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The bottom-up strategy for proteome analysis typically employs a multistep sample preparation workt1ow that suffers from being 
time-consuming and sample loss or contamination caused by the off-line manual operation. Herein, we developed a hollow fibre 
membrane (HFM)-aid巳d fully automated sample treatment (FAST) method. Due to the confinement effects of HFMs and the 
immobilized enzymatic reactor, the proteome samples could be denatured, redllced, desalted and digested within 8- 20 min via 

the one-stop service. This method also showed superiority in trace sample analysis. In one and half hou邸， we could identify 
about 1,600 protein groups for 500 HeLa cells as the starting materials, 1.5- 8 times more than those obtained by previously 
reported methods. Through the on-line combination of FAST with nano-liquid chromatography-electrospray ionization tandem 
mass spectrometry (nanoLC-ESI-MSIMS), we further established a fu lly integrated platform for label-free quantification of 
proteome with high reproducibility and precision. Collectively, FAST presented here represents a m勾01' advance in the high 
throllghput sample treatment and qllantitative analysis of proteomes. 

proteomics, fully automated sample treatment, hollow fibre membrane, immobilized enzymatic rcactor, label-free 
quantification 

Citatìon: Yuan H, Oai Z, Zhang X, Zhao 白， Chu H, Zhang L, Zhang Y. Fully aUlomalcd sample IrC副mcnl melhod for high Ihrollghplll prOlcomc analysis. $ci 
China Chem, 2021 , 64: 313-321 , hIlPS:lldoi.orgfl 0. 1 007/sI 1426-020.9878.8 

1 Introduction 

Currently, the bottom-up strategy is widely used for pro­
teome profiling [1-3]. By conventional protocols, mu1ti-step 
off-line samp1e preparation, including denaturation, reduc­
tion, alkylation, digestion and desalting, has become one of 
the main bottlenecks that might affect the accuracy, preci­
sion, sensitivity and throughput of proteome analysis. 
Therefore, considerable efforts have been made to improve 
the sample preparation efficiency [4--6]. 

Till now, the most popular method is filter-aided sample 

'Corresponding aUlhors (email: huimingyuan@dicp.ac.cn;lihuamang@dicp.ac.cn) 

preparation (FASP) by which the removal of low-molecular 
weight interfering substances, protein reduction, alkylation 
and digestion are performed in a single ultra-filtration device 
[7-10]. However, it takes approximately 1-1.5 days to 
complete the entire process. Furthermore, to further accer­
alate the proteins extraction, sample preparation by easy 
extraction and digestion (SPEED) was developed, which 
consists of three mandatory steps, acidification, neutraliza­
tion and digestion [11]. However, since traditional in-solu­
tion digestion was employed in this protocol, it still requires 
more than 20 h to complete the whole sample preparation. 
Recently, in-situ sample processing techniques such as the 
nanodroplet processing platform (nanoPOTS) [12-1 巧， sin-



314 Yuan et al. Sci China Chem Feb:ruary (2021) Vol.64 NO.2 

gle-pot solid-phase-enhanced sample preparation (SP3) [1 6-
18] and the integrated proteome analysis device (iPAD) 
[19,20] have been developed to accelerate the treatment of 
proteomic samples through enhancing the collision possibi­
lity of reactive molecules in a micro-scale chamber or on 
beads, which enable the preparation of sub-nanogram bio­
logical materials in 1-18 h. Furthermore, in-Stage Tip di­
gestion (iST) [21-23] and simple and integrated spin tip­
based proteomics technology (SISPROT) [24- 26] have also 
been developed, by which protein concentration, reduction, 
alkylation, clean-up and digestion can be completed in tips 
within 2-6 h. However, the above-mentioned methods are 
difficult to online integrate with LC-ESIIMSIMS to achieve 
automated proteome quantitation, which might a仔ect the 
quantitation accuracy, precision, coverage and throughput, 
especially for label-fr巳e quantification. 

Herein, we developed a fully automated sample treatment 
(FAST) method to achieve a "one-stop" proteomic sample 
preparation with an on-line combination of protein dena­
turation and reduction at 90 oc within a hollow fibre mem­
brane interface (HFMT), desalting by the second HFMT, and 
digestion by an inorganic-organic hybrid silica monolith­
based immobilized enzymatic microreactor (l如伍R). Not 
only was the sample preparation time greatly shortened to 
within 20 min, but the required sample amount was also 
decreased to 20 ng. Importantly, FAST could be integrated 
with a nano-LC-ESIfMS/MS system to achieve large-scale 
label-企ee-based proteome quantification. 

