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The integration of ultrasound (US)-assisted sample processing on-chip
for automated high-throughput shotgun proteomic assays is herein
presented for the first time. The proof of concept of this system was
demonstrated with the analysis of three proteins and serum from
patients with lymphoma or myeloma.

One of the most powerful tools to date in proteomics arises
from the use of many different MS-based approaches for protein
identification." Over the past decade we have witnessed the
development of a wealth of distinct strategies to (a) reduce the
time needed to perform protein digestion and to (b) simplify
sample handling for protein identification.” The use of external
energy sources, such as heating,® ultrasonication,** infrared
radiation,”® high pressure® or spinning,'® has been proven most
appropriate for fast, efficient and reproducible sample treat-
ment in protein identification assays from complex biological
specimens.

Ultrasonic energy as a way to speed up the enzymatic
digestion of protein cleavage from overnight (12 h) to less
than 120 s was first reported in 2005 (ref. 5) and was validated
on a short notice by different research groups.'*™* Later, the
use of ultrasonic energy was successfully extended to different
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steps of sample handling for protein identification, namely,
protein solubilization/denaturation, protein reduction and
protein alkylation.® Identification workflows circumventing
desalting procedures using ultrasonication have been also
described.*

Properties of physical and chemical reactions are dramati-
cally modified under the effect of an ultrasonic field generated
by an ultrasonic probe (High-Intensity Focused Ultrasound,
HIFU)."” Although the mechanism that is responsible for the
enzymatic digestion enhancement using focused ultrasound is
not completely understood, it appears to be related to the
increase in mass transfer rates induced by the cavitation
phenomena and heating from ultrasonication."”

The field of microfluidics has evolved tremendously over the
past decade and attracted a great deal of attention in the bio-
analytical arena' for expedient probing of single cells,” the
manipulation, identification and separation of cells (e.g., cancer
cells),?** the examination of protein structure and function,>
the simplification of polymerase chain reaction (PCR) proce-
dures,***® and the exploration of aptamer interactions with
proteins or small molecules.***” Recent trends geared towards
the integration of overall (bio)analytical protocols on-chip
including electrophoretic and microsolid-phase extraction
approaches for purification, enrichment and digestion of target
species.”®* The third generation of flow injection, the so-called
lab-on-a-valve (LOV) concept, opened up a host of prospects for
microfluidic handling of biological specimens and simplifica-
tion of analytical workflows exploiting automatic program-
mable flow.**** Developmental milestones of LOV in
bioanalytics over the past few years include the automation of
nucleic acid assays, the miniaturization of affinity chromato-
graphic separations of proteins and DNA, and the reliable and
expeditious accommodation of enzymatic and cellular assays
and immunoassays on-chip as pinpointed in recent compre-
hensive reviews.**"*

This paper introduces a novel methodology for automatic
protein digestion on-chip in the homogeneous phase using an
LOV configuration integrating probe sonication for expeditious
protein reduction, alkylation and digestion for shotgun
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proteomics. The mesochannel system is fabricated as a mono-
lithic structure and mounted atop a conventional multiposition
valve in sequential injection networks for facilitating the auto-
mation of wet chemical assays. In addition to compactness and
portability, the main asset of LOV is its open architecture to
accommodate reactions of diverging kinetics without platform
reconfiguration. The permanent rigid position of the sample
processing channels also ensures repeatability of mesofluidic
manipulations. This provides robustness and reliability of
operation, and makes the LOV system amenable to real life
samples and peripheral instruments. A vast amount of effort
has been directed over the past few years toward the simplifi-
cation of proteolytic digestion using on-line or on-chip config-
urations®**™** as well as the integration of probe sonication in
microfluidic/mesofluidic devices.*»*

