, partially denatured, or fully denatured78 (Table 2.2). We found that in cells expressing 
endogenous (not GFP-fused) actin, some immunoreagents detected depolymerized F- but not G-
actin (Figure 2.15). The performance of an antibody can vary for antigens under different assay 
conditions due to the changes in epitope accessibility. Antibodies recognize epitopes generally 
divided into two categories: linear epitopes and conformational epitopes101, 102. In applications 
where the protein target is denatured during sample preparation, linear epitopes are preferred. In 
applications where protein targets are present in their native state, conformational epitopes are 
preferred. In SIFTER, the G-actin subpopulation is immobilized twice: once in native conditions, 
and once in denaturing conditions. The resultant conformation, secured by the BPMAC-
immobilization, can be hypothesized to be a combination of the linear and conformational form. 
The orientation of the immobilized protein will affect antibody affinity, similar to protein on 
solid supports in protein microarrays103,104. Future work involving the mixing of antibodies 
against linear and conformational epitopes12 could potentially recover more G-actin peaks. Of 
note, a Fab fragment did yield G-actin immunoprobe signal in fibroblasts, while several full-
length immunoreagents inconsistently detected G-actin in a subset of cells with F-actin signal. 
Lack of signal is not likely due to detection sensitivity, as actin is present at millions of copies of 
protein per cell13 (while the in-gel immunoprobing limit-of-detection is ~27,000 copies of 
protein27). We instead hypothesize sterics may influence epitope availability. The Fab fragment 
may bind to native G-actin immobilized to the gel, whereas full-length antibody probes are 
unable to do so (~3× larger molecular mass). Future investigations will aim to establish a 
protocol for in-gel monomeric protein denaturation prior to immobilization to ensure the epitope 
availability is consistent between monomeric and depolymerized protein complex fractions 
immobilized in the gel. 
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Figure 2.13: Boxplots of F-actin ratio for three SIFTER replicates performed on MDA-
MB-231 GFP-actin cells (three different batches of cells with constant 10-minute settling time 
post-trypsinization performed on the same day). Boxplot box edges are at 25th and 75th 
percentile, middle line is the median, and whiskers extend to minimum and maximum values of 
the data set. Replicate 1: n = 275; replicate 2: n = 193; replicate 3: n = 110. Kruskal-Wallis p-
value = 0.0084; Dunn-Sidak post-hoc test for multiple comparisons p-values not significant 
except p = 0.006 for Replicate 1 (median = 0.47) vs. Replicate 2 (median = 0.42). 

 

 

 

Figure 2.14: Quantile-Quantile (QQ) plots from replicates SIFTER assays in Figure 2.13. 
(a) Total actin (F+G) for each single cell versus a gamma distribution to each replicate 
(replicate 1: purple; replicate 2: orange; replicate 3: green). Single-cell total actin for each 
single cell is indicated with a circle symbol and dashed lines represent the fitted gamma 

probability density function (𝑓𝑓(𝑥𝑥;𝛼𝛼,𝛽𝛽) = 𝑥𝑥𝛼𝛼−1𝑒𝑒
−𝑥𝑥𝛽𝛽

𝛽𝛽𝛼𝛼(𝛼𝛼−1)!
 for each replicate. Fit parameter α = 4.4, 

6.9 and 2.2, and β = 8151, 4846, and 15361 for replicates 1, 2, and 3 respectively. (b) F-actin 
ratio (Fratio) versus standard normal distribution. 
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Figure 2.15: Gasket-based antibody screening for full SIFTER fractionation gels. Left: 
false-color fluorescence micrograph of fractionation gels (BJ fibroblast F and G-actin 
separations) immunoprobed with different actin antibodies (Abcam Ab200658, blue; Abcam 
Ab198991, red). Scale bar is 10 mm 

 

Heat shock induces cellular heterogeneity in actin distribution 

To assess how a non-chemical stress perturbs (1) the Fratio distribution and (2) F- and G-actin 
coordination, we apply SIFTER to the study of heat shock. Cytoskeletal reorganization is a 
hallmark of disease states5, and protein-complex dysfunction is prominent in aging79 and during 
cellular stress80,81. Cell stress such as heat shock yields re-organization of F-actin in many, but 
not all cell types82. Indeed, with phalloidin staining, we observed a qualitative decrease in F-actin 
fluorescence of RFP-Lentiviral transformed MDA-MB-231 GFP-actin cells upon heat shock 
(Figure 2.16a).  

For more nuanced characterization of the Fratio distribution not possible with phalloidin staining, 
SIFTER reports the median Fratio in the heat-shocked cells was similar to control cells (0.53 vs. 
0.59, respectively; Mann-Whitney p-value < 0.0001, Figure 2.16b-c). However, the interquartile 
range of the Fratio in heat-shocked cells is ~1.5× that of control cells (0.17 vs. 0.11). We 
quantified the skew of the distribution with the Pearson’s moment coefficient of skew: 

𝜇𝜇3��� = 𝜀𝜀 ��𝑋𝑋−𝜇𝜇
𝜎𝜎
�
3
�     (5) 

where ε is the expectation operator, X is the random variable (here, Fratio), μ is the distribution 
mean and σ is the standard deviation. We find 𝜇𝜇3��� is -0.40 for the control data set, and -0.38 for 
the heat-shocked cells (Figure 2.16d). 

Microwell

F-actin (depolymerized) G-actin
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To understand if F- and G-actin levels remain coordinated upon heat shock, we quantified 
Spearman ρ (for F- and G-actin level correlation). The Spearman ρ decreased from 0.82 for the 
49 control cells from one SIFTER device to 0.47 for 131 heat-shocked cells from two SIFTER 
devices. Across the two heat shock SIFTER devices, ρ = 0.73 for device 1 (n = 22, p = 0.0002) 
and ρ = 0.41 for device 2 (n = 109, p < 0.0001). We hypothesize heat shock SIFTER device 1 
had too few cells that passed analysis quality control to capture the reduced correlation in F- and 
G-actin upon heat shock observed in device 2. We conclude that F-actin levels alone may not 
reveal actin cytoskeletal integrity: the Spearman ρ correlation of F- and G-actin also helps 
uncover differential stress response across the cell population. 

 

 

Figure 2.16: SIFTER quantifies actin distribution heterogeneity after heat-shock stress. 
(a) False-color fluorescence micrographs of adherent MDA-MB-231 GFP-actin cells with 
RFP-lentiviral transfection that were fixed and stained for F-actin (phalloidin, green) and the 
nucleus (Hoechst, blue) with heat shock (45 °C for 60 min) or 37 °C control. Scale bar is 50 
μm. Experiment was repeated for a total of at least two times. (b) Representative false-color 
fluorescence micrographs and intensity profiles of GFP-actin PAGE fractionation from the 
specified single cells. Scale bar is 100 μm. Microwell is outlined by a dashed line in the 
intensity profiles and micrographs. (c) Violin plots of F-actin ratio (F/F+G) from SIFTER with 
n = 49 for the control (one SIFTER device, gray) and n = 131 for the heat shock condition 
(two SIFTER devices, pink). Median Fratio is 0.59 for control and 0.53 for heat shock. Boxplot 
box edges are at 25th and 75th percentile, middle point is the median, and whiskers extend to 
minimum and maximum values of the data set. Mann-Whitney (two-sided test) p-value is 
significant (*) at p < 0.0001. (d) Scatter plot of F versus G-actin for control (gray circles) and 
heat shock (pink circles). Spearman ρ = 0.82 for control (p < 0.0001) and ρ = 0.47 for heat 
shock (p < 0.0001).  
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2.5: Discussion 

SIFTER maintains multimeric cytoskeletal protein complexes during fractionation to reveal 
monomer versus protein-complex states in single cells. From perturbation of actin with well-
characterized drugs, we find LatA, but not Jpk (at the concentrations tested), results in increased 
F-actin expression heterogeneity as characterized by increasing CQV. To investigate the 
heterogeneity of LatA-treated cells, we extended SIFTER to multiplexed readout of the three 
major cytoskeletal protein complexes (F-actin, microtubules, and intermediate filaments) 
simultaneously in each cell. We identified previously unknown cell subpopulations, such as the 
cluster with decreased F-actin and potentially compensatory increases in microtubules (Group A) 
along with intermediate filaments (Group B) upon LatA treatment. Thus, observed heterogeneity 
in LatA F-actin response corresponds with a spectrum of cytoskeletal integrity in the clonal 
population of U2OS cells investigated. While some cells increase expression of microtubules, 
intermediate filaments or both, other cells in the population undergo a complete cytoskeletal 
collapse. In the clonal population of U2OS osteosarcoma cells investigated here, the origins of 
differential maintenance of the cytoskeleton are unknown. However, recent single-cell 
sequencing studies of U2OS cells identified coordinated expression of sets of genes across 
subsets of cells, including some genes that regulate the cytoskeleton83. Determining if MT and 
IF-regulating genes are differentially expressed in subsets of U2OS cells and immunoprobing for 
the corresponding proteins along with F-actin, MT and IF in SIFTER could provide mechanistic 
insight. Partially coordinated regulation of the cytoskeleton raises two further questions: 1) what 
causes such differential gene expression to regulate the cytoskeleton in certain cells of a clonal 
population and 2) what is the functional implication of subsets of cells having a more resilient 
cytoskeleton? For the latter, we consider that the epithelial to mesenchymal transition of 
metastasis is marked by re-organization of the key cytoskeletal protein complexes7, and 
osteosarcoma is known for aggressive metastasis. Consequently, it is intriguing to consider 
whether cell subpopulations with compensating overexpression of microtubules and intermediate 
filaments (marked capability to re-organize the cytoskeleton) represent a more mesenchymal-like 
subtype.  

Applying SIFTER to single-cell Fratio assessment, we determined that the F-actin ratio is 
normally distributed across a cell population. This indicates the possibility that the F-actin ratio 
could be a metric for assessing whether a population of cells is at an equilibrium state in terms of 
actin distribution. To investigate a non-chemical stress, we evaluated the impact of heat shock on 
the F-actin ratio of cells. Though missed by phalloidin staining, SIFTER uncovers potentially 
marked decrease in the correlation of F- and G-actin upon heat shock. Our results present the 
possibility that SIFTER presents a more nuanced assessment of actin cytoskeletal integrity than 
phalloidin staining. 

Cellular stresses, be they chemical, heat shock, hypoxia, or oxidative stress, are critical features 
of cancer biology. Understanding which protein complexes are differentially expressed in drug 
susceptible versus drug resistant cells, or in subsets of cells that metastasize will be critical to 
advancing cancer therapies. Thus, SIFTER unlocks the capability to assess single-cell 
heterogeneity in expression of multimeric protein complexes, with broad applications across 
biology, potentially including protein complexes unrelated to the cytoskeleton. 
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The SIFTER assay presently is conducted with a well-characterized F-actin stabilization buffer 
for cell lysis and maintenance of cytoskeletal protein complexes during electrophoresis. 
However, no single buffer is ideal for stabilization of all protein complexes, prompting careful 
optimization of detergent, salt (ionic species and concentration), buffer and pH for 
immunoprecipitation of specific sets of protein complexes84. We have not yet investigated 
alternative lysis buffers for SIFTER, such as certain immunoprecipitation buffers (e.g., 
containing 10-100 mM NaCl or KCl). Higher buffer salt concentrations than the F-actin 
stabilization buffer will increase buffer conductivity and we hypothesize could yield more 
extensive Joule heating that can dissociate protein complexes. Fabrication of thinner (<500 μm) 
hydrogel lids for efficient heat dissipation may be needed for PAGE in high salt buffers. Thus, 
further device or buffer optimization may be required to apply SIFTER to protein complexes 
beyond the cytoskeletal complexes investigated here. 

The range of detectable and separable protein-complex sizes is set by a tradeoff between 
fractionation and immunoprobing. Denser gels compromise assay detection sensitivity because 
size-exclusion based partitioning lowers the in-gel antibody probe concentration during the 
immunoassay27. Fractionation in decrosslinkable gel85 should allow isolation of up to 100s of the 
known mammalian protein complexes with masses of ~295 kDa or greater in a 12%T gel (~7 or 
more protein subunits86, assuming each subunit has the average mammalian protein size of 375 
amino acids87, or mass of ~40 kDa). 

Another factor that determines which protein complexes are detectable with SIFTER is assay 
detection sensitivity. The cytoskeletal protein complexes investigated here are among the most 
abundant proteins in mammalian cells, often expressed at millions of copies45. Utilizing an in-gel 
immunoassay for readout, we have previously detected down to 27,000 copies of protein in a 
protein band88. As the SIFTER device is an open device design (vs. enclosed microchannels), 
protein is diffusively lost out of the microwell during cell lysis and out of the fractionation gel 
during electrophoresis. Such losses typically require proteins to be expressed at median copy 
number levels for mammalian proteins to be detectable in single-cell western blotting. While 
diffusive losses during SIFTER electrophoresis will be lower than in single-cell western blotting 
owing to efficient heat dissipation, protein fractionation inherently splits the amount of protein to 
be detected into the monomer and protein complex fractions. Thus, SIFTER likely requires 
proteins to be expressed above median copy numbers for detection. 

One major advantage of SIFTER over existing assays for protein complexes89, such as FRET or 
proximity labeling, is that SIFTER measures endogenous proteins without requiring cell 
modifications. Thus, we anticipate SIFTER will be valuable in the measurement of protein 
complexes from clinical specimens. For example, our group previously introduced isolated 
circulating tumor cells into a microwell array single-cell western blot device for protein 
profiling37. Circulating tumor cells are known to metastasize. With SIFTER, it would be 
informative to identify differentially expressed cytoskeletal protein complexes from circulating 
tumor cells to understand which protein complexes could be targets for small molecular 
inhibitors towards prevention of metastasis. 

For time-sensitive cytoskeletal re-organization or mechano-sensitive protein complexes within 
the cytoskeleton (e.g., stress fibers and focal adhesions), the fractionation gel functionality can 
be extended to also serve as a cell culture extracellular matrix. On-chip culture can assay 
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adherent cells without the perturbation of trypsinization90. We anticipate that SIFTER can aid in 
evaluating snapshots of dynamic processes while cells are still adherent, such as cytoskeletal 
recovery from acute stress (e.g., heat shock, hypoxia, etc.). In the present study, we trypsinized 
and gravity settled heat-shocked cells for 10 minutes after the heat shock stress. The amount of 
time for cytoskeletal recovery from heat shock depends on the duration of the heat shock and cell 
type, as mouse fibroblasts only partially restore F-actin within 24 hours after 1 hour at 43 °C82. 
For shorter heat shock, or other stresses with faster recovery, growing and then stressing the cells 
on the SIFTER device will allow us to probe cytoskeletal protein-complex changes immediately 
after the stress, or at set times during the recovery. For mechano-sensitive cytoskeletal proteins, 
SIFTER may evaluate single-cell regulation of F-actin, MT, and IF in metastatic cancer cell 
subpopulations by quantifying dozens of cytoskeletal binding proteins with increased 
multiplexing by stripping and re-probing88. Looking ahead, SIFTER could assist drug screens 
targeting diverse protein interactions, and fundamental study of cellular stress responses 
underpinning invasive and heterogeneous cancer cells.  
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Chapter 3: Single-cell measure of protein response to 
microenvironment stiffness with coupled PDMS-polyacrylamide 
layers 

3.1: Abstract 

Dysfunctional crosstalk between the cell and the microenvironment plays a significant role in the 
development of cancer. Yet, the link between environmental stiffness and resultant proteomic 
state of the cell is unclear. Here, we demonstrate an integrated assay to culture single cells on a 
tunable substrate for subsequent proteomic analysis of individual cells. We utilize a sandwich 
approach with two separate sides for the independent tuning of the mechanical stimulus and 
analytical components. PDMS layers of various crosslinker concentrations are demonstrated to 
promote cell adhesion and morphology changes across a range of substrate stiffnesses after 
ECM-protein decoration. We validate the use of the tunable substrate to investigate the effect of 
substrate stiffness on the global cytoskeletal protein response with multiplexed target detection 
by coupling the tunable substrate with the analytical power of the single-cell western blot. We 
develop a concurrent detection scheme for simultaneous quantification of >6 cytoskeletal 
proteins. With this platform, morphological information of single cells can be mapped to their 
proteomic state. This high-throughput, single-cell platform can recapitulate relevant biological 
ECM, critical to the accurate assessment of quantitative proteomic response. 

3.2: Introduction 

Cell-matrix interactions are important for various cellular processes including differentiation and 
transduction, cell behavior, development, and migration [1]. Cell adhesion to surrounding 
extracellular matrix (ECM) induces the generation of intracellular contraction forces and distinct 
gene expression that matches the mechanical properties of the environment [2], [3]. Increasing 
evidence suggest that appropriate substrate stiffness can give rise to specific cellular responses 
[4]. For example, osteocytes change their morphology and gene expression profile in response to 
mechanical changes in their environment [5]. Stem cell fate decision is influenced by the 
microenvironment in which they reside [6], [7]. Engineered cardiac tissue regulate mitochondrial 
function in response to ECM elasticity and tissue architecture [8], and the force and patterns of 
myocyte contraction and mechanical interactions are directly linked to the substate stiffness [9]–
[11]. Furthermore, it has recently become clear that the dysfunctional crosstalk between the cell 
and its external microenvironment plays a significant role in the development of cancer [3], 
[12]–[14]. Yet, force sensing and cellular adaptation to the mechanical microenvironment is far 
from understood [15]. 

To interrogate the link between the stiffness of the extracellular matrix (ECM) and cell 
responses, new tools for precise interrogation and manipulation of this relationship are needed. 
Often, cells are evaluated in vitro on materials that are many orders of magnitude stiffer than 
biologically relevant, or the cells have been manipulated during sample preparation steps. To this 
end, microcontact printing is commonly used in combination with immunocytochemistry for 
mechanobiology research [16]. In this application, cells are adhered to polydimethylsiloxane 
(PDMS), common because of the material’s optical transparency, flexibility, chemical non-
toxicity, and bio-compatibility properties, and evaluated by immunofluorescence stains or 
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morphological characteristics [17] [18]. While PDMS can be functionalized with ECM proteins 
to mimic a biologically relevant interface, the use of fluorescently labeled antibodies limits the 
multiplexing capability to interrogate many biochemical targets [15], and the throughput of the 
method is constrained [19]. Alternative methods are often limited in throughput [20]. To 
understand how substrate stiffness changes influence cellular behavior, a high-throughput, 
single-cell method is needed. Single cell western blotting permits the highly multiplexed 
detection of protein targets but requires trypsinization and disruption of coordinated cells prior to 
introduction onto the chip [21].  

