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ed intact mass spectrometry for
rapid and accurate evaluation of protein molecular
weight†

Gyu-Min Lim, a Byung-Gee Kim ab and Hee-Jin Jeong *c

The determination of themolecular weight (MW) of a protein using high-resolutionmass spectrometry (MS)

is a crucial tool used to confirm whether the protein was correctly expressed and adequately purified.

However, a non-volatile buffer is normally used for protein purification and storage. Therefore, a pre-

treatment step using ultrafiltration (UF) is required to exchange the buffer with a volatile buffer prior to

the introduction of the protein sample into the MS equipment. This pre-treatment step is time-

consuming. In this study, a trap column-based pre-treatment method applied in a nano-LC system was

developed for rapid and convenient analysis of the MW of proteins. First, the trap column system was

compared with the conventional UF treatment system and non-treatment system using bovine serum

albumin. Subsequently, the trap column system was applied to analyze the MW of commercially available

and lab-synthesized recombinant proteins. The intensity of the base peak and signal-to-noise ratio of

the trap column-based pre-treated protein were higher than those of the UF-treated protein. Moreover,

the entire automated procedure of the trap column-based system was conducted within 20 min, which

confirms its use in versatile and accurate protein identification.
Introduction

Recombinant proteins are commonly produced by trans-
forming cells using DNA, followed by the induction of protein
overexpression using isopropyl b-D-1-thiogalactopyranoside.
The expressed protein is extracted from the cell lysate and
puried by affinity tag-based purication, which uses affinity
beads that bind to the tag inserted at the end of the protein.1–4

Subsequently, by comparing the position of the electrophoret-
ically separated protein on the gel with the bands of a standard
marker, electrophoresis-based SDS-PAGE analysis is used to
evaluate whether the protein was properly expressed and within
the expected size range.5,6 However, owing to imperfections in
protein folding and post-translational modication that occurs
when proteins are expressed in cells, a difference of 5–10% is
obtained between the expected molecular weight (MW) and the
MW results derived from the SDS-PAGE analysis, which
impedes accurate protein identication.7–10 Subsequently, the
measurement of protein MWs using high-resolution mass
spectrometry (MS) has become possible, which enables faster
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and more accurate identication of protein MWs than
conventional SDS-PAGE-based analysis.11–14 However, since
signal suppression occurs in MS owing to protein storage
buffers, such as PBS, Tris, and HEPES, they cannot be used for
MS.15 Instead, volatile salt-containing buffers, such as ammo-
nium acetate-containing buffer, are commonly used for MS.
However, ammonium acetate acts as a buffer when the pKa

reaches 4.7 (acetic acid) and 9.2 (ammonium), and its useful pH
ranges are 3.8–5.8 and 8.2–10.2.16,17 When ammonium acetate is
dissolved in water, the pH of the solution is neutral. However,
the pH of the ammonium acetate solution in water changed
signicantly, even when a small amount of H+ or OH� is added.
Moreover, the pH of the ammonium acetate solution changes
over time owing to its volatility. Thus, ammonium acetate may
not a suitable physiological buffer for long-term protein storage.
Therefore, puried proteins are stored in non-volatile buffers,
such as PBS, Tris or HEPES, to stabilize the proteins. Subse-
quently, the buffer is exchanged with an MS-compatible buffer
using molecular weight cut-off (MWCO) ultraltration (UF)
prior to MS analysis.15 However, several issues exist with the
type of sample pre-treatment process. (1) UF of several samples
requires considerable labor and time, and UF columns are
expensive; (2) protein loss and aggregation occurs during
UF;18,19 (3) when the target protein undergoes an auto-reaction,
modications may occur during UF, which prevents accurate
MS analysis.

