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Abstract

Understanding cell-to-cell variation at the molecular level provides relevant information about
biological phenomena and is critical for clinical and biological research. Proteins carry important
information not available from single-cell genomics and transcriptomics studies; however, due to
the minute amount of proteins in single cells and the complexity of the proteome, quantitative
protein analysis at the single cell level remains challenging. Here, we report an integrated
microfluidic platform in tandem with matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) for the detection and quantification of targeted proteins
from small cell ensembles (> 10 cells). All necessary steps for the assay are integrated on-chip
including cell lysis, protein immunocapture, tryptic digestion and co-crystallization with the
matrix solution for MALDI-MS analysis. We demonstrate that our approach is suitable for protein
quantification by assessing the apoptotic protein Bcl-2 released from MCF-7 breast cancer cells,
ranging from 26 to 223 cells lysed on-chip (8.75 nL wells). A limit of detection (LOD) of

11.22 nM was determined, equivalent to 5.91 x 107 protein molecules per well. Additionally, the
microfluidic platform design was further improved, establishing the successful quantification of
Bcl-2 protein from MCF-7 cell ensembles ranging from 8 to 19 cells in 4 nL wells. The LOD

in the smaller well designs for Bcl-2 resulted in 14.85 nM, equivalent to 3.57 x 107 protein
molecules per well. This work shows the capability of our approach to quantitatively assess
proteins from cell lysate on the MIMAS platform for the first time. These results demonstrate
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our approach constitutes a promising tool for quantitative targeted protein analysis from small cell
ensembles down to single cells, with the capability for multiplexing through parallelization and
automation.
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INTRODUCTION

Unlocking cellular heterogeneity on the molecular level is relevant for biological
phenomena.[1] Because proteins are key effectors and regulators in cells, understanding
their quantitative cell-to-cell variation is of high importance. Assessing proteins allows
attainment of information not accessible through single-cell genomic and transcriptomic
data such as protein abundance, post-translational modifications (PTMs), isoforms, and
protein-protein interactions.[2,3] PTMs, for example, occur during or after the protein
biosynthesis, altering protein functionality. Identifying PTMs is of particular interest for
unraveling details in protein function related to diseases such as cancer[4], diabetes[5] and
neurodegenerative disorders[6]. Thus, understanding protein expression at the single-cell
level is important in clinical and biological research; however, due to the minute amount
of each specific protein in a single cell (about 10°-108 copies per specific protein in
mammalian cells to as low as 50 copies for low abundance proteins)[7] and the complexity
of the proteome, quantitative protein analysis in specific subpopulations down to the single
cell level remains challenging.

Mass spectrometry (MS) is the workhorse technology for proteomics analysis.[8,9]
Achievable detection limits down to sub-attomole to zeptomole ranges[10] make it a
powerful tool for single-cell proteomics. Flow or mass cytometry and fluorescence-based
detection are other frequently used techniques in single-cell protein analysis. However,
limitations due to sample losses in single-cell or small cell ensemble analysis remain

with standard sample manipulation and preparation tools. It is also critical to develop
multiplexing capable techniques so a substantial number of individual cells can be analyzed
simultaneously.

Microfluidics can be advantageous tools to improve sample preparation for protein
analysis. Microfluidic techniques involve the isolation and processing of single-cells in

the miniaturized environment, and the capability of multiplexing the system to assess
small cell ensembles or a large number of individual cells.[11] Microfluidic droplets or
valve-controlled wells represent the most common system for single-cell isolation.[12]
Microfluidic platforms are often coupled with manipulation techniques, such as optical[13]
or magnetic tweezers[14], surface acoustic waves[15], and dielectrophoresis[16-18].
Microfluidic platforms have also been coupled with a wealth of analytical methods yielding
novel and functional approaches for single-cell proteomics, such as droplet barcoding,

[19] fluorescence immunoassays, electrophoresis and mass spectrometry.[11] Microfluidic
barcoding and DNA sequencing represent a powerful approach for protein profiling at the
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single cell level.[11,20,19] The single-cell barcode chip (SCBC) is a representative device
for a single-cell fluorescence immunoassay.[21,22] Although fluorescence-based methods
can be suitable for clinical and point-of care situations, they reach limitations due to
spectral overlap of fluorophores for multiplexing. Shubert at al. developed a method for
ultrasensitive and automated quantification phenotype responses with single cell resolution
using single molecule array (SiMoA) technology. In their work, they demonstrated the
absolute quantification of prostate-specific antigen (PSA) expressed in single cancer cells.
[23] SiMoA relies on antibody-coated beads to capture single protein molecules and a
nano-liter well platform to isolate single beads for signal amplification and fluorescence
detection.[24,23]

As the workhorse of proteomics, MS methods have also been explored in combination

with microfluidics.[25,26,11,8] Droplet-based microfluidic platforms (water-in-oil systems)
can be challenging, because the alternating water and oil plugs can contribute to unstable
plumes in electrospray ionization mass spectrometry (ESI-MS).[11] To avoid the oil, nano-
liter air-water droplets have been used with LC-MS/MS, involving a complex multistep
sample preparation.[27] Open face nano-wells or surface areas with different properties
allow the use of droplet-based approaches without oil, which have also been combined with
LC-MS.[26] Another approach reaching single cell sensitivity is cell isolation and sample
preparation on-chip coupled with LC-MS or LC-MS/MS.[25,26,28,29]