Here, we introduce a two-layer chip for the short-term culture and end-point proteomic 
evaluation of single cells in a high-throughput platform. Integration of the single cell western 
blot in concert with on-chip culture allows the interrogation of >6 proteins from 10-100s of 
single cells in parallel [22]. A sandwich chip architecture permits the independent tuning of the 
extracellular microenvironment substrate and the separation matrix used for the sieving-based 
protein detection. One side consists of PDMS, which can be tuned to achieve varying substrate 
stiffnesses and enables mimicry of a cell’s natural microenvironment. The other side consists of 
a polyacrylamide gel sieving matrix that forms the arrayed microwells and is used for the 
western blot analysis of proteins. Optimized pore size permits concurrent detection of multiple 
protein with the same secondary antibody based on calculated separation resolution. Overall, this 
method can be used to quantitatively evaluate relevant cytoskeletal proteins and their correlation 
to cellular morphology and substrate stiffnesses on a single-cell level. To show the wide-ranging 
potential of this method for future mechanobiology studies, we report on the formulation and 
testing of microdevices with elastic moduli of ‘soft’ and ‘stiff’ substrates, and validation of 
electrophoresis and size-based separation of protein targets. This high throughput platform 
allows for improved control of the cell culture microenvironment in conjunction with a precise, 
single-cell resolution proteomic assay.  

3.3: Materials and methods 

Chemicals: 40% T, 34% C acrylamide/bis-acrylamide (29:1) (#A7802), Tetramethyl 
ethylenediamine (TEMED, #T9281), N-N-N’-N’- ammonium persulfate (APS, A3678), (3-
aminopropyl)trimethoxysilane (#281778), sodium deoxycholate (NaDOC, #D6750), sodium 
dodecyl sulfate (SDS, #L3771), Pluronic F-127 (#P2443), fibronectin bovine plasma (#F4759), 
bovine serum albumin (BSA, #A7030), Triton X-100 (#X100) and urea (#U5378) were acquired 
from Sigma Aldrich. Phosphate buffered saline (#45001−130) was purchased from VWR. Tris 
glycine (10X, #1610734) buffer was obtained from Bio-Rad Laboratories. N-[3-[(3-
Benzoylphenyl)- formamido] propyl] methacrylamide (BPMAC) was synthesized by PharmAgra 
Laboratories. SU-8 3050 photoresist was purchased from MicroChem. Polydimethylsilozane 
(PDMS) Sylgard 184 was purchased from Dow Corning. Tris Buffered Saline with Tween 20 
(TBST, #9997S) was procured from Cell Signaling Technology. 

Rhodamine-fibronectin (Rh-FN, FNR01) was acquired from Cytoskeleton Inc. Information on 
used antibodies is provided in Figure 3.1. 
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Table 3.1: Primary antibodies validated for use in the PDMA-PAG device for the global 
evaluation of cytoskeletal state in single cells. Certain targets were validated with multiple 
antibodies and appear multiple times in the table. For host species, Rb = rabbit, and Ms = 
mouse. 
 
Target Size (kDa) Product name Manufacture Host 

Species 
Lamin A/C 60-70 MAB-636 Invitrogen Ms 
Actin 42 Ab200658 Abcam Rb 
B-tubulin 55 Ab6046 Abcam Rb 
Vimentin 57 AB8978 Abcam Ms 
Paxillin 68 AHO0492 Invitrogen Ms 
CD44 90 156-3C11 Cell Signaling Technology Ms 
Actinin 100 D6F6 Cell Signaling Technology Rb 
Vinculin 127 Ab219646 Abcam Rb 
Vinculin 127 E1E9V Cell Signaling Technology Rb 

 

Fabrication of the microwell SU-8 master: The polyacrylamide microwell and microcontact 
printing molds were fabricated on 2-inch silicon wafers by spin-coating SU-8 3050 photoresist to 
generate features 40 um in height as described elsewhere [23]. In short, the wafer masters were 
created using standard SU-8 soft lithography with photomasks created in AutoCAD and printed 
onto Mylar positive masks (CAD/Art services). The mask includes 50 µm diameter wells spaced 
500 µm apart with 1 mm separation lane. The microcontact printing mask is the same as the 
microwell mask. Wafers were coated with (3-aminopropyl)trimethoxysilane by vaporization of 
the silane solution in a vacuumed chamber for 30 minutes to prevent gel and PDMS sticking. 

PDMS-coated substrates: PDMS substrates of varying rigidities were prepared by varying the 
mass ratio of elastomer base to curing agent of SYLGARD 184 PDMS [8], [24]. Here, mass 
ratios of 10:1, 20:1, and 40:1 were tested. To achieve a thin layer of PDMS on a glass slide 
backing, a standard spin coating method was used. First, microscope slides were cleaned with 
acetone for 15 minutes and dried with nitrogen steam. Slides were baked at 150C for 15 minutes 
prior to PDMS coating to dehydrate after cleaning. The silicone elastomer base was mixed with 
the curing agent at the various mass ratios, degassed for 1 hour under house vacuum, and spin 
coated at 4000 rpms for 1 minute (600 rpm/s acceleration) to obtain 50 µm thick PDMS layers as 
assessed by contact profilometer [25]. Crosslinking/curing of the elastomer was carried out at 60 
C overnight. The PDMS stamps for microcontact printing were prepared by casting PDMS at a 
10:1 ratio onto a silicon wafer with 40 um feature height. PDMS was cured at 80C for 2 hours. 
The stamps were peeled off the mold and rinsed in PBS thrice and dried with nitrogen stream. 
The mold is designed with round islands, defining the configuration that the fibroblasts will take.  

Microcontact printing: To promote cell attachment with defined geometries, PDMS substrates 
were inked with fibronectin (FN) by stamp-off microcontact printing [26], [27]. Stamp-off 
PDMS stamps were cast on wafers identical to those used to generate the PAG, cleaned for 5 
minutes in pure ethanol and rinsed in water before use. Stamps were used twice before 
discarding. PDMS substrates were inked with 20 μg/ml fibronectin (25% rhodamine-labeling) 
for 1 hour at room temperature. Protein solutions were prepared in PBS. Excess ink was 
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removed, and the stamp was washed and dried by nitrogen stream. Prior to stamp-off, the PDMS 
stamps were cleaned by UV Oxygen Cleaner for 7 minutes. Conformational contact was made 
between the PDMS stamp and the PDMS substrate, removing fibronectin from the substrate 
where contact is made. The PDMS substrate with the fibronectin islands was treated with a 0.2% 
w/v solution of pluronic F-127 in PBS for 1 hour at room temperature to prevent fibroblasts from 
attaching to non-FN-coated portions of the PDMS slide [28] [29]. 

Cell culture: All cell lines were authenticated by short tandem repeat profiling by the UC 
Berkeley Cell Culture facility and tested negative for mycoplasma. BJ fibroblast cell line were 
cultured in T25 flasks using DMEM-GlutaMAX medium (gibco, #10566-016) supplemented 
with 10% fetal bovine serum (Gemini, #100-106), 1% pen strep (gibco, #15140-122), and 1% 
MEM Non-Essential Amino Acids (gibco, #11140-050) until confluence reached 80%. MCF7-
tGFP cell line were cultured in T25 flasks using RPMI medium supplemented with 10% fetal 
bovine serum and 1% pen strep. All cultures were maintained at 37C under humidified 5% CO2 
atmosphere. Cells at 80% confluency were trypsinized with 0.05% trypsin-EDTA solution, 
centrifuged at 800 rpm for 3 minutes, resuspended in either fresh media or PBS and 200 uL 
solution introduced immediately onto a chip or PDMS substrate at a concentration of ~50,000 
cells/mL to achieve single-cell settling onto the fibronectin islands. Cells adhered to the ECM 
pattern at 37 °C for 30 minutes and the chip was washed in 1X PBS thrice and submerged in 
fresh media in a 4-well plate. Cells were cultured on-chip overnight (12-18 hours). Limited cell 
proliferation on PDMS substrates decrease odds of cell division during overnight culture [30] 
and maintains single-cell samples in the microwells, while allowing for the recovery of receptor 
proteins. Cell spreading in microwells of BJ fibroblasts was visualized after transduction of a 
BacMAM GFP control (Invitrogen, #B10383), introduced at 200 MOI. 

Protein separation: 2X RIPA-like (5% SDS, 2.5% NaDOC, 0.5% Triton X-100, and 1X Tris-
glycine in distilled water) was supplemented with 6M urea as the bifunctional lysis and 
electrophoresis buffer. Polyacrylamide gels (8%T and 3.3% C with 3 mM BPMAC incorporated) 
were polymerized onto silanized glass microscope slides with SU-8 molds with micro posts as 
described elsewhere [23]. Extra thick wicking paper (Bio-Rad, #1703969, cut to 2 x 5 cm 
rectangles) and polyacrylamide gels were incubated in 2X RIPA + 6M urea buffer for 10 minutes 
before beginning the experiments.  

For non-adherent cells, a second microwell polyacrylamide slides was used in place of the 
PDMS slide to constrain movement of the cells. For cells cultured on the PDMS substrate, the 
PDMS substrate was brought contact with a lysis buffer-containing polyacrylamide gel in the 
arrangement of a sandwich. The polyacrylamide gel was aligned with the PDMS slide containing 
cells and applied within a custom 3D-printed electrophoresis chamber. Wicking paper was 
placed on the flanks of the sandwich, and lead electrodes were placed onto the wicks. The cell 
lysis is initiated upon application of the polyacrylamide gel and proceeded for 20 seconds before 
the electric field was applied (50 V/cm, 150V). Proteins were blotted, or bound to the 
polyacrylamide gel, by UV-induced covalent immobilization to the BPMAC incorporated in the 
gel (100% power, 45 s). The sandwich was removed from the electrophoresis chamber and the 
sandwich separated: The PDMS substrate was discarded, and the polyacrylamide gel is washed 
for 1 hour in 1X TBST prior to immunoprobing. 
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Antibody probing and imaging: Immunoprobing was performed as previously described [31]. In 
short, gels were incubated with 25 uL of 1:10 dilution of the primary antibodies 2% BSA-TBST 
for 2 hours. Gels were washed 2 x for 30 minutes in 1X TBST. Secondary antibodies at 1:20 
dilution in 2% BSA-TBST were applied for 1 hour, and the gel washing is repeated as after the 
primary incubation. Gels were dried in a nitrogen stream and imaged with a laser microarray 
scanner (Genepix 4300A, Molecular devices). For multiplexed analysis with the same antibody 
species, secondary antibody was used at a 1:10 dilution. 

Images were analyzed as described elsewhere [32] using MATLAB R2022a. Summarized, 
images were segmented into intensity profiles for each separation lane (region of interest, ROI). 
Each intensity profile is fit to a gaussian and checked against quality control parameters (R2 > 
0.7, SNR > 3) and user-based inspection. The area-under-the-curve is calculated on a 
background-subtracted profile to extract the protein abundance for each signal. 

Fluorescence imaging of cells in microwells, lysis, and electrophoresis: Imaging of time-
dependent processes was done via time-lapse epifluorescence microscope on an Olympus IX50 
inverted epifluorescence microscope connected to a CCD camera (Photometrics Coolsnap HQ2) 
and controlled with Metamorph software (Molecular Devices). Imaging was performed with a 10 
X magnification objective (Olympus UPlan FLN, NA 0.45) and 800 ms exposure with 1 s 
intervals for timelapse images.  

AFM measurements: Samples of PDMS of various stiffnesses were prepared on glass slides as 
above. Atomic force microscope (AFM, NanoSurf CORE) was used to perform indentation 
measurements. AppNANO FORT probe (Pyramidal/Rectangular Silicon) was used, with 
nominal spring constant of 1.6 n/M and frequency of 61.0 kHz. For all stiffnesses, elastic moduli 
were determined from the unloading part of the curve [33]. The AtomicJ program was used to 
extract the Young’s Modulus from the measured displacement curves [34]. Samples were 
indented in air with ~ 1100 indents at 10 different areas on the surface for each sample. 

3.4: Results 

Assay design principles 

To boost the information content from mechanobiological assays, we coupled a tunable matrix 
with a polyacrylamide gel for proteomic measurement. The cell phenotype (shape, diameter, etc.) 
can be monitored during culture on a desired (and variable) stiffness substrate, with endpoint 
intracellular signaling state readout. We leveraged arrayed microscale design for parallel, single-
cell analysis of 10s-100s of single cells (Figure 3.1A). The assay consists of two separate layers, 
that are brought together to form a closed system at the time of analysis. The substrate, made of 
PDMS, can be turned across a range of physiologically relevant stiffnesses. Cell growth and 
adhesion to the PDMS ECM is controlled by fibronectin islands patterned onto the PDMS by 
microcontact printing techniques (Figure 3.1B) [35]. Mechanochemical feedback for cell-ECM 
adhesion include the recruitment and activation of cytoskeleton-regulating proteins that in turn 
regulate force-generating machinery [36]. Focal adhesion contacts involving transmembrane 
adhesion proteins connect the cell and the substrate coated with ECM [36] (Figure 3.1C). Focal 
adhesion proteins form complexes with internal players such as paxillin and vinculin [37]. 
Vinculin has been shown to crosslinking several adhesion adapter proteins to the actin 
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cytoskeleton upon activation [38]. Through a range of signaling cascades, including the 
RhoA/ROCK pathway, extracellular signals are converted to intracellular signal, propagating to 
the cytoskeleton for morphological response to the stimulus, and to the nucleus for genetic 
programing response [39]–[41]. Thus, cell behavior and fate is controlled on the single-cell level 
by spatial, chemical and mechanical factors [42]. Single-cell resolution is necessary to detect rate 
subpopulations that diverge from normal cellular function upon mechanical stress. 

On-chip culture coupled to a single-cell western blot style assay can elucidate the effect of 
mechanical cellular stressors on protein expression levels with single-cell resolution. The PDMS-
polyacrylamide (PAG) device is used in five assay steps (Figure 3.1D). First, single cells are 
settled onto fibronectin islands patterned onto a tunable PDMS substrate [43]. Cells are cultured 
overnight to allow the formation of focal adhesions. The analytical layer consists of a 
micropatterned PAG cast on a microscope slide. The micropattern includes microwells to aid in 
the injection of protein into the polyacrylamide sieving matrix after lysis. At the time of analysis, 
the analytical layer is saturated with bifunctional lysis and electrophoresis buffer. The buffer-
laden PAG is used first to deliver lysis buffer to the cultured cells, and then becomes the 
membrane in which proteins are first separated and then captured. Cells are lysed on-chip when 
the analytical layer and the substrate layer are combined into a closed system (lysis, 20 seconds). 
Polyacrylamide gel electrophoresis (PAGE, 45 seconds) is performed between the two layers. 
Proteins are immobilized (blotted) using a covalent reaction to benzophenone methacrylamide, 
incorporated into the gel backbone during production. Lastly, the two layers are separated, and 
the analytical layer is kept for in-gel immunoprobing. Specific antibodies are used to specifically 
detect proteins of interest within the gel. Here, BJ fibroblast were used. BJ fibroblast cell line has 
been shown to respond well to the mechanical stimulus of the substrates [44] [45], including 
actin organization [46][47], polarization [48]. The PDMS-PAG device can be imaged prior to 
cell lysis (Figure 3.1E) to extract cellular morphology information. This can be linked to 
proteomic data (Figure 3.1F) from the protein array. The planar array permits facile buffer 
introduction and sample handling for 10s to 100s of simultaneous single-cell measurements. 

By decoupling the ECM and analytical layer, the stiffness properties of the former can be tuned 
without affecting the immunoprobing efficiency of the latter. This makes the platform widely 
applicable. The polyacrylamide pore size can be turned for optimal separation resolution of the 
proteins of interest. Larger proteins can be resolved with larger pore sizes, and smaller proteins 
can be resolved with smaller pore sizes. Gradient pore sizes as previously published could 
further increase the protein size dynamic range of this measurement technique [49]. Similarly, 
the size and geometry of the fibronectin islands can be altered by simple lithography techniques. 
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Figure 3.1: Single-cell, 2D culture for downstream multiplexed evaluation of cytoskeletal 
proteins with PDMS-PAG sandwich device. (A) Arrayed culture of cells on tunable PDMS 
substrates is combined with the analytical layer for single-cell proteomic evaluation. The two 
sides are brought into contact after cell culture for protein analysis of adherent cells. (B) Cross 
sectional schematic of a single cell. A cell is adhering to the PDMS via a fibronectin island. 
Once cultured, the microwell layer is added to ensure high local concentrations during the 
biological assay step. (C) Simplified diagram of key protein species implicated in mechano-
sensing and cytoskeletal rearrangement. Conversion of extracellular to intracellular signal of 
substrate stiffness. Focal adhesion sites propagate ECM stiffness cues. Downstream activation 
and rearrangement of cytoskeletal proteins, the RhoA/ROCK pathway, and more aid in the 
propagation of signal. Substrate stiffness influences a range of cellular behavior, including 
activation, migration, and shape. (D) Assay workflow, starting with on-chip cell culture and 
ending with PAGE. Step 1: Cells are imaged to extract morphological information. Step 2: A 
bifunctional lysis and electrophoresis buffer is introduced by the addition of the analytical 
layer. Cells are lysed for 30 seconds. Step 3: an electric protein is applied for 45 seconds to 
drive polyacrylamide gel electrophoresis (PAGE). Step 4: Proteins are covalently immobilized 
in the polyacrylamide gel via UV-activation of benzophenone moiety. Step 5: Gels are washed 
and immunoprobed or targets of interest. Individual protein peaks are then quantified. (E) 
Representative false-color micrographs of adherent BJ fibroblast (green) after overnight 
culture (t = 16 hours) on fibronectin islands (red) prior to electrophoretic analysis. Scale bar = 
50 µm. (F) Immunoassay results: Representative false-color micrograph of a subset of the 
arrayed chip and intensity profile of a single BJ Fibroblast cell highlighted. Gel was 
immunoprobed for β-tubulin after 30 seconds of lysis and 15 seconds of electrophoresis. Scale 
bar = 1000 µm. 
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Characterization of the PDMS substrate 

Fibronectin-decorated PDMS permits cell adhesion and spreading for overnight culture. For this 
assay, cell confinement is also defined by the micropattern geometry [29], [50], [51]. The use of 
a flat PDMS substrate makes the PDMA-PAG device compatible with widely used microcontact 
printing methods. Compared to conventional microcontact printing, the stamp-off microcontact 
printing method produces sparce protein patterns (Figure 3.2A) [27]. A topographically flat 
stamp with microstructures is used to remove protein ink from a decorated surface, eliminating 
the risk of stamp collapse or feature deformation, even for patterns such as this with small, sparse 
features [52]. The stiffness of PDMS is a product of the component ratio, curing time, and curing 
temperature. By altering the base:curing agent ratio, PDMS can achieve a stiffness range from 
88.56 ± 17.01 kPa (40:1, soft) to 2703 ± 313.7 kPa (10:1, stiff), as measured by AFM (Figure 
3.2B). PDMS has been reported to have thickness-dependent mechanical properties, thought 
more pronounced at thicknesses much greater than those used here [53]. 

