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Electroblotting through a tryptic membrane for LC-MS/MS 
analysis of proteins separated in electrophoretic gels
Bickner, A. N.a, Champion, M. M.a, Hummon, A. B.b, Bruening, M. L.a,c 

Digestion of proteins separated via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) remains a 
popular method for protein identification using mass-spectrometry based proteomics. Although robust and routine, the in-
gel digestion procedure is laborious and time-consuming. Electroblotting to a capture membrane prior to digestion 
reduces preparation steps but requires on-membrane digestion that yields fewer peptides than in-gel digestion. This paper 
develops direct electroblotting through a trypsin-containing membrane to a capture membrane to simplify extraction and 
digestion of proteins separated by SDS-PAGE. Subsequent liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
identifies the extracted peptides. Analysis of peptides from different capture membrane pieces shows that 
electrodigestion does not greatly disturb the spatial resolution of a standard protein mixture separated by SDS-PAGE. 
Electrodigestion of an Escherichia coli (E. coli) cell lysate requires four hours of total sample preparation and results in only 
13% fewer protein identifications than in-gel digestion, which can take 24 h. Compared to simple electroblotting and 
protein digestion on a poly(vinylidene difluoride) (PVDF) capture membrane, adding a trypsin membrane to the electroblot 
increases the number of protein identifications by 22%.  Additionally, electrodigestion experiments using capture 
membranes coated with polyelectrolyte layers identifies a higher fraction of small proteolytic peptides than capture on 
PVDF or in-gel digestion.

Introduction

This paper examines the use of electroblotting through 
trypsin-containing membranes to identify proteins separated 
in SDS-PAGE.  Remarkably, gel electrophoresis is still the most 
common biochemical technique for separating proteins for 
applications such as identification of biomarkers and protein-
antibody interactions.1-7 However, identifying the proteins in 
specific gel bands typically requires additional steps such as 
western blotting or in-gel digestion with subsequent LC-
MS/MS analysis.  Western blotting is a relatively low 
throughput application because it requires an antibody for 
each protein of interest. 

In-gel digestion and LC-MS/MS can readily identify proteins in 
electrophoretic gels, but common in-gel digestion protocols 
require multiple labor-intensive steps that take up to 24 h. 
These steps include excision of specific gel regions, extensive 

staining and destaining, protein reduction and alkylation, in-gel 
digestion, extraction of peptides into solution, and desalting 
prior to LC-MS/MS.8-12   

Electroblotting provides an alternative strategy for extracting 
the proteins from electrophoretic gels. 13-15 In this technique, 
an applied voltage moves negatively charged, SDS-coated 
proteins from a gel toward a porous PVDF or nitrocellulose 
capture membrane (Fig. 1A). Matrix-assisted laser 
desorption/ionization (MALDI) mass spectrometry can detect 
intact protein on the capture substrate,13, 15-16 but enzymatic 
on-membrane digestion and peptide extraction enable 
identification of a wider range of proteins using LC-MS/MS. 
Nevertheless, digestion on capture substrates and extraction 
of proteins and peptides from PVDF and nitrocellulose may 
prove incomplete and require special detergents.13, 16-22

To simplify protein identification after electroblotting, this 
work explores electrodigestion (Fig. 1B, C). This technique 
employs an enzyme-containing membrane between the 
electrophoretic gel and the capture membrane in the 
electroblotting apparatus. Proteins migrate from the gel and 
are digested as they pass through the enzymatic membrane. 
The resulting peptides adsorb on the capture membrane. 
Compared to electroblotting combined with on-membrane 
digestion, electrodigestion eliminates the separate digestion 
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step.  Additionally, electrodigestion may yield more peptides 
than on-membrane digestion after electroblotting.15-22

Bienvenut and coworkers aimed to improve MALDI mass 
spectrometry imaging using a technique they called the 
molecular scanner.13 This approach combines enzymatic 
digestion with electroblotting of tissue samples or 2D gels and 
creates a tryptic peptide spatial pattern on the capture 
membrane. MALDI-MS imaging can reveal the peptide 
locations and identities.23-29 To compare their method with in-
gel and on-membrane digestion, Bienvenut and coworkers 
electrodigested nine standard proteins that span a broad 
range of molecular weights. Using the MALDI-TOF scanning 
approach, they identified only six of the nine proteins.13  

We aim to increase the number of protein identifications in 
electrodigestion-based methods by replacing MALDI-TOF-MS 

with LC-MS/MS and by using more efficient trypsin and 
capture membranes. LC-MS/MS is better suited than MALDI 
for identification of a large number of peptides.29-32 Moreover, 
we use proteolytic membranes with a high trypsin loading. 
Bienvenut and coworkers employed trypsin membranes with 
0.90 ± 0.20 μg of active trypsin/cm2. Because their enzyme 
capacity was low, they stacked two enzymatic membranes into 
their electroblotting apparatus and employed a complicated 
square wave alternating voltage program that took a total of 
12−18 h.13 By comparison, our membranes contain 120 to 390 
µg of trypsin/cm2, depending on the immobilization method.33-

35 With this increase in enzyme concentration, digestion can 
occur in residence times as short as milliseconds.35-36 For 
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proteins with mobilities of 2x10-4 cm2/(V·s), 37-38 an electric 
field of 8 V/cm, and a membrane thickness of 120 µm, the 
residence time in the trypsin membrane during 
electrodigestion will be a few seconds.

We also examine replacement of the traditional PVDF capture 
membrane with porous nylon modified with polyelectrolytes 
to improve capture and elution of peptides. Layer-by-layer 
absorption of polyelectrolytes within membrane pores 
produces charged surfaces that may bind charged peptides 
more effectively than PVDF. Moreover, if peptides adsorb 
throughout the multilayer film, the coating will increase the 
number of binding sites. The polyelectrolyte film could also 
partially block pores and prevent small peptides from passing 
through the membrane during blotting.

