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ABSTRACT: Proteome profiles of precious tissue samples have great clinical potential for
accelerating disease biomarker discovery and promoting novel strategies for early diagnosis
and treatment. However, tiny clinical tissue samples are often difficult to handle and
analyze with conventional proteomic methods. Automated digital microfluidic (DMF)
workflows facilitate the manipulation of size-limited tissue samples. Here, we report the
assessment of a DMF microproteomics workflow enabled by a photocleavable surfactant
for proteomic analysis of minute tissue samples. The surfactant 4-hexylphenylazosulfonate
(Azo) was found to facilitate fast droplet movement on DMF and enhance the proteomics
analysis. Comparisons of Azo and n-Dodecyl β-D-maltoside (DDM) using small samples of
HeLa digest standards and MCF-7 cell digests revealed distinct differences at the peptide
level despite similar results at the protein level. The DMF microproteomics workflow was
applied for the sample preparation of ∼3 μg biopsies from murine brain tissue. A total of
1969 proteins were identified in three samples, including established neural biomarkers
and proteins related to synaptic signaling. Going forward, we propose that the Azo-enabled DMF workflow has the potential to
advance the practical clinical application of DMF for the analysis of size-limited tissue samples.
KEYWORDS: digital microfluidics, photocleavable surfactant, tissue microproteomics, sample preparation

■ INTRODUCTION
Tissue samples can provide great clinical value in advancing
biological understanding of a disease.1,2 In particular, global
proteome profiling of tissue samples has emerged as a
promising technique for disease biomarker discovery and the
development of novel strategies for early diagnosis and
treatment.3,4 However, clinical tissue samples are often limited
in size and challenging to handle, requiring substantial manual
dexterity and labor to process them using standard tools (such
as tweezers, pipet tips, and tubes). Conventional proteomic
analysis methods typically require tissue samples greater than 1
mg in size,5 while microproteomic analysis of smaller samples
have less consistent results.6 As such, specialized workflows are
required to analyze minute tissue samples.7

Microfluidic technologies provide miniaturization of sample
preparation workflows for minute samples.8−10 In particular,
digital microfluidics (DMF) has emerged as a valuable tool for
handling and processing size-limited tissue samples.11−13 DMF
enables programmable control of the fluid movement across an
open array of electrodes. This format has proven to be useful
for the extraction of analytes from tissue samples into droplets
of organic solvent with no risk of clogging, which is a critical
challenge for systems relying on microchannels.14 Previously,
the capability of DMF for rapid tissue-liquid extraction was
demonstrated by using milligram-sized core needle biopsy
samples. In these studies, biopsy tissue samples were

sandwiched between top and bottom DMF plates to allow
extraction of steroid hormone analytes followed by quantifi-
cation by liquid chromatography tandem mass spectrometry12

(LC-MS/MS) or on-chip immunoassays13 to monitor the
progression of breast cancer.

Digital microfluidics has also been touted as a technique
useful for microvolume proteome sample processing, including
a recent report of an end-to-end-automated proteome
processing pipeline.15 DMF has some advantages for this
application (including automation without robotics) and also
has some disadvantages (low throughput relative to robotic
workstations); it is always important to consider carefully
which technology is best suited to a particular application.
Among many proof-of-concept reports of DMF for proteomics,
DMF has typically been applied to process presolubilized
protein-containing samples (a notable counterexample is the
recent, pioneering report16 of a technique to extract and
process proteomes from single C. elegans). Here, we sought to
explore whether DMF was appropriate for on-chip extraction
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of proteins from microtissue biopsies, because to our
knowledge, this is the first example of using DMF for this
application.

A critical challenge in this work was to identify a surfactant
that (on the one hand) was compatible with protein extraction
and LC-MS analysis, while (on the other hand) being able to
support droplet manipulation on DMF devices (noting that
there is extensive literature17−19 about surfactants that provide
the necessary combination of viscosity, surface tension, and
resistance to protein fouling that is required for DMF).
Specifically, the conventional surfactants that are used in DMF,
such as poloxamers17,18 and poloxamines,19 are thought to be
incompatible with LC-MS analysis, and the steps required to
remove them can result in substantial analyte losses. In recent
reports,15,16,20−23 this challenge has been addressed by using
sugar-derivative surfactants, such as n-dodecyl-β-D-maltoside
(DDM), or 3-dodecyloxypropyl-1-β-D-maltopyranoside
(DDOPM), which elute late in the LC gradient. Although
these sugar derivatives are compatible with both DMF and LC-
MS, their tendency to cause diminished droplet velocities on
DMF is a known limitation.15 Here we report a new strategy to
address the challenge of DMF- and LC-MS-compatibility: the
use of photocleavable surfactants. In particular, 4-hexylpheny-
lazosulfonate (known in shorthand as “Azo”) has recently
become popular for LC-MS methodologies, as it provides
solubility properties that are useful for sample processing and
also can be degraded into alkylphenol and alkylbenzene
residues upon ultraviolet irradiation,24 so that it does not
interfere with analysis by LC-MS. Azo has recently been shown
to enhance enzymatic digestion kinetics for the ultrafast
bottom-up proteomics sample preparation of membrane
proteins,25 extracellular matrix proteins,26 small sections of
cardiac tissue,27 and exosomes.28 We hypothesized that Azo
might also be useful for DMF; to the best of our knowledge,
this is the first report of the use of Azo or any other UV-
cleavable surfactants with DMF.