Interfaces with MALDI-TOF-MS (MALDI-MS in short) allow the integration of
microfluidic sample processing without fluidic connections to the MS system.[30] In
addition, MALDI-MS compared to other MS techniques allows for higher tolerance to
salts and detergents as well as the production of single charged ions, which minimizes the
complexity of the spectra. However, only a few approaches for single-cell analysis have
been reported using MALDI-MS,[31,32,30] and even fewer have integrated microfluidics.
[33-36,32]

Previously, we reported the ongoing development of the integrated microfluidic assay in
tandem with MALDI mass spectrometry (MIMAS) for protein detection in small cell
ensembles.[37,38] The MIMAS platform has been used to detect Bcl-2 protein from cell-
free media[38] and from MCF-7 breast cancer cells suspension.[37] Bcl-2 is a key protein in
cell apoptosis, and thus of relevance in biological and clinical studies. In our latest work, we
successfully incorporated cell lysis in the MIMAS workflow, demonstrating protein release
during cell lysis within nanoliter scale wells on the microfluidic platform [37] and further
Bcl-2 protein immunocapture and detection from the cell lysate on-chip. The antibodies
were first immobilized on-chip prior to cell lysis, and then exposed to subsequent cell lysis
freezing and thawing cycles, which adversely affected their binding reactivity. Moreover,
quantification of Bcl-2 protein released from the lysed MCF-7 cells was not achieved.

Here, we explored an alternative workflow including different immobilization and binding
steps to avoid losses in the antibody reactivity and improve the protein immunocapture in
the MIMAS device. The workflow resulted in the successful quantification of Bcl-2 protein
from 26 to 223 MCF-7 cells in 8.75 nL wells. An additional innovation is the introduction
of smaller volume wells (4 nL), also demonstrating Blc-2 quantification within 8 to 19
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cells. We expect the MIMAS approach optimization described in this work to allow the
quantitative assessment of other relevant proteins in small cell ensembles. Furthermore, a
combination of design update, improvement on the antibody immobilization technique and
use of a higher sensitivity instrumentation are considered to enhance the MIMAS approach
for the assessment of targeted protein quantification in single cells.

METHODS

Materials

MCEF-7 cells, eagle’s minimum essential medium (EMEM), fetal bovine serum (FBS),
Trypsin, and Dulbecco’s phosphate-buffered saline (DPBS) were obtained from ATCC
(USA). Acetonitrile, acetone, isopropanol, ethanol, alpha-cyano-4-hydroxycinnamic acid
(a-CHCA), human Bcl-2 protein, anti-Bcl-2 antibody, bovine serum albumin (BSA),
and bovine insulin were purchased from Sigma-Aldrich (USA). Synthetic peptide
FATVVEELFR (m/z 1210.6) and isotope labeled peptide FATVVEEL(13C15N)FR (m/z
1217.6) were purchased from GenScript USA Inc. Polydimethylsiloxane (PDMS) was
purchased from Dow Corning Corporation (USA). Indium tin oxide (ITO) coated glass
slides (100 ohm/sq) were obtained from NANOCS (USA). Tridecafluoro-1, 1, 2, 2-tetra-
trichlorosilane (TTTS) was purchased from Gelest (USA). Isopropanol and acetone were
from VWR (USA). SU-8 2075 photoresist and SU-8 developer were from MicroChem
(USA). Trypsin for protein digestion on the MIMAS platform was purchased from Promega
(USA).

Microfluidic Platform Fabrication and Assembly

The double-layer MIMAS devices were designed and fabricated as previously reported.
[37,38] Briefly, the microfluidic platform consists of five consecutive pairs of wells
separated by normally-closed valves (Fig. 1a) formed by two polydimethylsiloxane (PDMS)
layers, a control and a fluidic layer. The templates were fabricated by photolithography
using SU-8 2075 resulting in approximately 25 and 40 pm structure height in the fluidic and
control layer, respectively. The fluidic layer was fabricated by spin coating the PDMS (15:1
base to curing agent) over the template for 30 s and curing at 65°C for 35 min. A calibration
curve to determine the thickness of the resulting PDMS layer after spin coating was obtained
by testing different velocities (all for 30 s and 300 rpm/s acceleration), curing the PDMS and
measuring the PDMS layer thickness with a profilometer after removing a portion of PDMS
at different positions on the template (see Figure S-1). Based on the calibration curve, a

~56 um PDMS layer was used to create a 31 um valve membrane over the channels with

25 um height. The control layer was fabricated by pouring the PDMS (10:1 base to curing
agent) over the template, degassing the PDMS and curing at 65 °C for 35 min. The control
layer was peeled-off from the template and the devices were cut and aligned over the fluidic
layer using a stereomicroscope. Next, the two layers together were cured at 65°C overnight,
then peeled off from the template and reservoirs were punched. The PDMS manifold was
treated with oxygen plasma for 90 s at medium FR setting and then incubated at 80°C

for 30 min before assembling it with a clean indium tin oxide (ITO) coated glass slide.

The valve function was confirmed by applying vacuum to the pneumatic reservoirs and

the resulting deflection was verified by microscope inspection. After performing the assay
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as stated below, the PDMS manifold was discarded, and the ITO-covered glass slide was
washed with acetone, isopropanol and water twice. Prior to reuse, the presence of the ITO
layer was confirmed by conductivity measurement.