This paper compares protein identification using in-gel 
digestion, on-membrane (PVDF) digestion after 
electroblotting, and two electrodigestions: first using a nylon 
capture membrane coated with a poly(acrylic acid) 
(PAA)/polyethyleneimine (PEI) film and second using a 
traditional PVDF membrane. In these comparisons we use the 
four workflows depicted in Fig. 1 to analyze a standard protein 
mixture as well as a whole-cell lysate. Although the four 
techniques yield similar numbers of protein identifications, 
electrodigestion takes less than four hours whereas in-gel 
digestion requires more manipulation and can take twenty-
four hours. Electrodigestion employs common western blot 
apparatuses and provides a convenient alternative to time-
consuming in-gel procedures.  

Experimental 

Reagents

Nylon membranes (LoProdyne LP, pore size 1.2 μm, 110 μm 
thickness) were acquired from Pall Corporation (Port Washington, 
New York).  Poly(sodium 4-styrenesulfonate) (Mw ~ 70,000) (PSS), 
sodium chloride, trypsin (from porcine pancreas type IX-S, 
lypholized powder), hydrochloric acid, poly(acrylic acid) solution 
(Mw ~ 100,000), branched polyethylenimine (Mw ~ 25,000) ,  
iodacetamide, acetonitrile, ammonium bicarbonate (ABC), and 
sodium dodecyl sulphate (BioReagent, suitable for electrophoresis) 
were purchased from Sigma Aldrich (St. Louis, Missouri). 
Sequencing grade modified trypsin was obtained from Promega 
(Madison, Wisconsin), and Mini-Protean 4-20% TGX precast gels 
were purchased from Bio Rad (Hercules, California). HiPPR 
Detergent Removal columns (0.1 mL), dithiothreitol (DTT, molecular 
biology grade), unstained protein molecular weight marker, extra 
thick western blotting filter paper, and Pierce C-18 Spin Columns, 
were acquired from Thermo Scientific (Waltham, Massachusetts). 
Methanol, glycine, and ultra-pure Tris were purchased from VWR 
(Radnor, Pennsylvania), and low fluorescence PVDF (0.45 μm) was 
obtained from Azure Biosystems (Dublin, California). Zwittergent 3-

16 detergent was purchased from EMD Millipore (Burlington, 
Massachusetts).

Immobilization of Trypsin 

Immobilization of trypsin was performed as previously described.34 
A 2.5 x 3.5 cm piece of nylon was cleaned with UV-ozone for 10 min 
and inserted into a home-made aluminium holder attached to a 
peristaltic pump. 100 mL of water was passed through the 
membrane, and then 100 mL of 20 mM PSS in 0.5 M NaCl adjusted 
to pH 2.3 was circulated through the system for 20 min at 2 
mL/min. 100 mL of water was then passed through the membrane 
before circulating 100 mL of a 1 mg/mL trypsin solution through the 
membrane at 2 mL/min for 1 hour. Lastly, 100 mL of 1 mM HCl was 
passed through the membrane, which was then dried under 
nitrogen and stored until use.  

Immobilization of Polyelectrolyte layers

Immobilization of polyelectrolytes was performed as previously 
described.33 A 2.5 x 3.5 cm piece of nylon was cleaned with UV-
ozone for 10 min and inserted into a home-made aluminium holder 
attached to a peristaltic pump. 100 mL of water was passed through 
the membrane, and then 100 mL of 10 mM PAA in 0.5 M NaCl 
adjusted to pH 2.3 was circulated through the system for 20 min at 
2 mL/min.  100 mL of water was passed through the membrane 
before circulating 100 mL of a 2 mg/mL PEI solution (pH 6) through 
the system at 2 mL/min for 20 min. Lastly, 100 mL of water was 
passed through the membrane, which was then dried under 
nitrogen and stored until use. 

Cell Lysis 

E. coli (MG1655) cells were grown while shaking for 6 hours at 37 
℃, in LB at a 1:400 dilution from an overnight culture at 200 RPM.  
Cells were then pelleted by centrifugation at 6,000 x g for 10 min, 
washed in cold phosphate-buffered saline and lysed by 100 µm Zr 
bead beater (Biospec) 3x passes, 30s/pass in 600 μL of a solution 
containing 50 mM TRIS (pH 8), 100 mM NaCl, 25 mM KCl, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), and 0.05% Triton x-100. 
Extracted protein was then clarified by centrifugation at 12,000 g 
for 12 minutes. Protein concentration was determined via micro 
BCA (Pierce) according to the manufacturer’s instructions.

SDS-PAGE

One-dimensional SDS−PAGE was performed using standard 
methods on the Bio-Rad Mini-Protean system, with 4-20% TGX 
precast 8.6 x 6.7 cm polyacrylamide minigels.39 For separation of a 
standard protein mixture, 10 μL of a mixture of six native proteins 
(0.1-0.2 μg of each protein) in reducing buffer was loaded onto the 
gel after being denatured at 100 ℃ for 10 min.  Similarly, in 
electrophoresis of lysate proteins, 30 μL (100 μg of total protein) of 
E. coli cell lysate was loaded after being denatured at 100 ℃ and 
diluted 1:1 in reducing buffer. The gels were then run at 140 V for 
45 min.  
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Electroblotting and On-Membrane (PVDF) Digestion

After SDS-PAGE, gels were soaked in transfer buffer (0.1 wt% SDS, 
20 vol% MeOH, 2.5 mM Tris, and 19.2 mM Glycine) for 15 minutes. 
The PVDF capture membrane and filter pads were also soaked for 
15 minutes in transfer buffer. The electroblot was then assembled 
with a filter pad, gel, PVDF capture membrane, and another filter 
pad Fig. 1). Samples were blotted with the Thermo Scientific™ 
Owl™ HEP Series Semidry Electroblotting System at 10 V for 45 min. 
After blotting, the PVDF capture membrane was removed, and 
using the ladder on the membrane as a guide, the area from 2 kDa 
to 250 kDa was cut into six pieces. To elute and digest proteins, 
each piece was placed into a microcentrifuge tube and soaked in 
100 μL of digestion buffer (10 ng/100 μL trypsin, 0.3 wt% 
zwittergent 3-16, 10 vol% acetonitrile (ACN), 100 mM ABC) for 2 h 
at 37°C.37-38

Electrodigestion 

Electrodigestion employed the same procedure as electroblotting 
except that a trypsin membrane was placed between the gel and 
the capture membrane (Fig. 1B, C).  (The trypsin membrane was 
soaked in transfer buffer for 15 min prior to cell assembly.) After 
electrodigestion and sectioning of the capture membrane, each 
piece of the membrane was placed into a microcentrifuge tube and 
vortexed for 30 seconds in elution buffer (0.3 wt% zwittergent 3-16, 
100 mM ABC) to collect peptides. In one case, a trypsin membrane 
used in a previous electrodigestion of the standard protein mixture 
was placed between an empty, or “blank”, gel piece and a PVDF 
capture membrane. Electrodigestion of the blank gel was done as 
described for the samples. 