Here, we report the use of Azo for DMF proteome sample
processing with and without photocleavage. First, the perform-
ance of Azo was evaluated for microproteomic protein
extraction and sample preparation on DMF, demonstrating
distinct differences relative to DDM. Then, we applied this
workflow for the extraction and proteome profiling of 2 mm
diameter biopsy punched murine brain tissues. A total of 1969
proteins were identified from the analysis of punched tissue
samples, covering a wide range of biological functions. We
propose that this workflow is an important first step for an
automated, fast, and sensitive microprotomics analysis of size-
limited clinical tissue samples on DMF.

■ MATERIALS AND METHODS

Chemicals and Reagents

Cell media reagents, acetonitrile (ACN), formic acid (FA),
water (LC/MS-grade), and Pierce HeLa protein digest
standard were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). 0.5% w/w Azo in 25 mM aqueous
ammonium bicarbonate, n-dodecyl-β-D-Maltoside (DDM),
tris(2-carboxyethyl)phosphine (TCEP), iodoacetamide
(IAA), triethylammonium bicarbonate (TEAB), and trypsin
were obtained from Sigma-Aldrich (Oakville, ON, CA). Lys-C
was purchased from Promega (Madison, WI, USA).

Cell Culture and Cell Samples
MCF-7 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum, penicillin
(100 U/mL), and streptomycin (100 μg/mL) in T-25 culture
flasks in a humidified incubator with 5% CO2 at 37 °C. Cells
were trypsinized, washed with phosphate-buffered saline (PBS)
three times (each time centrifuging at 300g, 5 min), and then
suspended in PBS at densities ranging from 50,000 to 100,000
cells/mL (determined via hemacytometer). One microliter
samples (about 50−100 cells) were aliquoted into tubes and
stored at −80 °C until analysis.
Mouse Tissue Samples
8−10-week-old male C57/Bl6 mice purchased from Charles
River were treated according to protocols (20012650)
approved by the Animal Care Committee at the Division of
Comparative Medicine of the University of Toronto. Their
brains were removed and flash-frozen in liquid-nitrogen-cooled
isopentane and stored at −80 °C until use. The tissues were
biopsied with a 2-mm biopsy punch (Thermo Fisher
Scientific). Ten-micrometer-thick tissue sections were cut
using a cryostat (NX-70, Thermo Fisher Scientific), mounted
on Ephredia Shandon multispot slides (Thermo Fisher
Scientific), and stored at −80 °C until use.
DMF Device Fabrication and Control
DMF devices comprising (i) bottom plates bearing 68 roughly
square (2.2 × 2.2 mm) chromium driving electrodes (where 60
of them formed a 4 row ×15 column electrode array) and 12
reservoir electrodes, and (ii) top plates bearing an indium−tin
oxide counterelectrode were fabricated as described previ-
ously.29 Top plates and bottom plates were assembled with
∼190-μm-thick interplate spacers formed from two-ply pieces
of Scotch double-sided tape (3 M). This spacer defines “unit
droplets” (with volume sufficient to cover a single driving
electrode) of approximately 0.9 μL. The devices were
controlled and droplet movements were programmed by an
open-source DropBot V3 system (Sci-Bots Inc., Toronto,
ON). These were interfaced with the DropBot through a pogo-
pin connector, and the electrodes were actuated in
preprogrammed steps, which allowed droplet dispensing,
moving, and mixing by (typically) applying 100 VRMS as
square waves at 10 kHz (parameters optimized as described
below).
Surfactant Concentration Optimization
Azo was diluted in aqueous solution of tetraethylammonium
bicarbonate (TEAB, 50 mM) to prepare solution with final
Azo concentrations ranging from 0.0005% to 0.1% w/w Using
a modified version of a method described previously,30 force−
velocity curves were generated to identify optimal working
conditions. Briefly, double-unit droplets were dispensed onto
the electrode array on DMF devices and shuttled back and
forth between adjacent electrodes. Velocity was monitored as a
function of driving force, and each condition was repeated in
triplicate. In subsequent experiments, a 100 VRMS driving
voltage was used (corresponding to ∼30 μN/mm).
Photodegredation of Azo
Azo-containing samples were photodegraded by lighting a
Mixjoy 125 W mercury vapor light bulb (Sylstar, Chino, CA,
USA) in a 120 V Catalina desk lamp (Evolution Lighting LLC,
Pembroke Pines, FL, USA) positioned 10 cm away from the
sample. In initial experiments, 20 μL aliquots of Azo (0.05% or
0.005% w/w in 50 mM TEAB) in polypropylene centrifuge
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tubes (Axygen) were irradiated on ice for up to 40 min. At
regular intervals, 2 μL aliquots were removed for absorbance
analysis (190−850 nm with autorange path length enabled)
using a NanoDrop One spectrometer (Thermo Fisher
Scientific). For all other experiments, sample volumes,
irradiation times, and other conditions are indicated in the
subsections below.
Protein Standard Digest Analysis