A trap column of nano-LC was developed to reduce the time
and pressure required to load a large quantity of sample (2–5
RSC Adv., 2022, 12, 15643–15651 | 15643
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mL) at a low ow rate.20,21 For example, nano-LC without a trap
column requires 16 min to load a 5 mL sample onto an analytical
column at a ow rate of 0.3 mL min�1. Because the pressure in
the analytical column is critical, it is not preferable to increase
the ow rate or shorten the loading time. To resolve this issue,
a trap column with a wider diameter than that of commonly
used analytical columns was developed. The trap column-
installed nano-LC concentrated the sample at a higher ow
rate (5 mL min�1) and then introduced it to the analytical
column, resulting in a reduction in sample loading time from
16 to 1 min. Salt removal from the sample followed the trapping
process, which was performed automatically using a trap
column. The trap column was also used with other analytical
columns for nano liquid chromatography-mass spectrometry
(LC-MS) analysis.22–24 For example, a capillary-scale monolithic
trap column has been used for one- or two-dimensional sepa-
ration of peptide or protein samples using desalting and pre-
concentration as pretreatment steps.25 However, to the best of
our knowledge, no studies have reported the use of a trap
column to identify the intact mass of a protein. Based on the
trap column characteristics that enabled both sample concen-
tration and salt removal, we hypothesized that the labor- and
time-intensive UF-based buffer exchange process may be
omitted using a trap column in nano-LC, thereby shortening the
time required for protein size determination. Moreover, it was
expected that protein aggregation and loss during the UF
process19 would be minimized.

In this study, intact protein identication was conducted by
measuring the MW of proteins using a trap column without
pretreatment. First, we compare three MS analysis methods
with or without a pretreatment step using bovine serum
albumin (BSA) as a model protein. This protein is easily avail-
able and information on its amino acid sequence for calculating
the theoretical MW is known. The trap column-based method is
then applied to verify the MW of commercially available protein
Fig. 1 Schematic diagram of the conventional sample preparation meth

15644 | RSC Adv., 2022, 12, 15643–15651
sample with a known sequence. Subsequently, sequence of
a recombinant protein, which was expressed from cells and
puried, was resolved in a purication or storage buffer (Fig. 1).
Results and discussion
Intact MS analysis without pretreatment

The MW of BSA dissolved in 1 M PBS was measured without
pretreatment (Fig. 2A). As expected, the identication of
proteins based on the deconvolution result was difficult
because the signal-to-noise ratio (S/N) was low owing to the
formation of salt adductions (Fig. 2C). Therefore, 0.1% formic
acid was added to the protein sample, which was reported to
increase the ionization efficiency of a protein sample by
supplying proton ions as adducts to the sample via an acid–base
reaction. Moreover, formic acid lowered the pH of the protein,
which caused protein denaturation, and thereby provided the
space for the attachment of proton ions to the protein. Thus,
a low concentration of formic acid is typically added to a protein
sample to obtain a clear MS peak.26,27 When 0.1% formic acid
was added to the sample and MS analysis of the sample was
performed without pretreatment, protein identication was
also difficult. However, a slightly higher S/N than that of the
sample without formic acid was observed (Fig. 2B). Hence, since
it was difficult to measure the MW of the protein without
pretreatment, a simple and effective sample pretreatment step
was required for desalting the protein sample.
Intact MS analysis aer desalting using ultraltration

Widely known desalting methods for protein pretreatment prior
to MS analysis include precipitation, 2D GELErEE and UF.15,28,29

Precipitation and 2D GELFrEE are used when a large number of
proteins are present in the sample. Whereas, UF is used when
the sample is initially puried and has a low complexity, that is,
1–5 proteins exist in the sample. Desalting using UF has
od using UF filter (A) or trap column (B).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 BSA intact protein MS analysis without desalting. (A) Schematic diagram of the direct infusion without desalting, (B) MS spectrum and
deconvolution results of BSA sample dissolved in 1 M PBS with 0.1% formic acid, (C) MS spectrum and deconvolution results of BSA sample
dissolved in 1 M PBS.
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traditionally been performed because the UF lter column is
easily available and facilitates the exchange of salt-containing
buffer with the MS compatible volatile buffer. In this study,
we aimed to analyze puried proteins rather than whole
proteins that contain several proteins, such as cellular and
organ protein extracts. Therefore, UF-based desalting was per-
formed and the results were compared with those of trap-
column-based pretreatment. The BSA sample was dissolved in
1 M PBS and centrifuged using a 3K MWCO UF column for
10 min. Subsequently, the buffer was exchanged three times
every 15 min using a 10 mM ammonium bicarbonate solution;
then, the buffer was exchanged three times every 15 min using
a 2.5 mM ammonium bicarbonate solution (Fig. 3A). Subse-
quently, the sample was diluted to 50 ng mL�1 with a 0.1%
formic acid aqueous solution and injected into the MS instru-
ment to analyze the native form of the protein. It was conrmed
that the UF treatment step removed the salt, compared to the
sample without UF (Fig. 3B). Moreover, the MS spectrum and
deconvolution results of the sample aer UF treatment showed
a high S/N and high spectral resolution. Subsequently, the
protein samples were denatured by dilution with 0.1% formic
acid in 50% acetonitrile. The S/N was higher than that of the
native form of the protein, and the MW of the protein was
accurately determined from the MS peak aer deconvolution,
which conrmed the efficacy of the UF treatment (Fig. 3C).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Nonetheless, the UF process required 1.5–2 h, and the buffer-
exchange procedure every 10–15 min is labor-intensive. More-
over, the amount of sample decreased during the UF treatment.
Intact MS analysis using an analytical column

