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Microfluidic paper-based analytical device for colorimetric
screening prior to mass spectrometry analysis
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Abstract: In order to improve the efficiency of mass spectrometry(MS) instrument, a microfluidic
paper-based analytical device (xPAD) was designed for sample loading and pre-screening.
Samples loaded on xPAD can be split into two separated detection zones. Colorimetric detection
with the naked eye can be viewed as fast screening. Samples with significantly lower or higher
colorimetric response than threshold may be ignored. For suspicious samples, final detection with
much higher sensitivity would be carried out with MS. Using the present method, quantifications
of Ang Il in raw serum with both colorimetry and MS were achieved. For colorimetric detection,
the resulting linear range of 200~1 000 pmol/L was established, and the visual detection limit
was in the range of 150~200 pmol/L. For MS detection, the linear dynamic range for Ang II was
5~500 pmol/L. The limit of detection (LOD) was measured to be 1. 9 pmol/L using bradykinin
as the internal standard. The result indicates that this protocol would enable easy sample
transportation, rapid screening and sensitive MS measurement with a single 4PAD device.
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0 Introduction

Mass spectrometry (MS) is well-known for its
sensitivity and selectivity, and it is capable of rapid

quantification""*.

sampleidentification and
However, bench top MS instrument is usually not
suitable for field

applications and at-home

diagnosis due to its weight, size and power
consumption. With the development of portable
miniature MS"®, its field application and at-home
diagnosis have been achieved, but the analytical
performance may be greatly sacrificed®. Thus,
the strategy of bringing raw samples to laboratory
is still receiving much attention.

sample  analysis

Presently, some fast

techniques, including desorption electrospray
ionization (DESDM!2), together with more than
20 kinds of ambient ionization methods, such as

( DART )14,

extractive electrospray ionization (EESDM"'™ and

direct analysis in real time

liquid microjunction surface sampling probing
(LMJ-SSP)!'), have been reported for direct
detection of raw samples without chromatographic
separation. With a proper sampling technique,
such as swabbing and direct deposition, paper can
serve as an easy substrate for the transfer process
of raw samples. Then, paper spray (PS) can be a
facile ambient ionization technique for collected

0921 - However, if all collected raw

raw samples
samples needed to be taken to the lab for MS
analysis, the efficiency of the instrument would be
sacrificed, especially in case that excessive samples
are daily dealt with, for example, in environmental
quality monitoring or in some situations requiring
an emergency response-??/, Thus, if an additional
screening process could be introduced between
sample collection using filter paper and final PS
MS analysis, samples with significantly higher or

lower concentrations than threshold would be

ignored, which would greatly increase instrument
efficiency and decrease sample numbers transferred
to the lab.

A screening process which can distribute the
same sample into different detection zones and
facilitate both fast screening process on paper and
MS detection for suspicious samples is needed,
which just can be realized with the recently
analytical

developed microfluidic  paper-based

devices (xPADs)"**", Three-dimensional xPADs

d:S] 33,34-36]

recently reporte mainly carry the

advantages of  small  size,  disposability,

portability, easy use and different detection zones.
[37-39

Colorimetry™™*" is the most widely used detection
method for pxPADs, where specific chromogenic
reagents are applied to the device and the
developed color intensity and/or hue correlates
with the concentration of the analyte”**). The
analysis results can be visualized with the naked
eye, without additional analytical equipments,
which is adequate for diagnosis that only
requires a yes/no answer or a semi-quantitative
detection.

Thus, we aimed to combine pPAD with PS
MS in order to develop a method that can screen

Although a
microfluidic chip coupled with MS has been

samples prior to MS analysis.
intensively studied, there have been few cases for
off-line hyphenation of the microfluidic chip
coupled with PS MS*!.  As for
hyphenation of pPAD and PS MS, no relative
study has been reported. This method might be

on-line

useful to increase instrument efficiency in case
either excessive samples are dealt with daily (such
as in field analysis) , or at-home diagnosis is carried
out to reduce medical expenses in extremely poor
areas by transferring only suspicious blood or urine
samples for lab testing.

Based on this principle, the protocol of PAD-
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PS MS has been designed in this study. This
technique comprises three steps: (D splitting the
sample into two separate detection zones via
#PAD; @ rapid screening by colorimetric detection
with the naked eye; @ sensitive measurement by
PS MS. With the present method, the analysis of

peptides, including Ang 1II, bradykinin and
KCTCCA in pure solvent was tested qualitatively.
Besides, combination of colorimetric and MS
detection for Ang II in complex matrices (rabbit
whole blood, raw serum, cell culture medium
(CCM) and raw urine) were tested without any
pretreatment, Quantifications with both
colorimetric and MS detection in raw serum were

also achieved.