MCF-7 human breast cancer cells were cultured in EMEM mixed with L-glutamine, 10%
fetal bovine serum and 0.01 mg/mL bovine insulin at 37 °C. The cells were passaged every
five days. The EMEM medium in the flask was removed by vacuum using a pipette tip
attached to a hose and a vacuum pump and washed by 7 mL DPBS. The DPBS buffer was
then removed by vacuum. Then, 2 mL of cell stripper solution was added followed by an
incubation at 37 °C for 10 min to strip the cells from the flask surface. Three mL fresh

cell culture medium was then added and the cell solution in the flask was transferred to a
tube and centrifuged at 4°C for 3 min. Cells were counted in microfluidic wells using a
microscope (IX71, Olympus, USA).

Bcl-2 Analysis in the MIMAS Device

Protein solutions of the FATVVEELFR peptide (m/z 1210.6) were prepared at different
concentrations (in cell-free medium), mixed with the matrix solution (saturated solution of
a-CHCA in 40% acetonitrile and 0.1% trifluoroacetic acid), and loaded into the MIMAS
device (n=5) for MALDI-MS analysis to obtain the limit of detection (LOD). This peptide
corresponds to the peptide used for quantification in the cell assay (see Mass Spectrometry
Analysis section for details in the analysis and LOD determination). Schematics of the
MIMAS device are provided in Figure 1a.

In addition, the sensitivity of the immunocapture assay in the MIMAS device was
investigated with Bcl-2 solutions at various concentrations and the entire workflow (except
for the cell lysis) was performed as shown in Figure 1b (steps 2-6). Anti-Bcl-2 (0.05
mg/mL) was immobilized on fluidic line 1l (containing wells 1) in a humidity chamber for
2 h. Wells were then washed three times with 20 mM sodium phosphate buffer. Next, BSA
(1% in phosphate buffer) was incubated in fluidic line 11 for 30 min to prevent nonspecific
adsorption, and then washed three times with phosphate buffer. Bcl-2 protein solution was
added to fluidic line I and valve line C was opened to mix the content between wells I and I1.
Then, the device was incubated for 1 h at room temperature (RT) for immunocapture. Both
fluidic lines were washed three times with 50 mM NH,HCO, buffer afterwards. Trypsin
(0.1 pg/uL) was added to fluidic line Il and incubated for 12 h at 36°C in a humidity
chamber. Matrix solution (saturated solution of a-CHCA in 40% acetonitrile and 0.1%
trifluoroacetic acid) and isotope-labeled peptide (1217.6 m/z) were added to wells | and
mixed with the digested Bcl-2 in wells 11 by opening valve line C. Once dried, the PDMS
manifold was removed to allow MALDI MS analysis with a Bruker Microflex instrument
(Bruker, Germany) directly from the ITO target.

Digestion Efficiency at Various Bcl-2 Concentrations

The digestion efficiency was studied in solution and on-chip within a range of initial Bcl-2
protein concentrations. Bcl-2 protein solutions were prepared using 50 mM ammonium
bicarbonate to the desired concentration. Trypsin solution was prepared at a concentration
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of 0.1 pg/uL using 50 mM ammonium bicarbonate. In an Eppendorf tube, 10 pL of the
Bcl-2 solution and 2 L of the trypsin solution were mixed and incubated for 12 h at 36

°C. After the digestion, 1.5 pL of the isotope labeled peptide (m/z 1217.6) were added to

the mixture (at a concentration equivalent to the Bcl-2 initial moles in solution), followed

by 5 pL of the matrix solution (saturated solution of a-CHCA in 40% acetonitrile and 0.1%
trifluoroacetic acid). The solution was mixed and then spotted on an 1TO coated glass slide
surface and dried at room temperature. Once dried, the sample was analyzed by MALDI-MS
using reflectron mode. The resulting peaks of the tryptic peptide (m/z 1210.6) and standard
(m/z 1217.6) were compared to determine the digestion efficiency (tryptic peptide/standard).
Similarly, on-chip digestion was performed by pre-mixing 10 uL of the Bcl-2 solution and

2 UL of the trypsin solution followed by loading the mixture on the MIMAS device using
fluidic line I. The device was incubated for 12 h at 36 °C in a humidity chamber. Then,

5 uL of the matrix solution and 1.5 UL of the isotope labeled peptide (at a concentration
equivalent to the Bcl-2 moles on-chip) were pre-mixed and loaded into the device using
fluidic line I1. The center valve was actuated to mix the content of the fluidic lines I and II.
The device was then left at RT for at least 4 h for the solutions to co-crystallized. Lastly,

the PDMS manifold was removed and the crystals were analyzed by MALDI-MS using
reflectron mode.

Bcl-2 Quantification from MCF-7 Cells in the MIMAS Device

The MIMAS assay workflow for the MCF-7 loading and lysis on-chip and the
immunocapture on-chip of Bcl-2 protein is shown in Figure 1b. First, a 1% bovine serum
albumin (BSA) solution was loaded into the fluidic line I and incubated for 1 h to avoid
surface adsorption and non-specific binding. Then, the fluidic line | was washed with
phosphate buffer followed by the loading of MCF-7 cell suspension. Cells on each well were
counted using a microscope (see a representative image in Figure S-2). Cells were lysed
through 8 cycles of freezing at —20°C and then thawing at 36°C, as previously reported.[37]
Anti-Bcl-2 (0.05 mg/mL) was immobilized on fluidic line 1l in a humidity chamber for 2

h. Subsequently, wells were washed with 20 mM sodium phosphate buffer followed by an
additional BSA (1%) blocking step, and a buffer wash. Valve line C was actuated (opened
and closed multiple times during 2 min) to mix the content between wells I and 11. With

all valves closed, immunocapture of Bcl-2 was carried out by incubating the device for 1

h at RT, followed by washing of both fluidic lines with 50 mM NH,HCO; buffer. Trypsin
(0.1 pg/uL) was added to the channel Il and incubated for 12 h in a humidity chamber at
36°C. Matrix solution (saturated a-CHCA in 40% acetonitrile and 0.1% trifluoroacetic acid)
and isotope-labeled peptide (1217.6 m/z) were added to wells | and mixed with the digested
Bcl-2 in wells 11 by actuating valve line C. The device was set aside at room temperature for
co-crystallization for at least 4 h. Once dried, the PDMS manifold was removed to expose
the analyte-matrix crystals on the substrate surface used as target in the MS instrument.