2 Materials and methods 

2.1 Reagents 

Myoglobin (horse heart, Myo), trypsin (bovine pancreas) and 
transferrin (bovine, Tret) were purchased from Sigma 
(USA). Bovine serum albumin (BSA) was obtained from 
Sino-American Biotechnology (China). HPLC-grade acet­
onitrile (ACN) was purchased from Merck (Germany). Tet­
rathoxysilane (TEOS, 95%), 3-amino-propyltriethoxysilane 
(ATPES, 99%) and sodium cyanoborohydride were pur­
chased from Acros Organics (Geel, Belgium).α-Cyan斗，
hydroxycinnamic acid (CHCA) and sinapinic acid (SA) were 
purchased from Bruker Daltonik (Germany). Rabbit poly­
clonal antibodies to SSB and RNPS 1 were purchased from 
GeneTex Company (USA). 

Water was purified using a Milli-Q system (Millipore, 
USA). AII other chemicals and solvents were of analytical 
grade. 

2.2 Cell culture and metabolic labeling 

HeLa cells were cultured in minimum essential medium 
仙1EM) containing 10% (v/ v) foetal bovine serumσBS) and 

were maintained in 95% humidified air and 5% CO2 atmo­
sphere at 37 oC. The celllines MHCC97H and MHCC97L, 
which are hepatocellular carcinoma (HCC) cells with high 
and low metastatic potential, respectively, were maintained 
in Dulbecco's modified Eagle's medium (DMEM) with 10% 
(v/ v) FBS, and penicillinlstreptomycin, and left at 37 oC in a 
humidified atmosphere of 5% CO2. The adherent cell layer 
was washed with PBS and then harvested by treatment with 
。 ..05% trypsin-EDTA solution for 5 min at 37 oC. After cell 
counting, the cells were centrifuged at 250xg for 5 min to 
remove trypsin and then washed 3 times with PBS. 

A549 cells were labelled using stable isotope labeling with 
amino acids in cell culture (SILAC) media (Thermo, USA) at 
37 oC with 5% CO2. For the "medium" labelling media, L­
Iysin巳- and L-arginine-depleted SILAC RPMI 1640 media 
were supplemented with [4人5，5-D4] L-lysine (100μg!mL) 
and [13C6] L-arginine (100μg1mL)， 10% dialyzed FBS, and 
1% penicillinlstreptomycin mixture. For the "heavy" label­
ing media, only [4人5，5-D4] L-Iysine and [I3C6] L-arginine 
were replaced with [1 3C6, 15 N2] L-Iysine and [13C6, 
15N4] L-arginine. The STLAC-Iabelled cells were cultured in 
SILAC meida for at least six doubling times to ensure the 
complete incorporation of the isotope amino acids. 

2.3 Protein extraction 

The HeLa cells (1 x 107
) were divided into two portions, and 

then Iysed with 8 M urea containing 0.2% NP-40 and 
C121m-Cl containing 50 mM NH4HC03 (pH 8.0), according 
to previous protoco1s [27,28], followed by ultrasonication for 
180 s at 130 W and centrifugation at 20 ,000xg for 20 min. 
The supernatant was collected, and the protein concentration 
was determined using a BCA assay. 

Proteins were extracted from SILAC-Iabelled A549 cells 
and the hepatocellular carcinoma (HCC) cells with high and 
low metastatic potentials (MHCC97H/L) according to the 
above-mentioned protocol. In brief, the grown cells were 
s1!.lspended in the extraction buffer composed of 8 M urea 
and 50 mM NH4HC03 (pH 8.0) with subsequent ul tra­
sonication for 180 s at 130 W and centrifugation at 
20,000xg for 20 min. Th巳 supernatants were collected as 
the soluble fraction of the extracted whole ceJl Iysate pro­
teins, and the protein concentration was determin巳d by 
BCA assay. 