1 Experimental

1.1 Materials and reagents

HPLC grade methanol (CH; OH), methyl
violet and tetrabromophenol blue were purchased
from Honeywell Burdick &. Jackson Inc. (USA).
Hydrochloric acid, sodium hydroxide and Sodium
citrate were obtained from Sinopharm Chemical
Reagent Co. Ltd. (Beijing, China). Acetic acid,
angiotensin 11 (Ang 11D, bradykinin, KCTCCA,
rabbit whole blood and raw serum (bovine) were
purchased from Sangon Biological Engineering
Technology & Services Co. Ltd. ( Shanghai,
China). Human urine samples were donated by
healthy volunteers. All these reagents were used
directly without any further purification. Distilled
water (18. 2 MQ) was produced by Milli-Q system
(Millipore Inc., Bedford, MA, USA). 3MM
Chromatograph paper was purchased from
Whatman International Ltd. (Maidstone, England).

CCM DMEM  ( dulbecco’s
modified eagle medium)/High Glucose (89%),
serum (10%) and penicillin-streptomycin (1%)

consisted of

was stored at 4 °C. Rabbit whole blood, raw
serum and raw urine were stored at — 20 °C.
Peptide was spiked into raw urine, rabbit whole

blood, raw serum or CCM with various dilution
ratios (>>1 : 10).

During the colorimetric detection, 250 mmol/
L citrate buffer solution (pH 1. 8) was prepared in
CH,;CH,OH/H,O (volume ratio 8 * 92); 9 mmol/L
tetrabromophenol blue was prepared in CH; CH, OH/
H,O (volume ratio 95 : 5) . All the solutions of
the analytes were prepared in H, O unless
otherwise noted.

All the solutions of the analytes were prepared
in CH; OH/H, O (volume ratio 3 : 1) with the
addition of 0.5% acetic acid to increase ionization
efficiency unless otherwise noted.

1.2 Design and fabrication of the uPAD

Detailed design of the xPAD is shown in

Fig. 1.

sample loading zone (6 mm X 6 mm on the first

The hydrophilic area consisted of one

layer) . two reservoir zones (6 mm X6 mm on the
secondary layer) and two detection zones (6 mmX
7 mm on the secondary layer). Two detection
zones were cut into triangular shape as the
colorimetric and MS detection zones. Firstly, we
drew the design on the chromatography paper by a
pencil. Secondly, we cut the device along the
marked design with a craft cutter. Thirdly, we
hand-waxed the hydrophobic area of the paper with
a crayon. Finally the wax pattern was melted in an
oven (120 °C for about 3 min) to define the
hydrophobic barriers and hydrophilic channels, and

the pencil marks were then erased with a rubber.

30 mm 7 mm

6 mm

Size is included. The hydrophilic area consists of one sample
loading zone, two reservoir zones and two detection zones.
Two detection zones are cut into triangular shape to make

the colorimetric and MS detection zones parallel.

Fig. 1 The design of uPAD
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In addition, a much simpler paper-based device can
be obtained through hand drawing, hand cutting,
hand waxing and heating with ironing. Then with
the aid of a small reagent kit, anyone can play this
paper-based device at home at extremely low cost.
1.3 Colorimetric detection of peptide

The previously reported method for peptide
and protein detection on zPADs was used here-",
0.5 pl priming solution (volume ratio of ethanol/
water was 8 ¢ 92, buffered with sodium citrate
(250 mmol/L, pH 1.8)) was spotted on the
triangle of the xPADs and dried for 10 min at room
temperature. Then, 0.5 pl. reagent solution (9
mmol/L tetra bromophenol blue in ethanol/ water
with volume ratio 95 : 5) was spotted on the top of
the priming solution and dried for 10 min at room
temperature. Analyte solution (2 ~10 pl) was
then added onto the top layer of the uPADs.
Lastly CH;OH/H,O (volume ratio 3 : 1, 10 pl)
was added on the sampling zone three times for
elution.
1.4 Mass spectrometry and paper-based ESI spray

All experiments were performed using a
Thermo Fisher Scientific LTQ Velos Pro mass
CA, USA). The

temperature of the MS capillary inlet was set as

spectrometer ( San Jose,
275 °C. The voltage used for paper spray ionization
was 4.5 kV in positive mode. To perform
collision-induced dissociation ( CID ), ions of
interest were isolated using an m/z window width
of 1 unit. Helium was used as the collision gas,
and the CID energy was set at 35% with a duration
time of 30 ms for tandem mass spectrometry. All
mass spectra were processed with Xcalibur®
software.