A syringe pump with programmable speed (Crison, Spain)
equipped with a 500 pL gas tight glass syringe (Hamilton,
Switzerland) was utilized as a liquid driver for mesofluidic
operations. The dedicated LOV mesoconduit fabricated from
chlorotrifluoroethylene (Kel-F) for chemical resistance encom-
passes eight integrated mesochannels (1.2 mm i.d./14.0 mm
length), excepting the integrated reaction chamber with a
nominal capacity of 600 pL (port 5) that was enlarged to house
the tip of the sonication device (Dr Hielscher, model UTR200,
Teltow, Germany). The mesofluidic platform was mounted atop
of an eight-port multiposition selection valve (Valco Instru-
ments, Houston, TX). All the modules of the SIA system (auto-
matic burette, valve, fluorimeter) are connected to a computer
via an RS-232C interface and controlled by the Autoanalysis
Station 3.0 Software (SCIware, Palma, Spain) to address the
peripheral ports of the unit (1-8), for sequential aspiration of
the various constituents for the US-based protein digestion
procedure. The flow network was built from a PTFE tubing of
0.5 mm i.d., excepting the tubing connecting the pump with the
external carrier reservoir, which was made from 1.5 mm i.d.
PTFE tubing. The holding coil (HC) has a capacity of 500 pL. The
LOV assembly for automatic sample processing in shotgun
proteomics is schematically illustrated in Fig. 1. The analytical

\Trypsin

f

)~ / Sonication

MALDI-TOF Analysis < Sample digested

Carrier  Syringe Pump

Fig. 1 Diagrammatic description of the lab-on-a-valve system used
for automated US-assisted proteolytic digestion of proteins.
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procedure for automatic on-chip protein digestion exploiting
US assisted LOV is listed in Table S1.1

To test the applicability of the LOV mesofluidic system for
on-chip protein digestion, the following parameters were
investigated in detail: (1) pH; (2) ammonium bicarbonate
buffer/acetonitrile ratio; and (3) ultrasonication amplitude.

It is well known that enzymatic digestion needs to be carried
out under well-controlled pH conditions, as trypsin exhibits
maximum activity at a pH slightly above 7.*® Therefore, the first
approximation to this issue was to assay two different pHs, 7.3
and 7.8. To this end, samples were prepared in 12.5 mM or 100
mM AMBIC (with ACN ata 1 1 ratio) to obtain the digestion
pHs of 7.3 and 7.8, respectively.

LOV assays for a-lacta, BSA and OVA were compared with the
batchwise (off-line) counterparts (see the ESIt). Results showed
that digestion of BSA at pH 7.8 yielded more peptides and a
better sequence coverage in both offline and on-line
approaches (data not shown). At such pH, the proteins
studied were correctly identified either by the off-line or by the

1

LYFHOMAL
Loeromale]
LYMPHOMA(D]

2778.4138
2585,1887
1899, 9867
2599.329
2045.0791
2578.3657
2171.0308
380.6626
1519, 7147
1394,5673
1498, 6605
1641, 9668

1561, 7141

3276,6453
22242725

3349.7422
2084.0427
2011,9845
2203,0383
2435.2788
3047,5579
1302, 6415
1006, 8328
1882, 9271
1283.578

1716,8362
2645, 3481
3140, 602

1226.6578
1366, 7339
1585, 7823
2141, 091

2378.2131
1707.8959
183¢,9058
2016.0513
1467, 7827
2081,0225
1299,5309
2661, 2003
1274, 7241
1612, 7408
1453, 6741
1815,8479
1494,8252
1529.722

3259.8281

Fig. 2 Clustering analysis of spectra obtained for sera samples of ten
patients, five with lymphoma and five with myeloma. (a) Off-line
sample treatment; (b) lab-on-valve sample treatment.
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LOV method, except ovalbumin. This protein was identified
under the present experimental conditions only with the off-line
method. A detailed comparison of the peptides identified for
the three proteins by the two methods reveals that the common
peptides formed were as follows: 86% for a-lacta, 50% for OVA
and 40% for BSA (see Fig. S17). Also the number of methylation
reactions observed were similar, thus indicating that alkylation
is not altered when the sample treatment is done in the LOV
platform. The sequence coverage and the number of peptides
identified for the three proteins were almost the same regard-
less of the method used (see Fig. S21).

OVA was proven not to be completely dissolved in 100 mM
AMBIC/ACN at a1 1 volume ratio, leading to failure in its
digestion and subsequent identification. This is most likely a
consequence of the large amount of acetonitrile used for
protein solubilization/denaturation, as large proteins tend to
precipitate in solutions containing ACN concentrations equal
or higher than 50%.'®** For this reason, we decided to increase
the AMBIC/ACN ratio from 1 1to3 1. Ovalbumin was
then entirely dissolved, which indeed contributed to the
positive identification of the protein as shown in Fig. S1.f
Therefore, the AMBIC/ACN ratio was affixed to 3 1 for
further studies.