We evaluated the variation of stamp-off microcontact printing efficiency between stiff and soft 
PDMS substrates. The micropattern diameter, geometry and protein concentration was kept 
constant. Assuming perfect transfer of pattern, we would expect the area of fibronectin islands to 
be 1963.5 µm2. We observed islands on the stiff substrate to be slightly larger than expected 
(mean = 2641 ± 204.8 µm2, n = 922), and islands on the soft substrate were comparable to 
expected size (mean =1906 ± 432.7 µm2, n = 596). The soft substrate had greater standard 
deviations, suggesting greater island-to-island variation. Comparing the fluorescence intensity of 
the protein islands, we again observed statically significant differences between the two 
substates. Soft substrates has 140% fluorescence compared to the stiff substrate (2221 ± 761.8 
AFU, n = 980 for stiff substrates; 3098 ± 1034 AFU, n = 557 for soft substrates). For stamp-off 
microcontact printing techniques, we hypothesized that the dictating factor to successful 
patterning is the conditions and surface properties of the substrate material. Here, the disparity in 
size and protein intensity showed differential protein adsorption and patterning fidelity across the 
two substrates. Differences in fluorescence intensity (corresponding to amount of fibronectin on 
the surface) can be corrected by increasing the initial concentration of fibronectin inked onto the 
substrate surface prior to stamp removal. 

We show that coating the PDMS with the glycoprotein fibronectin allowed cell adhesion and 
differential morphologies depending on substrate stiffness. We assessed cell area of adhered cells 
after 16 hours of cultures (Figure 3.2D). It was found cells cultured on stiff substrates were 
significantly larger in area than those cultured on soft substrate. Cells cultured on stiff substrates 
often took on a size and shape matching the fibronectin islands. In comparison, cells cultured on 
soft substrates rarely exceeded more than half of the fibronectin island area. Our results and 
observed behavior of fibroblast on PDMS substrates cooperate previous finings of cells that 
attach on rigid substrates can extend more processes due to the increased focal adhesion 
complexes, whereas cells on softer matrices have weather interactions [54] [55]. 
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Figure 3.2: PDMS as the adhesive substrate layer for overnight culture. (A) Stamp-off 
microcontact printing (µCP) generates patterned protein islands by removing the 
fibronectin from non-pattern areas by a PDMS peel-off stamp. Conformational contact 
between the coated substrate and the stamp removes fibronectin from undesired areas, 
leaving µCP islands. Representative false-color micrograph of a subset of the arrayed 10:1 
PDMS chip after patterning. Scale bar = 1 mm. (B) Increasing the fraction of PDMS base 
to curing agent correlates to a decrease in material stiffness as measured by AFM 
indentation (n = 1000, N = 3 devices). (C) Left, area of µCP islands for stiff (n = 1075) 
and soft (n = 601) PDMS substrates. Right, fluorescent intensity of the µCP islands for 
stiff (n = 1075) and soft (n = 601) PDMS substrates (P < 0.0001). Disparity in size and 
protein intensity shows differential protein adsorption and patterning fidelity across the 
substrate stiffness. (D) Representative fluorescence micrographs and corresponding 
intensity profile of protein pattern on stiff (left) and soft (right) substrates. (E) Cells 
cultured on stiff material take on a larger cell shape. Left, false-color representative 
micrographs of BJ fibroblasts cultured on stiff and soft substrates after 16-hour culture. 
Green = GPF transduction control, Red = fibronectin µCP island. Island highlighted with 
white dotted line. Scale bar = 50 µm. Right, area of cells cultured on stiff (n = 35) and soft 
(n = 41) substrates. 
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Figure 3.3: Prescence of focal adhesion proteins on fibronectin islands after cell culture 
and lysis. Experimental condition indicates fully fabricated devices that have been used for 
culturing and electrophoresis. The control condition indicates fully fabricated devices only. 
Separate devices were used for each protein species (graph shows pooled data across 2 devices 
for each condition). Legend indicates secondary antibodies Alexa Fluor (AF) conjugation. All 
pairwise t-tests P < 0.0001. N > 250 for all samples. 

 

For accurate analysis of proteins during the analytical stage of the assay, all protein must be 
released from the cell upon lysis. Previously, integrin signal has been documented to stay at the 
site of focal adhesion formation and be excluded from electrophoretic injection [56]. We 
investigated the presence of focal adhesion proteins on the microcontact printed islands post-
lysis. Residual protein would affect the quantitative analysis of those proteins based on their 
injection alone.  

To quantify the amount focal adhesion proteins remaining at the site of cell culture, we compared 
the abundances of proteins in a control condition (micropatterned and blocked device) with the 
experimental condition (complete assay, including on-chip lysis and electrophoresis). All PDMS 
substrates were immunoprobed with either fibronectin and paxillin, or fibronectin and mouse 
anti-β-integrin (Abcam, ab30394). Each substrate was immunoprobed with 50 µL of solution. 
Primary antibodies were diluted to 1:10, and secondary antibodies to 1:20.  

We found that the difference in fibronectin abundance is statistically significant (P < 0.0001) 
from the experimental condition to the control (Figure 3.3). Similarly, the difference in β-
integrin and paxillin protein abundances between the control and experimental conditions are 
also statistically significant (P<0.0001). For these two proteins, the signal in the control case 
corresponds to passively absorbed protein onto the PDMS. No integrin or paxillin protein was 
present for these assays. Thus, when accounting for background adsorption, fibronectin has a 
two-fold increase in signal while integrin and paxillin have less than 10% difference. Based on 
this, detection of intracellular proteins, as opposed to those directly participating in cell-ECM 
anchoring, might be more suited for low abundance proteins. 
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Validation of electrophoresis in composite PDMS-PAG device  

To avoid slippage between the two layers of the assay when combined in the ‘sandwich’ format, 
large liquid amounts were eliminated. Instead, a semi-dry approach was used during 
electrophoresis. Here, the analytical layer and substrate layers were brought together with 
alignment between the fibronectin islands and the microwells. Once in contact, the sandwich was 
placed between wicks previously soaked in lysis/electrophoresis buffer. Graphite electrodes were 
placed on top of the wicks to complete the circuit (Figure 3.4A). By limiting the fluid content of 
the system, we decreased the electrophoretic cross-sectional area. In turn, the heat dissipation is 
increased, and joule heating is decreased. This permits higher voltages during electrophoresis. 
The buffer-laden microwell gel provided the connection between the electrodes and the buffering 
ions for electrophoresis. The PAG carries ~ 50 uL of bifunctional lysis/EP buffer. 

 

Figure 3.4: Enclosed sandwich device permits rapid lysis and electrophoresis. (A) 
Schematic of the closed, sandwich configuration. The analytical and substrate layers are 
sandwiched against each other such that the sandwich has glass on both exterior sides. Lysis-
sodden wicks are placed adjacent to the sandwich for wick contact. (B) Lysis of fluorescent 
MCF7 GFP cell line with 2X RIPA buffer is complete within 10 seconds (n = 4), where t = 0 
signifies when lysis buffer-laden microwell gel is applied atop of cells. Representative, false-
color fluorescent micrographs show fluorescent cell content diffusing from cellular 
compartment into the microwell space for n = 4 cells. Fluorescence intensity is normalized to 
cell starting fluorescence. (C) Representative intensity profiles and micrographs of injection of 
fluorescent proteins from MCF7 GFP cells during initial stages of electrophoresis (E-field = 
150 V).  
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Cell lysis and optimization of cell lysis duration was completed with MCF-7 GFP cells for easy 
monitoring. Cells were shown to lyse within 10 seconds of lysis introduction (Figure 3.4B). To 
validate injection of protein material in the semi-dry sandwich layout, we directly observed the 
injection of GFP-expressing protein material from MCF-7 cells. Within 10 s of PAGE, the 
fluorescent protein band completely injected 410 µm into the polyacrylamide gel (Figure 3.4C).  

We compared the migration distances and peak shapes from the closed system with those from 
the open system as a means for characterization. Here, the open system consists of the gel layer 
only and sufficient lysis buffer to submerge the device [31]. Both systems were used to lyse and 
electrophorese BJ fibroblast cells. After UV-immobilization of protein, gels were immunoprobed 
with anti-actin antibodies. Electromigration in the closed system was reduced compared to the 
open system (Figure 3.5A) (distance = 137.6 ± 39.07 µm (n = 164) for closed system; distance = 
565.4 ± 19.38 µm (n = 466) for open system). We hypothesize this is due to the limited ionic 
buffer capacity of the small lysis buffer volume. Upon adjustment of PAGE duration for 
comparable injection distance (20 s for the open system, 65 s for the closed system) (Figure 
3.5B-C), differences in measured single-cell protein abundance for actin after immunoprobing 
were negligible (2.81e4 ± 1.88e4 (n = 96) for the closed system; 2.45e4 ± 1.04e4 AFUs (n = 252) 
for the open system. P = 0.023, unpaired T-Test). However, band-broadening factors were more 
dominant in the closed system.  

 

Figure 3.5: Closed sandwich electrophoresis results in comparable quantification of 
protein with slower migration. (A) Representative concentration profiles of separated actin 
protein after 20s lysis, 25 s electrophoresis from BJ fibroblasts in the open (black) and closed 
(purple) system. Migration in the closed system is reduced due to low ion concentration. (B). 
Representative concentration profiles of separated actin from single BJ fibroblast. The analyte 
distribution is shown after 20 s for the open system (black) and 65 seconds for the closed 
system (purple) (E-field = 150V, 20 s lysis). (C) Actin abundance as quantified by the area-
under-the-curve at the conditions from subpanel B. P = 0.023 
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Figure 3.6: 6 M urea decreases peak width, improving separation resolution in the closed 
system. (A) Concentration profiles and representative epifluorescence micrographs of 
immunoprobed actin signal from single BJ fibroblast in the closed system in 2X RIPA and 2X 
+ 6M urea buffer after 20 s lysis 40 s electrophoresis (E = 150 V). Separation lanes are 1000 
µm in length (B) Boxplot of actin expression levels (intensity, AFU) from BJ fibroblasts with 
(grey) and without (purple) urea additive to the 2X RIPA buffer. Unpaired T-test p-value is 
significant (p-value < 0.0001). N = 262 and 153 for ‘no urea’ and ‘urea’ conditions, 
respectively. 

To increase the separation resolution of the assay, narrow peak widths are desired. The 
introduction of 6M urea in the 2X RIPA buffer decreased peak width in the closed assay setup 
(Figure 3.6A). Without urea, actin injected 405 ± 93.8 μm into the polyacrylamide gel, with 
peak width of 110 ± 21.1 μm (n = 262). The addition of 6M urea significantly decreased band 
broadening (injection dispersion) without increasing the conductivity of the bifunctional lysis/EP 
2X RIPA buffer (1.98 ± 0.0153 mS/cm for 2X RIPA buffer, and 1.47 ± 0.0153 mS/cm for 2X 
RIPA + 6M urea). With the addition of urea, actin injected 820 ± 48.5 μm into the 
polyacrylamide gel, with peak width of 49.1 ± 13.3 μm (n = 153). With the addition of urea, the 
measured fluorescence intensity post-immunoprobing is significantly greater for the system with 
urea (P<0000.1, unpaired T-Test) (Figure 3.6B). The average actin signal measured without urea 
from single cells was 405.0 ± 93.76 (n = 262). The average actin single measured with urea from 
single cells was 820.3 ± 48.53 (n = 153). The greater AFU for the same housekeeping protein 
suggests that the closed system with urea has a lower limit of detection that is twice improved 
compared to the closed system without urea, allowing for the detection of less abundant proteins. 

Multiplexing by concurrent immunoprobing 

To evaluate global protein response to substrate manipulation, multiplexed protein detection is 
desired. By leveraging the tunable feature of the analytical PAG layer, appropriate pore size and 
electrophoresis settings can be achieved to separate proteins in the ~40-125 molecular weight 
range (Figure 3.7A). Here, we sized 8 protein targets ranging from 42 kDa to 117 kDa in 
molecular mass from suspension cells in the closed assay system. As expected, we observed a 
linear trend between electromigration distance and the logarithmic value of the molecular mass 
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(Figure 3.7B). The 8 protein targets yield the relationship 𝑦𝑦 =  −1504 ∗ 𝑥𝑥 + 3265 (R^2 = 
0.923), where 𝑥𝑥 = log10 𝑀𝑀𝑀𝑀. Optimization yields complete use of the 1 mm separation lane for 
the separation of actin (peak location = 859.1 ± 51.52 μm (n = 134) to vinculin (peak location = 
206.3 ± 32.58 μm (n = 103)). With good separation resolution, as the result of minimized peak 
width and increased peak separation, antibodies from the same species can be combined and 
immunoprobed concurrently with the same secondary antibody (Figure 3.7C). For example, 
primary antibodies against actin and actinin (Figure 3.7C, purple trace) can be combined for 
simultaneous probing regardless of host species. In addition to the molecular specificity from the 
immunoreagent, spatial separation yields additional target specificity. 

The distance between protein peaks (Δx) and protein band width (4σ) impacts separation 
resolution [57]. Separation resolution can be mathematically summarized as: 

𝑅𝑅𝑠𝑠 =
∆𝑥𝑥

1
2 (4𝜎𝜎1 + 4𝜎𝜎2)

 

where Δx is the peak-to-peak displacement and the peak width is 4σ (σ, standard deviation of a 
Gaussian fit to a protein peak). When Rs >1.5, two targets are baseline-resolved and thus 
detectable. We calculate pairs of antibodies that have sufficient separation resolution for 
concurrent probing as proof of concept. Actin and actinin has a reported separation resolution of 
4.88 ± 0.91 (n = 134). Similarly, β-tubulin and vinculin has a reported separation resolution of 
3.34 ± 0.71 (n = 61). Lastly, vimentin and lamin A/C have a separation resolution of 1.18 ± 0.65 
(n = 40). Depending on the quality of the antibody and the cellular abundance of the protein, the 
separation resolution of 1.18 might be sufficient for certain applications. Based on these results, 
antibodies can be pooled and immunoprobed concurrently. This enables higher order of 
multiplexing than competing assays. 

Concurrent immunoprobing enables single-cell comparisons of cytoskeletal proteins. We 
observed that actin and actinin expression levels correlated well (R2= 0.98), whereas actin and 
paxillin expression levels did not correlate as well (R2= 0.37) for single cells. The high degree of 
correlation between actin and actinin can be explained by actinins role as an actin-binding 
protein. Actinin has been reported to function as a cross-linker for F-actin filaments [58], [59]. 
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Figure 3.7: Concurrent probing detects proteins integral to stiffness sensing by 
separation-based multiplexing. (A) Representative false-color fluorescence micrographs and 
intensity profiles from separations of BJ fibroblasts with the closed, sandwich system. The 8 
proteins were immunoprobed individually. Actin, 42 kDa (n = 134); beta-tubulin, 55 kDa (n = 
61); Vimentin, 57 kDa (n = 144); Paxillin, 64 kDa (n = 5); Lamin A/C, 40 kDa (n = 40); 
CD44, 80 kDa (n = 29); Actinin, 100 kDa (n = 188); Vinculin, 117 kDa (n =103). Intensity 
profiles show traces of all separations in gray. (B) Relationship between electromigration 
distance and the logarithm value of molecular mass of 8 protein targets from lysed BJ 
fibroblasts in 8%T polyacrylamide gel. Line represents linear fit (R2 = 0.835). (C) 
Representative false-color micrographs and intensity profiles of single-cell separation and 
concurrent probing for 4 proteins in 2 fluorescent channels. AF-647 secondary antibody 
(green) binds primary antibodies for actin and actinin, and AF-555 secondary antibody 
(purple) binds primary antibodies for paxillin and vimentin. (D) Scatter plot of actin vs actinin 
(left) and actin vs paxillin (right) for n = 14 single cells, with R2 = 0.98 and 0.37, respectively. 
Line represents linear regression. 

