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Highly sensitive and reproducible analysis of samples containing low amounts of protein is restricted by

sample loss and the introduction of contaminants during processing. Here, we report an All-in-One

digital microfluidic (DMF) pipeline for proteomic sample reduction, alkylation, digestion, isotopic labeling

and analysis. The system features end-to-end automation, with integrated thermal control for digestion,

optimized droplet additives for sample manipulation and analysis, and an automated interface to liquid

chromatography with tandem mass spectrometry (HPLC-MS/MS). Dimethyl labeling was integrated into

the pipeline to allow for relative quantification of the trace samples at the nanogram level, and the new

pipeline was applied to evaluating cancer cell lines and cancer tissue samples. Several known proteins

(including HSP90AB1, HSPB1, LDHA, ENO1, PGK1, KRT18, and AKR1C2) and pathways were observed

between model breast cancer cell lines related to hormone response, cell metabolism, and cell

morphology. Furthermore, differentially quantified proteins (such as PGS2, UGDH, ASPN, LUM, COEA1,

and PRELP) were found in comparisons of healthy and cancer breast tissues, suggesting potential utility

of the All-in-One pipeline for the emerging application of proteomic cancer sub-typing. In sum, the All-

in-One pipeline represents a powerful new tool for automated proteome processing and analysis, with

the potential to be useful for evaluating mass-limited samples for a wide range of applications.
1 Introduction

Mass spectrometry (MS)-based proteome proling has emerged
as a powerful, unbiased technology for identication and
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quantitation of the set of expressed proteins found in complex
biological samples.1,2 The most common approach is “bottom
up” proling, in which proteins are digested into constitutive
peptides prior to analysis by HPLC-MS/MS and database
searching to identify the proteins that correlate with the
constitutive peptides. State-of-the-art analysis techniques can
identify such peptides when present in zeptomole quantities.3,4

There are many exciting current trends in bottom-up pro-
teome proling for applications in biomedicine. One important
trend focuses on pushing the boundary for how many proteins
can be identied from tiny samples, such as the lysate gener-
ated from a single mammalian cell. As recently as 3–5 years ago,
the record for such studies was a few hundred proteins per
cell.5–7 More recently, methods that integrate ion mobility
spectroscopy (IMS) in-line with traditional MS approaches have
pushed this record to thousands of proteins per cell.8–11 Another
trend in bottom-up proteome proling for applications in
biomedicine is the development of strategies in which samples
are differentially labeled with mass-tags, to allow for semi-
quantitative comparisons between them.12–14 These tech-
niques, which are increasingly being applied to clinical cancer
typing,15,16 typically prioritize reproducible detection over the
absolute number of proteins identied. The current report falls
squarely in this category of application.
Chem. Sci., 2023, 14, 2887–2900 | 2887
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Whether a particular study is focused on label-free identi-
cation of large numbers of proteins per cell, or label-enabled
semi-quantitative comparisons between samples, all bottom-
up proteome proling techniques suffer from inevitable
sample loss that occurs during the extensive sample processing
that is required prior to analysis.17,18 Specically, the number of
steps, the number of reaction vessels, and the process of
transferring the sample from a reaction system to the high
performance liquid chromatography-mass spectrometry (HPLC-
MS) system are all known to increase the probability of non-
specic adsorption, sample loss and contamination.19,20

Numerous sample preparation technologies for mass-limited
proteomic samples have been developed to address this chal-
lenge, including SP3,21 SODA,22 nanoPOTS,5 and on-column
techniques.23 While these are important developments, the
operation requirements are typically quite high, such as access
to robotic nanoliter liquid handling or complex capillary and
column connections, which are not accessible to all analysts
(even in well-equipped labs).

One potential solution to the challenges indicated above is
automated processing by digital microuidics (DMF), a minia-
turized uid-handling technique that manipulates samples and
reagents as picoliter-to microliter-sized droplets, typically by
application of electrodynamic forces on an array of electrodes,
for automated sample processing and reactions.24 DMF has
been viewed for many years as being a useful tool for processing
samples upstream of analysis by mass spectrometry and pro-
teomics.25,26 The smaller volumes in DMF systems provide some
advantages for reactions (including rapid heat transfer into and
out of the system), and the enclosed system and automated
control of DMF reduces the probability of experimental varia-
tion and contamination that can be introduced during manual
operations. DMF has previously been used in proteomics
research to extract analytes from single cells,7 to extract proteins
from mixtures by precipitation,27 immunodepletion,28 and
immunoenrichment,29 as well as to implement protein diges-
tion and related processes,30–36 and mass-tag labeling.37 These
techniques represent important steps forward for the eld, but
none are fully integrated and automated – in each of these
examples, there are still many manual transfers required, which
takes away from some of the potential advantages of the
technology.

Here, we describe the rst fully integrated and automated
system for digital microuidic proteome sample handling and
analysis, to facilitate what we call the “All-in-One” DMF pipeline
for proteomic sample processing. In developing this system, we
encountered numerous challenges, including: (a) complexities
in ensuring temperature control for digestion and other steps,
(b) incompatibility of DMF droplet constituents with HPLC-MS
analysis, and (c) efficient sampling between DMF and HPLC-
MS. Here we describe our solutions to these challenges, real-
izing a fully integrated process and analysis system. Impor-
tantly, the system was applied to the differential analysis of
human breast cancer tissue samples, demonstrating its poten-
tial use for clinical cancer sub-typing. We propose that the All-
in-One pipeline may be appropriate for a wide range of appli-
cations going forward.
2888 | Chem. Sci., 2023, 14, 2887–2900
2 Results and discussion
2.1 Droplet control on DMF

The primary goal of this project was to develop a sample-to-
answer pipeline for bottom-up proteomic sample processing
with mass-tag labeling to allow for semi-quantitative compari-
sons between clinical samples. As a rst step towards this goal,
a DMF system was developed to integrate digestion, labeling,
and loading processes. A standard DMF device is shown in
Fig. 1a with a DropBot38 liquid processing unit (version 3.0)
running MicroDrop soware (version 2.31.1) to control droplet
movement (Fig. 1b). As shown in Fig. 1c, droplets in this system
are sandwiched between two plates and are manipulated by
applying AC potentials between driving electrodes on the
bottom plate and the counter-electrode on the top plate. Micro-
holes were fabricated in the top plates to allow for droplet
extraction aer sample preparation (Fig. 1a and b inset). In this
system, DMF acts not only as a protein reactor, but also as
a liquid handler and an interface to HPLC-MS to minimize
sample loss and contamination.
2.2 Customized interface between DMF and LC

A number of techniques have been developed to facilitate direct
infusion of processed analytes from a DMF device into a mass
spectrometer, including the powerful “on-the-y” technique.26

These methods are useful for many applications, but bottom-up
proteome proling typically requires high-resolution chemical
separations prior to analysis by MS, meaning that the All-in-One
pipeline must interface with an HPLC (upstream of the MS). In
most DMF/proteomic analyses described previously,7,28–37 pro-
cessed samples were manually extracted from the device and
then transferred to the autosampler/HPLC (risking sample loss
and cross-contamination). The one exception is a previous
report20 of a direct interface between DMF and an HPLC auto-
sampler. Here, we introduce an improved DMF-autosampler
interface (Fig. 1d and e) and describe its use in an All-in-One
(sample-to-answer) protein processing pipeline.