In-gel Digestion

Gels were stained with Coomassie Brilliant Blue (CBB) R250 and 
destained by shaking in 10% acetic acid in 40% methanol for thirty 
minutes followed by rinsing in water and shaking for 30 min in a 
solution containing 7% acetic acid, 1% glycerol, and 5% MeOH in 
water . The area from 2 kDa to 250 kDa (in a single lane) was then 
cut into six pieces of approximately equal length. The gel pieces 
were dehydrated in 2:1 ACN:50 mM aqueous ABC and rehydrated in 
50 mM ABC in incremental 5-minute steps until CBB was removed. 
After immersion in 50 mM dithiothreitol for 20 minutes at 60 °C 
proteins in the gel pieces were alkylated using 20 mM 
iodoacetamide for 12 min in the dark at room temperature. The gel 
pieces were then rehydrated with 50 mM ABC and dehydrated with 
2:1 ACN:50 mM ABC in 5-minute steps until any residual CBB was 
removed. The pieces were then dried down by speed vac and 
immersed in 20 μl of 20 µg/mL trypsin in 50 mM ABC. These 
samples were then placed on ice for one hour to allow trypsin to 
rehydrate into the gel. Proteins in the gel were then digested at 37 
℃ overnight. After digestion, the supernatant was collected in a 
new microcentrifuge tube. The gel pieces were then rinsed with 75 
μL of 30% ACN, 0.1% formic acid (FA) for 5 minutes and the rinse 
was collected and combined with the previous supernatant. To 

quench digestion, 15 μL of 5% aqueous FA was added to the 
aliquots. Samples were then dried down by speed vac and desalted 
as described below.

Sample Clean up, Mass Spectrometry, and Data Processing

Following separation and digestion, detergent was removed using 
HiPPR Detergent Removal Spin Columns, and digests were desalted 
using 0.1 mL Pierce PePClean C18 Spin Columns following the 
manufacturer’s instructions. The desalted peptide mixture was 
analysed by nano-ultrahigh performance liquid chromatography (n- 
UHPLC).  Samples (2.5 μL) were injected onto a 100 mm × 75 μm 
C18-BEH column (Waters, Billerica, MA) and separated over a 60 
min gradient from 5 to 35% B on a nano-Acquity system (Waters) 
flowing at 900 nL/min. Solution A was 0.1% FA in H2O, and solution 
B was 0.1% FA in ACN. MS/MS was performed on a Q-Exactive 
Hybrid Quadrupole–Orbitrap instrument (Thermo, San Jose, CA) 
running a Top-12 data-dependent method, where a single mass 
spectrum at a resolution of 70, 000 was acquired, and the top 12 
precursors were selected for fragmentation. Raw LC-MS/MS files 
were processed by MaxQuant version 1.6.7.0.42-43 MS/MS spectra 
were searched against the E. coli (Strain K12) proteome (4,391 
proteins),44 or in the case of the molecular weight standard, a 
combined list of the standard protein sequences along with 
common contaminants. MaxQuant analysis parameters included a 
precursor mass tolerance of 30 ppm for the initial search, a 
precursor mass tolerance of 6 ppm for the main search, and an 
FTMS MS/MS match tolerance of 30 ppm. We set trypsin as the 
specific enzyme. For analysis of in-gel digestion experiments, 
variable modifications included N-terminal acetylation (Acetyl 
Protein N-term), methionine oxidation (M), deamidation (NQ), Gln 
→ pyro-Glu, and Glu → pyro-Glu, while the fixed modification was 
carbamidomethyl on cysteine. For analysis of electroblotting and 
electrodigestion experiments variable modifications were set as 
described above, but carbamidomethyl on cysteine was not 
selected as a fixed modification. The minimal peptide length was set 
to seven amino acids, the maximum peptide mass was 4600 Da, and 
the maximum number of missed cleavages was three. Label free 
quantitation (LFQ) was turned on for calculation of LFQ intensities. 
For protein quantification, modifications included oxidation (M), 
acetyl (protein N-term) and deamidation (NQ), and the “discard 
unmodified counterpart peptides” was unchecked. The false 
discovery rate was 1%.

Results and Discussion

This study compares protein identification using the four protocols 
in Fig. 1 to extract and digest proteins from electrophoretic gels 
prior to LC-MS/MS analysis. As a first step, we analyse a mixture of 
standard proteins and compare the number of identified peptides 
and protein sequence coverages in each method. To compare the 
four methods with a more complex protein mixture, we analyse an 
E. coli cell lysate. These studies examine the type of proteins and 
peptides identified and the number of shared protein and peptide 
identifications to help us understand differences in digestion and 
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capture efficiencies among the methods.  The results also allow us 
to examine whether spatial resolution is preserved during 
electrodigestion.

Analysis of a Standard Protein Mixture
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As an initial test of the different extraction/digestion methods, we 
separated 6 commercial proteins using SDS-PAGE and subsequently 
extracted and digested these proteins using the four different 
protocols in Fig. 1. Fig. 2 summarizes the numbers of identified 
peptides and % sequence coverages found in analyses of all gel or 
capture pieces across two experimental replicates. The four 
methods produce multiple peptides for each protein, and sequence 

coverages are always >18%. All of the techniques lead to similar 
sequence coverages and numbers of peptides. 