To investigate optimal antibody immobilization parameters, incubation time and temperature
were varied using two methods (I and I1). In method I, incubation steps were carried out at
36°C while in method Il incubation steps were at 4°C, both in a humidifying chamber. In
method I, antibody immobilization was carried out for 0.5, 1 and 2 h. Similarly, for method
I1, antibody immobilization was tested for 1 and 2 h. For both methods, the center valve
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line C was opened after the antibody incubation and washing to mix the cell lysate with the
content of wells 1. Immunocapture of Bcl-2 protein from the cell lysate was accomplished
by incubation at RT for 1 h. After thorough washing steps, trypsin was added to fluidic

line Il and the devices were incubated at 36°C during 12 h for digestion. Matrix solution
was loaded into fluidic line I and valve line C was opened to mix the content in fluidic

line I and 11. Once the sample-matrix mixture was co-crystallized, the PDMS manifold was
removed. The MS analysis was performed on the remaining co-crystals by depleting the
entire material of each well.

Mass Spectrometry Analysis

MS analysis was performed in reflector mode for all analyses. Laser movement was
controlled manually, and between 1500 to 2500 laser (or until sample depletion) shots
were used to acquire spectra. An external calibration was performed for each analysis by
spotting insulin with the matrix solution on the target slide surface. Baseline subtraction
and peak identification were performed on the resulting spectra using flexAnalysis (Bruker,
Germany). Bcl-2 fragments were identified by MASCOT search.[38] The resulting data
was analyzed with Origin, version 9.4, (OriginLab Corporation, USA). The peak area of
the peptides was estimated using the peak analysis function in Origin, accounting for the
peptide peak with all corresponding isotopic peaks.[39-41] The limit of detection (LOD)
was determined based on the linear fitting of the calibration curve obtained as 3.3*a/S,
where o represents the standard deviation of the y-intercept (or blank) and Srepresents the
slope. The number of Bcl-2 molecules was estimated by comparing the peak areas of the
tryptic peptide 1210.6 m/z and the isotope labeled peptide 1217.6 m/z, corrected by the
digestion efficiency.

RESULTS AND DISCUSSION
Bcl-2 Protein Analysis in MIMAS Device

In this study, we targeted Bcl-2 protein, a key protein relevant in cell apoptosis, from MCF-7
breast cancer cells. Seven peptide peaks were identified as Bcl-2 tryptic peptides from
digestion in our previous work (m/z [M+H]* 1052.0, m/z [M+H]* 1210.6, m/z [M+H]*
1950.8, m/z [M+H]* 1994.8, m/z [M+H]* 2295.1, m/z [M+H]* 2886.6, and m/z [M+H]*
3596.8) using an on-chip workflow.[37,38] Here, an alternative workflow was developed

as outlined in the methods section to improve the antibody binding step and allow for
on-chip cell lysis with subsequent protein quantification. The Bcl-2 tryptic peptide with m/z
1210.6 (FATVVEELFR) was chosen for quantification as it resulted in the highest S/N ratio
when performing trypsin digestion of Bcl-2 in solution from cell lysate. Correspondingly,
the isotope-labeled peptide FATVVEEL(13C,15N)FR (m/z 1217.6) was used as an internal
standard to compare to the selected tryptic peptide for quantification. We assessed the
sensitivity of the MIMAS platform for the FATVVEELFR tryptic peptide as well as the
protein Bcl-2 subjected to the immunoassay and enzymatic digestion in the MIMAS device
and explored to quantitatively assess Bcl-2 from small cell ensembles in the MIMAS
platform.
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First, the limit of detection (LOD) of the Bcl-2 tryptic peptide FATVVEELFR (m/z 1210.6)
was assessed in the MIMAS device using an equivalent non-labelled synthetic peptide.
Considering the range of high abundance proteins in single cells to be between 10° and

108 copies of a particular protein, concentrations between 1.4 and 280 nM were used for
the standard curve based on the 8.75 nL well volume of the established MIMAS platform.
Figure 2 shows the obtained standard curve. A weighted linear regression was used to
obtain the LOD, which was determined as 11.22 nM, equivalent to 5.91 x 107 Bcl-2 peptide
molecules per well.