Ultrasonic amplitude is one of the core parameters that most
significantly influence the efficiency of ultrasonication in liquid
samples. Never before (to the best of our knowledge), ultra-
sonication had been assayed inside a chip microdevice.
Previous experiments have established that the amplitude
should be thoroughly optimized in protein cleavage assays.*”**
If the amplitude is settled too low or too high the sequence
coverage and the number of peptides matched are lower than
those obtained when medium amplitude is chosen. In the first
case because the cleavage is not boosted adequately while in the
second case because the sample is degraded. Therefore, it was
decided to assess the effects of the ultrasonic amplitude by
varying it in the range spanning from 20% to 50%. BSA and
a-lacta were selected for this set of experiments.

Fig. S2(A)T shows better sequence coverage for o-lacta
protein using 50% amplitude than 30% amplitude but the
difference is not significant. In addition, the number of
peptides matched with both amplitudes is almost the same.
However, for the case of BSA 30% is clearly the best amplitude
as the number of peptides matched is considerably higher than
with any of the other amplitudes. Therefore, it is considered
that the sample treatment is not sample dependent. Accord-
ingly, the amplitude of 30% was selected for further
experiments.

To evaluate the applicability of the automated ultrasonic-
based LOV method for identification of proteins in complex
biological samples, a number of sera samples from two
different groups of patients were digested. Sera from five
patients with lymphoma and five patients with myeloma were
used in a profiling-based approach as described in the ESI (see
Table S21). For control purposes the samples were off-line
treated in the same manner as in the LOV platform, that is,
using the same reagents (volumes and concentrations) and the
same ultrasonic variables (time and amplitude).

This journal is © The Royal Society of Chemistry 2014
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Sera samples were first depleted from the most abundant
proteins following a chemical sequential depletion method
described in the ESIL.f Once depletion was completed, the
samples were reduced (20 mM DTT) and alkylated (150 mM IAA)
using ultrasonic energy (30% UA and 1 min UT, for reduction
and alkylation and 30% and 5 min for protein digestion) using
the optimized protocol. Once the spectra of the ten samples
were obtained in quintuplicate, the statistical treatment
described in the ESI{ was carried out.

Clustering analysis performed with the spectra is depicted in
Fig. 2. With the batchwise (off-line) sample treatment it was
possible to match all the samples to patients with either
lymphoma or multiple myeloma (Fig. 2a). The same classifica-
tion was almost obtained when the samples were treated on-
line. Only one sample was not correctly classified and was
deemed to be an outlier, as it was not classified within any
group (Fig. 2b). A closer view of the MALDI spectra for this
sample revealed a spectrum with fewer signals and with lower
intensity that the ones obtained for the other sera. This is most
likely due to a problem during crystallization in the MALDI
plate rather than to the sample treatment. Due to this issue,
Fig. 2b presents the clustering result without this sample
(Iymphoma [E]).

Conclusions

On-chip US assisted sample handling proposed in this work
based on the LOV mesofluidic concept opens new avenues in
proteomics. The conjunction of protein digestion and ultra-
sonication on-chip allows for automatic processing and
fingerprinting of human serum of patients with myeloma and
lymphoma taken as model samples and minimizes the risk of
contamination and experimental errors thereby reducing the
measurement uncertainty so as to improve the quality of pro-
teomics data.

The optimal conditions for automatic protein digestion in
the LOV platform involved an ammonium bicarbonate solution/
acetonitrile ratio of 3 1, an ultrasonication amplitude of
30% and a digestion time under the effects of ultrasound of 5
min at pH 7.8. The sample treatment workflow in the LOV
platform takes about 25 min per sample, which is due to the low
velocity rates employed when loading/dispensing the solution
volumes. This represents about 10 minutes more comparing
with the off-LOV method. However, the off-LOV method
requires laborious sample handling and the permanent assis-
tance of a technician and is prone to sample contamination.

Future work will address protein quantification by 18-O
labeling as well as protein identification by on-line coupling the
LOV system to HPLC-MS/MS for shotgun proteomics.
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