To decrease the sample loss caused by UF treatment, and reduce
the laborious pretreatment step, an analytical C4 column was
directly connected to the MS instrument, and the sample was
injected into the column. Subsequently, the protein MW was
analyzed without any intermediate process (Fig. 4A). First,
desalting was conducted using an analytical column instead of
UF. Next, 2 mL of the sample was injected into the column and
100% ow of mobile phase A (0.1% formic acid in water) was
applied for 10 min to trap and desalt the protein in the column.
Subsequently, 50% of mobile phase A and 50% of mobile phase
B (0.1% formic acid in acetonitrile) was owed for 20 min to
analyze the MW of the trapped protein in the denatured form
using MS. It was observed that the protein MW was accurately
measured and the value was similar to the expected MW, which
was calculated based on the amino acid sequence of BSA
(Fig. 4B). Furthermore, the S/N was higher than that of UF-
treated protein peaks. No need for a separate pretreatment
step was identied, since pretreatment was conducted auto-
matically according to the LC method, resulting in a simplied
RSC Adv., 2022, 12, 15643–15651 | 15645
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Fig. 3 Conventional MS sample preparation process using 3 K MWCO UF. (A) BSA in 1 M PBS was treated using 10 mM ammonium bicarbonate
followed by using 2.5 mM ammonium bicarbonate. (B) MS spectrum and deconvolution results of BSA sample in 1 M PBS after UF buffer
exchange. Final sample was diluted using 0.1% formic acid in water. (C) MS spectrum and deconvolution results of BSA 1 M PBS after UF buffer
exchange. Final sample was diluted using 50% acetonitrile and 0.1% formic acid in water.
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procedure with a reduced analysis time (by more than 30 min).
Therefore, these results indicate that a similar analytical result
was obtained with less labor and time, using the analytical
column-based method compared with the UF-based method.
However, because the analytical column for nano-LC was
designed to separate proteins from trap proteins, the length of
the column was long (150–250 mm) and the inner diameter (ID)
Fig. 4 Sample preparation method using analytical column. (A) Schemat
and deconvolution results of BSA sample in 1 M PBS using analytical col

15646 | RSC Adv., 2022, 12, 15643–15651
was narrow (<75 mm), which resulted in blockages caused by
contaminants and salts in the sample without pretreatment.30,31

In particular, because the sample had a high MW of intact
proteins that could aggregate, the frit of the column, which had
a narrow ID, was easily blocked. Consequently, 30 min was
required to allow the solvent to ow and eliminate the salt.
ic diagram of sample analysis using analytical column (B) MS spectrum
umn.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Intact MS analysis using a trap column

A trap column, which is located ahead of the analytical column,
is typically used to concentrate a small amount of the sample to
reduce the sample loading time and minimize peak broad-
ening.32,33 Moreover, the salt in the sample is eliminated during
the trapping process using a trap column (Fig. 5A). Because the
trap column is located before the fork that separates the waste
line, TEE, and analysis line, it is possible to control whether the
sample enters the waste line or analysis line using the LC
method (Fig. 5B). The proteins in the sample were trapped when
the sample was injected into a trap column. Subsequently, the
protein sample was concentrated and desalted, aer which
mobile phase A was owed to the waste line for 15 min at a ow
rate of 5 mL min�1, followed by MS analysis. MS analysis was
conducted by owing 50% mobile phase A and 50% mobile
phase B for 5 min into the nanoline at a relatively low ow rate
(1 mL min�1). In addition, because the trap column had a larger
ID (150 mm) and shorter length (20 mm) than the analytical
column (ID: 75 mm; length: 150 mm), it was washed at a ow
rate that was ve times faster compared with the ow rate used
to wash the analytical column. This resulted in a reduced
analysis time and the risk of column blockages was avoided.