Subsequently, the assay workflow depicted in Figure 1b was performed in the MIMAS
device using Bcl-2 protein. Freezing and thawing cycles were not performed in this case,

as cell lysis was not necessary (step 1 in Figure 1b was omitted). Antibody immobilization
and non-specific site blocking with BSA were performed in fluidic line 11 prior to loading
of Bcl-2 protein in fluidic line 1. This is the line where the cell lysate is loaded when the
assay is performed with cells. The content of both wells was mixed through actuating valve
line C to expose the protein to the antibodies and induce the immunocapture step in line I1.
Then, washing of wells, trypsin digestion and the addition of matrix with isotope-labeled
peptide as internal standard were performed. The Bcl-2 protein concentration was varied
while maintaining the internal standard at 1.4 uM or at 140 nM. The resulting tryptic
peptide with m/z 1210.6 was used and compared to the internal standard peptide m/z 1217.6
for quantification. Figure 2b shows the ratio of the Bcl-2 tryptic peptide FATVVEELFR
(m/z 1210.6) and the internal standard FATVVEEL(13C,15N)FR (m/z 1217.6) based on the
calculated peak area, which will subsequently be used to determine the number of Bcl-2
molecules detected. A weighted linear regression shows the linearity of the Bcl-2 tryptic
peptide and internal standard relationship in the concentration range employed.

Digestion Efficiency at Various Bcl-2 Concentrations

The digestion efficiency plays an important role for the number of molecules quantified
from cells with the presented workflow. To determine the effect of the initial Bcl-2 protein
concentration on the digestion efficiency, we performed the trypsin digestion at different
concentrations of Bcl-2 and a fixed trypsin concentration. The experiments were performed
in Eppendorf tubes (in-solution) and on MIMAS devices (on-chip). By using the internal
standard FATVVEEL (13C,15N)FR corresponding to the heavy counterpart of the Bcl-2
tryptic peptide FATVVEELFR at the same concentration as the initial Bcl-2 concentration
for each condition, we estimated the digestion efficiency as the ratio of the Bcl-2 tryptic
peptide peak area and the internal standard peak area. Figure 3 shows the in-solution and
on-chip digestion efficiency for a range of different Bcl-2 protein concentrations performed.
Three important aspects can be deducted from Figure 3. First, the digestion efficiency
decreases with decreasing Bcl-2 concentration from about 90% at the highest concentrations
to about 40% at the lowest. This signifies that the digestion efficiency needs to be corrected
for low Bcl-2 concentrations, when assessing small cell ensembles in the MIMAS device.
Second, in-solution and on-chip digestion efficiencies are the same. The third observation is
that the digestion efficiency does not seem to decrease below 700 nM. Therefore, we use a
digestion efficiency of 40% in the reminder of this manuscript for quantitative assessment.
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The reason for a reduced digestion efficiency can have several origins and may be related to
the analyte and enzyme concentrations, the volume, the environment, and digestion time. In
our previous work, we determined an optimum time for digestion of 12 h (in-solution and
on-chip) which we adopted in this work.[37] Studies by others comparing trypsin digestion
in-solution and on-chip (in microfluidic chambers or wells) have observed a larger on-chip
efficiency caused by the reduction of diffusion distances leading to an increased number of
encounters between the protein (substrate) and enzymes.[42—44] However, in our MIMAS
approach, the protein molecules are captured by the antibodies immobilized on the MIMAS
well surface, which is different from free molecules being digested in solution. Seok et al.
[45] reported a detailed study on the variation of the digestion efficiency based on the ratio
of trypsin to affinity-captured protein, digestion time, composition of the reaction buffer,
and protein concentration. They observed no changes in the digestion efficiency based on
the initial amount of protein available when the digestion is performed on-chip compared
to a dependency of the digestion efficiency on the protein concentration when performed
in-solution. This study supports our findings and reasoning for considering a constant 40%
digestion efficiency for protein quantification.

Bcl-2 Quantification from MCF-7 Cells in the MIMAS Device

To detect and quantify Bcl-2 protein originating from MCF-7 cells, the MIMAS assay was
performed as shown in Figure 1b. We previously reported a workflow with the current
MIMAS platform design, where we successfully detected spiked Bcl-2 protein from cell
lysate. [37] However, a quantitative assessment of Bcl-2 protein released from cells lysed
on-chip was not achieved. We considered the exposure of the antibodies during the freezing
and thawing cycles as the main cause for not reaching the required sensitivity for a
quantitative assessment. Consequently, in this work we present a different assay workflow.
Previously, antibodies were immobilized in fluidic line | before the cell lysis. Here, we first
loaded the cell suspension to fluidic channel I and performed the cell lysis on-chip through
eight freezing and thawing cycles. A surface coating treatment with BSA was performed
before the cell loading to avoid surface adsorption of the cell lysate. After cell lysis, the
antibodies were loaded to fluidic line 11 to perform the immobilization and blocking steps.
Next, we actuated valve line C to mix the content of fluidic | and Il and induce the
immunocapture in fluidic line Il (where antibodies were immobilized). Mixing of the well
contents was achieved by actuating the valve in between them for 2 min, as previously
determined to achieve sufficient mixing.[38] The purpose of this new workflow was to
improve the assay sensitivity by increasing the number of active immobilized antibodies.

Furthermore, to determine the optimal parameters for the antibody immobilization,
incubation time and temperature were varied as shown in Figure 4a. The non-specific site
blocking step was kept constant for both methods, but it was reduced to 30 min compared to
our previous work where it was carried out for 1 h. [37] As the cell lysate is already in well |
during the antibody immobilization and blocking steps, protein adsorption to the surface and
degradation were a concern. In an aim to reduce the overall time of the cell lysate remains in
the well, we reduced the BSA incubation time and tested different antibody immobilization
temperatures and times. Non-specific binding was effectively prevented through a 30 min
BSA incubation both at 36°C and at 4°C, as demonstrated in the control experiment without
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the binding antibody shown in Figure 4b and 4d. Both temperature conditions lacked peaks
identified as Bcl-2 tryptic peptides, however, several peaks from trypsin auto-digestion were
apparent. In contrast, when an antibody immobilization step was carried out followed by

a blocking step, Bcl-2 tryptic peptides were detected after the trypsin digestion step and
matrix deposition on chip. Figure 4c and 4e show representative mass spectra for the two
temperature conditions with the antibody immobilization carried out for 2 h. An inset
focused on the m/z 1210 Bcl-2 tryptic peptide and internal standard is also presented in both
figures.