3.5: Conclusion 

In summary, we present a method to quantitively evaluate cytoskeletal and focal adhesion 
protein abundance in response to various substrate stiffnesses in a high-throughput, single-cell 
sandwich assay. By combining a tunable substrate with the polyacrylamide gel used for size-
based separation, we demonstrate preliminary work towards the measurement of signal-
transducing molecules that participate in cytoskeletal organization in a quantitative, highly 
multiplexed fashion from adherent cells. We developed a two-layer assay with a fibronectin 
decorated PDMS side for cell culture and a microwell stippled PAG for protein sieving, capture 
and immunoprobing. This two-layer chip architecture permits the independent tuning of the 
extracellular microenvironment substrate and the separation matrix used for the concurrent 
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multiplexed detection of proteins. Imaging of the substrate layer prior to protein analysis enables 
the coupling of fundamental cell phenotype metrics with intracellular protein abundances. Due to 
the capture of proteins within the PAG after separation, concurrent probing (or a stripping and 
reprobing protocol, as reported elsewhere [60]) enables multiplexing beyond conventional 
immunocytochemistry methods. Next steps include marrying the individually tuned assay 
functions characterized here for the acquisition of phenotype and proteomic data from cells 
cultured on a range of stiffnesses. 

The decoupled essay design allows for alternative matrix materials beyond PDMS. Matrigel, 
polyacrylamide, agarose, and other biomaterials can replace the PDMS layer, permitting the 
interrogation of cells response to a larger range of stiffnesses with the same device [63]. Lastly, 
the implementation of this assay for the detection of protein complexes (native electrophoresis 
buffer) compared to denatured conditions (in the presence of SDS, as presented here) can 
elucidate some of the binding events in the integrin clusters, integrin-actin linkers and the 
biochemical events that activate the formation of each [38].  

Looking ahead, we anticipate that platforms such as this can aid in identifying new biomolecules 
involved in cancer development. Tissue stiffness increases in cases of fibrosis and cancer [61], 
[62]. Identifying aberrant single-cell behavior or unique protein phenotypes after mechano-
stimulation can elucidate new drug targets by revealing new proteomic profiles of 
subpopulations of cells previously unstudied. 
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Chapter 4: Mitigation of non-Gaussian injection profiles in open 
electro-separations  

4.1: Introduction 

Microscale systems for single-cell proteome measurements include various electrophoresis (EP) 
methods. Common to these systems is the injection of the biomolecular analyte into the analytic 
medium [1]–[3]. Once the biomolecular analyte is separated within the matrix, it is detected by a 
range of methods, such as laser-induced fluorescence or absorbance detection [4]. Under ideal 
conditions, the injected sample will form a Gaussian concentration profile, stemming from the 
molecular diffusion of analyte particles during electrophoretic separations [5]. This model can be 
expanded to 2D Gaussian shape with equal widths in two dimensions. Thus, common analysis 
schemes of analyte injections, bands, and signal use parametric methods of Gaussian models. For 
the quantification of protein expression, a Gaussian curve is fit to the intensity profile and 
integral analysis (i.e., area-under-the-curve analysis) reports the protein abundance [6], [7].  

In addition to diffusion, dispersion can contribute to band shape. Dispersion is a compound 
parameter combining contributions from modes of flow, modes of mass transport, mobile phase 
viscosity, solute size, and friction. In electrophoretic separations, separation-degrading band 
broadening is a transport phenomenon of diffusion, channel geometry, Joule heating, adsorption, 
and electromigration [8]–[10]. Poor agreement between analyte signal, whether protein or DNA, 
with Gaussian concentration profile results in poor separation resolution. Broad, overlapping 
signal bands are difficult to deconvolve due decreased stacking effects [11]. Controlling band 
broadening factors generates efficient and effective separation during electrophoresis. 

Non-Gaussian analyte bands are evident under certain conditions in both bulk and microscale 
assays. For example, the extraction of proteins from single circulating tumor cells using open-
microfluidic electrophoretic separations show cell-to-cell heterogeneity in protein injection and 
signal shape, deviating from the Gaussian ideal [12]. In DNA separation assays, such as the 
COMET assay, DNA is extracted from agarose-embedded cells, generating comet-like streaks 
upon application of an electric field [13]–[15]. Assays utilizing stepwise solubility, such as the 
microscale, subcellular western blot (DDF) [16], but also bulk assays, such as native 
polyacrylamide gel electrophoresis [17]–[20], often have analyte distributions that deviates from 
the idealized Gaussian shape. Existing remedial approaches to band broadening include: 1) 
injection of a sample plug [8], [21], 2) efficient dissipation of Joule heating during applied 
electric field [22], [23], 3) elimination of turns in channel-based devices [24], and 4) accounting 
for signal skew in data analysis [25].  

Here, we investigated remedial means to injection dispersion in open microfluidic devices. We 
have observed intrapopulation variation in the magnitude of injection dispersion across devices 
designed for parallel interrogation of 100s of cells simultaneously. In these cases, we often see a 
split in the population of injections with dispersion phenotype and those without. We 
hypothesized dispersion to stem from incomplete solubilization of. To combat non-Gaussian 
peaks across the device and improve resolution efficiency within a finite separation distance, we 
studied the effect of temperature and lysis conditions on injection efficiency using the single-cell 
western blotting platforms as model systems. For assays that have fixed buffer composition, we 
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increased temperature to mitigate injection dispersion. For assays that do not have fixed buffer 
composition, we increased the detergent concentration. In both cases, injection dispersion 
heterogeneity decreased as the solubility of the analyte concentration increased. We 
hypothesized that protein state contributes significantly to band broadening in the single-cell 
western blot.  

4.2: Results 

Mitigating non-Gaussian peaks with increased detergent in cases with variable buffer 
composition 

In situations where the extraction of protein from the cellular compartment is the target, 
increased detergent concentration can improve solubilization of biomolecules. We investigated 
the effect of increasing detergent concentration on band shape and injection dispersion in the 
single-cell western blot format.  

We hypothesized that intrapopulation heterogeneity in cell solubility contributing to injection 
dispersion phenotypes could be combatted with increased detergent concentration. Cell-to-cell 
variations in lysis-hardiness have been reported previously and would manifest as 
intrapopulation variation in injection dispersion magnitude and contribute to biological sources 
of variation [12], [26]. Ionic detergent such as sodium dodecyl sulfate (SDS) and sodium 
deoxycholate (Na-DOC) solubilize the membrane and denature proteins. In comparison, non-
ionic detergents and increased lysis duration is expected to enhance membrane solubilization 
[27]–[29]. A contributing factor to injection dispersion is poorly denatured or solubilized 
proteins. Insoluble proteins migrate slower than their soluble counterparts, resulting in band 
broadening. While increasing the temperature also enhances solubilization and denaturation, 
elevated temperatures also increase the diffusive losses of single-cell proteins out of the open 
microwell [12], [30]. 

To evaluate the effect of increased detergent concentration, we used the single-cell western blot 
platform as a model system [31]. An 8%T polyacrylamide gel with 50 µm diameter microwells 
were used to evaluate the migration patterns of housekeeping proteins. U-2 OS cells, derived 
from a differentiated osteosarcoma, were settled into the microwells at a concentration of 105 

cells/mL, optimized to achieve single-cell well occupancy. Cells were lysed on-chip with either 
1X or 2X RIPA buffer, functioning as both the lysis and electrophoresis buffer. Here, the 1X 
RIPA buffer consists of 1X Tris-Glycine, 0.5% SDS, 0.25% Na-DOC, and 0.1% Triton X-100 in 
deionized water. 2X RIPA contains 1% SDS and 0.5% Na-DOC. The buffers were heated to 55C 
prior to use. 15 mL of buffer was applied to the microwell gel and allowed to diffuse into the 
open microwells for lysis. Cell lysis proceeded for 20 seconds before an electric field was 
applied at 40 V/cm (Efield = 240V) for 20 seconds. Proteins were immediately photo-captured 
inside the gel by UV-immobilization via an incorporated benzophenone moiety in the 
polyacrylamide gel backbone during fabrication. Gels were rinsed in 1X TBST and then 
immunoprobed with protein-specific primary antibodies at a 1:10 dilution for 2 hours. After 1 
hour of washing with buffer exchanged every 30 minutes, the gels were subjected to fluorescent 
secondary antibody at a 1:20 dilution for 1 hour. The washing process was repeated, and the gels 
were dried. Fluorescence intensity was recorded by a laser array scanner with filters suitable for 
the reporters on the secondary antibody. We used AlexaFluor-647. Due to antibody shortage and 
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supply chain issues during the COVID19 pandemic, this study compares actin (in the 2X RIPA 
condition) with β-tubulin (in the 1X RIPA condition). Both proteins participate in quaternary 
protein complexes in the cytoskeleton. While their migration distances cannot be compared due 
to differences in molecular weight (actin = 42 kDa, β-tubulin = 55 kDa), we hypothesize that 
their solubility and injection patterns are comparable due to their similar protein structure and 
location within the cell. Gel images were analyzed with previously published pipeline [25].  

In cases with injection dispersion, a skewed peak function was used for fitting rather than the 
Gaussian protein profile (Figure 4.1). The density function of the skew normal distribution is 
given by [32], [33]:  

 𝑓𝑓(𝑥𝑥) = 2𝜙𝜙(𝑥𝑥)Φ(αx) Eq. 1 

Where 𝜙𝜙(𝑥𝑥) is the density function of a standard normal/Gaussian distribution and Φ(αx) is the 
cumulative distribution function. Here α is the shape (or asymmetry) parameter. When α = 0, 
skew is absent, and the function is a standard normal density function. As the absolute value of α 
increases, the skewness of the distribution increases. A negative α means that the density left-
skewed.  

Separations from the mild detergent condition displayed consistent injection dispersion within 
the population. In the mild detergent condition, the protein band broadening reduces separation 
efficiency. Due to the skew in signal shape in the mild detergent condition, with an average α of 
-0.3 (n = 142), the peak width is greater than that of the high detergent condition. In the case of 
1X RIPA, the calculated peak width was 108.3 ± 31.05 µm (n = 263) (Figure 4.2). In 2X RIPA, 
the peak width was 50.22 ± 6.285 µm (n = 171). Doubling the detergent concentration narrowed 
the protein band width to half of mild detergent condition (P < 0.001). In addition, with 2X 
RIPA, cell-to-cell differences in peak width decrease, as evident in magnitude of the standard 
deviation. This results in greater throughput per chip and more robust single-cell separations. In 
summary, increasing the detergent concentration improves separation performance by reducing 
peak width of analyte signal. 
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Figure 4.1: Without sufficient detergent to solubilize proteins, injection dispersion 
dominates protein band shape. Representative false-color fluorescence micrograph of 
skewed Gaussian peak (left, 1X RIPA) and Gaussian peak (right, 2X RIPA) and intensity 
profile for the corresponding separation region. Protein in 1X RIPA separation is β-Tubulin 
(55 kDa) and protein in 2X RIPA separation is actin (42 kDa). Used here for comparison due 
to antibody shortage, both proteins are cytoskeletal proteins participating in multimeric 
complexes within the cytosolic compartment of cells. Scale bars are 250 µm. 

 

Figure 4.2: Increasing the detergent concentration decreases signal peak width and 
intrapopulation injection heterogeneity. Peak width (in µm) for immunoprobed β-Tubulin 
(1X RIPA) and actin (2X RIPA) after 20 seconds of lysis and 20 seconds of electrophoresis in 
the standard single-cell western blot setup. Samples pooled from 2 devices for each condition, 
with total n = 263 and n = 171 for 1X RIPA and 2X RIPA, respectively. P < 0.001. 
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Mitigating non-Gaussian peaks with heat in cases with fixed buffer composition 

Lysis buffers composition is often fixed for assays with high analytical selectivity, such as 
SIFTER and DDF. In DDF, nuclear and cytoskeletal protein localization is determined by 
stepwise lysis of the cell [16]. In SIFTER, protein complex and monomer populations are 
quantified by stepwise disruption of filaments [34]. In both cases, the lysis buffer composition 
has been optimized for specific molecular targets. The additional analytical sensitivity of both 
assays is reliant on selective and sequential lysis. Thus, the addition of supplementary chemical 
agents to eliminate injection dispersion would disrupt the biological function of the assay. 

Instead, increased temperature can be used to decrease band broadening. Temperature variations 
is a common utility to improve performance and speed up electrophoretic separations. A 5 °C 
temperature change can produce a 0.1 unit change in pH and >25% change in observable 
mobility of analytes [35]. At elevated temperatures, buffer viscosity is also reduced, leading to 
significant reduction in analysis time. In addition, the critical micelle concentration aggregation 
number and the solubility of detergents are highly dependent on temperature. Thus, higher 
temperatures contribute to keeping the analyte biomolecule denatured, necessary for predictable 
analyte migration in an electrophoretic assay [36], [37]. Failure to completely solubilize all 
proteins in the sample will result in streaking along the direction of injection as conferred 
mobility is inconsistent. We hypothesized that at high temperatures, enhanced solubilization of 
samples and increased solubility of salts decrease band broadening in assays where buffer 
components cannot be altered.  

To evaluate the impact of higher temperatures on single-cell separations with fixed lysis buffers, 
SIFTER devices were run at room temperature and at elevated temperature, and the resultant 
protein signal was analyzed. We implemented a PID-controlled heater that monitors and 
manages a constant temperature at a setpoint. The comprehensive protocol has been described 
elsewhere [34]. In short, MDA-MB-231 cells were settled into microwells in an 8%T 
polyacrylamide gel, functionalized with a UV-reactive BPMA moiety. Cells were lysed in 
complex-stabilizing buffer, and the monomers are separated from the cell lysate by 
electrophoresis. Size-exclusion of maintained protein complexes in the microwell permits the 
spatial separation of monomers and complexes by electrophoretic migration. The monomer 
subpopulation is immobilized by UV and BPMAC capture. A second, complete lysis of the cells 
precedes a second electrophoresis step and UV capture of the complex subpopulation in a 
spatially separate region from the monomeric population. In total, these steps results in assay 
output characterized by a signal peak on one side of the microwell corresponding to the 
monomeric analyte fraction (globular actin, or G-actin), and a separate signal peak on the other 
side of the microwell for the (now-dissociated) multimeric analyte fraction (filamentous actin, or 
F-actin).  For high temperature runs, a PID heater was applied to the underside of the gel-
containing glass slide for the duration of lysis and electrophoresis. PID heater was set to keep 
gels at a 55 °C. For low temperature runs, the same setup was used at room temperature without 
powering the PID heater. For both, gels were immunoprobed with anti-actin antibodies and 
imaged by laser array scanner. Analysis was carried out as explained elsewhere [25]. All runs 
were executed in triplicates. We classified a single-cell separation as being with injection 
dispersion if there the protein signal did not reach near-baseline near the microwell (Figure 4.3). 
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Figure 4.3: Representative phenotypes of cell-to-cell differences in injection patterns 
within a single SIFTER device. Micrographs and intensity profiles for single-cell, SIFTER 
separations of normal injection (left) and injection dispersion (right). Gels were 
immunoprobed for actin, with actin from F-actin on the left of the microwell, and G-actin on 
the right. G-actin separations inconsistently contain injection dispersion, evident as signal 
between the microwell and the gel (highlighted in gold). Scale bar = 50 µm. 

All analyzed lanes for both temperature conditions were categorized as either having injection 
dispersion or no injection dispersion (normal) (Figure 4.3). These subpopulations were analyzed 
and compared to investigate the effect of temperature on injection dispersion. 

In the SIFTER assay, injection dispersion is most commonly visible on the G-actin side of the 
separation. This corresponds to the electrophoretic injection done under mild (i.e., native) lysis 
conditions to maintain protein filament structure of the F-actin. As such, we analyzed the G-actin 
signal intensity in isolation to evaluate the effect of temperature. Importantly, both gaussian and 
non-gaussian injection profiles are observed for G-actin within a single device. Each device 
yields 100s of single-cell separations, separated into respective separation lanes. The presence of 
both phenotypes on a single device suggests remedial approaches should target biological 
sources of variation rather than technical sources of variation.  

With room temperature electrophoresis, 45.9% of the analyzed lanes (each representing a single-
cell electrophoretic fractionation) were found to have injection dispersion (n = 242). In 
comparison with the PID heater fixing the system temperature at 55 °C, only 12.9% of analyzed 
the lanes had injection dispersion (n = 380). The increased sample size might be the result of 
more separation lanes passing the quality-control steps of the data analysis pipeline due to 
properly injected signal [25]. To quantify the injection dispersion heterogeneity within a 
population, we looked at the G-actin abundance (AFU), as quantified by the area-under-the-
curve for the Gaussian and non-Gaussian peaks (Figure 4.4A) We find that the injection 
dispersion subpopulation for both temperature conditions had greater G-actin signal than the 
injections without dispersion (Figure 4.4B). However, the difference between the reported 
values for the G-actin abundance for the two subpopulations of the heated system is negligible (P 
< 0.001). 
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Another way to increase the solubility of the protein is to increase the lysis time. We increased 
the lysis time from 45 s to 55 s. This was a second approach for confirmation of solubility 
contributing significantly to injection dispersion in the SIFER assay. All assays were run at room 
temperature. With 45 s lysis, 45.9% of cells expressed injection dispersion (n = 242). With 55 s 
lysis, 38.9% of cells expressed injection dispersion (n = 154). Like the case with the heater, we 
find that the injection dispersion population for both conditions had greater G-actin signal than 
the single-cell injections without dispersion. In this case, the difference between the reported 
values for the G-actin abundance for the two subpopulations is statistically significant (P = 
0.036) (Figure 4.4C). Increasing lysis time did not appear to significantly improve solubility of 
proteins to mitigate biological sources of technical variation.   