We employed the cell sorter (SH800S, Sony, Japan) to 
djrectly isolate 100 or 500 HeLa cells into 0.2 mL skirted 96-
well PCR plates (Thermo Scientific, UK). After cell col­
lection, the 96-well PCR plates were directly submitted for 
protein exaction. The cells were first incubated with 2μL 
NP-40 (1%, w/v, Beyotime) for 15 min. A位er the addition of 
2μL urea (8 M), the cell Iysates were then heated at 95 OC 
for 30 min. Finally, the supernatant was collected after cen­
trifugation at 20,000xg for 20 min. 
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2.4 Hollow fibre membrane interface 

The hollow fibre membrane interface (HFMI) was prepared 
according to the following procedures. The PEG coating of 
fused silica capillaries (90μm i.d.x 180μm o.d. x 5 cm 
length, Zhengzhou Innosep 8iosciences Co,. Ltd, China) was 
inserted into a 200μm-i.d. hollow fibre. membrane (mole­
cular cut-off weight of 3,000 Da, donated by Professor 
Jiuyang Zhao at the Second Affiliated Hospital of Dalian 
Medical University) and two pieces of peek tubes (250μm 
i.d.). Then, they were threaded through qua口z tubes and 
fixed together with two unions. Finally, two holes were 
drilled on opposite sides of the quartz tube to introduce re­
action buffers or an exchange buffer. 

2.5 Organic-inorganic hybrid silica monolith-based 
mícroreacfor 

The organic-inorganic hybrid silica monolith-based im­
mobilized trypsin microreactor (IMER) was prepared ac­
cording to our pr巳vious procedure [29). ln brief, the 
capillary with an inner diameter of250μm was filled with a 
polymerization solution containing TEOS (112μL)， 

APTES (118μL)， anhydrous ethanol (215μL)， cetyl­
trimethyl ammonium bromide (8 mg) and water (32μL). 
Then, the capillary was placed into a 40 oC water bath for 
24 h to form an organic-inorganic monolith. Subsequently, 
the monolithic support was activated by flushing a solution 
of 10% (v/v) glutaraldehyde for 6 h at room temperature. 
Next, 2 mg/mL trypsin dissolved in 100 mM phosphate 
buffer (pH 8.0) containing 50 mM benzamidine, and 
5 mg/mL sodium cyanoborohydride was pumped con­
tinuously for 24 h at 4 oC to immobilize trypsin. After this, 
the microreactor was purged with 1 M Tris-HCI (pH 8.0) 
and 20% acetonitrile (ACN) (v/v) for 4 h. Then, the mi­
croreactor was filled with 0.02% (w/v) NaN3 solution and 
stored at 4 oC before use. 

2.6 On-Iine protein pre-treatment by FAST 

2.6.1 Stαndαrd proteins 
With a flow rate of 5μLlmin， 130μg!mL protein mixture 
(50μg!mL myoglobin, 50μg!mL transferrin, 30μg!mL 

8SA) was pumped through the first HFMI (0.2 mm i.d 
x80 mm), placed into a 90 0 C heater with 6 M guanidine 
hydrochloride containing 50 mM dithiothreitol (DTT) as 
reaction buffers, and then passed through the second HF1\但
(0.2 mm i.d. x40 mm) with 20 mM ammonium bicarbonate 
(pH 8.0) as an exchange buffer at a flow rate of3 mLlmin for 
desalting. This was followed by on-line digestion by an 
队ÆER (0.25 mm i.d. x50 mm) at ambient temperature with a 
flow rate of about 1μL/min. The digests were collected, and 
l μL of the collected peptides was directly deposited on a 

MALDI plate for further analysis. After each sample pre­
paration, 50 mM A8C containing 50% ACN (v/v) was 
pumped into FAST for system clean-up for 10 min. 

2.6.2 HeLa celllysates 

A total of 0.1 mg!mL HeLa cell Iysates (8 M urea) were 
pumped directly into the FAST, and the experimental con­
ditions were the same as those for standard proteins. A total 
of 20μL of digests were collected, and 500 ng peptides 
(5μL) were analysed by a nano-Iiquid chromatography­
electrospray ionization-tandem mass spectrometry system 
(nano-LC-ESI/MSIMS). 

For 100 and 500 HeLa cells, no more than 5μL cell Iysates 
were i叮ected into the FAST and pretreated with the same 
experimental conditions as those described above. The re­
sulting peptides were then captured by a C18 precolumn 
(0.15 mm i.d. x20 mm, 120 Á) and analysed by nano-LC­
ESI岛1S/MS.

2.6.3 HCC cells with high and low metastatic potentials 

F or label-free quantification, the same aliquots of protein 
extracts from the 1\在HCC97H and MHCC97L celllines were 
processed by the FAST with the same conditions as those 
described for the HeLa cell Iysates. The resulting p伊e叩pμ川tide臼s 
with t仙h巳 same quantiti 巳臼s (each s臼ampμl巳眩: 500 ngω) were direc创叫tl抄y 
analysed by the na旧anoωo-LC巳εSlνIMS/MS sy严st忧巳m.