Based on these advantages, BSA in PBS was analyze using the
developed trap column-based method. The analysis was per-
formed within 20 min, and the base peak intensity was 9.26 �
107, which was 3.42-fold higher than that of the UF-treated
sample (2.70 � 107) and 1.5-fold higher than that of the
analytical column-treated sample (6.12 � 107) (Fig. 5C and D).
The average mass value (66 427 Da) was similar to that of
Fig. 5 Intact proteinmass analysis using a trap column. (A) Schematic dia
samples were removed to waste line. The waste line was blocked and the
results of BSA sample in 1 M PBS after trapping. (D) MS spectrum and deco

© 2022 The Author(s). Published by the Royal Society of Chemistry
commercial BSA (66 430–66 462 Da) as well as the theoretical
MW of BSA, which was calculated based on its amino acid
sequence (Uniprot sequence P02769: 66 432 Da, PDB sequences
4F5S and 3V03: 66 462 Da). When we conrmed the back-
pressure values aer each analysis and compared the process-
ing time with that of the analytical column-based method,
approximately no time was required for washing and regener-
ation of the trap column, which indicate that the risk of column
blockage was signicantly lower than that of the analytical
column. Additionally, we dissolved BSA using elution buffer for
Ni-NTA affinity tag purication (50 mM NaH2PO4, 300 mM
NaCl, 500 mM imidazole) and identied the protein using the
trap column-based method. It was observed that the salt caused
equipment damage and blocked the spray tip, which should be
eliminated before the sample entered the MS. Subsequently,
during trap column-based MS analysis, the sample was washed
at a fast ow rate, salt was removed, and protein analysis was
achieved within 20 min without buffer exchange.

Aer comparing the three methods using BSA, we further
veried the efficacy of the trap column method by applying the
method for the accurate MW determination of two recombinant
proteins: commercial human tumor necrosis factor alpha
(TNFa) and lab-synthesized tyrosinase. First, a commercial
TNFa, whose amino acid sequence is known, was analyzed
using the trapping method (Fig. 6A–C). Consequently, when the
TNFa was dissolved in PBS and no pretreatment step was con-
ducted, it was difficult to determine the MW by MS analysis.
Furthermore, when TNFa was dissolved in a high concentration
of salt-containing protein elution buffer and no pretreatment
gram of trappingmethod. (B) During the trapping procedure, salts in the
analysis was completed in 5 min. (C) MS spectrum and deconvolution
nvolution results of BSA sample in Ni-NTA elution buffer after trapping.

RSC Adv., 2022, 12, 15643–15651 | 15647
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Fig. 6 MS spectrum and deconvolution results of commercial recombinant TNFa (A–C) and expressed recombinant tyrosinase (D–F). (A) and (D)
shows the analysis of proteins in 1 M PBSwithout pretreatment. (B) and (E) shows the analysis of proteins in 1 M PBSwith trap-columnmethod. (C)
and (F) shows the MS spectrum and deconvolution results of BSA sample in Ni-NTA elution buffer after trapping.

Table 1 Deconvolution mass of TNFa protein

Solvent
Deconvolution
mass (Da)