While increasing the lysis time and increasing the temperature of the separation both decreased 
the number of cells with injection dispersion, we recommend using heat whenever possible. In 
addition to having the most robust remedial effects on injection dispersion profiles, the run-to-
run variation also decreased (Figure 4.5). Three separate devices were compared for each of the 
conditions. The run-to-run variation for the room-temperature devices was statistically 
significant (P = 0.008), while it as not statistically significant for the heated devices (P < 0.001). 
For room-temperature devices, biological variation inhibits device pooling to achieve greater 
sample sizes, often necessary for single-cell statistical methods. By improving reproducibility 
from device-to-device while keeping dispersion count low, the number of cells analyzed per chip 
increased with heat (n = 126.7 ± 21.39 cells for heated devices, and n = 75.67±49.14 for room-
temperature devices) In addition to run-to-run variation, the room-temperature devices had 
greater interquartile ranges (IQR) than the heated device. IQRs for room-temperature devices 
were 2.213e4, 4.290e4, 2.565e4 AFU. IQRs for heated devices were 1.543e4, 1.032e4, and 
1.790e4 AFU. 
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Figure 4.4:  Increasing solubility of protein by heated lysis or longer lysis improved 
performance of the SIFTER assay. (A) Intensity profile of actin bi-directional separation 
with G-actin peaks on the left of each well, and F-actin on the right. Standard Gaussian 
injection (left) and injection with dispersion (right) occur on the same device, suggesting cell-
to-cell heterogeneity. Intensity profile shows non-baseline signal between the microwell and 
the G-actin signal, indicative of the injection dispersion phenotype. Scale bar = 200 µm. (B) 
Implementation of PID heater (red) to make the lysis temperature 55 °C decreased the 
analytical difference between injection dispersion (injection disp) and standard injection 
subpopulations. RT = Room temperature, disp = injection dispersion. (C) Increasing the lysis 
time from 45 s to 55 s at room temperature did not affect the difference between the reported 
G-actin abundance of the injection dispersion and standard subpopulations 
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Figure 4.5: Run-to-run variation is improved with fixed lysis temperature at 55 °C by 
PID heater. Boxplot of three devices run on the same day from the same starting cell 
population with room temperature (black, N = 9, 53, 69) and heated (red, N = 128, 111, 92) 
devices.  Y-axis is the area-under-the-curve for the signal peak corresponding to G-actin. 

 

4.3: Conclusion 

For the development of high-performance electrophoretic systems of small starting sample 
volume, minimizing dispersion positively impacts separation resolution and limit of detection. 
Electrophoretic band broadening is due to a sum of various factors, with different factors 
dominating each assay. This study focused on deviations from the idealized Gaussian shape 
because of incomplete solubility schemes. We evaluated means of limiting injection dispersion 
from single-cell samples. We found that increasing the temperature of lysis and electrophoresis 
drastically reduced the number of single-cell injections with dispersion on a single device. It also 
improved the reproducibility of the assay by decreasing run-to-run variation. Similarly, 
increasing the ionic detergent concentration decreased peak width and mitigated cell-to-cell 
injection phenotypes that lead to low sample sizes. 

For electrophoretic cytometry readouts that result in 2D images of the analytes (such as those 
reported here), additional features can be extracted beyond protein abundance quantification. For 
example, the presence of injection dispersion could be an indicator of a specific chemical and 
biophysical interactions not dealt with by the employed sample preparation method. Cell-to-cell 
differences in solubility as evident by band broadening could be indicative of a solubilization-
resistant subpopulation with biological phenotype of interest [38]. We anticipate that future work 
may shed light on metrics of injection dispersion for sample preparation optimization or insight 
into especially robust sample types [12]. 
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Chapter 5: Formation of large-area, PDMS-polyacrylamide 
composite devices  

5.1: Introduction 

Development of novel device geometries and materials facilitate new functionality in microscale 
separation assays. The field of capillary electrophoresis (CE) has transformed as new 
technologies enabling novel geometry and materials have been invented. In CE systems, an 
electric field is applied to a microchannel or capillary to separate chemical or biological samples 
[1]. CE has undergone a transformation with microchip platforms replacing the original capillary 
formfactor [2]–[4]. In the new device designs, microchannels are embedded within materials 
such as glass or silicon substrates. Advantages of microfluidic CE includes fast analysis, high 
throughput, and integration capabilities with other microfluidic techniques [5], [6].  

In addition to new geometries, CE has also benefitted from novel materials [7]. Often, glass is 
used as the supporting substrate for separation-based technologies. The optical clarity and well-
characterized surface properties make glass a favored substrate. However, glass is often 
unsuitable for rapid prototyping of new devices and requires specialized equipment for etching 
processes. As an alternative to glass, polydimethylsiloxane (PDMS) has many of the same 
optical characteristics and is amenable to rapid prototyping, versatile geometries, and low-cost 
replication [8]–[10]. CE is carried out in free-flow buffer or polymer solutions, such as linear 
polyacrylamide [11] or within a gel matrix. A sieving gel functions as a non-convective medium 
and mitigates diffusional and convective problems within the channel. Conventionally, agarose 
or polyacrylamide gel (PAG) is cast inside the capillary or microchannel as a non-convective 
medium [12].  

Like the innovation in CE techniques, new device designs and materials are necessary for other 
device geometries and improvements in the field of microscale separations. Open microfluidic 
offer facile loading of materials and samples, but have large surface areas that are partially open 
to the air. Whether for open- or closed-devices, the formation of PAG-PDMS devices is essential 
for innovation within the microscale separation field. 

Thus, robust methods of generating devices with a combination of PDMS and polyacrylamide 
gel materials are desired. PAG-PDMS devices are to challenging to fabricate because PDMS is 
highly permeable to oxygen and thus poorly suited for radical polymerization of the gels [13]–
[16]. Furthermore, for robust microfluidic devices, it is desired that the two materials are 
attached covalently. Material discontinuities can exacerbate sample injection and convection 
within the device.  

To form robust PDMS-polyacrylamide gel (PDMS-PAG) microdevices, two conditions must be 
met: 1) Oxygen must be depleted to permit polymerization of the PAG, and 2) Material 
connections must be made between PDMS and PAG. Previously, the UV-reactive benzophenone 
(BP) species was identified as capable of satisfying both criteria [17]–[21]. For the first criterion, 
BP acts as an oxygen scavenger at sufficiently high concentrations upon UV exposure. BP will 
continue to do so until oxygen is depleted and PDMS radicalization through hydrogen 
abstraction can start (step 2). For the second criterion, composite polyacrylamide-silicone 



89 

substates can be formed by incorporating interpenetrating networks of polyacrylamide hydrogens 
onto the silicone membrane. Benzophenone participates in graft photopolymerization surface 
modification schemes to attach functional groups to the PDMS surface via covalent bonding, 
using ultraviolet light as an energy source [22]. UV irradiation is combined with a photoinitiator 
to generate free radicals and create sites for graft polymerization from the otherwise chemically 
inert PDMS surface and to handle electron chain transfer during polymerization of the PAG. The 
use of BP to create PDMS-PAG composite devices has previously been reported for the 
formation of featureless gels [23] and gels inside of PDMS channels for use in CE. Yet, the 
application of this method for the formation of larger geometries and open microfluidic device 
configurations is unclear. Here, we focus on the formation of a PAG on top of PDMS. In this 
case, oxygen is more readily available, the design has a larger surface area, and the PDMS-PAG 
bond is exposed.  

We sought a strategy for permanent generation of PDMS-PAG interfaces. Specifically, large-
area interfaces that contain microfeature patterns in the PAG layer, such as those used for single-
cell western blotting [24], [25]. We report the development of a method for polymerizing 
polyacrylamide atop PDMS substrates for two-layer device geometries for microscale 
electrophoretic separations. To overcome oxygen inhibition of gel polymerization, we introduce 
benzophenone into the PDMS. During polymerization by UV, benzophenone forms radicals that 
scavenge available oxygen. We evaluate both photomask and micro-mold means of establishing 
microwell geometries in the polyacrylamide gel for downstream implementation for separation 
science. We characterize the sieving performance of the resulting PDMS-polyacrylamide open 
device from single cells. The methods shared in this chapter preface innovation in two-layer 
device layouts for array- and microwell-based systems.  

5.2: Methods 

SU-8 wafer: The SU-8 wafer used to fabricate micro-patterned gels were fabricated as previously 
published [25], [26]. The microwells were designed to be 50 µm in diameter and 50 µm in 
height. The well spacing was 1 mm along the separation axis and 0.5 mm in the transverse axis. 
The silicon wafer was treated with dicholoromethylsilane prior to use. Mylar masks for both SU-
8 wafer and photopatterned gel geometries were printed by Artnet Pro. 

PDMS substrate: Standard glass slides were cleaned with methanol and dried for 2 minutes at 
200 °C. A ~75-100 µm layer of 10:1 base:curing agent polydimethylsiloxane (PDMS) was cast 
on the cleaned slides by spin coating (2500 rpm for 1 minute, 600 rpm/s acceleration). PDMS 
was cured overnight at 80 °C. Before use, PDMS substrates were cleaned with water and dried 
with N2 stream. PDMS substrates were stored in a sealed container for up to 3 months. Before 
use, PDMS substrates were scored and broken into half-microscope slides, with final dimensions 
of 1 x 1.5 inches. 

To functionalize the PDMS with benzophenone (BP), we prepared a solution of 10% (w/v) 
benzophenone dissolved in acetone solution and incubated a PDMS-coated microscope slide in 
the solution for 30 minutes. The substrate was washed in pure methanol and then deionized 
water, before being dried with nitrogen stream [27]. 
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PAG gel formation: For photopolymerization, the polyacrylamide gel precursor contained 8%T 
acrylamide/bis-acrylamide, 3 mM BPMAC with 0.2% VA-086 in water. This is considered the 
‘standard’ UV polymerized gel type and was used for device fabrication unless stated otherwise. 
The polyacrylamide gels were polymerized by ultraviolet light (λ = 365 nm, 20 mW/cm2) after 
degassing and sonication to remove air from the solution. For chemical polymerization, the VA-
086 crosslinker was replaced by 0.8% APS and 0.5% TEMED, and gels allowed to polymerize 
for 15 minutes. Degassing steps were consistent regardless of method and gel formula used. 

Composite device formation: For featureless gels, the precursor was introduced between a 
hydrophobic glass slab (treated with GelSlick) and the PDMS substrate. For gels with microscale 
wells, the precursor was introduced between either a SU-8 mold and the PDMS substrate (for 
physical mold patterning) or between a hydrophobic glass slab with a photomask containing the 
pattern for the microfeatures and the PDMS substrate. After polymerization, the unpolymerized 
PA is washed from the wells for 10 minutes in 1X PBS. 

Protein decoration of PAG-PDMS device: After preparation of the BP-containing PDMS substreeate 
as described above, the PDMS was incubated with 6 µg/mL solution of rhodamine-fibronectin, 
unless stated otherwise. The PDMS substate was washed in deionized water trice and dried with 
nitrogen stream prior to imaging and subsequent PAG decoration by UV. The fluorescence 
rhodamine signal was quantified. Here, fluorescence intensity positively correlates to fibronectin 
concentration. 

scWB operation: Single-cell western blot (scWB) protocol was executed as per previously 
published with, with minimal changes to the protocol [25]. In short, BJ fibroblast cells suspended 
in phosphate-buffered saline (PBS) were pipetted on top of the device and cells allowed to settle 
into the microwells for 10 minutes by gravity before washing. 1 mL of PBS was applied to each 
edge of the device to remove excess cell, leaving only the cells in the microwells. The device 
was transferred to a 3D printed electrophoresis chamber. The cells were lysed in-well with 2X 
RIPA buffer for 20 seconds, and size-based electrophoretic separation was executed at 40 V/cm 
for 25 seconds. Devices were rinsed overnight in 1X TBST. For immunoprobing, the gels were 
probed according to standard protocols for actin and CD44. In short, primary antibody solution 
was introduced at a 1:10 stock dilution and incubated for 2 hours. After being washed in 1X 
TBST twice, secondary antibody solution was introduced at 1:20 stock dilution for 1 hr. The 
devices were washed, dried, and imaged with a microarray scanner. 

5.3: Results 

Generation of large-area composite devices with PAG atop PDMS  

Two-layer composite devices of polyacrylamide and PDMS enable new microfluid chip 
configurations. In agreement with expectations, we observed even a thin layer of PDMS (~75 µm 
height) contains enough O2 to prevent polymerization of polyacrylamide, even with extended 
polymerization times, regardless of polymerization scheme. Both photo- and chemical-
polymerization was tested. Thus, to enable polymerization of polyacrylamide, reactive oxygen 
species must either be removed from the environment or scavenged and eliminated as a reactive 
partner by abstraction. For the former method, polymerization can be carried out in an inert gas 
environment. We tested the process of casting polyacrylamide gels on PDMS inside a nitrogen 
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environment. The PDMS substrate was stored in the nitrogen environment for 10 minutes prior 
to polymerization to evacuate oxygen species from the bulk material. Using chemical 
polymerization, 8%T gel was polymerized between the PDMS and a glass slide for 15 minutes. 
We observed polymerization of the gel within 10 minutes of chemical initiation when the O2 is 
purged and replaced with nitrogen, and no polymerization in the oxygen environment. However, 
as the PDMS regains its bulk hydrophobic characteristics and O2 permeates the material, the two 
layers delaminate. To produce robust, composite devices, the two layers should form an 
interpenetrating network. 

Previously, benzophenone (BP) has been used to graft polyacrylamide to PDMS [27]. In addition 
to scavenging oxygen species and permitting polymerization, BP also grafts the polyacrylamide 
to the PDMS. To form a composite network of acrylamide and silicone, the silicone is 
impregnated with the UV-reactive BP and a polyacrylamide gel is subsequently UV-polymerized 
onto the surface [28], [29]. This has been demonstrated in other geometries and in small-area 
thin films, with geometries in the range of 10 - 1000s µm [23], [30]. However, to be compatible 
with open microfluidic devices, this method must be optimized for use in geometries with greater 
surface area. Large area PDMS-PAG structures are challenging as the oxygen sink along the 
PDMS surface is constantly replenished by fresh oxygen diffusing in from the surrounding, both 
by diffusion through the bulk PDMS as well as through the monomer solution. With the larger 
surface area (compared to enclosed microchannels of CE), establishing oxygen depletion and 
PAG polymerization requires tuning of BP protocols. In addition, the additional surface area of 
such geometries compared to the microchannel complicates the surface forces and heat transfer 
rates of the system. 

To establish a protocol for generating a PDMS-PAG layered device, we started by testing the 
bonding of feature-less polyacrylamide on top of PDMS. PDMS substrates were incubated with 
benzophenone prior to use. Polyacrylamide gel precursor is introduced between the PDMS 
substrate, and a secondary glass slab treated with GelSlick to facilitate gel release post-
polymerization. The gel polymerized and benzophenone was activated by UV simultaneously. 
We observed polymerization starting at 30 seconds and no polymerization in the negative control 
(no benzophenone). Optimal polymerization dose for a 8%T polyacrylamide gel (0.2% VA-086) 
was determined to be 2.4e4 J/m2. Compared to polymerization in channels, which has been 
reported to be complete at a dose of 7.2e4 – 1.1e5 J/m2 [31], [32], the planar geometry tested 
here required significantly lower dose for complete polymerization. At high UV doses, we 
observed the formation of bubbles inside of the gel, compromising the structural integrity and 
pore size of the PAG. 

Applications in single-cell array and cell culture technology require geometric control of the 
PAG layer. In single-cell array assays, such as the single-cell western blot and isoelectric 
focusing systems, cells are settled into microwells within a PAG prior to electrophoretic 
separation. The two-layer platform introduced here permits microwell designs with PDMS at the 
base of the well. For cell culture studies, the generation of PAG geometries has been shown to 
control cell growth in mechanobiology studies [28]. Thus, we expanded on the method above to 
generate PDMS-PAG structures with patterns and micro-geometries in the PAG. We evaluated 
two main paths for constructing the composite chips using UV-induced polymerization and 
patterning by either: 1. Photomask patterning, or 2. Physical mold patterning. Photomask 
patterning is compatible with the use of UV polymerization of the PAG and activation of the BP. 
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The generation of small features by UV-polymerization relies on a photomask and is limited by 
the diffusional limit of activated monomers. In comparison, physical molds are often used with 
chemical polymerization strategies. Physical mold patterning is superior in its ability to generate 
high-resolution microscale features. Previously, microwell PAGs have been cast on a SU-8 
coated silicon wafer with chemical polymerization [26], [33]. The wafer contains micropillars 
generated by standard lithography methods.  

We found that photopatterning of features by UV-polymerization was limited in the generation 
of small features in PAG. Using an inversed photomask with microwells of varying sizes 
(diameter = 30, 50, 100, 200, and 500 µm), PDMS-PAG composite devices were fabricated 
using the same procedure as summarized above. Here, the polyacrylamide functioned as a 
negative photoresist: Exposure to UV light crosslinks the polymer. With optimized 
polymerization strategy, microfeatures with diameters of 100 µm and up were resolvable by 
brightfield fluorescence microscopy. Thus, the diffusion/diffraction limits of generating small 
features with UV-polymerization and a photomask is sufficient for >100 µm diameter features. 

To achieve smaller feature sizes, we implemented a physical mold alongside UV polymerization. 
Similar methods have been developed previously to generate microwells in gradient gels 
established by UV polymerization [34]. Here, we circumvented the use of a glass-SU8 mold by 
inverting the system to have a standard silicon wafer with the micropattern facing down (Figure 
5.1), as optical clarity of the system is less crucial because the methods does not require an 
alignment step. A silicon wafer with micropillar pattern (diameter = 50 µm) was situated on top 
of the PDMS substrate with the micropillar array facing down. It is important to note that the use 
of GelSlick is not advised for PDMS-polyacrylamide composite devices, as the product contains 
a PDMS derivate that we anticipate will crosslink to the PDMS when benzophenone-based 
conjugation is used. The assembly was exposed to UV for 90 seconds (20 mW/cm2). The 
assembly was taken apart using a razor blade to pry the gel from the wafer.  

We observed large irreproducibility issues with the method once we introduced micron-sized 
features in the PAG. The PAGs were properly bound to the PDMS and polymerized, but the 
PAG ripped longitudinally when removed from the wafer (50% success rate, N = 15) (Figure 
5.2A). The control (no features, cast against a glass slide) polymerized and released from the 
mold as expected. To mitigate the fabrication failure mode of incomplete gel release from the 
master mold, we explored a range of protocol parameters, including UV dose, pore size and gel 
structural integrity, mold coatings, and mold types (Table 5.1). 