The whole analysis process consisted of three steps. At 
step 1, the valve 1 was at Position A (3-4 conn巳cted)， and 
500 ng (5μL) from cell Iysates was firstly introduced into 
FAST dcvicc, and pcrformcd in sequcncc protcin denatura­
tion and reduction (3 min), desalting (2 min) and prot巳m
digestion (3 min), and then the protein digests were capωred 
by a sample-Ioop (50μL) on the valve 1. After that, to ensure 
all samples could enter into the subsequent nanoLC-MS 
system for analysis, additional 50 mM A8C (1 2μL， about 
12 min) was pumped into FAST, and the residuals were 
collected by the same sample loop. At step 2, after valve 1 
switch (Positon 8 , 1-6 connected), the sample loop was 
conn巳cted with LC system, and the protein digests were then 
tlushed into the CI8 precolumn, followed by LC-MS加1S

analysis. At step 3, after each sample preparation, 50 mM 
A8C containing 50% ACN (v/v) was pumped into FAST for 
system clean-up for 10 min. 

2.6.4 The cartyover evaluation 

The carryover of proteins/peptides on the FAST was eval­
uated by the following steps. The light and heavy SILAC­
labelled proteins from A549 (60μg/mL) were in sequence 
pumped into the FAST at a flow rate of 5μL/min for 
20 min. The light fraction was discarded, whereas the heavy 
fraction was collected and su同ected to nano-LC-MS/MS 
analysis. 

INNOSEP
高亮

INNOSEP
高亮
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2.7 In-solution sample preparation 

For comparison, the same aliquots of the 3-protein mix阳re

were processed by the conventional in-solution protocol 
described elsewhere [28]. ln brief, Myoglobin, BSA and 
Transferrin were first denatured in 20 mM NH4HC03 buffer 
(pH 8.0) containing 8 M urea for 1 h in a 37 oC water bath, 
and then reduc巳d by 20μM DTT at 56 oC for 1.5 h. After 
being cooled to rool11 temperaωre， 40μM iodoacetamide 
(IAA) was added to the solution and reacted at room tem­
peraωre in the dark for 40 min, followed by dilution with 
20 mM NH4HC03 (pH 8.0) until the final concentration of 
myoglobin, BSA and transferrin was 50, 30 and 50μg1mL， 

respectively. The in-solution digestion of proteins was per­
formed by adding trypsin to 0.13 mg!mL protein solution 
with a substrate-to-enzyme ratio of 25: 1 (m/m). The solution 
was incubated at 37 oC for 24 h, and the digests were stored 
at -20 oC before use. 

For HeLa cell Iysate (CI21m-CI), 100μg protems were 
transferred to a filter device (mol巳cular cut-off weight of 
10,000 Da). Proteins were denatured and reduced with 
100 mM DTT at 95 oC for 5 min and washed with 8 M urea 
in 50 mM NH4HC03• Subsequently, proteins were su怜jected
to alkylation with 20 mM IAA containing 8 M urea in 
50 mM NH4HC03 in the dark at the room temperaωre for 
20 min, followed by centrifugation at 14,000xg for 15 min. 
Then, the proteins were washed three times with 50 mM 
NH4HC03. Finally, proteins were digested with a trypsinl 
protein ratio (m/m) of 1 :25 at 37 oC for 12 h, and the peptides 
were collected by centrifugation at 14,000xg for 15 min. 

2.8 Nano-LC MS/MS analysis 

For 500-cell, H巳La cell, MHCC97H and l\征-ICC97L cell 
sample analysis, the peptides were separated by a C 18 ca­
pillary colul11n (150μm i.d. xl50 mm, 1.9μm， 120 Ã) at a 
flow rate of 600 nLlmin. The mobile phases included H20 
containing 2% ACN and 0.1 % formic acid (A) and ACN 
containing 80% ACN and 0.1% formic acid (B). For the 
separation of HeLa cell digests, the Iinear gradients were set 
as follows: 9% (0 min)• 25% (34 min) • 50% (76 min) 
• 95% (77min)• 95% (80 min). For the separation of pro­
tein digests from the f\，仔1"CC97H and 沁仔1"CC97L cells, the 
linear gradients were set as follows: 9% (0 min)• 25% 
(90 min) • 50% (110min)• 95% (115 min)• 95% 
(120 min). After each nano-RPLC separation, the column 
was equilibrated with the initial mobile phase for 20 min. 