Protein standard solutions (containing albumin, catalase,
cadherin, haptoglobin, or serotransferrin) were prepared by
dissolving 1 mg of each protein in 1 mL of deionized (DI)
water. Each solution was then diluted and mixed to 10 ng/μL
(of each protein) in either (a) 0.005% w/w Azo in 50 mM
aqueous TEAB or (b) only 50 mM aqueous TEAB as control.
Aliquots (1 μL) of protein standard mixtures were mixed with
1 μL of 20 mM TCEP in 50 mM TEAB in tubes and then
incubated for 10 min at 70 °C in a thermocycler (Bio-Rad).
Aliquots (1 μL) of 50 mM IAA in 50 mM TEAB were added
to each tube, which was incubated for 30 min at room
temperature. Aliquots (3 μL) of digestive enzyme mixture (10
ng/μL trypsin and 10 ng/μL LysC in 50 mM ammonium
bicarbonate) were added to each tube and incubated at 37 °C
overnight in a thermocycler. Aliquots (2 μL) of 0.5% v/v
formic acid in water were then added to each tube to quench
the digestions. Finally, Azo-containing samples were irradiated
with UV light for 0.5, 1, 2, or 3 h on ice (as described above).
The control protein mixture (without Azo) was not irradiated,
and finally, 7 μL of each processed sample was pipetted into a
96-well plate (Eppendorf) for LC-MS analysis.
HeLa Protein Digest Standard Analysis
Standard surfactant solutions (0.005% w/w) were prepared by
diluting 0.5% w/w Azo or DDM in 50 mM TEAB and
concentrated formic acid (to a final concentration of 0.1%). A
surfactant-free solution consisting of 0.1% formic acid in water
was also prepared. HeLa protein digest standards were formed
by dissolving lyophilized lysate at 2 ng/μL in standard Azo
solvent, standard DDM solvent, or a solution of aqueous 50
mM TEAB. In typical analyses, 5 μL of each sample was
injected into the LC-MS in triplicate.
Proteomic Sample Preparation of MCF-7 Cells in Tube
Aliquots (1 μL) of samples containing 50−100 suspended
MCF-7 cells were thawed and then mixed with 1 μL of 20 mM
TCEP in 50 mM TEAB and 1 μL of (1) 0.05% w/w Azo in 50
mM TEAB, (2) 0.05% w/w DDM in 50 mM TEAB, or (3) 50
mM TEAB as a control. Samples were then incubated for 10
min at 70 °C in a thermocycler (Bio-Rad). Aliquots (1 μL) of
50 mM IAA in 50 mM TEAB were added to each tube, which
was incubated for 30 min at room temperature. Aliquots (3
μL) of the digestive enzyme mixture (10 ng/μL trypsin and 10
ng/μL LysC in 50 mM ammonium bicarbonate) were added
to each tube, which were incubated at 37 °C for 3 h in a
thermocycler. Aliquots (2 μL) of 0.5% v/v formic acid in water
were then added to each tube to quench the digestions, and
azo-containing samples were irradiated with UV light for 10
min on ice. Finally, 7 μL of each processed sample was
pipetted into a 96-well plate (Eppendorf) for LC-MS analysis.
Proteomic Sample Processing of Tissue Samples on DMF

Reagents were dissolved in 0.005% w/w Azo in 50 mM TEAB
unless otherwise stated. Frozen tissue punch samples (2-mm-
diameter circles with 10-μm thickness) were thawed and
suspended in 5 μL of 0.005% w/w Azo in 50 mM TEAB. Each

5 μL droplet was then flash-frozen by exposing it to dry ice and
transferring it to a 200-μL microcentrifuge tube (Axygen),
where it was allowed to thaw again. One microliter of 100 mM
TCEP was added to each sample, and the tissue mixture was
pipetted 10 times to dissociate the tissues. Each sample was
then incubated for 10 min in a thermocycler (Bio-Rad) at 70
°C. Three dissociated tissue samples were loaded on to a DMF
device (positioning each onto a bottom plate by a pipet,
followed by assembling it with a top plate) for parallel
processing, and then the device was interfaced with the
DropBot. A solution of 100 mM IAA was loaded into a
reservoir, and three single-unit droplets were dispensed onto
the array. Each IAA droplet was merged with a sample droplet,
followed by incubating it at room temperature for 30 min.
Digestive enzyme mixture solution (10 ng/μL trypsin and 10
ng/μL LysC) was loaded into a reservoir, three single-unit
droplets were dispensed onto the array, and each was merged
with a sample droplet. The DMF chip was then disconnected
from the DropBot and wrapped in a parafilm before incubating
at 37 °C for 4 h in an incubator. After extraction from the
incubator, unwrapping, and reconnecting the device to the
DropBot, 1% v/v formic acid with 0.005% w/w Azo in DI
water was loaded into a reservoir, and three single-unit droplets
were dispensed onto the array, where each was merged with
one of the samples. Finally, the DMF chip was placed on ice
and irradiated with UV light for 10 min. The top plate was
then removed, and 6 μL of each sample was collected by pipet
for transfer to a 96-well plate (Eppendorf) for LC-MS analysis.
HPLC-MS/MS Analysis