First, we investigated the effect of decreasing the UV dose. Enough UV must be supplied for 
benzophenone activation and VA-086 crosslinking of polyacrylamide. However, excessive UV 
exposure could contribute to gel adhesion to the mold and difficulty demolding as the precursor 
is heated and liquid evaporated. We observed that at exposure times less than 60 seconds, the 
BP-mediated crosslinking of the PDMS and PAG is incomplete. Below 20 seconds, the 
polyacrylamide gel does not polymerize. We found that 85 second UV exposure at 20 mW/cm2  

was the optimal condition for both polymerization of the PAG and crosslinking of the PDMS-
PAG when using a physical mold to generate microfeatures in the PAG layer. 
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Figure 5.1: Workflow schematic for generation of PDMS-PAG composite devices with 
<100 µm features with benzophenone grafting, UV-polymerization, and physical mold. A 
microscope-slide sized composite device was made by casting a gel atop PDMS coated 
microscope slide. 75 µm PDMS height was used for this study. The main steps the process of 
creating fused PAG-PDMS devices includes: 1) impregnation of the PDMS with UV-reactive 
benzophenone, and 2) BP-grafting and polymerization of the PAG onto the PDMS. The PAG 
precursor was sandwiched between the PDMS substrate and a silicon wafer with the desired 
geometries in SU-8 facing the PDMS substrate. When using an inverted UV source, the 
assembly stack included (in the order of bottom-to-top): UV light source, PDMS substrate, 
PAG precursor, and reversed-oriented silicon wafer. After polymerization, the assembly is 
disassembled, leaving an array of microfeatures in the PAG layer atop the PDMS. 

 

 

Figure 5.2: Common failure mode of PDMS-PAG devices with microfeatures. A. After 
polymerization of the gel, we observed the gel to tear lengthwise upon demolding using the 
same protocol as that to generate featureless PDMS-PAG devices. Representative photograph 
of failure mode shows half a microscope slide (1.5 x 1 inch) with gel on both the PDMS 
substrate (bottom) and the SU-8 wafer (top). B. Optimized fabrication conditions generate 
robust two-layer devices 50% of the time. Microwell array is visible in the PAG layer, which 
is covalently bonded to the base layer of PDMS to create a cohesive device. 
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Next, we hypothesized that the structural integrity of the PAG section of the two-layer device 
was compromised to a point of failure with the introduction of the microwell array because of the 
additional topography and surface area of the microwells. To test this hypothesis, we increased 
the %T of the gel from 8% to 10%. The improved structural integrity of the gel because of a pore 
size decrease did not improve the success rate of production. We also incorporated Rhinohide, a 
commercial polyacrylamide gel strengthener that is recommended for gels subject to multiple 
handling steps. Rhinohide was incorporated into the gel precursor at a final concentration equal 
to 20% of the acrylamide amount. Again, no change was observed in the success rate of 
production. We concluded that the tearing of the PAG is not a result of poor structural integrity 
of the gel. 

Poor device yield was remedied to give ~50% success rate in fabrication with micropatterns in 
the PAG, with all failure stemming from the single failure mode of PAG splitting during 
demolding. The best conditions for polymerizing PAG onto PDMS with BP in cases where small 
features are desired in the PAG were determined to be: an 8%T gel exposed for 85 s with 20 
mW/cm2 UV intensity while in contact with an SU-8 mold created on a silicon wafer by standard 
lithography methods (Figure 5.2B). The SU-8 mold was treated with dichloromethylsilane prior 
to use. Once formed, the devices are stable for > 3 months when stored dehydrated. This exceeds 
common requirements for bioassays involving stripping and reprobing [35] and on-chip culture 
devices, such as organ-on-a-chip and 3D cell culturing [36]–[38].  

Table 5.1: Fabrication settings for the generation of large-area, PDMS-PAG devices with 
microfeatures in the PAG layer. All PAG precursors contain 0.2% VA-086. PDMS substrate (if 
used), was treated with 10% BP prior to UV-activation. Glass substrates controls were not treated 
with benzophenone. Fabrication success rate was determined by visual inspection of device 
generated. A device was deemed unsuccessful if the PAG failed to polymerize, or the PAG was 
torn longitudinally during demolding. Success rate was calculated based on N > 5. 

 Gel 
%T 

UV Exposure 
time (20 
mW/cm2) 

Other Substrate Mold Fabrication 
success rate 

Features 
Optimized 

8 85 Silanization 
of mold 

PDMS Su-8 on silicon, 
micropillars 

50%  

No features 
Optimized 

8 85 Silanization 
of mold 

PDMS Glass slab with 
tape rails 

95%  

Exposure 
time 

8 15  glass Su-8 on silicon, 
micropillars 

0% 
Not 
polymerized 

8 20  Glass Su-8 on silicon, 
micropillars 

0%  
Not 
polymerized 

8 30  Glass Su-8 on silicon, 
micropillars 

0% 

8 40  Glass Su-8 on silicon, 
micropillars 

0% 

8 60  Glass Su-8 on silicon, 
micropillars 

30% 
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8 80  Glass Su-8 on silicon, 
micropillars 

50% 

Structural 
integrity 

12 80 No rhinohide PDMS Su-8 on silicon, 
micropillars 

0% 

8 80 Rhinohide PDMS Su-8 on silicon, 
micropillars 

0% 

12 80 No rhinohide glass Su-8 on silicon, 
micropillars 

0% 

8 80 Rhinohide glass Su-8 on silicon, 
micropillars 

0% 

Coatings 8 85 BlueSlick of 
mold 

PDMS Su-8 on silicon, 
micropillars 

0% 

8 85 gelSlick + 
Silanization 

PDMS Su-8 on silicon, 
micropillars 

0% 

8 85 gelSlick of 
mold 

PDMS Su-8 on silicon, 
micropillars 

0% 

Wafer 
Substrate 
(silicon and 
glass) 

8 85 Silanization 
of mold 

glass Su-8 on glass, 
micropillars 

15% 

8 85 Silanization 
of mold 

PDMS Su-8 on glass, 
micropillars 

0% 

 

Single-cell electrophoretic separation with PDMS-PAG device  

One potential use for this two-layer device geometry is for separation of proteins from single 
cells situated in the microwells. The underlying PDMS structures can be used for on-chip culture 
prior to cellular lysis or for the generation of an integrated microchannel delivery system for 
small molecule drugs or other cellular stimulators. To test the sieving properties of the 
polyacrylamide gel when joined to PDMS and the effect of the PDMS layer on immunoprobing, 
we employed the two-layer device for single-cell western blotting (scWB).  

We separated protein from single cells and used immunoreagents to specifically detect actin and 
CD-44 proteins on the two-layer device by immunoblotting. Device fabrication proceeded as 
described above, using the method with the highest device yield to create devices with 50 µm 
diameter microwells in the PAG (8%T, 0.5% VA-086) atop the PDMS (Figure 5.3A-B). 

We found that polyacrylamide gel electrophoresis on PDMS substrates resulted in longer 
migration distance, corresponding to a faster migration velocity of actin, than on PAG devices 
without PDMS (average of 648 µm of N = 75 and 584 µm of N = 35, for PDMS-PAG and PAG 
only devices, respectively) (Figure 5.3C). We hypothesize that the greater migration velocity of 
actin in the PDMS-PAG system stems from inefficient oxygen scavenging from the 
benzophenone during device polymerization, resulting in the generation of a high-porosity gel. 

One the main drawbacks of using PDMS for cell biology is that PDMS can absorb small 
hydrophobic molecules like biomolecules and drugs from solution [39]. Non-specific adsorption 
of protein in a scWB-style assay during immunoprobing would result in high background levels 
and a correspondingly poor limit of detection. Based on literature, a commonly used method for 
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blocking the adsorption of proteins involves immobilizing hydrophilic and neutrally charged 
polymers to protect the surface [40]. For example, surface-initiated polymerization (such as that 
used to graft the PDMS-PAG) produces polymer brushes at the surface. Goda et al. grafted 2-
methacryloyloxyethyl phosphorylcholine (MPC) to PDMS by surface-initiated photo-induced 
radical polymerization using benzophenone as an initiator. They show that the modified PDMS 
surfaces possessed an excellent surface hydrophilicity and anti-biofouling property [41]. We 
hypothesized that the polyacrylamide attached at the surface of PDMS would function as 
polymer brushes to decrease nonspecific absorption of antibody onto the PDMS during 
immunoprobing. We found that the protein adsorption onto PDMS was 20-fold higher than that 
onto PDMS-PAG. For scWB, the fluorescence intensity of actin protein signal was significantly 
higher on the PAG-only device compared to that of the composite device (Figure 5.3D). Yet the 
two devices have comparable signal-to-noise ratios (SNR, SNRPAG  = 69, SNRPDMS-PAG = 58) 
Here, comparable SNRs permit equal detection of proteins above the background noise level. 
Thus, the addition of a PDMS substrate layer to the PAG-based scWB assay does not inhibit 
detection of proteins by on-chip immuno-detection of the target. 

 

Figure 5.3: Separation of proteins from single cells on PDMS-PAG devices. BJ fibroblast 
cells were lysed on chip and proteins were separated based on size using electrophoretic 
sieving within the PAG. (A) false-color micrograph of 25% of the sample slide post-
immunoprobing. Scale bar = 50 µm. (B) False-color micrograph of representative CD44 
protein abundance for one single-cell separation. The fluorescence intensity of the protein 
signal correlates to protein abundance. (C) Representative micrographs of actin signal in PAG 
only (top) and PDMS-PAG (bottom) devices. Violin plot shows significantly different 
migration distance, with greater actin electrophoretic velocity in the PDMS-PAG device (P < 
0.05). (D) Intensity profile for actin immunoprobed signal for the PAG (solid line) and PDMS-
PAG devices (dotted line) for a representative single-cell separation. Cutout zoom focuses on 
the signal-to-noise ratio. All separation lanes are 1 mm in length. 
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Two-step, BP-immobilization of proteins 

One desired application of two-layer composite device is for on-chip culture of cells. This 
includes the interrogation of cell response to material stiffness or the generation of geometrically 
constrained cultures of cells. Cells can be seeded on either the PDMS layer or polyacrylamide 
layer depending on desired stress/strain response of the material [42], [43]. However, cells 
membranes do not directly bind to the surfaces of hydrogels, PDMS devices, or other material 
surfaces due to material hydrophobicity [40]. Instead, varying types of extracellular matrix 
(ECM) protein stably bind to specific classes of cell transmembrane proteins and link them to 
surfaces, triggering cell-surface interactions [44]. Coating the PDMS with the glycoprotein 
fibronectin or other ECM proteins allows cell adhesion and (with enough time) proliferation 
[45]. Here, we investigated the active capture of fibronectin by benzophenone as a model protein 
because of its relevance to ECM studies. 

Benzophenone can be used for active capture and immobilization of proteins. Previous work has 
demonstrated the generation of glass substrates with BP-reactive groups conjugated to it for 
subsequent protein capture with UV (30 s exposure, 14 mW/cm) [46] [47] [48]. In this work, 
protein is photo-immobilized onto the PDMS substrate simply by BP as a photochemical linker. 
We anticipated that fibronectin can participate in the photochemical reaction of BP with 
sterically accessible side chains of amino acids [49]. The main concern with this double-capture 
hypothesis was the availability of radicals on the protein to participate as binding partner with 
the substrate radical after benzophenone activation. Photo-grafting by Norrish Type II initiation 
systems (i.e. BP) is commonly done in combination with elastomers, graphene oxide, 
acrylamide, poly(acrylic acid) or other vinyl monomers [50]. These species have double-bonded 
carbon that participates in the reaction with the elastomer network (methacrylate group) after 
activation. In comparison, fibronectin does not have any vinyl monomers based on common 
amino acid structures. Protein radicals are often the result of oxidation of amino acids in the 
presence of UV light [51]. It is possible to generate a carbon-centered radical by the oxidation of 
protein backbone in the presence of reactive oxygen species [52] [53]. This radical carbon most 
closely mimics that of the vinyl monomers and is likely to exists in our system after UV 
exposure. Additional radicals are possible along the amino acid chains.  

We hypothesized that benzophenone can be used to capture fibronectin onto the substrate prior to 
the introduction of the acrylamide monomer for polyacrylamide grating. We propose the two-
step generation of a fibronectin-functionalized PDMS-PAG interface (Figure 5.4A). First, 
silicone is impregnated with UV-reactive BP. Fibronectin is grafted onto surface upon UV-
activation and generation of protein radicals. Lastly, aqueous PAG precursor solution is 
introduced and UV-polymerized onto the surface with secondary round of UV-grafting. Here, 
Norrish type II reaction is beneficial since BP is not depleted by UV exposure directly but only 
those molecules which undergo a reaction with a reaction partner are consumed. Therefore, for 
BP at sufficiently high concentration, depletion effects become negligible (Figure 5.4B), and 
sequential activation and reaction can be achieved. 
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Figure 5.4: Schematic of the proposed workflow for grafting protein and polyacrylamide 
to PDMS simultaneously. Fibronectin decoration of the PDMS substrate can be done before 
casting the polyacrylamide layer. We hypothesized that dual functionality can be achieved by 
stepwise grafting of fibronectin and polyacrylamide onto the PDMS. (A) The workflow starts 
with benzophenone-impregnated PDMS incubated with fibronectin and exposed to UV for 
capture. The fibronectin solution is removed, and the device washed. The PDMS substrate is 
then layered with PAG precursor and microfeature mold as described earlier for the 
subsequent UV-mediated grafting of polyacrylamide onto the same PDMS surface for covalent 
interface bonds between the two polymers. (B) The grating technique utilizes the excess 
benzophenone to split the reactive benzophenone population in half and allow two sequential 
captures. 

 

Figure 5.5: Fibronectin decoration of the PDMS substate prior to PAG patterning by 
benzophenone-medicated grafting is dependent on UV dose, exposure time, and protein 
concentration. (A) fibronectin incubation time prior to UV capture correlates to captured 
rhodamine-fibronectin (N = 3). (B) Immobilized rhodamine-fibronectin concentration 
increases with increasing UV dose (N = 3). (C) Increasing the initial rhodamine-fibronectin 
concentration causes a matching increase in the captured protein amount (N = 3). 
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First, we found that the substrate must be incubated with the fibronectin prior to UV capture for 
detectable signal. A longer incubation period resulted in a brighter signal (Figure 5.5A). A 
brighter signal correlates to higher fibronectin decoration. We hypothesized that more fibronectin 
molecules diffuse into the PDMS during longer incubation times, enabling more contact with the 
benzophenone that is embedded in the PDMS. To be linked to the PDMS, the fibronectin must 
be in proximity to a reactive benzophenone species. Next, we found the fibronectin concentration 
on the PDMS substate was dependent on UV dose (Figure 5.5B). While proteins can be 
adsorbed onto PDMS nonspecifically due to the material properties, the positive correlation 
between UV dose and fluorescence suggested that fibronectin is being actively captured in a 
benzophenone-activated manner. Lastly, at constant UV exposure, captured fibronectin 
concentration scales with the applied fibronectin concentration (Figure 5.5C). This shows that, 
at the fibronectin concentrations tested here, the concentration of benzophenone from a 10% 
solution on a ~10 cm2 PDMS substrate is in excess. All PDMS substrates were used for 
subsequent PAG polymerization. The polymerization of PAG atop the fibronectin-decorated 
PDMS proved BP in excess for stepwise grafting of multiple species 

5.4: Conclusion 

We investigate a method to generate large-surface, bonded PAG and PDMS devices. Large film 
PDMS-polyacrylamide structures enable new geometries and material combinations of 
microfluidic devices. We characterized the formation of composite polyacrylamide-silicone 
substrates with UV-mediated, free-radical polymerization by benzophenone. Large-area 
substrates (>10 cm2) with PAG atop of PDMS was created by the formation of composite 
network of acrylamide and silicone. The protocol was amenable to microscale features in the 
PAG larger than 100 µm by photopolymerization, and smaller than 100 µm by physical molding. 
With increasing gel topography, we observed decreasing fabrication success rate. The use of 
benzophenone to generate a composite device enabled covalent attachment of protein for bio-
functional PDMS substrates. This is particularly of interest for extracellular matrix patterning 
within the microwells for on-chip culture systems. We showed that active capture of fibronectin 
by benzophenone onto PDMS can be modulated by UV dose. The binding of protein with 
benzophenone did not inhibit the subsequent binding of PAG. 

Looking forward, we anticipate that the findings reported here can pave the way for PDMS-
channel geometry interfaced with arrayed polyacrylamide features. The controlled delivery of 
reagents by PDMS microchannels to individually trapped cells in polyacrylamide microwells 
would enable multiplexed drug or stressor studies on a single microfluidic chip. It could also be 
used to extract and/or deliver reagents for bioassays, such as PCR or sequencing. 
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Chapter 6: Conclusions and future directions  

Advancements in electrophoretic cytometry methods advance our understanding of important 
biological processes. Many of these processes are coordinated by or stem from an aberrant cell 
subpopulation, such as drug resistance and cancer metastasis [1]–[4]. Here, we present novel 
platforms for the time-sensitive measurement of cytoskeletal reorganization and mechano-
sensitive response from single cells. We combine the specificity of immunoassays with 
electrophoretic separations and increase the assay specificity by reporting on multiple 
characteristics of the cellular or proteomic profile of single cells. 

We developed a first-in-kind method for the quantification of cytoskeletal protein complexes, 
with the molecular specificity and resolution to diminish monomeric and complexed protein 
subpopulations from single cells. We combined differential fractionation lysis within a 
polyacrylamide gel for size-based fractionation of three major cytoskeletal species. Size-
exclusion principles enhance the specificity of the assay beyond what is possible with 
immunoreagents alone: Antibody-based detection reports on analyte species by specific binding, 
and spatial separation of proteins based on size reports on the quaternary structure of that 
specific species at the time of analysis. Thus, not only the abundance of monomeric protein is 
reported, but also the fraction participating in filamentous structure compared to the globular 
population. We evaluated the SIFTER platform by investigating the effects of drug treatments 
that had been previously evaluated in bulk systems. With single-cell resolution, we uncovered 
intrapopulation heterogeneity previously unreported. Our investigation revealed that 
perturbations to F-actin, intermediate filaments, or microtubule structure might be compensated 
for by one or more of the other species.  