Lumos Fusion mass spectrometer (Thermo Fisher, USA) 
was hyphenated with an EASY二nLC 1200 LC system for 
protein identification. Full MS scans were performed in the 
Orbitrap mass analyzer over m/z range of 350-1500 with a 
mass resolution of 60,000. The MS/MS spectra were ac­
quired in data-dependent mode with a Top Speed method 

(3 s). Tandem MS was performed in the ion trap mass ana­
Iyzer using an isolation window of 1.6 Da by quadrupole 
mass analyzer and HCD fragmentation with normalized 
collision energy of 30. The dynamic exclusion time was set 
to 18 s. 

For 100-cell sample analysis, the peptides were separated 
bya CI8 capillary column (75μm i.d. x 150 mm, 1.9 Jlm, 
120 Ã) at a flow rate of 300 nL/min. The mobile phases 
included H20 containing 2% ACN and 0.1 % formic acid (A) 
and ACN containing 98% ACN and 0.1 % formic acid (B). 
The linear gradients were set as follows: 2% (0 min)• 7% 
(0.1 min) • 23% (50.1 min)• 40% (70.1 min)• 80% 
(72.1 min) • 80% (85. 1 min). After each nano-RPLC se­
paration, the column was equilibrated with the initial mobile 
phase for 20 min. 

Q Exactive mass spectrometer (Thermo Fisher) was cou­
pled with an EASY二nLC 1000 LC system for protein iden­
ti fication. The electrospray voltage was set at 2.4 k V and the 
temperaωre of ion transfer capillary was 275 oC. A full MS/ 
MS cycle consisted of one full MS scan (resolution, 70,000; 
automatic gain control (AGC) value, 3é; maximum injection 
time, 60 ms) in profile mode over a mass range between m/z 
300 and 1,800, followed by fragmentation ofthe top 12 most 
intense ions by high energy collisional dissociation (HCD) 
with normalized collision energy at 28% in centroid mode 
(resolution, 17,500; AGC value: 5e5, maximum injection 
time: 200 ms). The dynamic exclusion window was set at 
18 s 

2.9 Data analysis 

The raw data were searched against the Swissport human. 
fasta database (42,164 entries, downloaded on July 27, 2016) 
using the Mascot node integrated within the Proteome Dis­
coverer (PD) so食ware (Version 2.1 SP 1, Thermo Fisher 
Scientific). The precursor and fragment mass toleranc巳swere
set to 10 and 20 ppm, respectively. A maximum of 队IVO

missed cJeavages was allowed for trypsin digestion. Oxida­
tion (M), Acetyl (Protein N-term), Carbamyl (N-term, K) 
and Deamidate (N-term, Q) were set as variable modifica­
tions. For conventional in-solution sample preparation, Cy­
steine carbamidomethylation was set as the fixed 
modification. False discovery rate σDR) of peptide spec­
trum matches (PSMs) and identified peptides were validated 
by the Percolator algorithm at 1 % based on q-values. 

The MaxLFQ algorithm integrated within MaxQuant 
(version 1.5. 1.0) was used for the label-free quantification 
(LFQ) analysis of proteins with default parameters [30,31]. 
The human database and the same maximum miss巳d clea­
vage were set the same as in the PD search. Ox川idat
and acetyl (σProt忧阳e创in N-term) were s 巳创t a岱s the variable mod­
i证币f白íca况川tiol1s. FDR based 011 poster忖ior error probability (PEP) 
wa臼s de创te町m盯m丁ηlIn巳d by searching a reverse database and was set 
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to 0.01 for proteins and peptides. 
Absolute quantification of protein abundances (copy 

numbers) were computed using peptide label-企e巳 quantifi­

cation values, sequence length and molecular weight as de­
scribed before based on a total protein per cell value of J 00 
pg for I-IeLa cells [19,21]. For label-free quantitative analysis 
of proteomes from 协仔fCC97H and l'v仔lCC97L cell lines, 
proteins quantified in all six replicates were processed using 
Benjamini-Hochberg (BH) FDR estimations, and those 
passed the 1 % BH-FDR threshold were retained in the vol­
cano plot. Using two-fold differences as the cutoffs, proteins 
with ratio <0.5 or >2 were considered to exhibit significant 
changes in expression. Violin plots show the kemel density 
distribution of pr吼ein ratio log2 (heavy/light), which is 
plotted using the JMP 10 software. 

3 Results and discussion 

3.1 Development and validation of FAST 

To achieve integrated sample preparation, we designed a 
device based on the FAST method (Figure 1 (a)) by which on­
line protein denaturation and reduction (unit A), buffer ex­
change (unit B) and digestion (unit C) were automatically 
performed. 