Conductive copper for applying high voltage
was stuck to the bottom layer for HV electrical
contact, The device was placed before the mass
spectrometer at a distance of 5 mm. The top layer
of the device was a preloaded analyte solution (10
pl) and CH; OH/H, O (volume ratio 3 : 1) was
Then 4.5 kV was
applied to generate spray. lLastly, spray droplets

added to elute the sample.

containing the sample were transferred into the
atmospheric interface of the mass spectrometry.
Tandem mass spectrometry was applied to confirm
the analyte as well as in complex matrices.

During the entire experiment, insulation for

operators from the DC HV should be mandatory.

2 Results and discussion

2.1 Device design

The protocol of 4PAD-PS MS in this study
and photographs of the unfolded zPAD are shown
in Fig. 2. The analyte solution (2~10 pl.) was
added onto the top layer of the (PAD and it was
dried for about 30 min . Then the device was
folded for contact with the first and second layers
of the 4PAD and around 10 pL of supply solution
was then added for eluting the analyte to the two
detection zones. In a word, our method combined
colorimetric detection with on-line MS detection
via a uPAD. In at-home diagnosis, when combined
with some specific chromogenic reagents, patients
can conduct preliminary diagnosis at home with a
diagnostic kit including pre-made paper-based
device and ready-to-use chemical solutions. Then,
only the suspicious samples need be transferred to
lab for further identification without additional
requirement, such as cooling box for sample
transfer. This would be especially useful in
extremely poor areas to reduce medical expenses by
carrying out expensive lab test for suspicious
samples only.
2.2 Dye migration and MS detection

To prove that the small molecules added to the
top layer of the xPADs can be split to two
detection zones, we used methyl violet with a
visible violet color to visualize the sample
migration on xPADs. On-device images of methyl
violet migration and associated MS detection are
shown in Fig. 3. Fig. 3(a) shows the result of dye
migration in which methyl violet solution (1 000 g
mL™", 2 ul.) was added to the sample loading
zone. CH; OH (10 pl.) was used to elute the

sample to the detection zones three times. The
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Firstly, the design is drawn on the paper by a pencil. Secondly, the device is cut along the
marked design with a craft cutter. Thirdly, the hydrophobic area of the paper is hand-waxed
with a crayon. Finally the wax pattern is melted in an oven. Chromogenic reagents are added for
colorimetric screening. High voltage is added for MS detection.

(a) A piece of paper can be used for colorimetric screening and MS detection by simple steps

One dollar is used as reference.
(b) Photographs of the unfolded uPAD

Fig. 2 The designed paper-based device
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The whole time needed for dye migration is 20 s. (b) Full mass spectrum of methyl violet (1 000 ug'mL™", 2 uL)
(a) The photo of the top and bottom view of dye migration with MeOH/H,O (volume ratio 3:1) as spray solvent.

Fig.3 Dye migration and MS detection

whole elution time was about 20 s. During this zones. The result shows that small molecules such
process, we could see that the violet migrated from as methyl violet can be split into the two detection

the first layer to the second layer to the detection zones. The methyl violet that migrated to the
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then subjected to the
conventional PS MS experiment, with CH; OH/H, O
(volume ratio 3 ¢ 1) used as the elution solution
and PS solvent. Fig. 3(b) shows the result of MS
detection of methyl violet (m/z 358.3) solution.

detection zones was

In full MS, we could see the molecular ion peak of
methyl violet (/2 358.3). Its tandem MS spectra
confirmed the presence of methyl violet.
2.3 Peptides migration and MS detection

After proving migration and detection of dye
on the xPADs, we then turned to test peptide
samples in pure solution for rapid colorimetric
screening coupled The
peptides (bradykinin (m/z 1 060.7), Ang Il (m/z
1 032.7) and KCTCCA (m/z 628)) tested in this

experiment were chosen as the model compounds

to MS measurement.

for possible clinical applications, since peptide is a
class of disease marker. According to the previous
report'**’, tetrabromophenol blue ( TBPB) can
bind with proteins in condition of proper solvent

and pH, which will lead to a significant color

100 [M-H,0T**
M=Bradykinin
g
£ t m/z 530.8
g O ys
2
<
2 2
k| ye by’
e 2+ be’ ag’
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(a) The MS/MS spectra of bradykinin (500 pmol/L, 10 uL)
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<
=]
=}
=
< :
>
=
2
s a—
300 400 500 600

mlz
(c) The MS/MS spectra of KCTCCA (500 umol/L, 10 pL)