Looking ahead, the underlying functional principle of SIFTER could be expanded to other 
protein complexes. Of particular interest are the erbB (HER) family receptors that oligomerize to 
transmit signals associated with tumorigenesis [5]. Disruption in the dimerization and protein 
overexpression have been identified in cancerous and drug resistant subpopulations [6]. Thus, the 
absolute quantification of the erbB family in addition to evaluation of dimerization patterns, 
including abundance and identification of binding species, could elucidate new phenotypes and 
drug targets of value. Additionally, there is significant value in detection of protein chaperones 
and actin-binding proteins. Without additional modification of the SIFTER platform, we 
anticipate the co-segregation of these species with their conjugated partner due to the native 
electrophoresis step. 

Our investigation of the cytoskeletal protein processes and abundances led to the development of 
the PDMS-PAG device for on-chip culture of single cells and highly multiplexed detection of 
cytoskeletal proteins. We established a two-layer assay that couples mechanical ECM stimulus 
with proteomic profiling in situ. Utilizing the PAG as a sieving and immobilization membrane, 
we achieved a high degree of multiplexing, permitting a more global assessment of cytoskeletal 
proteins and focal adhesions than existing methods. The expansion of electrophoretic cytometry 
tools to include on-chip culture by coupling the analytical polyacrylamide matrix with a cell 
culture extracellular material, permits the analysis of adherent cells without the perturbations of 
sample preparation techniques [7]. 
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This platform enables the interrogation of mechanobiology questions previously not evaluated, 
evaluated with only a couple of protein targets, or evaluated with low throughput. We can utilize 
the interchangeable elements of the PDMS-PAG device for stiffness measurements by evaluating 
the effect of other mechanical and chemical cues (and combinations thereof) on the downstream 
effect on cellular state. The PDMS layer can be exchanged for alternative materials, permitting 
the testing of a larger range of stiffnesses and ECM protein cues [8], [9]. Furthermore, the 
patterned micro island that defines the cell culture areas on the device can be altered to different 
shapes and sizes [10]. Furthermore, due to the open device configuration, cultured cells can 
easily be exposed to other stimulants simultaneously. For example, drug and small molecule 
delivery to the cultured cells is trivial.  

Development of new microanalytical tools for biological and biochemical inquiry requires 
innovative geometries, materials, and assay designs [11]. To achieve single-cell resolution in 
electrophoretic cytometry tools, analyte concentrations must be kept high, and injection 
dispersion limited. We identified means of remedying biological variation in these systems 
stemming from injection dispersion patterns. We also evaluated the feasibility of fused PDMS-
PAG devices for more complicated geometries than those included in the on-chip culture work. 
Our investigation revealed that PAG can be functionalized onto a benzophenone-modified 
PDMS to generate a robust, bonded device.  

In short, the work presented in this dissertation was aimed at developing multidimensional 
analysis tools to shine light on complex cytoskeletal processes. 
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Appendices 

Appendix A: List of symbols and abbreviations 

Table A1 

Symbol Definition Units (if applicable) 
σc Buffer conductivity S m-1 
E Electric field strength Volts m-1 
FEP Electric force N 
EP Electrophoresis   
µEP Electrophoretic mobility  μm cm V-1 s-1 
UEP Electrophoretic velocity μm s-1 
KD Equilibrium dissociation constant M 
η Fluid kinematic viscosity of the separation medium Pa s 
r Hydrodynamic radius m 
ICC Immunocytochemistry   
IF Intermediate filaments   
Jpk Jasplakinolide   
Q Joule (resistive) heating J s-1 
LatA Latrunculin A   
MT Microtubules   
q Net charge of the particle q 
k1 Off binding constant s-1 
k-1 On binding constant M-1 s-1 
nc Peak capacity # 
PAGE Polyacarylamide gel electrophoresis   
PAG Polyacrylamide gel   
PLA Proximity Ligation assays   
ROI Region of interest   
KR Retardation coefficient # between 1-0 
Rs Separation resolution Non-dimensional 
SNR Signal-to-noise ratio   
scWB Single-cell western blot   
SIFTER Single-cell protein Interaction Fractionation Through 

Electrophoresis and immunoassay Readout 
  

SDS Sodium Dodecyl Sulfate   
Fdrag Stokes drag force N 
K Thermal conductivity W m-1 K-1 
%T Total acrylamide concentration (gel density, bis and 

acrylamide) 
%W/V 

µ Viscosity Pa s 
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Appendix B: Development and implementation of PID controller for open 
microfluidic systems 

Introduction 

Temperature control is required for many chemical and biological assays. Controlled heat 
delivery to a system can optimize and improve performance. Prior to this work, heating of the 
single-cell western blot (and similar) platforms was done by heating the lysis buffers. In the 
microscale filament assay (SIFTER), lid gels were heated to 75 °C to account for rapid heat loss 
during handling [1]. The hot gel lid was applied to the separation gel once cooled slightly, 
presumably at 37 °C.  

For better engineering controls, a PID controller can provide the constant and controlled 
temperature that is necessary for optimized and consistent heat delivery across runs. We 
hypothesized that by improving the heat delivery system for assays like SIFTER, we can 
decrease run-to-run variation. Proper heating to the optimal operating temperature can ensure 
that cells are lysed properly while maintaining the protein filaments of interest. 

The PID controller offers a closed-loop control (CLC) system. In a CLC, the difference between 
the actual output and the desired output is used by the controller to meet the desired system 
output. The signal error (difference between set value and system value) is amplified and fed into 
the controller. Here, we used a standard PID controller. To briefly summarize the theory of a PID 
controller: A PID controller has proportional, integral, and derivative terms that can be 
represented in the transfer function form as:  

𝐾𝐾(𝑠𝑠) = 𝐾𝐾𝑝𝑝 +
𝐾𝐾𝑖𝑖
𝑠𝑠

+ 𝐾𝐾𝑑𝑑𝑠𝑠 

where Kp is the proportional gain, Ki is the integral gain, and Kd is the derivative gain. By tuning 
the PID controller gains, the system can provide control action designed for specific process 
requirements. In general, the proportional term drives a change to the output that is proportional 
to the current error. The integral term is proportional to both the magnitude of the error and the 
duration of the error. It (when added to the proportional term) accelerates the movement of the 
process towards the set point and often eliminates the residual stead-state error that might occur 
with a proportional only controller. Lastly, the derivative gain is the “anticipatory control” as it 
tries to reduce the error by controlling the rate of error change based on the best estimate of the 
future trend of the error.  

For finding the correct PID values, multiple methods can be used. Manual tuning can be done 
with online systems, but constants derived from online models might not transfer to the system in 
question. Many newer PID controllers, such as the one used here, have an auto-tune PID setting. 
In this case, the system will oscillate around the set temperature a few times while adjusting the 
P, I and D values. The general effects of increasing a parameter during optimizaition are 
summarized in Table B1. Alternative to these approaches, the Cohen-Coon and Ziegler-Nichols 
methods are proven methods for PID term optimization [2]–[4].  
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Next, we describe the setup and required material to build a PID heater for open microfluidics. 

Required material: 

- Inkbird ITC-106VH 
- 40A Solid State Relay (SSR) 
- Mounting bracket 
- K-type thermocouple (0.13mm tiamter) 
- 1x PZRT K-type thermocouple plug adapter mini (female) 
- power cord (with positive, negative, and ground - I reused one from an old laptop) 
- PCT Heating element 
- Aluminum block (sized appropriately to the area for heating) 

o Note: The aluminum block adds thermal mass such that temperature swings are 
less apparent. 

- Acrylic sheets (~1.5 ft2) 
- High temperature epoxy 
- 16-gauge wire (a few feet of black and red) 
- Liquid crystal temp stickers (in the temperature range of interest) 
- GFCI plug adapter 

Setup: 

The Inkbird PID controller, SSR, heater, thermocouple and power line was connected according 
to the following wiring diagram (Figure B1). Note that the thermocouple plug adapter was used 
to connect the thermocouple to the PID. 

Table B1: Effects of INCREASING a parameter independently in PID term optimization 
 
Parameter Rise time Overshoot Settling time Steady-state 

error 
Stability 

Kp Decrease Increase Small change Decrease Degrade 
Ki Decrease Increase Increase Eliminate Degrade 
Kd Minor change Decrease Decrease No effect (in 

theory) 
Improve if 
Kd is small 
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Figure B1: Basic wiring diagram for the Inkbird PID controller.  

 
Figure B2: Images capturing the physical setup of the PID heater and the interface with 
the scWB electrophoresis chamber. (A) Side view of the small heating element. The heating 
element is secured to a larger aluminum heat sink to ensure uniform heating of the area of 
interest. For the scWB, a 1 x 1.5-inch region must be heated consistently. The aluminum was 
trimmed to fit the desired region and to fit securely inside the electrophoresis chamber (B) Top 
view of the electrophoresis chamber and heater interface. The heater sits below the open 
microfluidic platform and heats from the bottom. This ensures that the electrophoresis system 
is still accessible from the top, as necessary for proper assay handling. Liquid crystal 
thermometer was mounted to a glass slide to mimic the location of the polyacrylamide gel, and 
reports on the temperature at the place of interest for proper optimization of PID setpoint. (C) 
Overview image of SIFTER assay setup with the PID heater implemented. The PID heater is 
encased in a green/yellow acrylic case for safety and easy handling.   

 

The heating element secured to the aluminum heat sink with Kapton tape (Figure B2A). The 
aluminum adds thermal mass to the system, which helps combat rapid increases and decreases in 
temperature. Added mass will retain the heat even when the power to the heater is off. The 
aluminum was cut to fit on the underside of the SIFTER scWB system with a circular saw. 

To evaluate the heat transfer efficiency, we used reversible temperature labels made with 
temperature sensitive liquid crystals secured to a glass slide (Figure B2B).  The heat flux must 
pass through the heater, aluminum block and two glass slides to heat the gel (area of interest). By 
placing the sticker on top of a second slide, we can mimic the location of the gel. We found that 
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we need to increase the temperature slightly (PID setpoint at ~45 °C) to achieve a surface 
temperature of 37 °C, as confirmed by the temperature sticker. 

PID value optimization: 

After trying the autotuning protocol on the PID controller with little success, I manually 
optimized the variables. While tedious, this method is the most robust for providing P, I and D 
terms that are optimized to your system [5]. The optimization of variables was done the 
following way: 

1. Set I and D both to zero 
2. Adjust P until it holds somewhat near setpoint 
3. cut that P in half and begin increasing I to eliminate any persistent error 
4. keep derivative at zero or 1 

In this case, we did not need derivative action. Since overshot would be detrimental to the 
biological materials to be used with this heater, we accepted a slower ramp up rate as a tradeoff 
to eliminate overshot. 

The finalized parameters (as of 7/23/2019): 

 Control period: 1 second 
P: 4 

 I: 1 second 
 D: 0 second 
 
We created an acrylic chamber for the controller so we could minimize hazards (Figure B2C). 
An acrylic box was cut with laser cutter and assembled with epoxy. The box has cutouts for the 
control panel, outgoing wires (heater, thermocouple, power), and slots for securing the SSR to 
the side. It included cutouts for ventilation as well to ensure that the SSR does not overheat.  

Appendix C: Production of imaging chamber for liquid-submerged 
electrophoresis 

To analyze lysis and electrophoresis of fluorescent cells and proteins in the open single-cell 
western blot system, a new electrophoresis (EP) chamber compatible with the microscope must 
be developed. Existing platforms either lack the transparent bottom for use with the inverted 
fluorescence microscope, was made for fluid-less systems (such as the IEF, SIFTER, and DDF 
systems), or have electrode holes that permit liquid to escape, making them incompatible with 
the microscope. Similarly, many of the in-house printed EP chambers are not watertight. Buffer 
leakage puts microscope objectives at risk in an inverted setup. 

Here, I modified a 100mm petri dish for live monitoring of lysis and EP of fluorescent cells and 
proteins. By using the 100mm petri dish, it is easily compatible with the microscopes by the 
standard stage adapter (Figure C1). The petri dish has a clear bottom that is easily imaged 
through without interfering with fluorescence signal from modified proteins (Figure C2). To 
make the dish function for electrophoresis, a few modifications were made:  
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a. Acrylic, semicircle fillers were cut from 2.5mm acrylic on the laser cutter and stacked 4 
high to create a 10 mm tall filler. By introducing the fillers, the inner volume of the dish 
is reduced, and the ‘active’ space made rectangular, like existing EP chambers. 

b. Platinum wires were placed 3 cm apart. To avoid cutting or drilling into the dish, the 
wires were run up the side of the dish. At 40 V/cm, this device requires 120V to keep the 
E-field consistent with existing chambers. One platinum wire was acquired from 
Spectrum, and another was ‘borrowed’ from a damaged EP chamber in lab. 

c. The inner volume (once acrylic fillers have been added) is max 15 mL. 

When in use with 15 mL of 2X RIPA buffer at a set voltage of 120V, a basic power supply stalls 
out at ~85-90V. I hypothesize it to be the result of the additional buffer (15 mL compared to 12 
mL), yielding a higher cross-sectional area of the conductive fluid perpendicular to the E-field 
direction. Additionally, a higher degree of electrolysis of water is apparent (Figure C1, Right). 
To get comparable function to the standard setups, the liquid cross-section was reduced. 
Approximately 8-10 mL of bifunctional lysis and electrophoresis buffer generates a cross 
sectional area that matches, and successfully sustains the 120V for the duration of the 
experiment. 

   
Figure C1: EP chamber made from 100mm petri dish. (Left) 10mm tall acrylic half-moons 
cut the decrease the inner volume of the dish and create the sidewalls for electrode placement. 
Electrodes are 3 cm apart. (middle) the dish fits into the I-3010 ASI stage adapter (accepts a 
single slide, small dishes, and the larger 100mm dish) and can be hooked up to the power 
supply via alligator chips, like the conventional scWB chamber. (right) high degree of 
hydrolysis apparent by the bubbles.  
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Figure C2: Example lysis and electrophoretic data collected using petri dish EP 
chamber. (Left) Inverted fluorescence micrograph timelapse of three MCF-7 GFP cells settled 
into a microwell (red dotted line, 50 µm diameter) and (right) corresponding intensity profile. 
During lysis, the cell membrane is disrupted, and cell material escapes the cellular 
compartments into the microwell. Upon electrophoresis (t = 2s,V = 40 v/cm = 120 V) 
fluorescent material is injected into the gel (8 %T, 3.3 %C). Images acquired with 600 ms 
exposure on fluorescent microscope with the appropriate filters for GFP detection. Scale bar = 
50 µm. 

 

Appendix D: Adhesive tape spheroid 
During my time as a Ph.D. student, I have collected most non-hazardous lab tape used in the lab. 
The resultant spheroid has the following specs (Figure D1): 

• Mass: 578.2 g 
• Circumference: 46.5 cm 
• Mass of one roll of 2 cm wide tape (minus cardboard core) = 34.9 g -3.5 g = 31.4 g  
• Approximate number of tape rolls used (assuming only 2 cm wide tape of was used): 

18.4 rolls of tape 
• Approximate distance of tape: 2804.16 m = 2.8 km 
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Figure D1: Adhesive tape spheroid composed of non-hazardous lab tape with 12-inch ruler for 
scale.  

 

Appendix E: Native slab gel protocol for blue native electrophoresis of protein 
complexes 
Introduction: 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) is a method for the isolation of 
intact protein complexes. Although it was initially used to study mitochondrial respiratory chain 
enzymes, it can be applied to other protein complex [6]. The use of BN-PAGE has increased 
exponentially over the past few years, and many new applications have been developed. For 
example, blue native two-dimensional electrophoresis allows analysis of both the concentration 
and the composition of mitochondrial protein complexes [7], [8]. In the first dimension, 
separation of the complexes under native condition occurs according to their molecular mass, 
and in the second dimension, where electrophoresis is performed under denaturing condition, the 
individual subunits of the complexes are resolved, again based on their molecular mass. 
However, BN-PAGE also has its limitations, notably it is mostly used for membrane proteins 
[9]–[11]. There are variations of it, such as CLEAR-PAGE, that might combat this limitation for 
certain applications. 

In BN-PAGE, proteins are resolved by molecular weight while retaining their native structure 
and any potential protein complexes. Instead of the conventional use of SDS in SDS-PAGE, 
Coomassie Blue-G250 dye is used to coat proteins with the negative charge necessary for 
migration to the anode. By eliminating strong ionic detergents, protein complexes are maintained 
and migrate through the gel until they have reached their specific pore size limit. For BN-PAGE, 
special attention must be paid to the type of lysate and detergent used to maintain specific 
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complexes or protein-protein interactions. Common detergents used in BN-PAGE include 
digitonin, dodecylmaltoside, and Triton X-100. 

Here, we summarize the developed protocol for use of BN-PAGE for separation of protein 
complexes. Specifically, this method was used for the separation of antibody-nanobody 
complexes, where the input sample is purified antibody and fluorescent nanobodies, and 
membrane-bound protein-protein complexes, where the input is whole cell lysate complexes. 
The protocol was based on refs: [12] and the Native PAGE Novex Bis-Tris Gel System User 
Guide from Life Technologies. 