The number of Bcl-2 tryptic peptides identified in each well varied between two and six
depending on the temperature and duration of the antibody immobilization step (see Figure
S-3). For method 1 (36°C), the antibody immobilization was carried out for 0.5, 1 and 2 h.
When the antibody immobilization was carried out for 0.5 and 1 h, the Bcl-2 tryptic peptide
m/z 1210.6 was rarely observed but other Bcl-2 tryptic peptides were observed. Antibody
immobilization during 1 h using method Il (4°C) lacked Bcl-2 tryptic peptides in most of
the wells. For both methods, the 2 h antibody immobilization showed the highest number of
Bcl-2 tryptic peptides found compared to the same method with shorter times.

Subsequently, we investigated the amount of Bcl-2 detected in the MIMAS wells for the
entire assay with integrated cell lysis. The concentration used of the isotope labeled internal
standard peptide was 140 nM, which is equivalent to 7.38 x 108 molecules. By determining
the peak area ratio of FATVVEELFR and FATVVEEL(13C,15N)FR, we determined the
number of Bcl-2 molecules in each well, considering a digestion efficiency of 40%. The
number of Bcl-2 molecules per well ranged from 3.92 x 108 molecules to 17.40 x 108
molecules. For all wells, we assessed the number of cells per well prior to the lysis step,
thus, the quantified Bcl-2 amount can be compared with the number of cells per well, which
varied from 26 to 223 cells. Figure 5a shows the number of molecules detected per well
compared to the number of MCF-7 cells in each corresponding well. With this information,
the average number of Bcl-2 molecules per cell was also obtained and reported in Figure
5b. It is interesting to note that the highest amount was found for the least cells counted

per well. Normalized by the number of cells per each well, Figure 5b demonstrates that the
Bcl-2 amount was in range of 4 x 10° to 62 x 108 molecules per cell, which is an expected
range for a high abundant protein in a single cell. Also of note is that the highest amount of
Bcl-2 was detected for the least amount of cells per well. Wells containing less than 30 cells
resulted in an average number of molecules per cell from 5.2 x 107 to 6.2 x 107. Differences
in the number of Bcl-2 protein molecules from cells is expected due to cell heterogeneity,
where the number of Bcl-2 molecules varies from cell to cell. As Bcl-2 is involved in the
apoptosis of cells, the number of Bcl-2 molecules may vary substantially based on the stress
each cell was exposed to during the cell lysis and handling procedure. [46]

However, the phenomenon observed in Figure 5 may be caused by multiple effects besides
cell heterogeneity, such as MS ion suppression and masking effects caused by the cell lysate.
The smaller Bcl-2 amount in wells with > 30 cells can be attributed to masking effects

due to the biomolecular complexity of the cell lysate. This effect may be aggravated with
larger cell numbers per well, as previously observed [37,47], reducing detection capabilities
for the low molecular weight peptides used for quantification.[48,49] In our previous work,
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a masking effect was reported when using spiked cell lysate, with 14 nM and 140 nM

Bcl-2 protein.[37] Accordingly, an approximate of 30 cells in an 8.75 nL well is equivalent
to 3,400 cells/pL, a range where the 1210.6 m/z peptide signal is reduced by > 90%
compared to a cell count of 5 cells/uL. A single cell per well is equivalent to 114 cell/uL,
where these effects have been demonstrated to be greatly reduced. [37] In addition, ion
suppression effects have been reported to show an intensity reduction of target analytes at
high concentrations when working with complex matrices.[50] The digestion efficiency can
also play a significant role influencing this effect. As observed in Figure 3, the digestion
efficiency varies based on the initial Bcl-2 concentration. Based on this finding, we have
adjusted the calculation of the number of proteins apparent in MCF-7 cells with a digestion
efficiency of 40% consistent with the observations at low concentrations as observed with
the cells (between 74.4 nM and 300 nM). Finally, we remark that the MIMAS assay will
reach limitations through the amount of active antibody available for immunocapture, which
needs to be assessed quantitatively in further studies.

Next, we turn to a comparison of the MIMAS device for protein quantification with other
approaches in the literature, the SCBC [22,21] and SiMoA [23] technologies, which can
reach single cell protein sensitivity. The SCBC technology consists of the isolation of a
defined number of cells in a 2 nL microchamber with an antibody array for the capture

and detection of targeted proteins, with cell lysis performed on-chip. On the other side,
SiMoA technology is a quantitative protein analysis method based on antibody-coated beads
isolated in a microarray, based on an enzyme conjugate for sensitive fluorescence detection.
Both technologies are fluorescence-based approaches, which can be limited by fluorophore
availability, interactions with the analyte of interest, and spectral overlap of fluorophores.

In this regard, our work avoids the use of fluorescent tags or microscope imaging for
detection. We take advantage of the high sensitivity and specificity of mass spectrometry,
which besides allowing for the detection and quantification of proteins can allow for PTM or
isoform identification.