The new DMF-autosampler interface relies on a custom 3D
printed manifold (see STL le included as ESI†) that comprises
(i) a base to hold the DMF device, (ii) four wells for the align-
ment of the injector, (iii) six slots for conventional injection
vials, and (iv) a cover with sampling array holes to guide and
support the injector needle. Compared with the previous
interface,20 which aligned the autosampler to arrays of vials, the
new interface was designed to align with 96-well-plates that are
commonly used in modern HPLC instrumentation, including
the EASY-nLC 1200 ultra-high-pressure system used here. The
base of the manifold ts the shape of the DMF bottom plate,
which precisely positions the DMF device to avoid damaging the
injector needle of the autosampler. The cover with sampling
array holes is detachable, which facilitates straightforward
insertion and removal of the DMF device. In all, the manifold
has the same dimensions as a standard multiwell plate, which
should provide compatibility with a wide range of instruments
in use today.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 All-in-One digital microfluidic (DMF) pipeline for proteomic sample processing and analysis. (a) Cartoon of the DMF device used here,
including a bottom plate and a top plate featuring a samplingmicro-hole (blue). (b) Photograph of a DMF device interfaced with the open-source
DropBot control system and computer running the open-source MicroDrop program. Inset: closeup photograph of a DMF device. (c) Sche-
matics of DMF device (side-view) illustrating the components of the DMF device, including glass substrates (white), actuation electrodes on the
bottom plate (grey), the dielectric layer on the bottom plate (blue), the hydrophobic layers (yellow), and the indium tin oxide (ITO) counter-
electrode on the top plate (orange). When no electric potential is applied (top), the droplet is immobile. When an electric potential is applied to
a particular driving electrode (bottom), the droplet moves onto the electrode. Photographs of customized DMF-autosampler manifold without
(d) and with (e) the custom cover. (f) Photograph of the top cover of the manifold bearing sampling array holes that support the autosampler
injector needle. (g) Photograph and schematic (inset) illustrating the sampling process in the DMF-HPLC interface.
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The sample loading process involves contact between the
injector needle and the autosampler manifold, extension of the
capillary needle, and nally suction of the liquid from DMF into
the sample loop of the autosampler (Fig. 1f and g). Autosam-
plers are designed to work with conical-bottomed multiwell
plates to facilitate complete collection (or “loading”) of samples
into the needle. The DMF interface has a at/planar bottom,
which motivated us to evaluate whether there were differences
in loading efficiencies between the two systems. Identical
volumes of BSA digest standard (prepared manually) were
sampled in triplicate using both formats, and the relative
loading efficiency was determined by evaluating the average
MaxQuant39 protein intensity of a BSA digest sampled from the
DMF system relative to the same mixture sampled from wells in
conical bottomed well plate. As shown in Fig. S1,† the relative
loading efficiencies were quite similar: 98.9% for the DMF
system relative to the well plate, and indeed, in visual inspec-
tions, there does not seem to be liquid le behind on the DMF
devices aer loading, likely facilitated by the hydrophobic DMF
device surfaces (with aqueous contact angles $115°). In sum,
the two systems appear to be roughly equivalent, noting a small
increase in variance for the DMF system that might be improved
in the future with additional engineering.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.3 Optimization of surfactant concentration

Surfactants are important in bottom-up proteome proling, as
the addition of an appropriate surfactant can improve recovery
by reducing non-specic protein adsorption to surfaces, as well
as aiding in enhancing digestion efficiency.40,41 But proteomics
researchers must be careful with this strategy, as the wrong
surfactant can severely suppress the MS signal during HPLC-MS
identication. This challenge has led to considerable innova-
tion in the development of surfactants that are designed
specically for MS compatibility, which have become especially
popular for the analysis of low-volume samples.5,40–43 For
methods relying on digital microuidics, there is an additional
challenge: some surfactants have the right combination of
surface tension and viscosity to enable DMF droplet movement
(and importantly, dispensing without “tailing”), while others do
not.44–46 Unfortunately, the surfactants that are oen used in
DMF (including pluronics and tetronics), interfere with peptide
detection of MS. Therefore, the choice of surfactant and its
concentration for a proteomic workow on DMF is critical. In
previous (independent) reports, we7 and Tholey and co-
workers37 have found success in using maltoside derivatives
that are known to be useful for proteomics [including n-dodecyl-
b-D-maltoside (DDM) and 3-dodecyloxypropyl-1-b-D-maltopyr-
anoside (DDOPM)] as additives for droplet manipulation on
Chem. Sci., 2023, 14, 2887–2900 | 2889
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DMF devices. In our previous report,7 the optimum working
concentration of DDM was not thoroughly investigated, and in
fact, a high concentration/high viscosity/low velocity solution of
0.0125% wt/wt was used. Thus, a primary goal for our work here
was to rationally assess and optimize the concentration of DDM
for analysis.

Force–velocity curves47 were generated for four concentra-
tions of DDM (0.00125%, 0.0025%, 0.00375%, and 0.005%, wt/
wt in water) to identify optimum working conditions. As illus-
trated in Fig. 2a–d and Movie S1,† the lowest concentration
tested (0.00125%) was found to be challenging to load into the
device, while the three higher concentrations (0.0025%,
0.00375%, and 0.005%) loaded easily and moved smoothly and
reproducibly. Note that aqueous samples with low or no
surfactant can be loaded manually into DMF devices by pipet-
ting onto a bottom plate and then sandwiching them with a top
plate, but in this work, it was desirable to identify conditions in
which samples could be loaded automatically from reservoirs at
the side of the device. Among the three solutions that loaded
easily, the lowest concentration (0.0025%) moved the most
rapidly and with largest saturation force (∼25 mN mm−1). This
concentration, which is substantially lower than those reported
previously,7,37 was used for all subsequent experiments, allow-
ing for rapid and efficient DMF operations.
2.4 All-in-One pipeline

Bottom-up proteomic sample processing requires the execution
of a long list of repetitive and iterative reaction-steps (including
reduction, alkylation, and digestion), while maintaining careful
control over temperature, pH, and light level. This complexity is
exacerbated when mass-tag labeling is included, which requires
that multiple replicates of each sample (exposed to different
tags) be carried through the same set of steps in parallel. The
DMF community has previously demonstrated the feasibility of
on-chip proteomic reactions30–36 or mass tag labeling,37 but
never both, and never before have either set of methods been
Fig. 2 Effect of DDM concentration on droplet movement. Frames from
DDM (0.0025, 0.00375, and 0.005% wt/wt) after (a) 0 s (during the loadin
the three highest concentrations tested (0.0025% – blue, 0.00375% – ora
condition.

2890 | Chem. Sci., 2023, 14, 2887–2900
combined with automated loading into HPLC-MS. Here, we set
out to develop a method that does all of these things, which we
dub the “All-in-One” DMF proteome analysis pipeline.

The nine steps in the All-in-One pipeline are listed in Fig. 3a.
Each step involves multiple repetitions of standard DMF oper-
ations, including dispensing (or metering) of reagents onto the
device (Fig. 3b) and merging reagents together so that they react
(Fig. 3c). The open-source DropBot38 control system used here
was modied to include two automated heating units – an
auxiliary heating unit (introduced here for the rst time) was
used to denature the sample at 70 °C during disulde reduction
by exposure to TCEP (Fig. 3d), and an integrated unit (reported
previously48,49) was used to incubate the sample at 37 °C during
enzymatic digestion by exposure to trypsin, aer an alkylation
reaction by exposure to IAA (Fig. 3e), both programmed by the
user and controlled by pulse-width modulation (PWM). The two
different heating units were found to be necessary because the
auxiliary heating unit allowed for much faster heating and
cooling to minimize evaporation. Temperature proles gener-
ated during replicate experiments using the two systems are
shown in Fig. S2.† Samples are then mass-tagged in multiple
steps by exposure to isotopically labeled formaldehyde (CH2O,
CD2O, and

13CD2O) and sodium cyanoborohydride (NaBH3CN
and NaBD3CN), and then the reactions are quenched by expo-
sure to hydroxylamine. Finally, samples are acidied by expo-
sure to formic acid and loaded into the autosampler via the
manifold described above (Fig. 1d–g). An advantage of
including mass-tags in the procedure is that the samples
bearing different labels can be pooled prior to analysis (Fig. 3f).
In some experiments, the entire pooled sample was loaded into
the autosampler, while in others, a portion of it was loaded,
suggesting the possibility (in the future) for carrying part of the
sample forward for additional processing prior to analysis.
Finally, other labeling schemes might be used in the future;
dimethyl labeling was selected here because it can be used with
virtually any kind of sample.13 A schematic summarizing all of
the steps for three samples is shown in Fig. 3g.
Movie S1† illustrating the movement of aqueous droplets containing
g step), (b) 3.04 s, (c) 5.21 s, and (d) 9.08 s. (e) Force–velocity curves for
nge, 0.005% – green). Error bars are± 1 st. dev. for n= 3 replicates per