100

relative abundance

change. And the depth of the color is related to the
concentration of proteins. Firstly, chromogenic
reagents were added to one of the detection zones
by the way described above. Secondly, sample
solution was added to the top layer of the 4PADs
and the sample was dried for 30 min. Lastly, the
device was folded for contact of the first and
secondary layers and CH; OH/H, O (volume ratio
3:+1, 10 ul.) was added to elute the sample for
three times. For the last step, peptides having
migrated to MS detection zone were subjected to
PS MS analysis. On-device images of bradykinin,
Ang II and KCTCCA migration and associated MS
detection are shown in Fig. 4. The positive result
with a color change from yellow to blue is shown in
Fig. 4 (d), which was consistent with previous
report®, Tt was reported that the chromogenic
reagents can be used for protein detection”*". Our
result shows that this method can also be used for
peptide detection. Per MS detection, Fig. 4 (a)
shows the characteristic fragment ions of by , ys »

+
bg

M=Ang II
g m/z 516.9

2+

biiu M bt
0L . .IL .|.|| '.Il ol

200 400 600 800
mlz

(b) The MS/MS spectra of angll (500 pmol/L, 10 pL)

1000

Bradykinin Ang II KCTCCA

Control

Sample

Chromogenic reagents are added onto the £PAD
(d) Colorimetric comparison of “controls” (pure solvent)
and “samples” (500 pmol/L peptides)

The MS/MS spectra of different peptides are presented (MeOH/HzO (volume ratio 3 ¢ 1) with the addition of 0. 5% acetic acid as spray solvent).

Fig. 4 Peptide migration and MS detection
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vy~ . ete. from double charged bradykinin (m/z
1 060. 7). Fig. 4(b) shows characteristic fragment
ions of y5 , by » bs, etc. from double charged Ang
II (m/x 1 032.7). Fig. 4 (c)
characteristic fragment ions of by, by, b, etc.
for protonated KCTCCA (m/z 628). According to

the above results, it can be concluded that the

shows the

colorimetric and PS MS detection are feasible for

peptide detection in pure solution.

2.4 Combining colorimetric and MS detection in
complex matrices

We further investigated the application of the

present method to complex matrices other than
pure samples., Four different matrices ( rabbit
whole blood, raw serum, CCM and raw urine)
spiked with Ang II were tested. We chose Ang II
the which
represents a category of potential biomarkers.
Firstly, Ang II (300 pmol/L, 10 pul.) was spiked
into these matrices without further treatment or

the

analyzed with colorimetric and MS detection. The

as model compound of peptides

dilution.  Secondly, sample solution was

results are illustrated in Fig. 5. The characteristic

fragment ions of yi , bs , bs, etc. are observed in

100 100
b +
2 Blood 6 § Serum
N
: £ be
z E .
2 + 2 Y7
o y2 o
=z a Z y2'
E M E
e 1
b5+ b5+
0 — I ) wl — 0
200 400 600 800 1000 200 400 600 800 1000
mlz mlz
(a) The MS/MS spectra of Ang Il in rabbit whole blood (b) The MS/MS spectra of Ang II in serum
100 M* 100 bs
51 CCM 8 Urine
g g
B B . 2+
5 2+ 5 Y2 M
—g Y7 —g 2+
2 . 2 yi
E b E
e y2+ o4 b5+
bs"
0 —L L t I. 0 L _ﬁ_|_1_*
200 400 600 800 1000 200 400 600 800 1000
m/z mlz
(c) The MS/MS spectra of Ang Il in CCM (d) The MS/MS spectra of Ang II in raw urine
Blood Serum CCM Urine

Control

Sample

Chromogenic reagents are added onto the pPAD

(e) The colorimetric comparison of “controls” to “samples” (300 umol/L Ang IT)
The MS/MS spectra of Ang II (300 umol/L, 10 puL) is presented (MeOH/H;O (volume ratio 3 * 1)
with the addition of 0. 5% acetic acid as spray solvent in different matrices)