In each method the strongest signal for a given protein appears in 
the extract from the gel piece corresponding to the protein’s 
molecular weight. Fig. 3 shows the label free quantitation (LFQ) 
intensities detected for each protein in every membrane piece for 

Fig. 2 Number of peptides and % sequence coverage in the analysis of a standard protein mixture using electrophoresis and the four different 
protocols in Fig. 1.  The number of peptides includes all peptides found from any piece of capture membrane or gel in either of the two replicates 
without redundancy.
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Piece
1 2 3 4 5 6

Beta-galactosidase 
(116 kDa)

6.04 0.62 0.20 0.00 0.00 0.00

Serum Albumin
(66 kDa)

0.16 6.56 0.59 0.00 0.00 0.00

Ovalbumin 
(45 kDa)

0.32 0.74 8.55 0.16 0.00 0.00

Lactate 
dehydrogenase

(35 kDa)
0.02 0.09 0.52 6.96 0.05 0.08

Beta-Lactoglobulin
(18 kDa)

0.09 0.06 0.69 1.66 27.24 1.51

Lysozyme
(14 kDa)

0.00 0.00 0.10 0.58 4.11 7.51

Fig. 3 Average LFQ intensities (arbitrary units ÷ 107) of six standard proteins in sequential pieces of a nylon[PAA/PEI] 
capture membrane. The x-axis shows pieces arranged in decreasing order of expected molecular weights. Intensities 
are the average of two experimental replicates. 
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Table 1. Number of distinct protein identifications, distinct peptide identifications, MS/MS spectra, percent of spectra identified (ID%), and total number of protein and peptide 
identifications per replicate from analyses of E. Coli cell lysate using each of the four methods. The number of distinct proteins and distinct peptides includes all proteins and 

peptides found in either of the two replicates without redundancy.

electrodigestion using a nylon[PAA/PEI] capture membrane. 
Although detection of multiple proteins in a single piece occurs, the 
intensity of the targeted protein is generally an order of magnitude 
higher than the other protein intensities in that piece. This result 
shows that proteins and peptides do not rapidly diffuse laterally 
during electrodigestion and can be excised at positions suggested 
by a standard molecular weight ladder.  Results similar to those in 
Figure 3 also occur with electrodigestion using a PVDF capture 
membrane, in-gel digestion, and electroblotting with on-membrane 
digestion (see Figs. S1-S3). 

We also examined the possibility of reusing trypsin membranes in 
subsequent electrodigestions. Our biggest concern with reusing the 
trypsin membrane is protein or peptide carry over from previous 
experiments. To analyse possible carry over, a trypsin membrane 
previously used in an electrodigestion of the standard protein 
mixture was placed between an empty, or “blank”, gel piece and a 
PVDF capture membrane.  Peptide elution and LC-MS/MS identified 

around half the number of peptides found in the first experiment 
(data not shown). Thus, we do not recommend reusing the 
membrane. 

Identified Proteins in E. Coli cell lysate 

For a more extensive comparison, we analysed an E. coli cell lysate 
using each method in experimental duplicate. Table 1 summarizes 
the protein and peptide identifications made across the four 
methods.  In-gel digestion yields the highest number of protein 
identifications (1,711), both electrodigestion methods identify 
essentially equivalent numbers of proteins (1,469 and 1,498, 
respectively), and on-membrane digestion yields 1,229 protein 
identifications.  Electrodigestion requires much less time than in-gel 
digestion and identifies only ~13% fewer proteins.  The numbers of 
identified proteins are similar to other methods that employ 
GELFrEE or gel electrophoresis separations prior to digestion and 
analysis. For example, Sharma et al. identified 1,190 proteins in an 
E. coli cell lysate after GELFrEE protein fractionation followed by 
filter-aided sample preparation (FASP) for clean-up and digestion. 

Protein ID’s Peptide ID’s
Method

Distinct 
Proteins

Distinct 
Peptides

MS/MS Spectra ID%
Replicate 1 Replicate 2 Replicate 1 Replicate 2

On-Membrane Digestion 1,229 10,077 81,549 42.8 1,053 1,153 7,058 8,469
Electrodigestion Nylon [PAA/PEI] 1,469 10,464 125,076 33.2 1,381 1,401 7,932 8,488

Electrodigestion PVDF 1,498 10,196 119,155 31.2 1,400 1,405 8,224 7,807
In-Gel Digestion 1,711 15,065 154,973 36.6 1,508 1,665 11,281 13,102

Comparison of Proteins

C) Electrodigestion 
PVDF 1,498

D) In-Gel Digestion 
1,711

A) On Membrane 
Digestion 1,229

B) Electrodigestion 
Nylon[PAA/PEI] 1,469

1,094
ab

1,021
abcd

1,401
cd

1,064
abd

1,036
abc

1,141
ad

1,314
bc

1,097
ac

1,389
bd

1,068
acd

1,289
bcd

180
d

40
b

44
a

58
c

Fig. 4 Comparison of shared protein identifications in the analysis of an E. Coli cell lysate using the four protocols shown in Fig. 1.
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Antberg et al. identified 688 proteins after SDS-PAGE and in-gel 
digestion of 100 µg of a human mantle lymphoma cell lysate.45-48

The four different protocols lead to a high overlap among the 
identified proteins.  As Fig. 4 shows, for the two electrodigestion 
methods (B and C), shared protein identifications (Venn Diagram 
region bc) account for approximately 88% of the total number of 
proteins identified in either method. The similarities in these two 
procedures, which differ only in the capture membrane, likely lead 
to this result. Similarly, around 89% of proteins identified in the on-
membrane (A) digestion are shared with either electrodigestion 
method (regions ac and ab). The strong correspondence of protein 
identifications in these three methods suggests that the addition of 

a trypsin membrane does not greatly alter electrotransfer. Although 
in-gel digestion leads to the most protein identifications, it only 
identifies 180 proteins (region d in Fig. 4) that are not observed in 
the other methods. Thus, electroblotting and electrodigestion could 
serve as alternatives to the time-consuming in-gel procedure.

To achieve large numbers of protein identifications, we loaded large 
amounts of E. coli cell lysate onto our gel. This results in relatively 
poor separation of proteins (see Fig. S4). Nevertheless, we wanted 
to see if specific molecular weights appeared in the appropriate 
pieces of gel or capture membranes. Fig. 5 shows LFQ intensities 
and molecular weights of E. coli cell lysate proteins identified in 
each piece of gel or membrane. The average molecular weights of 
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Fig. 5 Average Protein LFQ intensity per piece of gel or capture membrane plotted by molecular weight for (A) On-Membrane Digestion (B) Electrodigestion 
with a nylon[PAA/PEI] capture membrane, (C) Electrodigestion with a PVDF capture membrane, and (D) In-Gel Digestion.
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identified proteins decrease in pieces excised further down the gel. 
However, proteins of higher-than expected and lower-than 
expected molecular weight appear, albeit at lower abundance, 
throughout the gel. The similar trends in Fig. 5 for in-gel, 
electroblotting, and electrodigestion suggests that the SDS-PAGE 
separation controls the distribution of proteins in all the 
techniques.  