Experiments were performed on a Q Exactive HF-X mass
spectrometer coupled to an EASY-nLC 1200 system (Thermo
Fisher Scientific). Each sample was loaded by an autosampler
onto a C18-trap column (3 cm, 100 μm i.d., Polymicro
Technologies) at a flow rate of 2 μL/min. The sample was
then eluted into a fused silica microcapillary column (12 cm,
100 μm i.d., Polymicro Technologies), packed with 1.9-μm-
diameter reversed-phase C18 particles (ReproSil-Pur 120 Å,
Dr. Maisch GmbH) in-house. 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, followed by a linear increase
from 30 to 45% B for 20 min, then a linear increase from 45 to
95% B for 1 min and maintaining it at 95% B for 14 min. The
flow rate was set as 300 nL/min. A full mass scan collected by
the Orbitrap mass analyzer was from m/z 375 to 1575 with a
resolution of 120,000, while the automatic gain control (AGC)
target was 5 × 105 and the 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 a maximum
injection time of 250 ms. Previously selected precursor ions
were excluded from further sequencing for 20 s. The degraded
Azo product was monitored with a full mass scan collected by
the Orbitrap mass analyzer from m/z 50 to 400 with a
resolution of 120,000, while the AGC target was 5 × 105 and
the maximum injection time was 50 ms using the same high-
performance liquid chromatography (HPLC) gradient.
Proteomic Data Analysis

Raw data files were evaluated by MaxQuant31 (version 1.6.4.0).
Data from HeLa and MCF-7 cells were searched against the
Uniprot human protein database UP000005640 (accessed
November 11, 2021) and potential contaminants. Data from
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mouse brain tissue were searched against the Uniprot mouse
protein database UP000000589 (accessed December 26,
2019) and potential contaminants. Methionine oxidation and
N-terminal protein acetylation were set as variable modifica-
tions, and cysteine carbamidomethylation was set as a fixed
modification. Trypsin was set as specific proteolytic enzyme
with a maximum of two missed cleavages for each peptide. The
minimum peptide length was set to 6 or 7 amino acids for
tissue samples and cell samples, respectively. The maximum
peptide mass was set to 4600 Da. Both peptides and proteins
were filtered with a maximum false discovery rate (FDR) of
0.01. The default settings of MaxQuant were used for all
parameters not mentioned. Label-free quantification (LFQ)
was performed by using classic normalization and a minimum
ratio count of 2. Samples were evaluated in replicates, and
“total” refers to all proteins identified from the pooled
replicates, “average” refers to the average number per replicate,
and “LFQ average” refers to the average number per replicate
after applying the higher confidence threshold of the LFQ
algorithm. In typical experiments, analysis of reagent blanks
identified less than 20 protein groups, while in experiments
with biological samples, hundreds or thousands of protein
groups were identified. Finally, “protein intensity” is the
MaxQuant value that correlates with the protein amount
detected in the sample.

After MaxQuant processing, data were further filtered using
Perseus32 to exclude from analysis proteins identified as
decoys, potential contaminants, or identified exclusively by
one-site modification. Perseus was also used to estimate the
protein copy number with histone-level normalization using
default parameters of the protein ruler add-on33 (after
confirming that the trends in peptide and protein identi-
fications observed between samples were not affected by this
process). GRAVY scores were calculated using the Sequence
Manipulation Suite.34 Processed data were visualized with
OriginLab.35 ShinyGo36 and Pathview37 were used for cellular
components and KEGG38 pathway analysis. PANTHER
v17.0,39 REVIGO (using GO database from January 1,

2023),40 and Cytoscape v3.9.141 were used for biological
function analysis. Finally, all the data were deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository42

with identifier PXD039844.

■ RESULTS AND DISCUSSION

Azo-Enabled Proteomic Sample Preparation on Digital
Microfluidics

The primary goal of this project was to develop a DMF sample
preparation workflow for processing tissue biopsy samples for
proteome profiling. As a key part of this plan, we decided to
explore the use of the photocleavable surfactant Azo, with the
hypothesis that the intact form of the surfactant might be
suitable for proteomic sample processing and DMF droplet
actuation, and that the degraded form would be well-suited for
analysis by HPLC-MS. The proposed workflow includes (1)
extraction of protein from tissue, (2) reduction and alkylation
of disulfide bonds, (3) enzymatic digestion of proteins, (4)
photocleavage of Azo, and (5) downstream LC-MS analysis
(Figure 1).