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The All-in-One DMF proteomic pipeline. (a) Workflow illustrating the All-in-One pipeline that includes sample loading (step 1), reduction
(step 2), alkylation (step 3), digestion (step 4), isotopic labeling and quenching (steps 5–7), processed sample pooling (step 8) and loading into the
HPLC-MS (step 9). Samples labeled with light, medium, and heavy mass-tags are illustrated in orange, green, and blue, respectively. Photographs
illustrating various steps in the pipeline, including (b) step 1, (c and d) step 2, (e) step 4, and (f) step 8. (g) Schematic illustrating the entire workflow.
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As a rst test of the All-in-One pipeline, a BSA standard was
processed according to the scheme illustrated in Fig. 3a,
labeling sub-samples with isotopic light, medium, or heavy
dimethyl labels (nominally +28, +32, and +36 Da per labeled
residue, respectively). Spectra from All-in-One pipeline-
processed samples are shown in Fig. 4a. As expected, singly
labeled peptides like LVVSTQTALA (labeled at the N-terminus)
are separated by m/z differences of 2.01 (Fig. 4a-le), while
doubly labeled peptides like YICDNQDTISSK (labeled at the N-
terminus and at the lysine residue) have m/z differences of 4.02
(Fig. 4a-right). In all, 54 BSA peptides were identied, including
45 peptides with each of the labels (which were thus were
amenable for quantitation) (Fig. 4b). This number of “quanti-
ed” analytes (that are identied in each sample and replicate
tested) is critical for the type of comparative proteome proling
applications that motivated this work. The distribution of
intensities of the quantied peptides between the different
samples was similar (Fig. 4c), with a relatively low average
coefficient of variation (CV) of 27.2% (Fig. S3†). More
© 2023 The Author(s). Published by the Royal Society of Chemistry
importantly, the intensities of more than 70% of the quantied
peptides (32/45) had CVs between the tagged peptide intensities
of less than 30%, a common threshold50,51 that is applied in
mass-tag experiments for quantitation between samples.

As a control for the All-in-One DMF pipeline performance
(Fig. 4 and S3†), the same amount of BSA standard was
dispensed into tubes and reagents were added by pipette. From
the samples processed in tubes, 49 peptides were identied in
all, and 41 peptides were present in each of the sub-samples
(and thus were amenable for quantitation) (Fig. S4a†). The
variation of identied peptide intensity between and within the
labeled groups (Fig. S4b†) was larger than that of the BSA pro-
cessed by the All-in-One DMF pipeline. Specically, the average
CV of the intensities of the quantied peptides prepared in
tubes was 75.6% (Fig. S5†), and less than 10% of the quantied
peptides (4/41) had a CV smaller than 30%.

There are many potential explanations for the improved
performance of the All-in-One DMF pipeline relative to manual
processing in tubes. One possible explanation is the potential
Chem. Sci., 2023, 14, 2887–2900 | 2891
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Fig. 4 Dimethyl labeling of All-in-One pipeline-processed BSA samples on DMF (1 ng of BSA for each channel). (a) Extracted mass spectra of
LVVSTQTALA (left) and YICDNQDTISSK (right) with light (orange), medium (green) and heavy (blue) label. (b) Intensity distributions of each of the
45 quantified peptides bearing light (L, orange), medium (M, green) and heavy (H, blue) labels. (c) Violin plot of distribution of quantified peptide
intensity (log 2) from light (L, orange), medium (M, green) and heavy (H, blue) labeled channel.
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for improved digestion kinetics (arising from improved thermal
transfer in the DMF system), resulting in fewer missed cleav-
ages. To test this hypothesis, a mixture of 5 protein standards
was digested on DMF and in tubes. As shown in Fig. S6,† the
distribution of missed cleavages in identied peptides for each
of proteins was similar for the two methods, suggesting that
digestion kinetics were not a dominant factor in the improved
performance of the DMF pipeline. With this in mind, we
suspect that the difference in labeling reproducibility may be
attributed to improved metering reliability and decreased
numbers of different surfaces exposed to the sample (reducing
risk of unpredictable non-specic adsorption) in the All-in-One
DMF pipeline. More work will be required to know for sure, but
regardless of the reason, the performance was acceptable for the
goals described here, which led us to apply it to a proof-of-
concept application, cancer cell-line proling.

2.5 Application of All-in-One DMF pipeline to cancer cell line
proling

The ultimate goal of this work was to develop a technique useful
for cancer sub-typing,15,16 an emerging technique in which
isotopically labeled proteomes are compared to identify protein
expression patterns that correlate with different forms and
2892 | Chem. Sci., 2023, 14, 2887–2900
stages of metastatic cancer. As an intermediate step toward this
goal, two breast cancer cell lines, MCF-7 andMDA-MB-231, were
evaluated using the All-in-One pipeline. These samples were
selected because they are known to have dramatic differences in
cell invasion behavior, with MDA-MB-231 cells being more
invasive into a collagen-I-rich matrix, a proxy for aggressive
metastatic disease.52

In these experiments, MCF-7 cells were labeled with medium
(M) isotope, while MDA-MB-231 cells were split and labeled with
light (L) or heavy (H) isotopes. Assigning two channels to the
same cell line (MDA-MB-231) allows them act as controls for one
another as well as to serve as a reference to compare against the
experimental MCF-7 channel (a practice that is commonly used
to conrm repeatability in mass-labeling experiments12). Three
replicates (or “batches”) of labelled samples were evaluated
using the All-in-One pipeline. The correlation coefficients
between protein intensities from channels L and H in batches 1,
2, and 3 were 91.5, 95.4, and 97.3%, respectively, conrming the
repeatability of the measurements. A total of 973 proteins were
identied across the three channels tested (Fig. 5a). The
medium channel had the most proteins uniquely identied,
which meets our expectation given that the other two channels
comprised the same cell line (MB-MDA-231). Specically, as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 5b, the average number of proteins identied in
the light and heavy channels (containing MDA-MB-231 cells)
was 806 ± 27 and 788 ± 27 (average ± standard deviation),
respectively, while the average number of proteins identied in
medium channel (containing MCF-7 cells) was 851 ± 13. The
relative standard deviation of the number of protein
Fig. 5 Dimethyl labeling of cell lysates using the All-in-One DMF pipeline
MDA-MB-231 cells), medium (“M”, MCF-7 cells), and heavy (“H”, MDA-MB-
channel from the three batches in the light (“L”) medium (“M”) or heavy
found in each of the nine samples (rows), including three batches (1, 2, 3
green shades represent proteins with high, median, and low abundance
database for the M/H channels (d) and M/L channels (e). Proteins that w
volcano plots are highlighted with red boxes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
identications in each channel was less than 5%, further
demonstrating the reproducibility of the All-in-One DMF
workow.

Finally, a heat map of the 597 quantitated proteins (identi-
ed in all nine samples) is shown in Fig. 5c. As expected, the
three medium channels are clustered separately from the light
. (a) Venn diagram of proteins identified from three batches of light (“L”,
231 cells) channels. (b) Plot of the number of proteins identified in each
(“H”) channels. (c) Heat map of the 597 quantified proteins (columns)
) of light (“L”), medium (“M”), and heavy (“H”) channels. Red, black, and
, respectively. Volcano plots of all proteins identified in the proteome
ere differentially expressed between MCF-7 and MDA-MB-231 in both

Chem. Sci., 2023, 14, 2887–2900 | 2893

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc00560g


Fig. 6 Analysis of the identified most variable proteins between MCF-7 and MDA-MB-231 determined using All-in-One DMF pipeline. (a) Heat
map of 118 differentially expressed proteins (columns) found in the nine cell lysate samples (rows). Yellow, green, and dark grey shades represent
proteins with high, median, and low abundance, respectively, and proteins associated with hormone pathways and glycolysis are highlighted in
aqua and pink, respectively. (b) Graphical depiction of the biological processes represented by the 118 proteins from (a). Large circles define
process groupings, markers define specific processes, marker color represents the log10(p-value) that reports the statistical confidence of protein
function assignment (red-low, violet-high), marker size represents the frequency of the gene-ontology (GO) term in the underlying gene
ontology annotation (GOA) database, and gray lines indicate relationships between the specific processes.