50 mM Tris–HCl 17 351
100 mM Tris–HCl 17 351
200 mM Tris–HCl 17351.2
1 M Tris–HCl 17 351
PBS 17 351
PBS with 10% glycerol 17351.2
PBS with 20% glycerol 17351.2
PBS with 30% glycerol 17351.2
PBS with 40% glycerol 17351.4
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step was conducted, the emitter tip was blocked and MS anal-
ysis was impossible. However, when the trap column method
was used, the MW of TNFa dissolved in PBS or the protein
elution buffer was clearly determined within 20 min. Since the
protein was expressed in bacteria (E. coli), two peaks could be
present in the mass spectrum, which indicate whether the N-
terminal methionine (start codon) exists or falls when methio-
nine aminopeptidase is operational.34 Accordingly, the calcu-
lated mass values of TNFa were 17 483 Da (without methionine
cleavage) and 17 352 Da (with methionine cleavage), respec-
tively. The MS results showed that the MW of TNFa was
different (�1 Da) compared with that of the expected value
(17 352 Da). When the analysis was conducted with 0.2 Da
resolution using TNFa dissolved in Tris–HCl or PBS with glyc-
erol, the deconvolution mass was almost the same as the ex-
pected mass, which indicated that the present method is
applicable to the analysis of proteins stored in commonly used
protein storage buffers (Table 1 and ESI Fig. 2 and 3†).
15648 | RSC Adv., 2022, 12, 15643–15651
Subsequently, tyrosinase was analyzed, which is a self-
reactive protein. As the enzyme can actively react if its concen-
tration increases during UF, the pretreatment of the enzyme
using UF is not suitable (Fig. 6D–F). Tyrosinase was expressed in
PBS with 50% glycerol 17351.2

© 2022 The Author(s). Published by the Royal Society of Chemistry
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E. coli and puried using Ni-NTA affinity chromatography with
a universal elution buffer (50 mM NaH2PO4, 300 mM NaCl,
500 mM imidazole), which contained the maximum salt
concentration among the protein solvents. Subsequently, the
MW was directly analyzed using the trap column method.
Although protein identication without pretreatment was
difficult, as expected, MW determination was achieved within
20 min using the trap column method, and the MW of the
identied peak corresponded to 31 557 Da, which varied by only
2 Da compared with the expected MW of tyrosinase (31 555 Da).
This result indicates that recombinant proteins, which were
produced using a universal method, such as cellular expression
followed by Ni-NTA purication, may be identied within
20 min without an additional buffer exchange procedure by
applying the trap column method, even at a high salt concen-
tration in the buffer. Moreover, it was possible to accurately
determine the MW of a protein, using a small amount of sample
(100 ng), which was comparable to the traditional protein size
evaluation method, SDS-PAGE, followed by Coomassie brilliant
blue (CBB) staining or silver staining, which has a protein
detection range of 100 ng and 1 ng, respectively.35,36

Conclusions

In this study, a method was developed for the rapid determi-
nation of protein MW within 20 min using a nano-LC-MS
coupled with a trap column. Compared to the traditional
method, this process did not use any pretreatment step, which
typically requires more than 1 h for sample pretreatment using
UF, or compared to the analytical column-based method, which
requires 30 min and has a high risk of blockage. Moreover, the
trap column-based method showed a higher base peak intensity
than the UF-based and analytical column-based methods,
indicating that a high sensitivity and small sample quantity of
approximately 100 ng may be used to achieve an accurate
protein MS. Because this trap column-based protein identi-
cation method is simple, rapid, and accurate, we propose that it
may be used for MWmeasurement and identication of various
proteins of interest. By combining this method with the frag-
mentation procedure and bottom-up peptide sequencing, such
as in-solution digestion, lter aid sample preparation (FASP),
and S-trap, convenient and accurate MW measurement of
a protein and protein sequencing may be conducted.

Experimental section
Materials

Bovine serum albumin (Cat. no. BSAS 0.1) was obtained from
Bovogen (Keilor East, Australia). Recombinant human TNFa
(Cat. no. 10602-HNAE) was obtained from Sino Biological (Bei-
jing, China). UF column (MWKO 3K, Cat. no. UFC500396) was
obtained from Millipore (Burlington, MA). PBS was obtained
from Biosesang (Seoul, Korea). LC-MS grade acetonitrile, water,
and methanol were obtained from Duksan (Seoul, Korea). LC-
MS grade formic acid was obtained from Sigma Aldrich (St
Louis, MO). Emitter tip (Cat. no. 186003916, pre-cut pico tip
emitter 360 mm OD � 20 ID mm 10 mm tip), ACQUITY UPLC M-
© 2022 The Author(s). Published by the Royal Society of Chemistry
Class Symmetry C18 trap column (Cat. no. 186008821, 100 A, 5
mm, 180 mm � 20 mm), C4 analytical column (Cat. no.
186004639, 1.7 mm BEH 300 C4 75 mm � 100 mm), and LC with
ACQUITY UPLC M-Class System, composed by Trap Valve
Manager, mSample Manager–FL, and mBinary Solvent Manager
Module, Mass spectrometry Xevo G2-XS Q-tof were obtained
from Waters Corporation (Milford, MA).