As the first step toward this goal, we evaluated the effects of
Azo on DMF droplet manipulation and proteomic analysis. In
these experiments, the results were benchmarked to DDM, a
surfactant commonly employed for microproteomics43,44 that
has been used previously for DMF sample preparation.15,20

The choice of surfactant is crucial in bottom-up proteomics, as
some surfactants have the potential to improve protein
solubility and reduce nonspecific adsorption,45 yet many
other surfactants interfere with LC-MS analysis.46 Azo is
especially promising, as its photodegradation products have
lower masses than typical peptides, and thus it is believed to
have minimal interference in HPLC-MS proteomic analyses.
There have been a few studies with Azo previously (including a
report indicating high extraction of peptides relative to DDM
from tissue samples24), but the performance of Azo for

Figure 1. Schematic of miniaturized bottom-up proteomics workflow using Azo on digital microfluidics. (1) Tissue biopsy punches from mouse
brain were transferred to tubes for (2) dissociation in 0.005% w/w Azo (yellow). The on-chip workflow includes (3) protein extraction, reduction
with TCEP, and alkylation with IAA, (4) a 4-h protein digestion with trypsin and LysC, (5) quenching with formic acid, and (6) Azo degradation
by exposure to UV irradiation before (7) HPLC-MS analysis.
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bottom-up proteomics relative to other surfactants is largely
unexplored.
Optimization of Azo Concentration for Droplet Mobility
on DMF

Droplet mobility on DMF depends on the surface tension and
viscosity of the droplet solution.30 The addition of surfactant
affects both surface tension and viscosity, such that the choice
of surfactant and its operating concentration are important
decisions for optimal droplet movement on DMF. Further-
more, the addition of surfactants has been demonstrated to
reduce nonspecific adsorption of biomolecules to the DMF
surface, which improves the longevity of the DMF
operation.17−19 Until now, only two LC-MS compatible
surfactants, DDM and DDOPM (both sugar derivatives),
have been applied for proteomics sample preparation on DMF,
and both have exhibited reduced droplet velocity compared to
conventional DMF surfactants.15,22 We speculated that Azo,
which is a relatively small molecule relative to DDM and
DDOPM, might support a greater droplet velocity in DMF
operations.

Force−velocity curves30 were generated to quantify droplet
mobility for four concentrations of Azo (0.0005, 0.005, 0.05%,
and 0.1% in 50 mM TEAB) with comparison to buffer alone
(0% Azo in 50 mM TEAB). As expected and as shown in
Figure 2a and Movie S1, lower concentrations of Azo support
faster droplet mobility on DMF, but require increased
threshold forces to initiate droplet movement.30 Unexpectedly,
the lowest tested concentration of Azo (0.0005%) seems to
have a lower velocity than the second lowest concentration
(0.005%) at some driving forces. We attribute this unexpected
deviation to the poor reproducibility of droplet movement for
0.0005% Azo demonstrated by the large variance at forces
greater than 25 μN/mm. With this in mind, we decided to
adopt 0.005% Azo for the remaining experiments reported here
(chosen purely on the basis of these DMF mobility
experiments) and observed similar DMF performance in
proteomic experiments (described below). Importantly, the
velocity of 0.005% Azo is approximately three times faster than
the velocity of DDM-containing droplets of the corresponding
concentration15 in the working regime of 20−30 μN/mm
force. The high velocity of Azo is promising for efficient sample
preparation on DMF.

Since Azo is designed to degrade upon exposure to UV
irradiation, we decided to test the droplet velocities on DMF
before and after photocleavage. As a first step, we evaluated the
kinetics of the photocleavage reaction. As shown in Figure S1,
tracking the absorbance of the −N�N− azo bond of the
alkylbenzene-azosulfonate at 305 nm over time reveals that 10
min of irradiation (under the conditions used here) is sufficient
for complete photocleavage of the diazo functionality, and
thus, this duration was adopted for the remaining experiments
described here. Figure 2b shows the DMF force−velocity
curves for Azo before and after photocleavage. As shown, the
reaction has little-to-no effect on DMF mobility, likely because
degradation causes minimal change in droplet surface tension
before and after photocleavage at low concentrations of Azo.47

Finally, we note that the output of the UV lamp used in this
study is not a perfect spectral fit for Azo, and the vessels used
in these experiments (plastic tubes and coated-glass devices)
might be expected to reduce transmission of the low
wavelengths that are optimal for Azo degradation. This
suggests room for future studies into the efficiencies of
different irradiation systems for methods relying on Azo. The
question of efficiency is likely to be a tricky one as the system
must be capable of degrading the Azo without causing
photodamage to peptides in the sample. In preliminary studies
carried out with a standard mixture of peptides irradiated
under these conditions for 0, 0.5, 1.0, 2.0, or 3.0 h, no effects
on peptide mass were observed (Table S1), which is consistent
with previous reports using different irradiation conditions.24

Comparison of Azo and DDM for Microproteomics

Although both Azo and DDM are both known to be LC-MS-
compatible surfactants, they have very different physicochem-
ical properties that may result in the differences in the
extraction/solubilization of peptides and/or how they separate
in chromatography. For example, Azo is a photocleavable
surfactant that degrades into nonamphiphilic alkylphenol and
alkylbenzene residues, with molecular masses below the m/z
window used in proteomics analysis. We were curious about
the retention behavior of the degradation products and thus
scanned a lower m/z window to be able to observe them in the
chromatogram. As shown in Figure S2, the major hexylphenol
degradation product (detected as hexylphenol and methyl-
phenol�formed by in-source fragmentation) elutes at 83 min