2894 | Chem. Sci., 2023, 14, 2887–2900 © 2023 The Author(s). Published by the Royal Society of Chemistry
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and heavy channels. Volcano plots comparing these 597
proteins found in channels M/H (Fig. 5d) and M/L (Fig. 5e) were
then prepared. The redundancy of this type of analysis (evalu-
ating multiple batches of control vs. experimental) allows for
assessments of differential expression with high condence.12

Armed with a robust and reproducible comparative dataset,
attention was turned to codifying the specic differences in
protein expression between the two cell lines. From previous
studies, we expected to observe three main distinctions: (i)
MDA-MB-231 cells do not respond to hormones, whereas MCF-7
cells may;53 (ii) metabolic strategies differ between the cell types
(MCF-7 cells prefer oxidative phosphorylation under normoxic
conditions, whereas MDA-MB-231 cells prefer glycolysis54,55);
and (iii) MCF-7 cells are more epithelial in morphology, while
MDA-MB-123 cells are more mesenchymal.56,57

A heat map highlighting the expression of the 118 most
variable proteins between the two cell lines is shown in Fig. 6a.
Upon clustering of the normalized (z-score) protein intensities,
distinct blocks of protein expression were found that conrmed
our three key expectations. That is: (i) hormone pathway related
proteins like HSP90AB1 and HSPB1/HSP27 (highlighted in
aqua), are upregulated in MCF-7 cells;58 (ii) glycolysis-related
proteins LDHA, ENO1 and PGK1 (highlighted in pink) are
more abundant in MDA-MB-231 cells, and (iii) other proteins
related to the epithelial morphology of MCF-7 (including KRT18
and AKR1C2) are among the most variable of the proteins.

The pathways represented by the 118 variably expressed
proteins were then determined using Enrichr59–61(Fig. 6b).
Pathways more active in MCF-7 cells included the estrogen
signaling pathway (KEGG 2021 human, adjusted p-value = 1.84
× 10−4) and carboxylic acid biosynthetic process (GO Biological
process, 0046394, adjusted p-value = 0.0289). The latter is
related to the tricarboxylic acid (TCA) cycle, which has a prom-
inent role in supplying the oxidative phosphorylation
pathway.62 Likewise, pathways that were more active in MDA-
MB-231 cells included those involved with glycolysis (KEGG
2021 human, adjusted p-value= 1.63× 10−10) and actin myosin
lament sliding (GO Biological Process, 0033275, adjusted p-
value = 0.0195), the second of which is known to be more
plentiful in the mesenchymal-like MDA-MB-231 cells.56 In sum,
the differential pathway analysis supported the ndings in the
differential protein expression analysis, giving us condence to
move to evaluating clinical samples.
2.6 Analysis of human breast tissue using the All-in-One
DMF pipeline

Building from encouraging results with breast cancer cell lines,
we turned to applying the new technique to evaluate human
breast cancer tissue samples, as a step toward an automated
technique for cancer sub-typing.15,16 Three samples were
acquired: healthy breast tissue (CP565563), a small breast
cancer tumour that was either not metastatic or was collected
early in the disease progress (CP531533), and a large, metastatic
breast cancer tumour (CP629057). Upon evaluating the three
samples with the All-in-One pipeline, 882 proteins were iden-
tied in total, and 436 proteins were quantied (found in all
© 2023 The Author(s). Published by the Royal Society of Chemistry
samples). Among this group, 31 proteins (Table S1,† CP531533)
and 56 proteins (Table S2,† CP629057), respectively, were found
to be differentially quantied for the two cancer samples rela-
tive to healthy tissue. Among this group (differentially quanti-
ed relative to healthy tissue), 15 proteins (higher quantities:
PGS2, UGDH, ASPN, LUM, COEA1, PRELP; and lower
quantitites: PDIA3, AMPL, PDIA4, B2MG, CALR, PLSL, 1A68,
COR1A, D6RGG3) were commonly identied in both breast
cancer tissue samples, and have been reported to be associated
with the progression of breast cancer.63–76 The quantitative
trends for these proteins were consistent in both breast cancer
tissues, which further validated the reliability of identication
and quantication by the All-in-One pipeline.

Intriguingly, 27 proteins were found to be differentially
quantied in a comparison between the two cancer samples
(Table S3†). For example, Decorin (PGS2) was found in higher
quantities in the large/metastatic tumour relative to the small
tumour. This protein, which is related to the regulation of
estrogen77 is associated with tumor size and disease progression
and outcome.78 Other proteins that were identied in the
comparison between large/metatstatic tumour and small
tumour were also agged in the comparison between the inva-
sive (MDA-MB-231)/non-invasive (MCF-7) cancer cell line study,
including A0A1B0GW44 (CTSD) and K1C18 (KRT18). They are
known promotors of aggressive tumour growth,79,80 which
suggests that the All-in-One pipeline may be a valuable tool for
correlating cellular function (i.e., in vitro MDA-MB-231/MCF-7
invasion assays52) to in vivo progression of disease.

The data presented here demonstrate the potential utility of
the All-in-One DMF pipeline for cancer sub-typing in clinical
samples. These types of samples are by nature precious and
mass-limited, and thus are particularly susceptible to the
problem of analyte loss during processing. As described in the
introduction, there are a number of emerging technologies5,21–23

that are being developed to address the problem of processing
mass-limited samples with minimal exposure to surfaces. We
propose that the All-in-One DMF pipeline is a useful addition to
this list, bringing the combination of exibility (with the
capacity for real-time recongurability depending on the
application) with end-to-end automation to bear. We anticipate
that the proof-of-concept application described here will be the
rst of many to leverage these unique properties.

3 Conclusions

We have introduced an All-in-One DMF proteomic pipeline for
digestion, isotopic labeling, and loading of miniaturized pro-
teomic samples. Through the multiplexed control of DMF, up to
three samples in the current system (potentially expandable to
more in the future) can be processed simultaneously and then
(aer isotopic labeling) combined for analysis. By integrating
localized heating and a direct-loading interface for HPLC-MS,
user intervention is minimized, and the risk of sample loss
and contamination is reduced. The pipeline has been applied to
cancer sub-typing using model cell lines and clinical tissue
samples. The system as described is appropriate for semi-
quantitative comparisons between different samples, and if in
Chem. Sci., 2023, 14, 2887–2900 | 2895
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the future it can be combined with IMS, it may someday be
appropriate to apply to cutting-edge single-cell protein identi-
cation experiments. In sum, we propose that the All-in-One
DMF pipeline is a powerful new tool for automated proteome
processing and analysis, with the potential to be useful for
evaluating mass-limited samples for a wide range of
applications.

4 Materials and methods
4.1 Reagents

Cell media reagents, acetonitrile (ACN), formic acid, and water
(LC/MS-grade) were purchased from Thermo Fisher Scientic
(Waltham, MA). Dimethyl labeling reagents, n-dodecyl-b-D-
maltoside (DDM), tris(2-carboxyethyl)phosphine (TCEP),
iodoacetamide (IAA), triethylammonium bicarbonate (TEAB),
trypsin, and protein standards were obtained from Sigma-
Aldrich (Oakville, CA). Lys-C was purchased from Promega
(Madison, WI, USA).

4.2 DMF device fabrication and control

DMF devices comprising (i) bottom plates bearing 68 roughly
square (2.2 × 2.2 mm) driving electrodes (where 60 of them
formed a 4 row × 15 column electrode array) and 12 reservoir
electrodes, and (ii) 25 × 75 mm top plates bearing a counter-
electrode, were fabricated as described previously. Each top
plate was modied by drilling a 2 mm dia. Micro-hole in the
center of the piece (relative to the short axis) and approximately
23 mm from one edge (along the long axis) using a micro-drill
press. Top plates and bottom plates were assembled with
∼190 mm-thick inter-plate spacers formed from two pieces of
Scotch double-sided tape (3M), such that the access hole was
positioned over row 2 and between columns 2–3 in the driving
electrode array. This spacer denes “unit droplets” (with
volume sufficient to cover a single driving electrode) of approx.
0.9 mL.