All methods predominately identified proteins with molecular 
weights below 60kDa, and there was no obvious difference among 
the distribution of molecular weights for proteins identified with 
different techniques. The molecular weight distribution is likely not 
a result of transfer efficiency from the gel, but instead reflects the 
naturally occurring distribution of protein molecular weights in E. 
coli cell lysate (see Fig. S5).49 Additionally, protein identifications 
unique to in-gel digestion show a similar molecular weight 
distribution (see Fig. S6). Of these unique proteins, only 11% 
produced a label free quantitation (LFQ) intensity in both replicates. 
This indicates that the higher number of unique proteins identified 
after in-gel digestion is likely a result of identifying  low-abundance 
species rather than a bias toward a certain protein characteristic. In 
electroblotting or electrodigestion, protein or peptide losses due to 
adsorption on trypsin or capture membranes may decrease signals 
from low-abundance proteins. 

The experiments reported above used unmodified trypsin (from 
porcine pancreas type IX-S, lyophilized powder) because previous 
studies employed unmodified trypsin to produce nylon enzymatic 
membranes.33-34 Thus, to fairly compare the different methods, we 
used unmodified trypsin in each experiment.  However, we did 
perform in-gel digestion with sequencing grade trypsin to see if this 

substantially increases the number of protein identifications.  The 
sequencing grade trypsin in-gel digestion gave 1,800 protein 
identifications. This value is 5% more than the number of proteins 
identified using the unmodified trypsin, so use of unmodified 
trypsin should allow a fair comparison. 

Identified Peptides in E. Coli Cell Lysate

We compared the peptides identified in each method (see Fig. 6) to 
examine digestion and capture efficiencies. Interestingly, the two 
different capture membranes used during electrodigestion do not 
adsorb highly orthogonal sets of peptides.  Shared peptide 
identifications (region bc) in the two electrodigestion protocols are 
approximately 72% of the total peptides identified in either method 
(B or C).  In contrast, around 55% of peptides identified in either 
electrodigestion method (B or C) are shared with on-membrane 
digestion (regions ab or ac). Proteolysis of proteins bound to a 
membrane apparently produces different peptides than 
electrodigestion. In-gel digestion gives the largest number of 
peptides and includes around 85% of peptides identified in either 
electrodigestion (B or C).  

The difference in the number of peptides identified using in-gel or 
electrodigestion likely does not stem from incomplete 
electrodigestion.  Fig. 7 compares the digestion efficiency of the 
four analysis protocols in terms of the number of identified missed 
cleavages. The percentage of peptides with missed cleavages is 
about the same for electrodigestion and in-gel digestion. On 
membrane digestion shows the largest percentage of peptides with 
one or more missed cleavages. Digestion of proteins bound to a 

Comparison of Peptides

C) Electrodigestion 
PVDF 10,196

D) In-Gel Digestion 
15,065

A) On Membrane 
Digestion 10,077

B) Electrodigestion 
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abcd
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b
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Fig. 6 Comparison of shared peptide identifications in the analysis of an E. Coli cell lysate using the four protocols shown in Fig. 1.
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membrane is likely less efficient than proteolysis in a gel or in the 
pores of a trypsin-containing membrane. 

Additionally, the methods showed no obvious difference in the 
types of peptides and proteins identified in terms of peptide 
isoelectric point and hydrophobicity, or protein molecular mass. All 
methods produced a distribution of peptides that favoured a pI of 
3-5 or 6-7 (Fig. S7).  Moreover, based on GRAVY scores, around 60% 
of the peptides are hydrophilic (Fig. S8). Peptides uniquely 
identified after in-gel digestion also follow these trends and do not 
show bias toward any particular isoelectric point (see Fig. S9), 
peptide length (see Fig. S10), or number of missed cleavages (see 
Fig. S11). Additionally, 55% of the peptides uniquely identified after 
in-gel digestion are also hydrophilic (GRAVY score < 0). 

Reproducibility 

We analysed the reproducibility of the methods by comparing the 
number of shared protein identifications per replicate (see Fig. 
S12). All methods identified over 80% of proteins in both replicates. 
Additionally, as a semiquantitative comparison of reproducibility we 
plotted the LFQ intensities of identified proteins and peptides in 
replicate 1 versus those in replicate 2 (see Figs. S13 and S14). If the 
analyses were identical the plots would give a straight line with a 
slope of one. Figure S13 shows that the protein intensities in each 
method approximately follow this trend. The most reproducible 
method (electrodigestion with PAA/PEI nylon capture membranes) 
had an R2 value of 0.9477. Apart from on-membrane digestion, 
which produced an R2 value of 0.7947, the other methods have R2 

values of 0.9-0.95. We also compared the ratio of protein and 
peptide LFQ intensities in each replicate. The average percent 
difference in these LFQ values was 28 ± 24% and 52 ± 43% for 
proteins and peptides respectively, when using electrodigestion 
with a PAA/PEI nylon capture membrane. This result is similar to in-
gel digestion which produced an average percent difference of 38 ± 
35% and 49 ± 43% for proteins and peptides respectively (see Table 
S1).  These numbers do not include proteins and peptides that did 
not show an LFQ intensity in both replicates.