In unit A, proteins were propelled through the hollow fibre 
membrane (HFM) with a cut-off molecular weight of 3,000 
Da by a syringe pump at a tlow rate of 5μLlmin (Figure 1 
(b)). The buffer for denaturation and reduction, composed of 
6 M guanidine hydrochloride (GdCL) and 50 mM dithio­
threitol (DTT), was introduced with tangential tlow into the 
HFM by a piezoelectricity pump. Due to the microscale 
confin巳ment effect, intermolecular interactions between 
proteins and reactive molecules were greatly enhanced. Si­
multaneously, the first HFMI was heated to 90 oC to fì.川her
accelerate the denaturation and reduction by avoiding protein 
aggregation. The efficiency of protein denaturation and re­
duction was evaluated with transferrin, a protein with 19 
disulfide bonds. Without treatment, the sequence coverage of 
transferrin digested by IMER was 29%土2% (n=3) (Figure Sl 
(a), Supporting lnformation online). However, after treat­
ment by unit A, the sequence coverage was increased to 65% 
土5% (n=3) (Figure S 1 (b)). Furthermore, the recovery of 
proteins in the first HFMI was calculated as 99% by dividing 
the concentration of HeLa proteins a负er and before they 
entered unit A with BCA assay. The high protein recovery 
could be attributed to the excellent hydrophilicity of the 
cellulose acetate membrane. 

Although by traditional in-solution sample preparation 
protocols, cysteine alkylation after protein reduction is an 
indispensable step, we ignored the cysteine alkylation step in 
FAST system since all sample preparation proc巳dures were 
operated in an enclosed chamber. By FAST, without IAA 

(a) 
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Figurc I The hollow libre membrane-aid巳d fully aulomaled sample 
Irealmenl (FAST) method. (a) Scheme of FAS飞 involving (A) on-l ine 
protein denaturation and 陀duction， (B) bu lTer exchange, and (C) on-col­
umn digeslion. (b) Principle of HFMI (or prOlein denaturation and reduc­
lion. (c) Workflow of FAST for proteomic sample preparation (color 
oIJline). 

alkylation, BSA could be identified with the sequence cov­
erage of 93%, comparable to that (92%) obtained with lAA 
alkylation, as shown in Table S 1 (Supporting Information 
oil1line). 

To avoid inhibition of enzymatic activity by GdCL and 
DTT residuals in the denatured and reduced proteom巳 sam­

p]es, the second HFMI (unit B) was used to replace them 
with 20 mM ammonium bicarbonat巳 (ABC， pH 8.0), which 
were also introduced by forced conv巳ction with a tangential 
flow rate of 3 mLlmin. As shown in Figure S2(a，的， after 
buffer exchange via unit B, transferrin was effectively di… 

gested by IMER with a sequence coverage of 70%土0.5%
(n=匀， demonstrating the high desalting efficiency of the 
second HFMI. 

To prevent the back-pressure gen巳rated by the 胁1ER from 
destroying the pore strucωre of the HFM (maximum 
6.6 MPa), a previously developed IMER [17] with an or­
ganic-inorganic hybrid silica monolith as the support was 
used for unit C by considering the extremely low back 
pressure provided (< 1 MPa even with a sample tlow rate of 
5μLlmin). Furthermore, the high enzyme/substrate ratio in a 
limited volume could enhance the effective collision prob­
ability of the protein and enzyme molecules, thereby en­
abling fast digestion. With a tlow rate of 3μLlmin， 2μg 

BSA was introduced into the IMER. BSA was efficiently 
digested within 48 s with a sequence coverage of 74%士3%
(n=9), as shown in Figure S3. 

Due to the good compatibility of the peptide buffer with 
MS detection, the resulting peptides from FASTwere entered 
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dìrectly ìnto an LC-MS/MS for further analysìs wìthout any 
additional peptìde clean-up. 

As a proof-of-prìnciple, a protein mixture ofboyine serum 
albumìn, myoglobìn and transferrìn rangìng from 30 to 
50μg/mL was treated by FAST, followed by MALDI-TOF 
MS analysìs. Due to the low sample loss and high dìgestìon 
efficìency, sequence coverages of 88.1 %土3.2%， 40.6% 
土0.8% and 60.1%士1.5% (n=6) were obtaìned, 2-3 times 
higher than those obtained by the conventional in-solution 
protocol (Fìgure S4). Furthermore, the total sample treatment 
time was shortened fi'om more than 20 h to 8 mìn, maìnly 
attrìbuted to the on-Iìne fast dìgestìon by fMER. 