Devices were controlled by using a custom version of the
open-source DropBot system38 (version 3.0, https://github.com/
sci-bots/dropbot-v3).48,49 The DropBot and the built-in heater
unit were controlled using a custom version of MicroDrop
soware (version 2.31.1, https://github.com/sci-bots/
microdrop), while the auxiliary unit was controlled by
a separate interface (in-house soware, written in Python).
Devices were interfaced to the DropBot system through a pogo-
pin connector, and electrodes were actuated in pre-
programmed steps which allowed droplet dispensing, moving,
and mixing by applying (typically) 100 VRMS as square waves at
10 kHz (parameters optimized as described below).

4.3 Auxiliary thermoelectric unit

An ESP32 Feather Board (Adafruit Industries, NY) was used to
control a thermoelectric unit (TEC-30-32-127 Digi-Key, MN)
through a VNH5019 motor driver (Pololu, NV). The thermo-
electric unit was sandwiched between an aluminum plate
(1.8 mm × 44 mm × 88 mm) (McMaster-Carr, IL) and a heat-
sink/fan unit (Cooler Master A73, Newegg, CA). The fan was
2896 | Chem. Sci., 2023, 14, 2887–2900
connected to the VHN5019 motor driver, and was programmed
to turn on during cooling cycles and off during heating cycles.
Thermal paste (Thermal # 860, MG Chemicals) was applied on
either surface of the thermoelectric unit to ensure good thermal
conductivity with the aluminum plate and the heatsink. The
ESP32 board was also connected to two Negative Temperature
Coefficient (NTC) thermistors (10 kU, NTCG103JX103DTDS,
TDK Corporation) which were placed in close proximity to the
thermoelectric unit to provide real-time temperature feedback.
Pieces of Delrin (6 mm × 46 mm × 20 mm) (McMaster-Carr, IL)
were placed on either end of the heating board to protect and
allow the user to move the board when it was hot. A magnet was
affixed in one of the two Delrin pieces and was used to align and
secure the board in place during operation.

Custom rmware was developed in C++ to allow the ESP32
board to communicate with and be controlled by the host
computer over USB. The rmware implemented a proportional–
integral–derivative (PID) algorithm for the ne control of the
heating unit using the temperature readings from the therm-
istors. The PID algorithm was modied from previous
versions48,49 to output both positive and negative values to
facilitate heating and cooling respectively. The thermistor
closest to the thermoelectric unit was used for feedback while
the thermistor further away from the unit served as a monitor of
the heat distribution over the heating block. The proportional
term (Kp), integral term (Ki) and derivative term (Kd) of the PID
controller were tuned to 70 °C, and the maximum temperature
was set by soware to be 120 °C.

Custom soware was developed in Python to communicate
with the ESP32 board and control the heating unit. Using this
soware, a custom heat prole could be programmed where
desired temperatures and heating proles could be specied.
The soware also logged the temperature readings from both
thermistors on the heating board.
4.4 DMF-HPLC manifold fabrication

A DMF-HPLC manifold was fabricated from poly-lactic acid
lament (colorFabb B.V., Belfeld, NL) in two parts using an
Ultimaker 2 3D printer (Ultimaker B.V., Utrecht, NL). Steel
dowel pins (McMaster-Carr Supply Co, Elmhurst, IL) were used
to align the top and bottom components and to position the
device in the autosampler. The overall manifold dimensions are
144 mm L × 90 mmW × 33 mm H. An STL le for the design is
included in the ESI.†
4.5 Surfactant concentration optimization

Aqueous solutions of TEAB (50 mM) were supplemented with
DDM to nal concentrations ranging from 0.00125% to 0.005%
wt/wt. Using a modied version of a method described previ-
ously,47 force–velocity curves were generated to identify optimal
working conditions. Briey, double-unit droplets were
dispensed onto the array and velocity was monitored as a func-
tion of driving force; each condition was repeated in triplicate.
In subsequent experiments, 100 VRMS driving voltage was used
(corresponding to ∼30 mN mm−1).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.6 Protein standards

The proteins evaluated included a BSA standard and a protein
standard mixture (albumin, catalase, cadherin, haptoglobin,
and serotransferrin). The former was prepared by dissolving
1mg of BSA in 1mL of DI water, and then diluted to 1 ng mL−1 in
0.0025% wt/wt DDM in 50 mM aqueous TEAB. The protein
mixture solution was prepared by dissolving 1 mg of each of the
proteins in 1 mL of DI water, and then diluting them to 1 or 10
ng mL−1 (of each protein) in 0.0025% wt/wt DDM in 50 mM
aqueous TEAB.
4.7 All-in-One proteomic pipeline

Experiments were carried out in 9 steps, all at room temperature
with reagents dissolved in 0.0025% wt/wt DDM (in 50 mM
aqueous TEAB) unless specied otherwise. (1) Aliquots of
protein sample and TCEP (25 mM) were loaded into separate
reservoirs on the device. (2a) Three unit-droplets each of sample
and TCEP solution (six droplets total) were dispensed onto the
array, and each protein/TCEP droplet pair was merged and
mixed. (2b) The auxiliary heater (as shown in Fig. 3d) was
engaged at 70 °C for 5 min to denature the protein. (3) Aer
cooling, an aliquot of IAA (60 mM) was loaded into a reservoir,
and three unit-droplets of IAA were dispensed onto the array
and merged and mixed with the reduced protein droplets. The
system was incubated in the dark for 15 minutes. (4) An aliquot
of trypsin (10 ng mL−1) was loaded into a reservoir, and three
unit-droplets were dispensed onto the array and merged with
the alkylated protein droplets at 37 °C (controlled by the built-in
resistive heater, as shown in Fig. 3e) for 30 min. During this
period, the droplets were continuously moved in a loop on the
array. (5) Aliquots of isotope-labeled formaldehyde (0.2% w/v),
comprising CH2O (light), CD2O (medium), or 13CD2O (heavy),
were loaded into reservoirs, and one unit-droplet of each was
dispensed and mixed with one of the sample droplets. (6)
Aliquots (37.5 mM) of sodium cyanoborohydride (NaBH3CN)
and sodium cyanoborodeuteride (NaBD3CN) were loaded into
reservoirs, and unit droplets of the former were merged with the
light- and medium-labeled samples, while a unit droplet of the
latter was merged with the heavy-labeled sample. All samples
were incubated for 30 min. (7) An aliquot of ammonium
hydroxide (0.2% w/v) was loaded into a reservoir, and three unit-
droplets were dispensed and merged with the sample droplets.
(8) The three sample droplets were merged to form one pooled
droplet, and then an aliquot of FA (10% w/v) was loaded into
a reservoir, and one unit-droplet was dispensed and merged
with the pooled droplet. (9) Finally, the merged droplet was
moved to the micro-hole to be loaded onto the autosampler.
Briey, the device was interfaced with the custom manifold,
which was loaded into the EASY-nLC 1200 ultra-high-pressure
system, where the sample was aspirated into the sample loop
at 3 mL min−1 until (in most cases) the pooled 18 mL droplet was
injected. Protein mixtures evaluated in digestion efficiency
experiments were processed in an abbreviated version of the
pipeline comprising steps 1–4, aer which samples were
collected by pipette for manual injection into the autosampler.
Manually processed samples were prepared using identical
© 2023 The Author(s). Published by the Royal Society of Chemistry
volumes and concentrations, but were manipulated by pipettes
and microcentrifuge tubes, heated in a thermocycler (Bio-Rad),
and nally transferred into conical-bottomed 96-well plates
(Eppendorf), prior to loading into the EASY-nLC 1200.

4.8 Cell culture and cell samples

MCF-7 and MDA-MB-231 cells were grown in Dulbecco's
Modied Eagle's Medium (DMEM) with 10% fetal bovine serum
(FBS), penicillin (100 U ml−1), and streptomycin (100 mg ml−1)
in T-25 culture asks in a humidied incubator with 5% CO2 at
37 °C. Cells were trypsinized, washed with phosphate-buffered
saline (PBS) three times (centrifuged at 300×g, 5 min), and
then suspended in PBS at densities ranging from 50 000 to 100
000 cells per ml (determined via hemacytometer). 1 mL samples
(about 50–100 cells) were aliquoted into tubes and stored at
−80 °C until analysis. For analysis, sample tubes were thawed at
room temperature and each sample was mixed (by pipette) with
1 mL of 25 mM TCEP in 0.005% wt/wt DDM. Each sample/TCEP
mixture was pipetted onto a DMF device (three at a time), aer
which steps (2b)–(9) were carried out by DMF as above, except
the digestion in step (4) was performed with a mixture of 5 ng
mL−1 Lys-C and 5 ng mL−1 trypsin.