Limitations of Electroblotting and Electrodigestion 

The ~13% and 29% decrease in protein identifications (compared to 
in-gel digestion) after electrodigestion and electroblotting, 
respectively, may stem from several factors. One concern with 
electroblotting and electrodigestion is the possible passage of 
proteins and peptides through the capture membrane. Allowing 
longer blotting times for migration of larger proteins risks the loss 
of small proteins and peptides that have already reached the 
capture membrane and may pass through.  In Fig. S15, 
electrodigestion with nylon[PAA/PEI] shows the highest percentage 
of identified small peptides (7-11 amino acids), suggesting that 
coating the capture membranes with polyelectrolyte layers may 
help to avoid passage of peptides through the membrane. Another 
concern with electrodigestion is inefficient capture of positively 
charged peptides.  Although, 0.1% SDS is in the transfer buffer, for 
small hydrophilic, positively charged peptides, SDS adsorption may 
not lead to negatively charged peptides. However, compared to the 
other methods, we do not see a disproportionately small number of 
basic peptides in analysis of electrodigested proteins. In the case of 
electroblotting with on-membrane digestion, ineffective elution of 
large hydrophobic proteins from the PVDF membrane may lead to 
lower numbers of identified proteins.

Conclusions

Electrodigestion is a relatively simple technique for extracting and 
digesting proteins from an electrophoretic gel. This procedure could 
be useful for identifying protein bands in SDS-PAGE and in the 
future might serve in combination with MALDI-MS imaging of gels 
or tissue. Compared to in-gel digestion, electroblotting, or GELFrEE 
techniques, electrodigestion allows identification of nearly the 
same number of proteins. In only 4 hours of total sample 
preparation, electrodigestion of an E. coli cell lysate results in 
around 1,500 protein identifications, whereas in-gel digestion leads 
to identification of around 1,700 proteins after nearly 24 hours of 
sample manipulation. Moreover, coating electrodigestion capture 
membranes with polyelectrolyte layers may help to avoid passage 
of small peptides through the membrane. Addition of a trypsin 
membrane to the electroblotting system eliminates a separate 
digestion step and may also increase protein identifications 
compared to on-membrane digestion because peptide elution is 
less difficult than proteolysis of proteins bound to PVDF. However, 
on-membrane digestion of an E. coli cell lysate still enables 
identification of around 1,200 proteins after only 6 hours of sample 

Fig. 7 Percentages of identified peptides with 0, 1, 2, and 3 missed cleavages 
after electrodigestion, in-gel digestion, and on-membrane digestion of E. Coli cell 
lysate.
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preparation and could serve as a time-saving alternative to in-gel 
digestion. Additionally, electrodigestion and electroblotting use 
western blotting apparatuses that are common in many labs. 

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
We gratefully acknowledge support of this work from the 
National Institutes of Health (R21AG062144) and the National 
Science Foundation (CHE-1903967). 

Notes and references
1 Y. Kim, J. Cho, Gel-based proteomics in disease research: Is it 

still valuable? Biochimica et Biophysica Acta (BBA) - Proteins 
and Proteomics 2019, 1867(1), 9-16.
DOI: 10.1016/j.bbapap.2018.08.001.

2 L. A. Weston, K. M. Bauer, A. B. Hummon, Comparison of 
bottom-up proteomic approaches for LC-MS analysis of 
complex proteomes, Anal. Methods, 2013, 5(18), 4615-1621.
DOI: 10.1039/C3AY40853A

3 N. Takemori, A. Takemori, P. Wongkongkathep, M. Nshanian, 
R. R. Ogorzalek Loo, F. Lermyte, J. A. Loo, Top-down/Bottom-
up Mass Spectrometery Workflow Using Dissolvable 
Polyacrylamide Gels, Anal. Chem., 2017, 89(16), 8244-8250. 
DOI: 10.1021/acs.analchem.7b00357

4 R. Huang, Z. Chen, L. He, N. He, Z. Xi, Z. Li, Y. Deng, X. Zeng, 
Mass spectrometry-assisted gel-based proteomics in cancer 
biomarker discovery: approaches and application. 
Theranostics, 2017, 7(14), 3559-3572.
DOI: 10.7150/thno.20797

5 S. F. Thorsen, I. Gromova, I. J. Christensen, S. Fredriksson, C. 
L. Andersen, H. J. Nielsen, J. Stenvang, J. M. A. Moreira, Gel-
Based Proteomics of Clinical Samples Identifies Potential 
Serological Biomarkers for Early Detection of Colorectal 
Cancer. Int. J. Mol. Sci. 2019, 20(23), 6082.
DOI: 10.3390/ijms20236082

6 K. Lohnes, N. R. Quebbemann, K. Liu, F. Kobzeff, J. A. Loo, R. 
R. Ogorzalek Loo, Combining high-throughput MALDI-TOF 
mass spectrometry and isoelectric focusing gel 
electrophoresis for virtual 2d gel-based proteomics, 
Methods, 2016, 104(15), 163-169.
DOI: 10.1016/j.ymeth.2016.01.013

7 C. Hentschker, C. Dewald, A. Otto, K. Buttner, M. Hecker, D. 
Becher, Global quantification of phospoproteins combining 
metabolic labelling and gel-based proteomics in B. pumilus, 
Electrophoresis, 2018, 39(2), 334-343.
DOI: 10.1002/elps.201700220
 

8 L. Switzar, M. Giera, W. M. A. Niessen, Protein Digestion: An 
Overview of the Available Techniques and Recent 
Developments. J. Proteome Res. 2013, 12(3), 1067-1077. 
DOI: 10.1021/pr301201x 

9 D. Botelho, M. J. Wall, D. B. Vieira, S. Fitzsimmons, F. Liu, A. 
Doucette, Top-Down and Bottom-Up Proteomics of SDS-
Containing Solutions Following Mass-Based Separation. J. 
Proteome Res. 2010, 9(6), 2863-2870.
DOI: 10.1021/pr900949p

10 J. Havlis, H. Thomas, M. Sebela, A. Shevchenko, Fast-
Response Proteomics by Accelerated In-Gel Digestion of 
Proteins. Anal. Chem. 2003, 75 (6), 1300-1306.
DOI: 10.1021/ac026136s

11 R. Alvarado, D. Tran, B. Ching, B.S. Phinney. A comparative 
study of in-gel digestions using microwave and pressure-
accelerated technologies. J. Biomol. Tech. 2010, 21(3),148-
155.

12 J. P. MacKeigan, C. M. Clements, J. D. Lich, R. M. Pope, Y. 
Hod, J. P-Y. Ting, Proteomic Profiling Drug-Induced Apoptosis 
in Non-Small Cell Lung Carcinoma. Cancer Res., 2003, 63(20), 
6928-6934.