We further note that we aim to perform a quantitative assessment of a target protein in

the smallest cell count possible towards reaching single cell sensitivity with the MIMAS
approach. However, the current capabilities of the MIMAS approach can also be used

for applications that do not require single cell sensitivity. For example, our preliminary
MIMAS work has been used to assess proteins in blood serum,[51] and quantitatively
identify proteins from human tissues.[52] The current technology allows for the detection of
physiological levels of proteins from complex matrices such as blood serum, cell lysates and
tissue cells.

MIMAS Workflow in 4 nL Wells

The cell lysis on-chip allows confining the cell lysate within a defined volume, avoiding
further dilutions or losses during the manipulation of the sample. The well volume can be
modified via the well dimensions. Considering the ultimate goal of applying this approach
for targeted single-cell protein analysis, we explored the reduction in the well volume. To
test a smaller volume, wells with dimensions of 300 x 300 x 25 um constituting a volume of
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4 nL were fabricated and used for the MIMAS assay with MCF-7 cells (see Figure S-4a for
an image).

First, we analyzed a series of concentrations of the synthetic peptide equivalent to the Bcl-2
tryptic peptide m/z 1210.6 with the updated design (see Figure S-4b). The LOD based on the
weighted linear regression was determined as 14.85 nM, which is equivalent to 3.57 x 107
molecules of Bcl-2 protein. The reduction of approximately 60% in the well volume thus
resulted in an increased sensitivity. We consider that this increase in sensitivity is due to the
MS ionization process. The matrix solution is mixed with the analyte in excess of solvent

to allow the crystallization by solvent evaporation. Then, during MS analysis, the matrix
absorbs the laser energy while it is simultaneously volatilized, releasing the analyte in the
gas phase as charged ions with minimal fragmentation. Although MALDI-MS is a technique
widely used for protein and peptide analysis, the ionization process and ion suppression
effects involved are still poorly understood.[53] Similar Bcl-2 peptide concentration mixed
with the matrix solution in different volumes may affect the drying and analyte-matrix
crystallization process as well as the ionization process during the MS analysis. The sample-
matrix preparation can still be an empirical technique,[54] requiring the optimization for
specific analytes.[55-57] As the process can vary depending on the analyte, we tested a
mixture of different proteins (somatostatin, calcitonin, insulin and cytochrome c) with the
same matrix solution in both MIMAS designs (8.75 nL and 4 nL wells). As demonstrated

in Table S-1, we also observed an increase in S/N for the four other assessed proteins when
quantified from the 4 nL wells as compared to the 8.75 nL. This is in agreement with the
sensitivity increase observed for the here presented Bcl-2 study. The improved sensitivity in
the 4 nL wells compared to the 8.75 nL wells could result from variations in the MALDI
co-crystallization and ionization process.

Furthermore, the workflow described in Figure 1b and method Il for the antibody
immobilization was used to assess Bcl-2 from MCF-7 cells in the smaller 4 nL well design.
An average of 14 (ranging from 8 to 19) cells was present in each well. A representative
spectrum of Bcl-2 tryptic peptides is shown in Figure 6a. An average of 2.23 x 108
molecules of Bcl-2 was calculated per 4 nL well (Figure 6b). Based on the obtained number
of molecules per well and the corresponding cell count in each well, an average of 19.34

x 108 Bcl-2 molecules resulted per cell (Figure 6c). For wells with 8.75 nL volume (500

x 500 x 25 um), the number of cells per well varied between 26 and 223, with an average

of 89 + 50 cells per well. Although the average number of cells in the 4 nL wells is 1/g

of the average number sampled in the 8.75 nL wells, the MIMAS workflow in the smaller
wells also allow to assess a similar number of Bcl-2 molecules per cell. The number of Bcl-2
molecules detected per well in the 8.75 nL wells is significantly different from the number
of molecules detected in the 4 nL wells, however, there is no significant differences between
the number of Bcl-2 molecules per cell. Carrying out the entire assay in both well volumes
provides Bcl-2 amounts from small cell ensembles in excellent agreement.

Finally, we discuss further downscaling of the well size in the MIMAS device for reducing
the number of cells assessed with the ultimate goal of single cell analysis. Several key
factors will contribute to a future downscaling and optimization. Currently, we are using
randomly oriented antibodies immobilized on the ITO surface coated glass slide.[58]
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The orientation of antibodies has a critical impact in the antibody reactivity and binding
capacity.[59-61] Thus, the immunocapture in the MIMAS device can be improved by
implementing different immobilization techniques to increase the amount and orientation

of active antibodies, such as including the PDMS surface in the immobilization strategy

by suitable activation approaches[62] or providing surface functional groups for antibody
immobilization.[63-65] On the other hand, the observed lysate masking effect could be
further reduced through even smaller well size and fewer captured cells. Additionally,
MALDI-MS technology is continuously improving, increasing its sensitivity and resolution
capabilities and allowing detection of low abundance analytes from complex sample
matrices.[66,67] Although we observed as increase in sensitivity based on the well size
decrease for Bcl-2 peptide and other proteins as shown in Table S-1, there is a physical
limitation on how small the well design can be reduced while maintaining all workflow
steps required for the entire assay. Guaranteeing ease of fabrication, handling of human

cells comparable to MCF-7 cells as well as aspect ratios allowing proper valve actuation

we define the well size to amount in 100 pm x 100 pm x 25 um. In this case, the well
volume would be ~63 pL, for which we estimate about 3 x 10° active antibody molecules
immobilized in the surface considering about 5% of the immobilized antibodies are active.
Thus, such a well size would be suitable to detect proteins from single cells in copy humbers
of ~ 108. We hypothesize that a combination of well size reduction, antibody immobilization
optimization and decrease of the number of cells could improve the sensitivity of the
MIMAS assay, which together with the newest state-of-the-art MALDI-MS instruments, can
ultimately allow the analysis of targeted proteins from single cells.