Figure 2. Evaluation of the mobility of droplets containing different concentrations of Azo on DMF before and after degradation. (a) Force−
velocity plots for droplets containing Azo (0% w/w�black, 0.0005%�blue, 0.005%�orange, 0.05%�red, and 0.1%�purple), including curves to
guide the eye. (b) Force−velocity curves for droplets before (circle) and after (star) UV degradation of Azo (0.005%�red circle and pink star, and
0.05%�blue circle and green star). Error bars are ±1 SD for n = 3 replicates per condition.
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in the RP-HPLC gradient used here. The low intensity and
narrow elution of this product suggest that it has minimal effect
on peptide detection. As far as we are aware, this is the first
report of the chromatographic behavior of Azo degradation
products in the context of a proteomic analysis.

In contrast to Azo, DDM remains intact, with a mass that
overlaps with that of typical peptides detected in proteomic
analysis. Further, it is relatively hydrophobic, and is known to
elute at the end of the typical RP-HPLC gradients that are
used in proteomic analysis.48,49 This result was verified as
shown in Figure S3, a broad elution of DDM monomers and
dimers (with similar mass as peptides) is observed within
typical proteomic mass windows late in the elution (around
minute 125 in the gradient used here) from samples with
relatively low concentration (0.005%) of DDM in blanks as
well as in 10 ng of HeLa protein digest. Notably, trace DDM,
likely carryover from prior samples, is sometimes observed in
samples without DDM, which may affect the stability of
peptide separation in future samples.

We compared the performance of Azo and DDM through
the LC-MS analysis of 10 ng of samples of HeLa protein digest
standard dissolved in 0.005% Azo, 0.005% DDM, or 50 mM
TEAB as a control. A summary of the protein identifications
(Figure 3a,b) demonstrates that the addition of either Azo or
DDM increases protein identifications compared to when no

surfactant is used, likely because of improved peptide
solubilization and reduced sample loss to nonspecific
adsorption to surfaces. Protein intensity was normalized to
histone levels using the proteome ruler33 to estimate protein
copy number, and as shown in Figure 3c, the majority of
proteins identified in Azo-containing HeLa digest standard
samples are detected with more copies than in DDM-
containing samples and controls. In contrast, the addition of
DDM allows for many more identified peptides than the
addition of Azo or control (Figure 3d,e), which, interestingly,
did not have observable differences at the protein identification
level (Figure 3a). In reviewing the identifications, this
observation is explained by the fact that the extra peptides
identified in the DDM group were largely to proteins that were
already identified by other peptides. Finally, we investigated
the differences in peptide identification by examining the
retention time distribution shown in Figure 3f. The retention
time distributions of peptides in both Azo and DDM were
similar, except for a group of peptides eluting near the end of
the gradient for DDM.

The differences in peptide identification for the two
surfactants were explored in detail. As shown in Figure S4,
the addition of DDM allows for the identification of more
peptides of high molecular weight and higher charge state,
many of which elute after 80 min. In contrast, the addition of

Figure 3. Proteomic analysis of 10 ng of HeLa digest standard in 0.005% w/w Azo (orange), 50 mM TEAB as the control (green), and 0.005% w/
w DDM (purple). (a) Plot of total (open bars), average (diagonal cross-hatched bars), and LFQ average (vertical cross-hatched bars) proteins
identified and (b) Venn diagram of total proteins identified. (c) Distribution of calculated protein copy numbers (from MaxQuant intensity) sorted
by increasing copy number for proteins identified in all conditions. Note that the DDM data is largely hidden “behind” the control data. (d) Plot of
average numbers and (e) Venn diagram of total peptides identified. (f) Violin plot of retention time distribution of identified peptides. Error bars
for relevant data are ±1 SD for n = 3 replicates per condition.
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Azo allows for the detection of more peptides of low molecular
weight with lower charge states, many of which elute earlier
than 70 min. Although a well-digested HeLa standard was used
in this comparison, we examined the proportion of missed
cleavages to confirm that the larger and highly retained
peptides did not correspond to a large proportion of
incompletely digested peptides. We hypothesize that the
relatively late elution and identification of peptides in samples
containing DDM are associated with the prolonged retention
of DDM on the column which promotes the elution of highly
hydrophobic peptides. Although not studied here, it may be
useful to explore using both Azo and DDM in the future to
potentially increase the numbers of peptides identified further.