13 W. V. Bienvenut, J. C. Sanchez, A. Karmime, V. Rouge, K. 
Rose, P. A. Binz, D. F. Hochstrasser, Toward a Clinical 
Molecular Scanner for Proteome Research:  Parallel Protein 
Chemical Processing before and during Western Blot. Anal. 
Chem. 1999, 71 (21), 4800-4807. 
DOI: 10.1021/ac990448m

14 S. I. Anio, C. Santra, B. Manadas, Short GeLC-SWATH: A fast 
and reliable quantitative approach for proteomic screenings, 
Proteomics, 2015, 15, 757-762.
DOI: 10.1002/pmic.201400221

15 C. Eckerskorn, K. Strupat, D. Schleuder, D. F. Hochstrasser, J. 
C. Sanchez, F. Lottspeich, F. Hillenkamp, Analysis of Proteins 
by Direct-Scanning Infrared- MALDI Mass Spectrometry after 
2D-PAGE Separation and Electroblotting, Anal. Chem. 1997, 
69, 2888−92.
DOI: 10.1021/ac970077e

16 J. L. Luque-Garcia, G. Zhou, D. S. Spellman, T. Sun, T. A. 
Neubert, Analysis of Electroblotted Proteins by Mass 
Spectrometry:Protein Identification after Western Blotting, 
Mol. Cell. Proteomics, 2008, 7(2), 308–314.
DOI: 10.1074/mcp.M700415-MCP200

17 J. Mozdzanowski, P. Hembach, D. W. Speicher, High Yield 
Electroblotting onto Polyvinylidene Difluoride Membranes 
from Polyacrylamide Gels, Electrophoresis, 1992, 13 (1), 59–
64. 
DOI: 10.1002/elps.1150130112

18 M. Lui, P. Tempst, H. Erdjument-Bromage, Methodical 
analysis of Protein-Nitrocellulose Interactions to Design a 
Refined Digestion Protocol. Anal. Biochem. 1996, 241 (2), 
156-166.
DOI: 10.1006/abio.1996.0393

19 J. L. Luque-Garcia, T. Neubert, On-Membrane Tryptic 
Digestion of Proteins for Mass Spectrometry Analysis, 
Methods Mol. Biol., 2009, 536, 331-341. 
DOI:10.1007/978-1-59745-542-8_35

20 C. S. Jorgensen, M. Jagd, B. K. Sorensen, J. McGuire, V. 
Barkholt, P. Hoirup, G. Houen, Efficacy and compatibility with 
mass spectrometry of methods for elution of proteins from 
sodium dodecyl sulfate–polyacrylamide gels and 

Page 11 of 13 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



ARTICLE Journal Name

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

polyvinyldifluoride membranes, Anal. Biochem. 2004, 330(1), 
87-97.
DOI: 10.1016/j.ab.2004.03.012

21 K. Bunai, M. Nozaki, M. Hamano, S. Ogane, T. Inoue, T. 
Nemoto, H. Nakanishi, K. Yamane, Proteomic Analysis of 
Acrylamide Gel Separated Proteins Immobilized on 
Polyvinylidene Difluoride Membranes Following Proteolytic 
Digestion in the Presence of 80% Acetonitrile, Proteomics, 
2003, 3(9), 1738–1749.
DOI:10.1002/pmic.200300529

22 P. Jonsson, Y. Aissouni, C. Palmberg, P. Percipalle, E. 
Nordling, B. Daneholt, H. Jornvall, T. Bergman, Recovery of 
Gel-Separated Proteins for In-Solution Digestion and Mass 
Spectrometry, Anal. Chem. 2001, 73(22), 5370-5377.
DOI: 10.1021/ac010486h

23 A.F. Maarten Altelaar, I. M. Taban, L. A. McDonnell, P. D. E. 
M. Verhaert, R. P. J. de Lange, R. A. H. Adan, W. J. Mooi, R. 
M. A. Heeren, S. R. Piersma, High-resolution MALDI imaging 
mass spectrometry allows localization of peptide 
distributions at cellular length scales in pituitary tissue 
sections, Int. J. Mass Spectrom., 2007, 260(2-3), 203-211. 
DOI: 10.1016/j.ijms.2006.09.028

24 I. M. Taban, A.F.M. Altelaar, Y.E.M. van der Burgt, L. A. 
McDonnell, R.M.A. Heeren, J. Fuchser, G. Baykut, Imaging of 
peptides in the rat brain using MALDI-FTICR mass 
spectrometry, J. Am. Soc. Mass. Spectr., 2007, 18, 145-151. 
DOI: 10.1016/j.jasms.2006.09.017

25 J. Stauber, L. MacAleese, J. Franck, E. Claude, M. Snel, B.K. 
Kaletas, I.M.V.D. Wiel, M. Wisztorski, I. Fournier, R.M.A. 
Heeren, On-tissue protein identification and imaging by 
MALDI-Ion mobility mass spectrometry, J. Am. Soc. Mass. 
Spectrom., 2010, 21(3), 338-347.
DOI: 10.1021/jasms.8b03697

26 T. C. Rohner, D. Staab, M. Stoeckli, MALDI mass 
spectrometric imaging of biological tissue sections. Mech. 
Ageing. Dev. 2005, 126(1), 177-185. 
DOI: 10.1016/j.mad.2004.09.032.

27 P. Binz, M. Müller, C. Hoogland, C. Zimmermann, C. 
Pasquarello, G. Corthals, J. Sanchez, D. F. Hochstrasser, R. D. 
Appel, The molecular scanner: concept and developments, 
Curr. Opin. in Biotech., 2004, 15(1), 17-23.
DOI: 10.1016/j.copbio.2003.12.003.

28 E.R. Amstalden van Hove, D.F. Smith, R.M.A. Heeren, A 
concise review of mass spectrometry imaging, J. Chromatogr. 
A., 2010, 1217(25), 3946-3954.
DOI: 10.1016/j.chroma.2010.01.033

29 D. C. Muddiman, A. I. Gusev, D. M. Hercules, Application of 
secondary ion and matrix-assisted laser 
desorption-ionization time-of-flight mass spectrometry for 
the quantitative analysis of biological molecules. Mass 
Spectrom. Rev., 1995, 14, 383-429. 
DOI:10.1002/mas.1280140603

30 A. El-Aneed, A. Cohen, J. Banoub, Mass Spectrometry, 
Review of the Basics: Electrospray, MALDI, and commonly 
Used Mass Analyzers, Appl. Spectrosc. Rev. 2009, 44(3) 210-
230. 