4.9 Human breast tissue samples

Human breast tissue lysates (Cat. No. CP565563, CP531533, and
CP629057) were purchased from OriGene (Rockville, MD, USA).
Each sample was diluted to 30 ng mL−1 total protein in 0.0025%
wt/wt DDM in 50 mM aqueous TEAB. Aliquots (1 mL) of each
diluted breast tissue lysate were processed according the stan-
dard nine-step All-in-One pipeline, except that the digestion in
step (4) was performed with a mixture of 5 ng mL−1 Lys-C and 5
ng mL−1 trypsin, and the volume loaded into the autosampler in
step (9) was approximately one third (∼6 mL) of the pooled
droplet.

4.10 HPLC-MS/MS analysis

Experiments were performed on a Q Exactive HF-X mass spec-
trometer coupled with an EASY-nLC 1200 system (Thermo
Fisher Scientic). Each sample was automatically loaded onto
a C18 trap column (3 cm, 100 mm i.d., Polymicro Technologies)
at a ow rate of 2 mL min−1. The sample was then eluted into
a fused silica microcapillary column (12 cm, 100 mm i.d., Poly-
micro Technologies), packed in-house with 1.9 mm-diameter
reversed phase C18 particles (ReproSil-Pur 120 Å, Dr Maisch
GmbH). Mobile phase A (water with 0.1% formic acid, v/v) and
mobile phase B (80/20/0.1% ACN/water/formic acid, v/v/v) were
used to generate a linear gradient of 3–30% B for 90 min, fol-
lowed by a linear increase from 30–45% B for 20 min, then
a linear increase from 45–95% B for 1 min and maintaining at
95% B for 14 min. The ow rate was set to 300 nL min−1. A full
mass scan collected by the Orbitrap mass analyzer was fromm/z
375 to 1575 with a resolution of 120 000, while the automatic
gain control (AGC) target was 5 × 105 and maximum injection
time was 50 ms. Precursor ions with charges of +2 to +6 were
fragmented by using high energy collision with 27% normalized
energy at a resolution of 60 000, AGC of 5 × 104, and maximum
Chem. Sci., 2023, 14, 2887–2900 | 2897
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injection time of 250 ms. Previously selected precursor ions
were excluded from further sequencing for 20 s.
4.11 Proteomic data analysis

Raw data les were evaluated by MaxQuant (version 1.6.4.0),
using methods similar to those described previously.39 Briey,
a human protein database downloaded from UniProt (release
2018_09) was used to search the MS/MS spectra, with methio-
nine oxidation and N-terminal protein acetylation set as vari-
able modications and cysteine carbamidomethylation set as
a xed modication. Multiplicity was set to 3 with dimethLys0
and dimethNter0 as light labeling, dimethLys4 and
dimethNter4 as medium labeling, and dimethLys8 and
dimethNter8 as heavy labeling. Trypsin was set as specic
proteolytic enzyme with maximum 2 missed cleavages for each
peptide. The minimum peptide length was set as 6 amino acids
and maximum peptide mass was 4600 Da, and the ‘re-quantify’
option was selected. Both peptides and proteins were ltered
with a maximum FDR of 0.01. The default settings of MaxQuant
were used for all parameters not mentioned, and the resulting
protein intensities were used as proxies for the amount of each
identied protein.

Nine samples were evaluated in cell lysate experiments: six
MDA-MB-231 and three MCF-7; these data were subjected to two
analyses. In analysis one, MaxQuant output les were evaluated
using Perseus,81 to exclude proteins identied as decoys,
potential contaminants, or those identied exclusively by one-
site modication from analysis. Heat maps of proteins quanti-
tated in all nine samples were generated in Perseus, and
settings of FDR < 0.05 and s0 = 0.1 were applied to generate
volcano plots comparing the cell lines' proteomes. In analysis
two, the set of proteins appearing in the MaxQuant output les
of at least three different samples was evaluated, and summed z-
scores (for each cell line's expression of that protein) with
a difference of at least 1.0 were identied as being differentially
expressed, visualized in heat maps generated in gplot.82

Enrichr59–61 was used to interpret analysis two, applying an
adjusted p-value < 0.05 and drawing from the KEGG 2021
human database. Some of the Enrichr data (P-value < 0.05) was
visualized using REVIGO83 and Cytoscape.84

Three replicate sub-samples were prepared from each of the
human tissue samples CP565563, CP531533, and CP629057,
and the nine sub-samples were treated and analyzed identically
to the cell lysate samples (above).
Data availability

All data from the cell lysate and human tissue sample experi-
ments were deposited in the ProteomeXchange Consortium
(https://proteomecentral.proteomexchange.org) via the PRIDE
partner repository85 with identier PXD036982.
Author contributions

J. P., C. C., and A. R. W. conceived the concept of All-in-One
DMF for miniaturized sample analysis. J. P., Shuailong Z.,
2898 | Chem. Sci., 2023, 14, 2887–2900
and M. E. O. fabricated the DMF devices. M. E. O. fabricated the
manifold. A. A. S., V. R., and J. P. performed the surfactant
optimization experiments on DMF. J. P. and C. C. performed the
proteomic experiments on DMF. J. P., C. C., Shen Z., Y. H., E. Y.
S., and H. P. carried out the proteomics analysis. B. B. L. and M.
D. C. performed the cell culture experiments. J. P., C. C.,
Shuailong Z., E. Y. S., and A. R. W. wrote and edited the
manuscript. All authors discussed the results and commented
on the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was supported by the Canadian Foundation for
Innovation (CFI), the Ontario Research Fund (ORF), and the
Natural Sciences and Engineering Research Council (NSERC).
The authors acknowledge support from Centre for Research and
Applications in Fluidic Technologies (CRAFT) for assistance in
device fabrication. J. P. and Y. H. acknowledge the Precision
Medicine initiative (PRiME) for postdoctoral fellowships, and J.
P. acknowledges MITACS for an Elevate postdoctoral fellowship.
A. R. W. acknowledges the Canada Research Chairs (CRC)
program.

References

1 J. J. Swietlik, A. Sinha and F. Meissner, Curr. Opin. Cell Biol.,
2020, 63, 20–30.

2 J. A. Christopher, C. Stadler, C. E. Martin, M. Morgenstern,
Y. Pan, C. N. Betsinger, D. G. Rattray, D. Mahdessian,
A.-C. Gingras, B. Warscheid, J. Lehtiö, I. M. Cristea,
L. J. Foster, A. Emili and K. S. Lilley, Nat. Rev. Methods
Primers, 2021, 1, 32.

3 E. A. Amenson-Lamar, L. Sun, Z. Zhang, P. W. Bohn and
N. J. Dovichi, Talanta, 2019, 204, 70–73.

4 S. Pfammatter, E. Bonneil, F. P. McManus, S. Prasad,
D. J. Bailey, M. Belford, J. J. Dunyach and P. Thibault, Mol.
Cell. Proteomics, 2018, 17, 2051–2067.

5 Y. Zhu, P. D. Piehowski, R. Zhao, J. Chen, Y. Shen,
R. J. Moore, A. K. Shukla, V. A. Petyuk, M. Campbell-
Thompson, C. E. Mathews, R. D. Smith, W. J. Qian and
R. T. Kelly, Nat. Commun., 2018, 9, 882.

6 Y. Zhu, G. Clair, W. B. Chrisler, Y. Shen, R. Zhao,
A. K. Shukla, R. J. Moore, R. S. Misra, G. S. Pryhuber,
R. D. Smith, C. Ansong and R. T. Kelly, Angew. Chem., Int.
Ed. Engl., 2018, 57, 12370–12374.

7 J. Lamanna, E. Y. Scott, H. S. Edwards, M. D. Chamberlain,
M. D. M. Dryden, J. Peng, B. Mair, A. Lee, C. Chan,
A. A. Sklavounos, A. Heffernan, F. Abbas, C. Lam,
M. E. Olson, J. Moffat and A. R. Wheeler, Nat. Commun.,
2020, 11, 5632.