To evaluate the effects of Azo and DDM in the analysis of
other sample types (as well as those containing low amounts of
protein), we digested samples containing 50−100 MCF-7 cells
in 0.005% Azo, 0.005% DDM, or buffer for proteomic analysis.
The summary of protein identifications (Figure 4a,b) shows
that the addition of Azo results in slightly more protein
identifications with a higher proportion of unique proteins.
Interestingly, the DDM-containing sample and the surfactant-
free control have similar results at the protein level for this
sample type, suggesting that DDM does not confer much of an
advantage in the extraction process relative to control. As
indicated above, protein copies were estimated by normalizing

protein intensities to histone protein intensities to account for
differences in sample loading (Figure 4c). Although the
difference is less obvious in this sample compared with the
HeLa cell digest standard, the proteins identified in Azo
samples were observed at higher copy numbers, especially at
lower protein abundance (Figure 4c inset). This observation is
promising for size-limited samples that contain lower total
protein numbers than conventional samples. Like the HeLa
digest standard results, the summary of peptide identifications
(Figure 4d,e) shows that the greatest number of peptides can
be identified uniquely in DDM-containing samples and that
both Azo and DDM samples outperform the surfactant-free
control for peptide identifications. The distribution of peptide
retention time (Figure 4f) also shows more peptides elute later
(after 100 min) in DDM samples compared to Azo samples or
control, though the effect is less prominent compared to the
retention time profile of DDM with the HeLa digest standard.

Further investigation of peptides identified from digested
MCF-7 cells yielded results similar to those from the HeLa
digest standard, as shown in Figure S5. DDM-containing
samples are enriched in late-eluting, larger peptides with higher
charge state, whereas Azo-containing samples favor earlier
elution of smaller peptides with lower charge state. The
proportion of missed cleavages is comparable across all three
conditions; however, the ability of DDM to enable detection of

Figure 4. Proteomic analysis of samples containing 50−100 MCF-7 cells extracted with 0.005% w/w Azo (orange), 50 mM TEAB as control
(green), and 0.005% w/w DDM (purple). (a) Plot of total (open bars), average (diagonal cross-hatched bars), and LFQ average (vertical cross-
hatched bars) proteins identified and (b) Venn diagram of total proteins identified. (c) Distribution of calculated protein copy numbers (from
MaxQuant intensity) sorted by increasing the copy number for proteins identified in all conditions. The inset is a magnified view of the distribution
for the 500 proteins detected with lowest copy number. (d) Plot of average number and (e) Venn diagram of total peptide identifications. (f) Violin
plot of retention time distribution of identified peptides. Error bars are ±1 SD for n = 2 replicates per condition.
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more long peptides may explain the slightly higher proportion
of detected peptides with missed cleavages compared to the
other two conditions. Despite the increased detection of longer

peptides in DDM-containing samples, 42% of the proteins
detected in both the conditions have equal or higher sequence
coverage in the Azo-containing sample.

Figure 5. Proteomic analysis of murine brain biopsies using the automated DMF workflow with 0.005% w/w Azo. (a) Heat map of protein copy
number (green = low; red = high) for 1969 identified protein groups (columns, with hierarchical clustering) in three samples (rows). (b) List of
numbers of protein groups categorized as a function of the most common 20 cellular components found in the samples. Marker size indicates
frequency of the gene-ontology (GO) term in the gene-ontology annotation (GOA) database relative to all protein-coding genes, and marker color
(red = high confidence, blue = low confidence) indicates Log10(FDR) corresponding to statistical confidence of protein assignment. (c) Graphical
representation of the top 100 biological process that were associated with the identified protein groups. Marker size indicates frequency of the GO
term in the underlying GOA database relative to all protein-coding genes, marker color (ranging from purple = high confidence to yellow = low
confidence) indicates the -Log10(p-value) corresponding to statistical confidence of protein function assignment, and gray lines indicate the
correlation between biological functions.
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Finally, the hydropathies of identified proteins and peptides
in the MCF-7 digest samples were assessed using the GRAVY
score to determine whether the surfactants favor hydrophobic
or hydrophilic molecules.50 As shown in Figure S6a, there are
minimal differences among Azo, DDM, and the control at the
total protein level, likely related to the high overlap in protein
identifications. As such, we plotted the same data after
excluding the proteins detected in both the Azo- and DDM-
containing samples (Figure S6b), revealing that the two
surfactants favor the identification of hydrophilic and hydro-
phobic proteins, respectively. Differences in GRAVY score are
more obvious at the peptide level, as shown in Figure S6c, with
the DDM-containing samples biased toward more hydro-
phobic peptides than Azo. The bias is most obvious when the
same data are plotted after excluding peptides detected in both
the Azo- and DDM-containing samples (Figure S6d), as many
more peptides with GRAVY score between −0.5 and 1 are
detected in the DDM-containing samples. The observed bias
in peptide GRAVY score for the DDM-containing samples
aligns with the previous studies reporting high solubilization of
hydrophobic membrane peptides in DDM-containing sol-
vents.48 Notably, to our knowledge, this is the first detailed
report demonstrating that the addition of DDM biases the
detection of larger and later-eluting peptides.