Fig. 5 Colorimetric and MS qualitative analysis in complex matrices
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the MS/MS spectra corresponding to the Ang IIL
For Ang II (300 pmol/L, 10 pl.) in complex
matrices, slight color changes compared to the
“controls” can be distinguished with the naked eye
for all four matrices as shown in Fig.5 (e). It
should be noted that, though tetra bromophenol
blue was generally used as chromogenic reagent for
total protein assay, the “controls” did not present
the blue color. Due to the paper chromatography
effect of the 4PAD presented in this manuscript,
when whole blood, serum and CCM were tested,
the migration speed of the interferences ( the
proteins in the biological matrices) can be much
slower than the small peptides such as spiked Ang
11, which can also prevent those large proteins
from reaching detection zones in a short period of
time. The results showed that online colorimetric
detection in xPADs may potentially be applied to
fast screening peptides from complex matrices, and
online MS detection with lower detection limit and
high sensitivity and selectivity can be further used
for final identification. If a more specific and
sensitive method is used, the sensitivity of the
colorimetric assay may be greatly improved. Thus,
our research provides a convenient and sensitive
method for assay of disease markers and other
significant analytes.
2.5 Colorimetric and MS quantification

To study the analytical performances of the
present method, colorimetric and MS
quantification of Ang Il in raw serum were
studied. On-device images of colorimetric detection
and associated calibration curves for MS detection
of Ang II are shown in Fig. 6. For colorimetric
Ang 1I
concentrations (10 yL.) were added to the top layer
of the xPADs. The resulting linear range of 200~
1 000 pmol/L was established for Ang II, and the

visual detection limit was in the range of 150~200

detection, solutions with different

pmol/L. For MS detection, solutions spiked with
different concentrations of Ang II (100 pmol/L
Bradykinin as internal standard) were added to the

top layer of the device. Associated calibration

[AnglI]

/(umol-L™") 0 200 | 300 | 500 | 700 | 900 |1 000

T B

Chromogenic reagents are preloaded.
(a) Colorimetric detection of 200~ 1 000 umol/L Ang II

R*=0.996

.E 08 ¥=0.024 5x-0.023 7
=1
% 0.4
B 104 o0l
a 0 20 40 R*=0.996
g =0.024 5x—0.023 7
< 5 »=0.024 5x—0.
2
£ 0 r -
0 200 400

AnglI concentration/(umol-L™")

The error bars represent the standard deviation of three
replicate measurements at different concentrations. Inset plots
are magnifications of lower part of the linear dynamic curves.

MeOH/H,0 (volume ratio 3:1) with the addition of 0.5% acetic
acid is used as spray solvent.
(b) MS/MS detection of 5~500 pmol/L Ang II with 100 umol/L
bradykinin as internal standard

Fig. 6 Colorimetric and MS Quantification

curves for Ang II are shown in Fig.6 (b). The
resulting linear range of 5 ~ 500 pmol/L was
established for Ang 1I, and LOD (limit of
of 1.90 pmol/L

measured as the amount at which the signal-to-

detection ) ( experimentally
noise ratios (S/N) was >3, with relative standard
deviation RSD in the range of 3% ~ 20%)
achieved. The spray maintained stable for about 5
min. During field analysis, colorimetric detection
is easy to operate, which would benefit sample
cutoff. ~ For  example, if the concerned
concentration range for the analyte is below 500
pmol/L, the samples with obvious color change
above 500 pmol/L can be excluded. Then the
suspicious samples can be brought to lab for final
MS identification, which is far more sensitive and
selective than colorimetric detection. Besides, for
patients’ preliminary diagnosis at home the present
method would save a lot of time. Colorimetric
screening can be used for preliminary diagnosis and
MS could be used for more sensitive diagnosis.

Although

colorimetric detection used in this study was much

specificity and sensitivity of the
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lower than the followed MS detection, with a more

specific and sensitive colorimetric detection

[45-46]

system or introduction of magnification

method™™,

helpful for field analysis to increase instrument

the present method would be very

efficiency and  decrease cost for sample

transportation.

3 Conclusion

In summary, a novel xPAD was developed for
easy and rapid screening prior to MS analysis of
peptides. This proof-of-principle protocol was
proved via two steps: (O detection of peptides in
pure solvent and @ detection of peptides in
complex matrices (rabbit whole blood, raw serum,
CCM and raw urine). In all these experiments, the
#PAD served as sample collector, sample splitter
and substrate for colorimetric screening and PS MS
analysis. Colorimetric detection was used for
sample cut-off or preliminary diagnosis and MS
was used for sensitive analysis. The results
indicate that the present method is helpful for field
analysis to increase instrument efficiency and
decrease cost for sample transportation. Besides,
the present method may also be used for cheap
versions of point-of-care pharmaceutical treatment
at home to provide a simple and fast prior
diagnosis, which is particularly useful for the

people in extremely poor countries and areas.
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