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ABSTRACT

A high-throughput sample preparation protocol based on the use of 96-well molecular weight cut-off 

(MWCO) filter plates was developed for bottom-up proteomics. All sample preparation steps, including cell 

lysis, buffer exchange, protein denaturation, reduction/alkylation and proteolytic digestion are performed 

in a 96-well plate format, making it an ideal platform to process large number of samples and is also directly 

compatible with functional assays for cellular proteomics. In addition, the usage of a single plate for all 

sample preparation steps following cell lysis reduces potential samples losses and allows for convenient 

automation. The MWCO filter also enables sample concentration, thereby increasing the overall sensitivity, 

and implementation of washing steps involving organic solvents, for example, to remove cell membranes 

constituents. The optimized protocol was found to be superior in sample throughput and sensitivity in 

terms of the number of identified cellular proteins when compared to a protocol employing gel-filtration 

columns.



CH
4

69

4.1 INTRODUCTION

Proteomics studies often require the analysis of a large number of samples, such as the large sample sets 

needed for disease biomarker discovery [1] or due to fractionation of complex proteomes [2]. However, 

sample preparation for bottom-up proteomics involves many steps and, as such, is very labor-intensive and 

time-consuming. [3] Procedures based on treatment of individual samples, for instance using solid-phase 

extraction (SPE) [4] or gel-filtration columns [5], result in significant time and buffer consumption. These 

disadvantages can be overcome by the use of the filter-aided sample preparation (FASP) protocol employing 

spin filters. [6] The molecular weight cut-off (MWCO) membrane filters used in such a protocol can be used 

for the treatment of complex samples, such as cell lysates, while reducing the sample preparation time and 

sample losses. However, the number of samples that can be treated simultaneously is still limited due to the 

manual steps involved. 

High-throughput preparation of large sample sets is more efficiently achieved in the 96-well format. For in-gel 

digestion, protocols based on a standard 96-well plate [7] or filter plate [8] have been described. In these formats, 

buffer-exchange and desalting can easily be achieved via evaporation or vacuum filtration, respectively, 

because the proteins are contained within the gel pieces. More complex digestion protocols that include 

protein denaturation, reduction, alkylation and buffer-exchange/desalting steps, can also be performed in 

96-well format. One protocol for in-gel digestion that employs 96-well capillary plates allows for most sample 

preparation steps to be performed in a single plate, but requires a second plate for clean-up of the digest. [9] For  

in-solution digestion, a protocol was developed employing a 96-well plate for protein denaturation, 

reduction and alkylation, followed by buffer-exchange via gel-filtration in a second 96-well plate and, 

finally, elution and digestion in a third 96-well plate. [10] These protocols require multiple sample transfer 

steps and may result in sample loss. To our best knowledge, only one 96-well protocol, based on strong 

cation exchange [11], allows for all sample preparation steps to take place in a single plate. However, all 

aforementioned protocols were developed for pre-fractionated protein samples, but not for complex 

samples, such as whole cell lysates that may also require the use of organic solvents. 

The aim of this study was to develop a high-throughput sample preparation method in 96-well format 

for cellular proteomics that limits the number of sample transfer steps. For this purpose, a 96-well filter 

plate with a 10 kDa MWCO membrane was selected for its ease of use, organic solvent compatibility, 

low dead volume and universal application through the size-exclusion mechanism. MWCO membranes 

are compatible to all of the above mentioned sample pre-treatment steps and the 96-well format would 

also allow for automation using robotics. The final procedure (Figure 1) includes cell lysis in a 96-well plate 

followed by transfer of the cell lysates to the filter plate in which all further sample treatment steps, including 

removal of cell debris, buffer-exchange, denaturation, reduction, alkylation, and digestion, are performed 

prior to collection of the peptides into a 96-well plate and subsequent LC–MS analysis. The methodology 

was optimized using human embryonic kidney (HEK293T) cell lysates and compared to an existing  

column-based gel-filtration protocol [5].
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Figure 4.1 Overview of the filter plate and gel-filtration protocols. Each arrow represents a sample transfer step. 
An additional methanol wash or elution step may be included in the filter plate protocol following  

sample transfer or peptide collection, respectively.
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4.2 MATERIALS AND METHODS

4.2.1 Chemicals

Acetone, dichloromethane, methanol, [Met5]enkephalin, HPLC standard peptide mixture, dithiothreitol 

(DTT), guanidine HCl (GHCl), human serum albumin (HSA), iodoacetic acid (IAA), sodium deoxylate, sodium 

dodecyl sulfate, dibasic sodium phosphate, monobasic potassium phosphate, potassium chloride and 

sodium chloride were obtained from Sigma-Aldrich (Schnelldorf, Germany). Chloroform, formic acid (FA) and 

LC–MS grade acetonitrile (ACN) were purchased from Biosolve (Valkenswaard, The Netherlands). Ammonium 

bicarbonate (ABC) was supplied by Riedel-de Haën (Seelze, Germany). Illustra NAP-5 gel filtration columns 

prepacked with Sephadex G-25 DNA grade resin were purchased from GE Healthcare (Diegem, Belgium). 

The Pierce bicinchoninic acid (BCA) Protein Assay Kit was obtained from Pierce (Rockford, IL, USA). Nonidet 

P-40 and trypsin from bovine pancreas (EC 3.4.21.4) were obtained from Roche (Almere, The Netherlands). 

Multiscreen 96-well filter plates containing an Ultracel-10 membrane with a 10 kD MWCO were purchased 

from Millipore (Amsterdam, The Netherlands). Water was obtained from an in-house Millipore MilliQ system.