Materials: 

• Experimental conditions: Material to be separated prepared in native conditions 
o For cellular material, generate lysate in Novex Sample Buffer + 1-2% Digitonin 

 Phosphatase and Protease inhibitor (product #: 89900) 
o For antibody-nanobody complexes, let the purified material conjugate for 2 hours 

prior to analysis 
• Ladder 

o NativeMark Unstained Protein standard (~20-1200 kDa) 
• NativePAGE Sample Buffer (4X) 
• Native PAGE Noves 4-16% Bis-Tris gel (10-well format) 

o 4-16% Bis-Tris gels can resolve proteins in the molecular weight range of 15-
1,000 kDa 

o The 10 well gel has a recommended maximum load volume of 25 uL.  
• Running buffers:  

o Anode buffer (outer buffer chamber, ~600 mL): Novex Tris-Glycine Native 
Running buffer (10X) (ThermoFisher Scientific, LC2672) or NativePAGE 
Running Buffer (ThermoFisher Scientific, BN2001) 

o Cathode buffer (inner buffer chamber, ~200mL): NativePAGE Cathode Buffer 
Additive (20X) (VDF m) 

• PDVF membrane (Invitrolon DVDF Filter Sandwich, LC2005)   
o Note: Nitrocellulose is not compatible with BN-PAGE as nitrocellulose 

membrane binds the Coomassie dye. 
• 4 sheets of filter paper 
• 1-step transfer buffer (ThermoScientific, 84731) 
• Native PAGE 5% G-250 sample addition 

o Only use for sample preparation if using nonionic detergents in sample 
preparation methods for protein extraction 

• 5% BSA in TBST solution 
• Primary antibody solution (if using): 9 mL TBST, 1 mL 5% BSA in TBST, 10 µL 

primary antibody 
• Secondary antibody solution (if using): 9 mL TBST, 1 mL 5% BSA in TBST, 1 µL 

primary antibody 
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o Note: secondary antibody should be conjugated appropriately for the detection 
method of choice 

• Western lightning solution, Chemiluminescent substrate (Perkin Elmer, NEL105001EA) 
• pH meter, weighing balance, and other standard lab equipment 
• Vertical acrylamide electrophoresis unit. The XCell SureLock Mini-Cell is 

recommended. 
• Semi-dry electroblotting system 

Procedure: 

• Prepare experimental samples, buffers, and gels 
1. Prepare the sample: 

a. To create 20 µL of sample 
i. 5 uL NativePAGE Sample Buffer (4X) 

ii. Sample of interest 
iii. Add deionized water to 20 uL volume 

2. Prepare the following buffers according to the manufacturer: 
a. For all samples: 1X NativePAGE Anode Buffer 

i. Add 50 mL of 20X NativePAGE Running Buffer to 950 mL of 
dionized water 

b. For detergent samples: 1X NativePAGE Dark Blue Cathode Buffer (contains 
0.02% G-250) 

i. Add 30 mL 20X NativePage Running Buffer and 30 mL 20X Native 
Page Cathode Additive to 540 mL dionized water 

c. For non-detergent samples: 1X NativePAGE Light Blue Cathode Buffer 
(contains 0.002% G-250) 

i. Add 30 mL 20X NativePage Running Buffer and 3 mL 20X Native 
Page Cathode Additive to 567 mL dionized water 

• Load samples and buffers 
1. Prepare the gels:  

a. Cut open the gel cassette pouch and drain away the gel pacing buffer 
b. Remove the gel from the pouch 
c. Rinse the gel cassette with dionized water 
d. Peel off the tape from the bottom cassette 
e. Gentle pull the comb out of the cassette 
f. Rinse the gel well three times with 1X NativePAGE Blue Cathode Buffer. 

Invert the gel and shake to remove the buffer. Repeat two more times. 
g. Place the gels in the running talk. The lower (comb) side faces inwards. If 

only running one gel, replace the second gel cassette with the plastic buffer 
dam 

h. Fill the gel wells with 1X NativePAGE Dark Blue Cathode Buffer 
2. To promote a uniform running of the stacking front, load sample buffer in all empty 

wells 
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3. Load samples into the sample wells filled with 1X NativePAGE Dark Blue Cathode 
Buffer prior to filing the cathode chamber to better visualize the sample wells 

4. Fill the upper cathode buffer chamber with 200 mL of 1X NativePAGE Cathode 
Buffer 

5. Fill the lower anode buffer chamber with 600 NativePAGE Anode buffer 
• Perform electrophoresis 

o Orient the gels in the mini-cell such that the notched well side of the cassette 
faces inwards towards the buffer core. Secure the gels with the Gel Tension 
Wedge. 

o Load samples onto the gel (20 µL for 10-well gel) 
 Note: samples are loaded before filling the upper buffer camber to provide 

easy visualization of the sample wells 
o Load 10 µL of protein standard for 10-well gel 
o Fill the upper buffer chamber with a small amount of running buffer to check for 

tightness of seal 
o Once the seal is tight, fille the upper buffer chamber (inner) with 200 mL of the 

appropriate cathode buffer. The buffer level must exceed the level of the wells 
o Fill the lower (outer) buffer chamber with 600 mL of the anode buffer page 
o Place the lid on the assembled mini-cell 
o With the power off, connect the electrode cords to the power supply. Turn on the 

power 
o Running conditions: 

 Perform electrophoresis at room temperature with pre-chilled buffers 
 150V 
 105-120 minutes for 4-16% Bis-Tris Gels at 150 V (constant voltage) 
 Expected current (per gel):  

• Start: 12-16 mA 
• End: 2-4 mA 

o Removing the gel after electrophoresis 
 Separate each of the 3 bonded sides of the cassette with the Gel Knife 
 Remove and discard of the top plate, allowing the gel to remain on the 

bottom (slotted) plate 
 Hold the plate such that the gel is facing downwards over a container with 

transfer buffer and push the gel foot through the slot with the Gel Knife to 
allow the gel to peel from the plate and into the container 

 Remove the gel foot and sample wells with gel knife 
• Transfer 

o Use PVDF membrane and 4 pieces of filter paper (2 pieces around the PVDF in 
package, and 2 extra) 

o Place 4 pc filter paper in lid of square container to equilibrate in transfer buffer 
(>5 min) 
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o Place membrane in bottom of square container and cover in cold MeOH for 1 
min. Pour methanol back in storage container and add transfer buffer to the 
membrane. Incubate >5 min 
 Note: Use tweezers to handle the membrane 

o Pry open gel holder and cut off comb region and the thicker gel region at the 
bottom. Rinse gel in transfer buffer 

o Place 2 pc wetted filter paper on bottom electrode 
o Place membrane over filter paper (place down slowly from one corner to avoid 

introducing bubbles) 
o Place gel directly on membrane. 
o Add more buffers, ensuring no bubbles. 
o Add 2 pc filter paper on top and use roller to ensure no bubbles 
o Start transfer 
o Prepare small plastic box for membrane 

• Western Blotting 
o Block gel in 5% BSA solution for 30 minutes (2 g BSA in 40 mL TBST) 

1. Primary antibodies: prepare 10 mL of solution 
a. Leave in 4C overnight 

2. Wash: Remove membrane from 4C and rinse trice in TBST for 10 minutes (30 
minutes total, switching buffer every 10 minutes) 

3. Secondary antibody 
a. Incubate on shaker at room temperature for 1 hour. 

4. Wash: Remove membrane from 4C and rinse trice in TBST for 10 minutes (30 
minutes total, switching buffer every 10 minutes) 

• Imaging 
1. Prepare detection reagents: For chemiluminescent detection with HRP antibodies, use 

the Western lightning solution 
a. Mix 2 components of western lightning 1:1 (for standard membrane, prepare 8 

mL) 
b. Incubate membrane in western lightning solution for 90 seconds 
c. If signal degrades too much, membrane can be placed back into detection 

reagent and imaged again 
d. Detection reagents can be disposed of down the drain once imaging is 

complete. 
2. Follow standard instructions for imaging with either ChemiDoc or iBright equipment 

Appendix F: Relevant GitHub repositories 
The code used for analysis of SIFTER material (Chapter 2) can be accessed here: 
https://github.com/herrlabucb/SIFTER 

The code used for analysis of on-chip culture material (Chapter 3) can be accessed here: 
https://github.com/herrlabucb/OCC-Project 
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Appendix G: Atomic force spectroscopy for substrate stiffness measurements 
Atomic force microscopy (AFM) utilizes a surface probe method for local elasticity 
measurements. This type of mechanical measurement can be applied to cells, cell culture 
substrates, and tissues. The viscoelastic resistance of a substrate has been shown to affect a cell’s 
in vitro response [13], including differentiation [14], [15] and development [16]. Changes in the 
biomechanics (especially stiffness or elasticity) of a cell has been linked to gain-of-function 
cancer transition [17]–[19]. 

Here, we report on the protocol developed to extract force curves from indentation measurements 
of flat PDMS-coated substrates and the associated mathematical theory. While AFM can be used 
to characterize surface morphology and topography by raster scanning of the material, we focus 
on the spectroscopy application of the technology in indentation mode [20]. 

Theory of the analysis of force curves 

At its most simple implementation, AFM involves the laser tracking of the deflection of a 
cantilever probe as the top scans, indents, or otherwise interacts with the sample [21]. With AFM 
imaging, the material is scanned in the XY-direction. In force spectroscopy, the cantilever probe 
approaches the sample in the Z-direction. In both modes, the laser beam is deflected off the end 
of the cantilever and onto a four-quadrant photodetector to monitor vertical and lateral deflection 
due to material-cantilever contact forces [22]. 

Obtaining a force-distance curve is necessary to calculate the Young’s modulus of the thin film 
material. Here, the physical and geometric properties of the cantilever determine its spring 
constant (k). The spring constant is used to convert the measured cantilever deflection (h) into a 
contact force using Hooke’s law for linear elastic materials (𝐹𝐹 =  𝑘𝑘 ∗ ℎ) [23]. For indentation-
based experiments, the cantilever completes an extension-retraction cycle. The cantilever is 
brought into contact with the sample, and further extension is converted into a combination of 
probe deflection and sample indentation.  

The force curve that is generated (z-position and deflection of the probe) contains indentation 
curve and retraction curve that can be used to extract mechanical properties of the material 
indented. The difference between the indentation and retraction curve are the result of 
viscoelastic hysteresis of the sample and can be used to derive the ‘stickiness’ of the material 
[23]. The Hertz model can be used to calculate the elastic modulus using the indentation curve 
for simple systems. The Hertz model states that the Young’s modulus of a material is inversely 
proportional to the square of indentation depth at a given force. 

The Hertz model assumes [24], [25]: 

1. Homogeneous, isotropic, and linear elastic material  
2. Contact between two elastic bodies 
3. Axisymmetric and infinitesimal deformation 
4. Infinite sample thickness and dimension of a smooth sample surface 
5. infinitesimal sample deformation 
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The thin PDMS films tested in this dissertation satisfy key assumptions of the theory, and the 
simplified system was used for this analysis. More complex modeling is often necessary for 
analysis of cells and other complex materials.  

From the indentation profile, the Young’s modulus can be calculated [19], [23], [26], [27]: 

First, the contact point must be identified. Many automatic methods exist for identifying the Z 
position of the probe when it first contacts the material (𝑑𝑑0). For a manual method, one can use 
the Domke and Radmacher method where the point is identified based on a two-point fit and 
extrapolation back to where the deflection is zero [28]. 

Next, the equation relating force and depth of indentation with a pyramidal tip: 

 
𝐹𝐹 =

3
4
𝐸𝐸 ∗ tan(𝛼𝛼)𝐷𝐷2

(1 − 𝜈𝜈2)
 

 

Eq. 1 

 

Here, α is the half-angle of the tip, and ν is the Poisson’s ratio that determines the amount of 
lateral expansion that accompanies axial compression, E is the Young’s modulus to be 
determined. D is the indentation dept calculated by subtracting the z-position of the probe and 
the vertical deflection. The poison’s ratio is between 0.4 and 0.5 [29]. A Young’s modulus can 
be calculated for each point in the indentation curve, where E will tend toward a constant value 
that Is dependent ton the chosen contact point [30]. 

The force of indentation is calculated by Hooke’s law and the difference between the measured 
deflection and the point of contact: 

 𝐹𝐹 = 𝐾𝐾(𝑑𝑑 − 𝑑𝑑0) Eq. 2 

 

Protocol for AFS on Nanosurf CoreAFM  

This protocol is adapted, in part, from [31] and describes the use of Nanosurf CoreAFM 
equipment for force spectroscopy operating mode. 

1. Preparing the sample: AFM samples should be small and thin. The standard CoreAFM 
sample holder can hold wafers, samples mounted to secure substrate, or glass slides. Samples 
must be fixed to the sample holder in such a way that they are not able to drift or move in the 
nanometer range. For the work included in this dissertation, samples were cast on standard 
glass slide.  

a. Secure the sample slide on the sample holder and secure it with the two sample holder 
clamps. 

b. The sample holder is placed on the sample platform in the CoreAFM measurement 
compartment, if not already installed. 

2. Mounting the Cantilever in the cantilever holder: Cantilevers must be selected for each 
operating mode, sample type, and measurement application. Static force mode measurements 
often call for softer and longer cantilevers compared to dynamic force mode 
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a. In the operation software, in the Preparation group of the Acquisition tab, select the 
desired cantilever type from the Cantilever selector drop-down menu by clicking the 
currently selected cantilever. If the cantilever type you are using is not available in 
the list, select the option to create a new cantilever type in the software 

i. The spring constant is calculated based on the cantilever type using the Sader 
method [32]. 

b. Place the cantilever holder on top of the cantilever exchange tool and gently release 
the CantiClip. Take the new cantilever out if its box with the cantilever tweezers and 
place it on the alignment chip. The AFM cantilever is inserted into the removable 
AFM cantilever holder 

i. Use the appropriate AFM cantilever holder. For young’s modulus 
measurements of PDMS, the ‘Cantilever Holder Liquid/Air’ was used. 

c. Verify that the cantilever does not move with respect to the alignment chip by 
carefully tapping on it with the tweezers. If it moves, it is not inserted correctly. 

d. Secure the CantiClip by snapping it into its closed position. 
e. Attach the cantilever holder with the newly installed cantilever to the Nanosurf 

CoreAFM scan head. The cantilever is secured to the machine with magnetic snaps. 
3. Laser alignment: Whenever a user changes between different cantilever holder types, 

changes between different copies of the same cantilever holder, or replaces the cantilever 
with a significantly different one, the laser beam used to measure cantilever deflection must 
be realigned with the tip of the cantilever. 

a. Check the laser position and quality 
i. In the CoreAFM control software, open the Laser Alignment dialog and 

switch the CoreAFM to the top view camera using the Camera selector 
ii. Open the scan head lid to an angle of ~30° 

b. Locate the base edge of the cantilever 
i. If there is a clear spot on your workbench, turn laser alignment screw 1 

clockwise until the laser spot disappears. 
ii. Stop and turn the same screw in the other direction (counterclockwise) so that 

the laser spot just appears again. The laser is now near one of the edges of the 
cantilever chip. 

c. Center the laser on the cantilever 
i. Turn laser alignment screw 2 in both directions for some time until the laser 

spot appears to be blocked in the middle 
ii. When the laser is aligned at the spot where it should quickly turn to a bring 

spot on either side, the laser is on the cantilever base. 
d. Position the laser near the tip end 

i. Turn laser alignment screw 1 counterclockwise to find the point where the 
laser isn’t blocked by the cantilever anymore 

ii. Turn the laser alignment screw 1 back in a clockwise direction slightly. The 
laser spot will be blocked in the middle. The laser is aligned to the end of the 
cantilever 

e. Center the laser on the detector 
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i. While adjusting detector alignment screw 3 and 4, observe the position of the 
laser on the detector in the Laser Alignment dialog. When the spot is centered, 
you’ve completed laser alignment 

4. Configure measurement parameters: The steps summarized here were optimized for the 
stiffness measurement of PDMS. If making similar measurements, we recommend starting 
with these parameter choices and optimizing from there. 

a. In the CoreAFM control software, locate the Preparation section of the Acquisition 
tab. Update the measurement environment, operating mode, and cantilever type 

i. Measurement environment = air 
ii. Operating mode = static force (note, the machine must be in dynamic force 

mode for sensitivity calibration) 
iii. Cantilever = ACL-A 

b. Confirm laser alignment in the Laser alignment dialog 
c. Check the resonance frequency of the cantilever using the Vibration frequency search 

dialog (click on Frequency Sweep button) 
d. Parameters: Imaging Wizard 

i. Set the image size, time, points, and 
5. Cantilever calibration 

a. Use the thermal tuning dialog to determine the spring constant of the cantilever. The 
software automatically uses the calculated results for spring constant to calculate 
force. 

6. Spectroscopy measurement 
a. Ensure that the software is in the Spectroscopy tab (located in the lower left-hand 

corner). The spectroscopy window contains the commands necessary to control the 
spectroscopy process and parameters. 

b. Use the Spectroscopy Wizard to prepare spectroscopy parameters. Select the 
following parameters: 

i. Spectroscopy measurement: Force-distance Spectroscopy (in AFM static 
mode).  

1. In force-distance spectroscopy, the cantilever is moved while the 
deflection signal is measured. 

2. Force modulation mode is an extension of static force mode 
ii. Measurement subtype: Stop by value force-distance grid 

1. A ‘Stop by value Force-distance’ spectroscopy measurement will start 
with the cantilever in the fully retracted Z-position, the tip is moved 
towards the surface and a deflection measurement signal is made in the 
“forward modulation phase”. Measurement will slop at the defined 
deflection value. The tip is moved away from the sample while 
deflection is measured in the “backward modulation phase”. 

2. In grid measurements, the tip will automatically proceed to the next 
point’s position and repeat the measurement cycle. 

iii. Force-distance curve parameters: 
1. Distance range: 5 µm 
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2. Time:2 s 
3. Data points; 1024 
4. Stop at maximal force: 100 nN 

c. Define the measurement grid to graphically define the positions for measurement 
d. Approach the sample sing the motorized coarse approach to bring the sample close 

enough to the tip for automated final approach. While observing the tip-sample 
distance, click and hold the Advance button in the Approach group of the Acquisition 
tab until the tip is close to the sample 

e. Once the sample is in close position to the tip, the top view image can be used to find 
a good location for measurement. Turn the Positioning screws to move the sample in 
the X and Y, if necessary. 

f. Use the automatic final approach to bring the cantilever into close contact with the 
substrate. In the Approach group of the Acquisition tab, click on the Approach button. 
The software will notify users when the approach is done. 

g. Initiate measurement by clicking the Start button in the Spectroscopy group of the 
acquisition ribbon 

7. Data analysis 
a. To save the completed measurement, use the Gallery Panel. The software 

automatically saves new measurements using the file name mask   
b. Measurements are saved into the folder specified by the gallery path. To change the 

gallery path, use the Quick Access Toolbar > Gallery settings. The history files path 
indicates where measurements will be stored automatically 
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