8 E. M. Schoof, B. Furtwangler, N. Uresin, N. Rapin,
S. Savickas, C. Gentil, E. Lechman, U. A. D. Keller,
J. E. Dick and B. T. Porse, Nat. Commun., 2021, 12, 3341.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://proteomecentral.proteomexchange.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc00560g


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
6/

20
26

 1
1:

23
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
9 Y. Cong, K. Motamedchaboki, S. A. Misal, Y. Liang,
A. J. Guise, T. Truong, R. Huguet, E. D. Plowey, Y. Zhu,
D. Lopez-Ferrer and R. T. Kelly, Chem. Sci., 2021, 12, 1001–
1006.

10 A. D. Brunner, M. Thielert, C. Vasilopoulou, C. Ammar,
F. Coscia, A. Mund, O. B. Hoerning, N. Bache,
A. Apalategui and M. Lubeck, Mol. Syst. Biol., 2022, 18,
e10798.

11 M. Tajik, M. Baharfar and W. A. Donald, Trends Biotechnol.,
2022, 40, 1374–1392.

12 C. Song, F. Wang, M. Ye, K. Cheng, R. Chen, J. Zhu, Y. Tan,
H. Wang, D. Figeys and H. Zou, Anal. Chem., 2011, 83, 7755–
7762.

13 P. J. Boersema, R. Raijmakers, S. Lemeer, S. Mohammed and
A. J. Heck, Nat. Protoc., 2009, 4, 484–494.

14 B. Budnik, E. Levy, G. Harmange and N. Slavov, Genome Biol.,
2018, 19, 161.

15 S. Tyanova, R. Albrechtsen, P. Kronqvist, J. Cox, M. Mann
and T. Geiger, Nat. Commun., 2016, 7, 10259.

16 A. Macklin, S. Khan and T. Kislinger, Clin. Proteomics, 2020,
17, 17.

17 M. Sielaff, J. Kuharev, T. Bohn, J. Hahlbrock, T. Bopp,
S. Tenzer and U. Distler, J. Proteome Res., 2017, 16, 4060–
4072.

18 Z. Zhang, K. M. Dubiak, P. W. Huber and N. J. Dovichi, Anal.
Chem., 2020, 92, 5554–5560.

19 K. Xu, Y. Liang, P. D. Piehowski, M. Dou, K. C. Schwarz,
R. Zhao, R. L. Sontag, R. J. Moore, Y. Zhu and R. T. Kelly,
Anal. Bioanal. Chem., 2019, 411, 4587–4596.

20 C. Liu, K. Choi, Y. Kang, J. Kim, C. Fobel, B. Seale,
J. L. Campbell, T. R. Covey and A. R. Wheeler, Anal. Chem.,
2015, 87, 11967–11972.

21 C. S. Hughes, S. Moggridge, T. Muller, P. H. Sorensen,
G. B. Morin and J. Krijgsveld, Nat. Protoc., 2019, 14, 68–85.

22 Y. Zhu, Y. X. Zhang, L. F. Cai and Q. Fang, Anal. Chem., 2013,
85, 6723–6731.

23 K. Hata, Y. Izumi, T. Hara, M. Matsumoto and T. Bamba,
Anal. Chem., 2020, 92, 2997–3005.

24 K. Choi, A. H. Ng, R. Fobel and A. R. Wheeler, Annu. Rev.
Anal. Chem., 2012, 5, 413–440.

25 A. E. Kirby and A. R. Wheeler, Anal. Chem., 2013, 85, 6178–
6184.

26 A. Das, C. Weise, M. Polack, R. D. Urban, B. Kra, S. Hasan,
H. Westphal, R. Warias, S. Schmidt, T. Gulder and D. Belder,
J. Am. Chem. Soc., 2022, 144, 10353–10360.

27 M. J. Jebrail and A. R. Wheeler, Anal. Chem., 2009, 81, 330–
335.

28 N. Mei, B. Seale, A. H. Ng, A. R. Wheeler and R. Oleschuk,
Anal. Chem., 2014, 86, 8466–8472.

29 B. Seale, C. Lam, D. G. Rackus, M. D. Chamberlain, C. Liu
and A. R. Wheeler, Anal. Chem., 2016, 88, 10223–10230.

30 V. N. Luk and A. R. Wheeler, Anal. Chem., 2009, 81, 4524–
4530.

31 V. N. Luk, L. K. Fiddes, V. M. Luk, E. Kumacheva and
A. R. Wheeler, Proteomics, 2012, 12, 1310–1318.

32 H. Moon, A. R. Wheeler, R. L. Garrell, J. A. Loo and C. J. Kim,
Lab Chip., 2006, 6, 1213–1219.
© 2023 The Author(s). Published by the Royal Society of Chemistry
33 W. C. Nelson, I. Peng, G. A. Lee, J. A. Loo, R. L. Garrell and
C. J. Kim, Anal. Chem., 2010, 82, 9932–9937.

34 D. Chatterjee, A. J. Ytterberg, S. U. Son, J. A. Loo and
R. L. Garrell, Anal. Chem., 2010, 82, 2095–2101.

35 I. Jang, H. Ko, G. You, H. Lee, S. Paek, H. Chae, J. H. Lee,
S. Choi, O.-S. Kwon, K. Shin and H. B. Oh, Biochip J., 2017,
11, 146–152.

36 M. K. Steinbach, J. Leipert, C. Blurton, M. Leippe and
A. Tholey, J. Proteome Res., 2022, 21, 1986–1996.

37 J. Leipert, M. K. Steinbach and A. Tholey, Anal. Chem., 2021,
93, 6278–6286.

38 R. Fobel, C. Fobel and A. R. Wheeler, Appl. Phys. Lett., 2013,
102, 193513.

39 S. Tyanova, T. Temu and J. Cox, Nat. Protoc., 2016, 11, 2301–
2319.

40 C. F. Tsai, P. Zhang, D. Scholten, K. Martin, Y. T. Wang,
R. Zhao, W. B. Chrisler, D. B. Patel, M. Dou, Y. Jia,
C. Reduzzi, X. Liu, R. J. Moore, K. E. Burnum-Johnson,
M. H. Lin, C. C. Hsu, J. M. Jacobs, J. Kagan, S. Srivastava,
K. D. Rodland, H. Steven Wiley, W. J. Qian, R. D. Smith,
Y. Zhu, M. Cristofanilli, T. Liu, H. Liu and T. Shi, Commun.
Biol., 2021, 4, 265.

41 M. Dou, C. F. Tsai, P. D. Piehowski, Y. Wang, T. L. Fillmore,
R. Zhao, R. J. Moore, P. Zhang, W. J. Qian, R. D. Smith, T. Liu,
R. T. Kelly, T. Shi and Y. Zhu, Anal. Chem., 2019, 91, 9707–
9715.

42 K. A. Brown, T. Tucholski, C. Eken, S. Knott, Y. Zhu, S. Jin
and Y. Ge, Angew. Chem., Int. Ed. Engl., 2020, 59, 8406–8410.

43 J. Leipert and A. Tholey, Lab Chip., 2019, 19, 3490–3498.
44 V. N. Luk, G. Mo and A. R. Wheeler, Langmuir, 2008, 24,

6382–6389.
45 S. H. Au, P. Kumar and A. R. Wheeler, Langmuir, 2011, 27,

8586–8594.
46 M. Ho, A. Au, R. Flick, T. V. Vuong, A. Sklavounos, I. Swyer,

C. Yip and A. R. Wheeler, ACS Appl. Mater. Interfaces, 2023,
15, 6326–6337.

47 I. Swyer, R. Fobel and A. R. Wheeler, Langmuir, 2019, 35,
5342–5352.

48 T. Narahari, J. Dahmer, A. Sklavounos, T. Kim,
M. Satkauskas, I. Clotea, M. Ho, J. Lamanna, C. Dixon,
D. G. Rackus, S. Silva, L. Pena, K. Pardee and
A. R. Wheeler, Lab Chip., 2022, 22, 1748–1763.