DOI: 10.1080/05704920902717872

31 W. M. Nadler, D. Waidelich, A. Kerner, S. Hanke, R. Berg, A. 
Trumpp, and C. Rösli, MALDI versus ESI: The Impact of the 
Ion Source on Peptide Identification, J. Proteome 
Res. 2017, 16(3), 1207-1215.
DOI: 10.1021/acs.jproteome.6b00805

32 J. A. Ujang, S. H. Kwan, M. N. Ismail, B. H. Lim, R. Noordin, N. 
Othman,  Proteome analysis of excretory-secretory proteins 
of Entamoeba histolytica HM1:IMSS via LC–ESI–MS/MS and 
LC–MALDI–TOF/TOF. Clin. Proteom. 2016, 13(33). 
 DOI: 10.1186/s12014-016-9135-8

33 J. Dong, W. Ning, W. Liu, M. L. Bruening, Limited proteolysis 
in porous membrane reactors containing immobilized 
trypsin. Analyst, 2017, 142, 2578-2586.
DOI: 10.1039/C7AN00778G

34 F. Xu, W.-H. Wang, Y.-J. Tan, M. L. Bruening, Facile Trypsin 
Immobilization in Polymeric Membranes for Rapid, Efficient 
Protein Digestion. Anal. Chem. 2010, 82, 10045-10051. 
DOI: 10.1021/ac101857j

35 Y.-J. Tan, W.-H. Wang, Y. Zheng, J. Dong, G. Stefano, F. 
Brandizzi, R. M. Garavito, G. E. Reid, M. L. Bruening, Limited 
Proteolysis via Millisecond Digestions in Protease-Modified 
Membranes, Anal. Chem. 2012, 84, 8357-8363.
DOI: 10.1021/ac3019153

36 Y. Pang, W.-H. Wang, G. E. Reid, D. F. Hunt, M. L. Bruening, 
Pepsin-Containing Membranes for Controlled Monoclonal 
Antibody Digestion Prior to Mass Spectrometry Analysis, 
Anal. Chem. 2015, 87, 10942–10949.
DOI: 10.1021/acs.analchem.5b02739

37 S. K. Li, M. R. Liddell, H. Wen, Effective electrophoretic 
mobilities and charges of anti-VEGF proteins determined by 
capillary zone electrophoresis, J. Pharm. Biomed. 2011, 
55(3), 603-607. 
DOI: 10.1016/j.jpba.2010.12.027.

38 K.D. Cole, P. Todd, K. Srinivasan, B.K. Dutta. Free-solution 
electrophoresis of proteins in an improved density gradient 
column and by capillary electrophoresis, J. Chromatogr. A. 
1995, 707(1), 77-85. 
DOI: 10.1016/0021-9673(94)01245-A.

39 Bio-Rad Literature Online, Mini-PROTEAN TGX Precast Gels; 
Quick Start Guide, https://www.bio-
rad.com/webroot/web/pdf/lsr/literature/Bulletin_6048B.pdf 
(accessed May 2020).

40 M. Lui, P. Tempst, H. Erdjument-Bromage, Methodical 
Analysis of Protein–Nitrocellulose Interactions to Design a 
Refined Digestion Protocol, Anal. Biochem. 1996, 241(2), 
156-166.
DOI: 10.1006/abio.1996.0393.

41 K. Shen, J. Sun, X. Cao, D. Zhou, J. Li, Comparison of Different 
Buffers for Protein Extraction from Formalin-Fixed and 
Paraffin-Embedded Tissue Specimens. PLoS ONE, 2015, 
10(11). e0142650. 
DOI:10.1371/journal.pone.0142650

Page 12 of 13Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins

Please do not adjust margins

42 MaxQuant (version v1.6.07) Max-Planck-Institute of 
Biochemistry, Munich, Germany, 2019.

43 Tyanova, S., Temu, T., and Cox, J., The MaxQuant 
computational platform for mass spectrometry-based 
shotgun proteomics, Nat. Protocols, 2016, 11, 2301–2319.
DOI: 10.1038/nprot.2016.136

44 UniProt, https://www.uniprot.org/, (accessed 16Jun2020)

45 R. Sharma, B. D. Dill, K. Chourey, M. Shah, N. C. 
VerBerkmoes, and R. L. Hettich, Coupling a Detergent 
Lysis/Cleanup Methodology with Intact Protein Fractionation 
for Enhanced Proteome Characterization, J. Proteome Res. 
2012, 11(12), 6008-6018.
DOI: 10.1021/pr300709k

46 S. Lee, Y. Chen, H. Luo, A. A. Wu, M. Wilde, P. T. Schumacker, 
Y. Zhao, The First Global Screening of Protein Substrates 
Bearing Protein-Bound 3,4-Dihydroxyphenylalanine in 
Escherichia coli and Human Mitochondria, J. Proteome Res. 
2010, 9(11), 5705-5714.
DOI: 10.1021/pr1005179

47 Y. Fang, D. P. Robinson, L. J. Foster, Quantitative Analysis of 
Proteome Coverage and Recovery Rates for Upstream 
Fractionation Methods in Proteomics, J. Proteome Res. 2010, 
9(4), 1902-1912.
DOI: 10.1021/pr901063t

48 L. Antberg, P. Cifani, M. Sandin, F. Levander, P. James, 
Critical Comparison of Multidimensional Separation Methods 
for Increasing Protein Expression Coverage, J. Proteome Res. 
2012, 11(5), 2644-2652.
DOI: 10.1021/pr201257y

49 M. M. Champion, C. S. Campbell, D. A. Siegele, D. H. Russell, 
J. C. Hu, Proteome analysis of Escherichia coli K-12 by two-
dimensional native-state chromatography and MALDI-MS, 
Mol. Microbiol. 2003, 47(2), 383-396. 
DOI: 10.1046/j.1365-2958.2003.03294.x

Page 13 of 13 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