Protein sample preparation

A 50 ng mL�1 BSA solution was prepared by dissolving 2.5 mg of
BSA in 50 mL of PBS, PBS with 0.1% formic acid, or Ni-NTA
elution buffer (50 mM NaH2PO4, 300 mM NaCl, 500 mM imid-
azole, pH 8.0). Desalting using a UF column was performed as
follows: 100 mL of 5 mg mL�1 BSA in PBS was loaded onto a 3K
MWCO UF column, and the buffer was exchanged with 350 mL
of 10 mM ammonium bicarbonate solution three times, fol-
lowed by three buffer exchanges using 350 mL of 2.5 mM
ammonium bicarbonate solution. Aer desalting using the UF
column, the concentration of the protein was determined using
a nanodrop, and the protein was diluted to 50 ng mL�1 using
0.1% formic acid in water or 0.1% formic acid in 50% aceto-
nitrile. Commercially available puried recombinant TNFa
protein was dissolved in 1 M PBS or Ni-NTA elution buffer and
directly injected into the trap column. The expression and
purication of recombinant tyrosinase were performed
according to the method described by our group.37 The
concentration of the puried tyrosine was determined using
a nanodrop.38 Half of the protein content in the elution buffer
was directly used for analysis, and the remaining half was used
for buffer exchange using the UF column.

LC-MS analysis

5 mL of sample loop was used for nanoinjection, and the details
of the capillary tube connection are summarized in ESI Fig. 1.†
The lines were replaced according to each analysis method with
the use of different tube connecting methods as follows: (1)
direct injection without column: mSample Manager–FL and
total recovery vial (186000385c) was used for loading the
sample, because the mSample Manager–FL is suitable for
handling a small sample volume below 5 mL and reducing
sample loss. LC analysis was performed using the Direct injec-
tion mode (Masslynx), and the analytical gradient was solvent A
(50%) and solvent B (50%) for 10 min. MS was scanned at a rate
of 2 Hz from 500 to 4000 m/z. (2) Analysis aer analytical
column-based pretreatment: the method was the same as in (1),
except that line 2 was changed to the 186004639 BEH C4
column. LC analysis was performed using the Direct injection
mode (Masslynx). The analytical gradient was 100% solvent A (1
mL min�1) for 10 min, followed by solvent A (50%) and solvent B
(50%) for 20 min. MS was scanned at a rate of 2 Hz from 200 to
4000 m/z. (3) Analysis using a trap column: the method was the
same as in (1), except that line 1 was changed to a 186008821
trap column. LC analysis was performed in Trapping mode
(Masslynx). The trapping gradient table consisted of 99%
solvent A (5 mL min�1) and 1% solvent B for 15 min. The
analytical gradient was 50% solvent A (1 mL min�1) and 50%
RSC Adv., 2022, 12, 15643–15651 | 15649
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solvent B for 5 min. MS was scanned at a rate of 2 Hz from 200 to
4000 m/z.

Solvent A, solvent B, strong needle wash solution, seal wash
solution, and weak needle wash solution contained 0.1% formic
acid in water, acetonitrile with 0.1% formic acid, acetonitrile
with 0.1% formic acid, 10% acetonitrile, and 3% acetonitrile
with 0.1% TFA, respectively. A Nanoow TM ESI source,
universal nanosprayer with a pre-cut pico tip emitter (360 mm
OD � 20 ID mm, 10 mm tip) was used as the ionization source.
Tuning was performed using the MS tune parameter (Glu-
brinopeptide B, 785.842 m/z, +2 charge state). The details
regarding the LC and MS methods of the MSlynx program and
each parameter are described in the ESI.† Data processing was
performed using MassLynx and MaxEnt 1 deconvolution so-
ware using the following parameters: Damage model; uniform
Gaussian width at half-height: 0.75 Da; minimum intensity
ratios: le ¼ 33%, right ¼ 33%; output mass resolution: 1 Da
per channel; output mass range of TNFa: 10–20 kDa; output
mass range of BSA: 60–70 kDa; output mass range of tyrosinase:
25–35 kDa.
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