49 A. A. Sklavounos, C. R. Nemr, S. O. Kelley and A. R. Wheeler,
Lab Chip., 2021, 21, 4208–4222.

50 A. Mc Ardle, A. Binek, A. Moradian, B. Chazarin Orgel,
A. Rivas, K. E. Washington, C. Phebus, D. M. Manalo,
J. Go, V. Venkatraman, C. W. Coutelin Johnson, Q. Fu,
S. Cheng, K. Raedschelders, J. Fert-Bober,
S. R. Pennington, C. I. Murray and J. E. Van Eyk, Clin.
Chem., 2022, 68, 450–460.

51 X. Wang, S. Li, H. Wang, W. Shui and J. Hu, Elife, 2017, 6,
e23816.

52 B. B. Li, E. Y. Scott, M. D. Chamberlain, B. T. V. Duong,
S. Zhang, S. J. Done and A. R. Wheeler, Sci. Adv., 2020, 6,
eaba9589.

53 C. K. Osborne, N. Engl. J. Med., 1998, 339, 1609–1618.
Chem. Sci., 2023, 14, 2887–2900 | 2899

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc00560g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
6/

20
26

 1
1:

23
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
54 T. Sakamoto, D. Niiya and M. Seiki, J. Biol. Chem., 2011, 286,
14691–14704.

55 R. A. Gatenby and R. J. Gillies, Nat. Rev. Cancer, 2004, 4, 891–
899.

56 P. A. Kenny, G. Y. Lee, C. A. Myers, R. M. Neve, J. R. Semeiks,
P. T. Spellman, K. Lorenz, E. H. Lee, M. H. Barcellos-Hoff
and O. W. Petersen, Mol. Oncol., 2007, 1, 84–96.

57 C. Gjerdrum, C. Tiron, T. Høiby, I. Stefansson, H. Haugen,
T. Sandal, K. Collett, S. Li, E. McCormack and
B. T. Gjertsen, Proc. Natl. Acad. Sci. U.S.A., 2010, 107, 1124–
1129.

58 K. Rayner, J. Sun, Y.-X. Chen, M. McNulty, T. Simard,
X. Zhao, D. J. Wells, J. de Belleroche and E. R. O'Brien,
Arterioscler., Thromb., Vasc. Biol., 2009, 29, 1751–1756.

59 E. Y. Chen, C. M. Tan, Y. Kou, Q. Duan, Z. Wang,
G. V. Meirelles, N. R. Clark and A. Ma’ayan, BMC Bioinf.,
2013, 14, 1–14.

60 M. V. Kuleshov, M. R. Jones, A. D. Rouillard, N. F. Fernandez,
Q. Duan, Z. Wang, S. Koplev, S. L. Jenkins, K. M. Jagodnik,
A. Lachmann, M. G. McDermott, C. D. Monteiro,
G. W. Gundersen and A. Ma'ayan, Nucleic Acids Res., 2016,
44, W90–W97.

61 Z. Xie, A. Bailey, M. V. Kuleshov, D. J. Clarke,
J. E. Evangelista, S. L. Jenkins, A. Lachmann,
M. L. Wojciechowicz, E. Kropiwnicki and K. M. Jagodnik,
Curr. Protoc., 2021, 1, e90.

62 P. Benatti, M. L. Chiaramonte, M. Lorenzo, J. A. Hartley,
D. Hochhauser, N. Gnesutta, R. Mantovani, C. Imbriano
and D. Dolni, Oncotarget, 2016, 7, 1633.

63 A. d. Giglio, E. L. Franco, H. Torloni, L. A. Marques,
M. M. Brentani, W. Arap, M. Macchione and R. Chammas,
Am. J. Clin. Pathol., 1989, 92, 339–342.

64 B. Castellana, D. Escuin, G. Peiro, B. Garcia-Valdecasas,
T. Vazquez, C. Pons, M. Perez-Olabarria, A. Barnadas and
E. Lerma, J. Cancer, 2012, 3, 175–183.

65 A. Gamez-Pozo, L. Trilla-Fuertes, J. Berges-Soria, N. Selevsek,
R. Lopez-Vacas, M. Diaz-Almiron, P. Nanni, J. M. Arevalillo,
H. Navarro, J. Grossmann, F. Gaya Moreno, R. Gomez
Rioja, G. Prado-Vazquez, A. Zapater-Moros, P. Main,
J. Feliu, P. Martinez Del Prado, P. Zamora, E. Ciruelos,
E. Espinosa and J. A. Fresno Vara, Sci. Rep., 2017, 7, 10100.

66 J. Hopkins, K. Asada, A. Leung, V. Papadaki, H. Davaapil,
M. Morrison, T. Orita, R. Sekido, H. Kosuge, M. A. Reddy,
K. Kimura, A. Mitani, K. Tsumoto, R. Hamamoto,
M. S. Sagoo and S. I. Ohnuma, Cancers, 2022, 14, 4926.

67 L. E. Kelemen, F. J. Couch, S. Ahmed, A. M. Dunning,
P. D. Pharoah, D. F. Easton, Z. S. Fredericksen,
R. A. Vierkant, V. S. Pankratz, E. L. Goode, C. G. Scott,
D. N. Rider, X. Wang, J. R. Cerhan and C. M. Vachon,
Breast Cancer Res., 2008, 10, R98.
2900 | Chem. Sci., 2023, 14, 2887–2900
68 D. L. Vitale, I. Caon, A. Parnigoni, I. Sevic, F. M. Spinelli,
A. Icardi, A. Passi, D. Vigetti and L. Alaniz, Biomolecules,
2021, 11, 246.

69 Z. Wang, H. Zhang and Q. Cheng, Biomed. Pharmacother.,
2020, 122, 109688.

70 Y. Hu, X. Huang, X. Lu and S. Lin, Eur. J. Gynaecol. Oncol.,
2022, 43, 85–90.

71 R. Klopeisch, P. Klose, C. Weise, A. Bondzio, G. Multhaup,
R. Einspanier and A. D. Gruber, J. Proteome Res., 2010, 9,
6380–6391.

72 F. S. Ramos, L. T. Serino, C. M. Carvalho, R. S. Lima,
C. A. Urban, I. J. Cavalli and E. M. Ribeiro, Genet. Mol.
Res., 2015, 14, 6960–6967.

73 P. Jezequel, C. Guette, H. Lasla, W. Gouraud, A. Boissard,
C. Guerin-Charbonnel and M. Campone, Proteomics, 2019,
19, e1800484.

74 M. D. M. Noblejas-Lopez, C. Nieto-Jimenez, S. Morcillo
Garcia, J. Perez-Pena, M. Nuncia-Cantarero, F. Andres-
Pretel, E. M. Galan-Moya, E. Amir, A. Pandiella, B. Gyorffy
and A. Ocana, Oncoimmunology, 2019, 8, e1629780.

75 C. Fang, J. Zhang, H. Yang, L. Peng, K. Wang, Y. Wang,
X. Zhao, H. Liu, C. Dou, L. Shi, C. Zhao, S. Liang, D. Li and
X. Wang, J. Cell. Biochem., 2019, 120, 3611–3620.

76 G. Kroemer, L. Senovilla, L. Galluzzi, F. Andre and
L. Zitvogel, Nat. Med., 2015, 21, 1128–1138.

77 A. H. Charpentier, A. K. Bednarek, R. L. Daniel,
K. A. Hawkins, K. J. Lain, S. Gaddis, M. C. MacLeod and
C. M. Aldaz, Cancer Res., 2000, 60, 5977–5983.

78 S. Troup, C. Njue, E. V. Kliewer, M. Parisien, C. Roskelley,
S. Chakravarti, P. J. Roughley, L. C. Murphy and
P. H. Watson, Clin. Cancer Res., 2003, 9, 207–214.

79 C. Zhang, M. Zhang and S. Song, Cancer Lett., 2018, 438, 105–
115.

80 S. C. Doebar, A. M. Sieuwerts, V. de Weerd, H. Stoop,
J. W. M. Martens and C. H. M. van Deurzen, Am. J. Pathol.,
2017, 187, 1648–1655.

81 S. Tyanova, T. Temu, P. Sinitcyn, A. Carlson, M. Y. Hein,
T. Geiger, M. Mann and J. Cox, Nat. Methods, 2016, 13,
731–740.

82 M. Key, BMC Bioinf., 2012, 13, 1–13.
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