CONCLUSION

An integrated microfluidic platform for sample preparation in tandem with MALDI-MS
has been developed and optimized for the analysis of targeted proteins from small cell
ensembles. The on-chip sample preparation steps involve cell lysis, immunocapture of the
target protein, tryptic digestion and co-crystallization with matrix solution for the MALDI-
MS analysis are carried out in parallel for five assays. We have successfully quantified
Bcl-2 protein extracted from MCF-7 cells on-chip using an isotope labeled peptide as
internal standard for the quantification. With this work, we demonstrate that the MIMAS
approach is suitable for the detection and quantification of proteins from cell ensembles

in combination with MALDI-MS. We have also explored a reduction of the well size,
where quantifiable amounts of Bcl-2 from small cell ensembles down to ~10 cell were
detected. Future work will focus on further optimization of the protein-capturing efficiency
and sensitivity increase towards single cell protein analysis. The MIMAS approach is a
promising tool we anticipate soon to be used for the identification and quantification of
relevant targeted proteins from small cell ensembles down to single cells, with the ability for
multiplexing through microfluidic parallelization and automation.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(a) Schematic of the device with 5 pairs of wells showing the fluidic wells and control
valve layers. Inset: Bright-field microscopy image of a well pair with control layer (valves)
highlighted in blue. (b) Workflow of MIMAS assay: (1) Loading of cell suspension and cell
lysis by freezing and thawing cycles, (2) immaobilization of anti-Bcl2 and blocking step, (3)
mixing of well I and well Il content, (4) immunocapture, (5) trypsin digestion, (6) addition
of matrix solution and internal standard.
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Fig. 2.

(a? Resulting Bcl-2 synthetic peptide (m/z 1210.6) peak area from MALDI-MS analysis at
different concentrations (n=5) in the MIMAS device. (b) Resulting peak area ratio of Bcl-2
peptide FATVVEELFR and standard FATVVEEL(13C,15N)FR) with a fixed concentration
of 1,400 nM for FATVVEEL(13C,15N)FR after the immunocapture and digestion on chip of
Bcl-2 protein. Bcl-2 concentrations were varied in the MIMAS device. Error bars represent
the standard deviation (n=3, except for 350 nM with n=1). Red dotted line represents the
weighted linear regression with R2 = 0.99 for (a) and R? = 0.98 for (b).
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Fig. 3.

Di%estion efficiency of Bcl-2 protein on-chip assessed with various concentrations in the
8.75 nL MIMAS well and in-solution with a fixed trypsin concentration (0.1 pg/uL). Internal
standard FATVVEEL (13C,15N)FR was added to each condition at the same Bcl-2 protein
concentration. The error bars represent the standard deviation (n = 8).
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(a) Schematics of antibody immobilization with method | and I1: incubation steps at 36

°C and at 4 °C, respectively. (b) Representative MS spectrum of control assay carried out
with method 1 (36 °C). (c) Representative MS spectrum of the entire assay carried out with
method I (36 °C) and an inset of the FATVVEELFR and FATVVEEL(13C,15N)FR used for
quantification. (d) Representative MS spectrum of control assay carried out with method I1
(4 °C). (e) Representative MS spectrum of the entire assay carried out with method 11 (4 °C)
and an inset of the FATVVEELFR and FATVVEEL(13C,15N)FR used for quantification.
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(a) Number of Bcl-2 molecules per well vs number of cells based on the Bcl-2

tryptic peptide m/z 1210.6 ratio to the isotope labeled peptide m/z 1217.6 for antibody
immobilization at 36 °C for 2 h, and at 4 °C for 2 h. (b) Number of Bcl-2 molecules per
cells vs number of cells based on the ratio of Bcl-2 tryptic peptide m/z 1210.6 to the isotope
labeled peptide m/z 1217.6 for antibody immobilization at 36 °C for 2 h, and at 4 °C for

2 h. Some cases lack the presence of the Bcl-2 tryptic peptide used for quantification (m/z
1210.6), thus, an estimate number of molecules per well is not available for all the data
points (less than ten data points are shown per specified temperature although ten wells were
tested).
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Well Volume

(a) Representative spectrum of the MIMAS assay performed using 300 x 300 um wells,

indicating the Bcl-2 protein tryptic peptides. Zoom-in of the spectrum indicating the Bcl-2
peptide m/z 1210.6 and isotope labeled peptide m/z 1217.6 used for quantification. (b) Box
plot of the calculated number of Bcl-2 molecules per well based on the peak area ratio of
the Bcl-2 tryptic peptide and the standard using the wells with volume of 8.75 nL and 4 nL.
The average number of cells for wells with 8.75 nL is 89 + 50 and for wells with 4 nL is

14 + 4, (significantly different at p = 0.012). (c) Box plot of the estimated number of Bcl-2
molecules per cell for the experiments in wells with volume of 8.75 nL and 4 nL, which are

not significantly different (p = 0.979). The box contains 5-95% of the data, the average is
presented by M, and the line in the box represents the median.
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