Overall, these studies suggest that Azo is on par with, if not
better than, DDM for microproteomics analysis with
orthogonality in peptide identification. Note that in these
initial studies, only a single concentration of Azo and DDM
was evaluated (for proteomic analysis performance)�of
course, we might compare additional concentrations to

determine whether the trends described here are universal.
Regardless, the results described here suggest that Azo may be
a useful new tool for a wide range of microproteome profiling
applications in the future. Finally, the DMF method presented
here is preliminary, demonstrating a proof-of-concept for Azo-
enabled microproteomics analysis. In the future, all of the steps
that were implemented manually in this study could be
integrated into an end-to-end automated process like the
digital microfluidic proteome processing pipeline.15

Azo-Enabled DMF Sample Preparation of Mouse Brain
Tissue

Having verified the performance of Azo with DMF and LC-MS
proteomics performance, we turned to the primary goal of this
work�an automated DMF system for processing tissue biopsy
samples for proteome profiling. In this work, the heating steps
were implemented outside of the DMF control system, and
processed samples were collected manually from the devices
for injecting into the HPLC-MS. In the future, an “all-in-one”
technique15 might be used, in which integrated thermal control
units are used to control the temperature in situ, and processed
analytes are automatically delivered from the DMF device to
the autosampler of the HPLC-MS system via a custom
manifold. Furthermore, it was found that the tissue slices
dissolved in the surfactant solutions employed herein. If future
studies are carried out with tissue slices that do not completely
dissolve, we might consider using hydrophilic surface energy
traps51 to immobilize the samples and/or allow for low-volume
extraction.

We hypothesized that the miniaturization of sample
preparation on DMF combined with the excellent performance

Figure 6. KEGG pathway diagram of dopaminergic synapse with identified proteins from murine brain biopsies punches highlighted in red,
produced using ShinyGo36 and Pathview.37
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of Azo would facilitate detailed proteome analysis of
microtissue samples without the requirement of specialized
techniques like laser capture microdissection. To test this
hypothesis, we dissected 2-mm-diameter circular biopsy
punches of 10 μm thick tissue slices of murine brain tissue
for analysis by a DMF sample preparation workflow. The mass
of each tissue biopsy punch was estimated to be approximately
3 μg based on the area of a 10 μm thick tissue slice52�this
sample size is 2 orders of magnitude smaller than samples
evaluated in previous proteomic studies24−28 implemented
with Azo. After processing, the data yielded the identification
of 1969 unique protein groups, with an average of 1548 protein
groups identified per sample. Protein copy numbers were
estimated by normalizing protein intensity to the protein
intensities of identified histone proteins, and their distribution
is represented in Figure 5a. As shown, high copy number
proteins are observed at similar expression levels in all three
samples, while lower copy number proteins demonstrate
substantial variation in expression across samples. Of the
proteins identified in each sample, 56% have coefficient of
variation (CV) values under 30%, while 33% of proteins have
CV values under 20%. Finally, Figure S7 shows a high degree
of reproducibility between the samples tested, demonstrating
the reproducibility of this method for microsample analysis.

Among the proteins identified in the murine brain tissue
microsamples, cell-specific markers for several cell-types were
observed, including (a) astrocytes�GFAP, GSTM1, PRDX6,
ALDH1l1, AQP4; (b) oligodendrocytes�MBP, PLP1, MAG,
MOG; (c) cerebellar neurons�SNP25, SV2B, GPRIN1,
L1CAM, and (d) cortical neurons�ATP1B1, CRMP1,
GPM6A, NEFM, NEFL, NEFH.53 This distribution suggests
that the Azo-aided extraction is not biased to a particular cell
type. The protein groups that were detected were classified
according to the top 20 cellular components that could be
assigned based on gene ontology (GO), as shown in Figure 5b.
Enrichment relative to baseline levels extrapolated from the
protein-coding genome was observed for proteins from the
myelin sheath and synaptic regions, similar to what was
observed previously in a proteomic study of mouse brain
tissue.54 Among the proteins in this category, there were a
number that perform a variety of biological functions from the
myelin sheath (such as MYEF2, MBP, MAG, PLP1, MOG, and
OMG) and synapse (SYN1, SYN2, SYN3, RIMS1. SYAP1,
SYT1, CAMK1D, SNAP25, STX1B),53 demonstrating the
breadth of the proteome identified using the DMF workflow.

The protein groups identified in the murine brain tissue
microsamples were then categorized according to the top 100
biological processes that could be assigned based on gene
ontology and are displayed in Figure 5c. The majority of
identified proteins were found to be involved in transport,
organization, biological regulation, and metabolic processes.
But more interestingly, a smaller collection of processes related
to synaptic signaling and nervous system was observed, which
correlates to the synapse processes identified in the GO terms
(Figure 5b). To further probe the proteins in these processes,
we examined the KEGG pathway for the dopaminergic
synapse38 (Figure 6), highlighting the proteins identified
here in red. As shown, high coverage of the KEGG pathway in
the postsynaptic neuron was detected from the complex brain
tissue sample using the Azo-enabled DMF workflow. In sum,
these results demonstrate the capacity for the Azo-enabled
DMF proteomics workflow to identify detailed, cell-specific,
and pathway-specific markers in minute tissue samples.

■ CONCLUSIONS
We report the first use of a UV-cleavable surfactant in DMF.
The system was applied to develop a workflow for the analysis
of tiny (approximately 3 μg) tissue biopsy samples collected
from mouse brain slices. A total of 1969 proteins were
extracted and identified in these samples, including key cell-
type markers associated with a variety of biological functions.
We proposed that the combination of Azo with DMF sample
preparation is a promising pairing for the automated and
sensitive proteomics analysis of size-limited clinical tissue
samples using DMF.
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