We further applìed FAST to the treatment of proteomic 
samples. Compared to the wìdely used detergent-based 
FASP methods [8,28,32], the use of strong detergents for cell 
Iysis was avoid巳d since they were incompatible with pro­
teolytic digestìon and LC-MS岛1S analysis. For comparison, 
we performed the quantìtative proteome analysìs of HeLa 
cell Iysates obtaìned by urea and detergent solubìlìzatìon by 
FAST and FASP, respectively. lt should be noted that al­
though less startìng materìals (2μg vs. 100 昭) and shorter 
sample treatment tìme (20 min VS. 15 h) were employ巳d by 
FAST compared to FASP, higher sample preparation re­
covery (95% VS. 500/0-80% [32- 35]), comparable identified 
protein number (3128土58 VS. 3403土54， n=3, Figure 2(a，时，

Table S2) and similar dynamic range in protein abundance 
(both with 6 orders of magnitudes, Figure S5) were achieved 
due to the integrated on-line sample preparation. 

Furthermore, we investìgated the carryover of proteins/ 
peptides 011 the fAST. It could be observed from Table S3 
that the ignorable light labelled peptides (3 14116179) were 
found ìn the heavy labelled fractìon, and the average ratìo of 
1IH labelled peptides was 7.8%:1:0.09% (n=4), demonstrat­
ing the low protein/peptide caJ门yover of F AST 

3.2 High throughput analysis of a trace proteome 
sample 

Sìnce FAST could dramatìcally reduce sample contaminatìon 
and loss risks, it is favourable for use in the treatment of trace 
proteomic samples. A total of 500 HeLa cells were prepared 
by FAST within 20 min, followed by a I-h gradient single­
shot LC幽MSIMS analysis. From this, 1673土4 (n=3) protein 
groups were identified, 1.5-8 times more than those identi­
fi巳d by prevìously reported results [8,19,36,37] (Figure 3(a)), 
among which 1312 proteìns were detected ìn all experìments 
done in triplicate (Figure S6) with a median coefficient 
variation of label-free quantitative data (CV) of 11.7% 
(protein level, Figure 3(b)) and a dynamic range in protein 
abundance of5 orders ofmagnitude (Figure 3(c)). Moreover, 
we further decreas巳d the sample amount to 100 HeLa cells, 
and 644土8 (n=3) protein groups were also identified (Table 
S4). These results demonstrate that FAST ensures coverage, 

(a) 

FASl二0 1 FASl工02

FAST-03 

(b) 

FASP-Ol FASP-02 

FASP-03 

Figure 2 Comparalive analysis of HeLa ccll Iysates using Ihe FAST (a) 
and FASP (b) mcthods. VClln diagrams of protcin idcntification in triplicatc 
expe巾、ents (color onlinc). 

reproducibility and throughput for profiling trace proteome 
samples. 

Additionally, we estimated the copy number of each 
identified protein from 500 HeLa cells according to a pre­
viously reported method [19,21]. The most abundant protein 
was Histone H4, with 7.0xl0

7 
copies/cell, and the median 

abundance value was - 7.8x 1 05 copies/cel l. The abundance 
of nearly 90% of the identified proteins was within 10

4
_106 

copies/cel l. furthermore, we found the abundance of 181 
proteins was below 104 copies/cell (Figure 4(d) and Table 
S5), which were significantly enrich巳d for the GO terms 
"metabolic process" and "m刚A processing" (P<2 .57 x 10-8 

and P<4 .37x 10-5, respectively). The protein with the lowest 
abundance was the Zinc finger CCCH domain-containing 
protein 18 with 344 copies/cell, demonstrating the high 
identification sensitivity obtained by FAST, especially for 
the analysis of trace proteome samples. 

3_3 Automated platform for label-free quantification of 
proteomes 

Oue to the excellent compatibility of FAST with LC-MS, we 
established a ñ岛』此lIy automated p抖la孤tf岛om口m for lab巳el.仕e优e quan岱幽

tif白icωa创甜tion of prot怡eome臼s (Figure 4(归a)η). As shown in Figure 4 
(b) and Table S6, the Pearson correlation values of the 
qruantified protein signal 仕om hepatocellular carcinoma cells 
be队.veen six replicate runs were 0.99, demonstrating the 
excellent reproducibility and precision of the label-free 
proteome quantification due, in part, to the automated "sin­
gle-shot" analysis that includes sample preparation, separa­
tion and quantitation. 

We further quantified the proteins from human hepato-
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producibility of the LFQ intensities of the quantified protcins for 6 worknow replicates (color online). 

might play a crucial role in linking RNA processing with 
tumour metastasis. Another RNA binding protein SSB, 
which can bind to the 3' poly(U) terminus of nascent m刚A

to protect them from exonucJease digestion and facilitate 
their folding and maturation, increased by more than two 
times in MHCC97H cells, which was also confirmed by 
western-blot (Figure 5(b)). Though the SSB protein function 
in metastasis was unclear, it has been reported to stabilize 
O口e signal transducer and activator of the transcription pro­
tein STAT3 [39,40), activation of which is important for 
tumour metastasis by affecting cell adhesion. Therefore、 we

posωlate that the SSB protein might promote cancer me­
tastasis through the STAT3 mediate signal pathway. Further 
biological study of the relationship between such proteins 
with cancer metastasis is underway in our lab. 

Recent studies have shown TNF-αpromoted invasion and 
metastasis in hepatocellular carcinoma vio the NF-Kappa B 

cellular carcinoma cells with high and low metastatic po­
tentials (MHCC97HIL). By this platform, 2，门 1 proteins 
were co-quantifi巳d in the six replicate runs (Figure 5(a) and 
Table S7(a)), and 37 proteins showed differences larger than 
2 times (t test, P<O.Ol , Table S7(b)), among which as many 
as 59.4% of the differentially expressed proteins (22 pro­
teins) were reported as cancer metastasis-associated proteins, 
and 40.6% ofthe proteins (15 proteins) were not yet reported 
in cancer metastasis. Among them, we found that the RNA 
binding protein RNPS 1, a general activator ofthe pre-mRNA 
splicing involved in preventing the formation of an R-loop. 
dramatically decreased in the l'v任-fCC97H cell quantified by 
LC-MS/MS and was further confirmed by western-blot 
(Figure 5(b)). RNPSl was reported to be a crucial subunit of 
the apoptosis-and splicing-associated protein (ASAP) com­
plex, which was thought to link RNA processing with 
apoptosis [38). Our results suggest that the ASAP complex 
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Figure 5 (a) QU3nlitalive analysis of hepatocarcinoma asciles syn在eneic cells with high (MHCC97H) and low (MHCC97L) Iymph node melastasis rales. 
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analysis of quantified proteins from hepatocelllllar carcinoma (HCC) cells with high and low Il1ctastatic potential (MHCC97H儿). Violin plots of the 
distributions are shown with the corresponding p vallles (color online). 

signalling pathway [41] and Iymphatic metastasis of gall­
bladder cancer through the ERKl /2/AP-lNEGF-D pathway 
[42]. Furthermore, RNA sp!icing and misregulated expres­
sion of members of the ubiquitin cascade represent a novel 
mechanism for controlling EMT, which is the critical early 
step for cancer cell metastasis [43,44]. In our results, gene 
ontology (00) analysis (Figure 5(c), Table S8) suggests that 
proteins involved in the tumour necrosis factor (TNF)­
mediated signal pathway were significantly increased in 
b但ICC97II cells, and proteins involved in RNA splicing and 
negative regulation of protein ubiquitination were sig­
nificantly decreased in 沁仔fCC97H cells. AIl these results 
demonstrate that our developed approach would provide a 
promising tool for screening more candidate target proteins, 
allowing for the development of novel drugs to suppress 
cancer progr巳ssion and metastasis. 

Except for those, we also expect its potential applications 
in personalized medicine and translational studies. Fast re­
sponse time is frequently important such as in the case of 
myocardial infarction. Our workflow could use a v巳ry short 
LC-MS time (60 min), which could be reduced by further 
optimization, so that the entire procedure could conceivably 
be performed in less than 1 h, therefore it might provide 
timely data for clinical decision making. Furthermore, such a 
method could be also extended to automatically measure the 
absolute abundance of multiple known clinically diagnostic 
biomarkers [45 ,46]. 

4 Conclusions 

In summary, we developed a FAST method, by which the 
whole sample preparation procedures including protein de-

naturation, reduction, desalting and digestion were integrated 
seamlessly without any sample transfer, permi忧ing analysis 
of a minimal sample amount with high throughput and 
technical reproducibility. In contrast to the existing methods 
of sample preparation, such a simple and fast method re­
qruired only 8-20 min, much shorter than several hours or 
days typically required using more complex worktlows. 
Moreover, with the seamless conjugation of the FAST and 
"single-shot" LC-MS workflow, the unprecedented speed 
and precision of this proteomic analysis are achieved due to 
minimized sample handling and easy-to-prepare chromato­
graphy, making it easily transferable to other laboratories 
given estab!ished standard operating procedures. 
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