4.2.2 Cell culture and lysis

HEK293T cells were cultured in dulbecco’s modified eagle medium with high glucose concentration 

supplemented with 10% fetal bovine serum, 1% penicillin and 1% streptomycin at 37°C in 5% CO2. Plating 

of 2 million cells per Petri dish was achieved. Prior to cell lysis, the culture medium was carefully removed 

from the cells in the Petri dishes through vacuum pipetting at room temperature. The cells were washed 

three times at room temperature with 3 mL chilled phosphate buffered saline (PBS, 8.1 mM dibasic sodium 

phosphate, 1.5 mM monobasic potassium phosphate, 2.7 mM potassium chloride and 137 mM sodium 

chloride) for the removal of traces of serum and medium. Subsequently, 300 µL lysis buffer (1% Nonidet P-40, 

0.5% sodium deoxylate and 0.1% sodium dodecyl sulfate in PBS, pH 7.4) was added to the cells followed by 

incubation on ice for 10 min. Afterwards the resulting suspension was swirled in the Petri dishes. Using a cell 

scraper, the bottom of the culture dishes was scraped to assure suspension of the complete content in the 

dish. The cell solution was transferred to a 2 mL Eppendorf vial and centrifuged at 15,000 rpm for 10 min at 

4 ºC using an Eppendorf centrifuge 5415 R from Eppendorf (GmbH, Engelsdorf, Germany) for removal of cell 

debris. The supernatant was collected and the protein content (3.5 mg/mL) was determined using a BCA 

assay. Prior to sample preparation, the cell lysate samples were 10-fold diluted with lysis buffer.

For cell lysis in 96-well plate, the cells from a Petri dish were divided over the wells of a 96-well plate, which 

is the normal procedure for functional assays. Plating of 70,000 cells/well of the 96-well plate was achieved. 

The cells in each well were washed three times with 50 µL chilled PBS. Subsequently, 200 μL of lysis buffer 

was added to each well and the 96-well plates were placed in a shake plate at 100 rpm for 30 min at 4 

ºC. The plates were subsequently centrifuged for 1 h at 4 ºC to spin off cell debris using a Multifuge 3 S-R 

centrifuge (Heraeus Instruments, Kendro, Newtown, CT, USA). The average protein content in the wells was 

determined to be 99 µg/mL (n = 3) using the BCA assay.



CH
4

72

4.2.3 Sample preparation

Initial filter plate protocol with additional methanol washing and elution steps

The filters were first equilibrated with 100 μL of lysis buffer followed by centrifugation at 4,000 rpm for 1 

h at 4 ºC. Subsequently, 100 μL of a 10-fold diluted cell lysate sample obtained from a Petri dish culture  

(35 µg of protein) was spiked with HSA (0.1, 0.01 or 0 mg/mL) and added to the wells of the filter plate 

followed by 1 h of centrifugation. The resulting protein pellets were then washed using 100 µL MilliQ. For 

one set of samples, the protein pellets in the wells were resuspended in 100 μL of denaturation buffer  

(2 M GHCl in 50 mM ABC, pH 8.5) and incubated in the dark at 4 ºC for 1 h. For the other set of samples, the 

protein pellet was first washed with 50% methanol prior to resuspension in denaturation buffer. 

Afterwards, the proteins were reduced by the addition of 50 μL 0.1 M DTT to the wells and incubation of 

the filter plates at 50 ºC for 30 min. The reduced cysteines were then alkylated by the addition 75 μL of 

0.1 M IAA to the wells, followed by incubation in the dark for 30 min on a shake plate at 4 ºC. The excess 

reducing and alkylation agents were removed through centrifugal filtration for 2 h at 4 ºC. The proteins were 

washed using 100 μL digestion buffer (50 mM ABC, pH 8.5) and then resuspended in 100 µL digestion buffer 

containing 30 μL of 0.1 mg/mL trypsin and the plates were incubated at 37 ºC overnight. The following day, 

the digestion was quenched by the addition of 10 µL of a 10% formic acid (FA) solution followed by the 

recovery of the peptides in a 96-well plate through filtration of the filter plate for 1.5 h at 4 ºC. A second 

elution step with 100 µL of 1% FA in 50% methanol was applied to a subset of samples. Finally, the internal 

standard, [Met5]enkephalin, was added to all elution fractions at a final concentration of 1.7 µM.

Final high-throughput 96-well filter plate protocol

The initial filter plate protocol, without washing and elution steps, was slightly modified for the final 

comparison experiment. Following cell lysis in 96-well format, the cell lysates (n = 3, 200 µL, 20 µg of protein) 

were transferred from the wells of the 96-well plate to the corresponding wells of the equilibrated filter plate. 

Following 1 h of centrifugation to remove the lysis buffer, the proteins in the wells were resuspended in  

100 μL of denaturation buffer and incubated in the dark at 4ºC for 30 min. Afterwards, reduction, alkylation, 

buffer-exchange, digestion and peptide collection was performed as above. 

Column-based gel-filtration protocol

The cell lysate content (200 µL, 20 µg) of a well from the 96-well culture plate was diluted to 750 µL  

(n = 3) and applied to the gel-filtration columns that were equilibrated with 10 mL of denaturation buffer. 

The proteins were subsequently eluted into an Eppendorf tube using 750 µL of denaturation buffer. The 

denatured proteins were reduced by the addition of 10 µL of 1 M DTT and alkylated by the addition of  

20 µL of 1 M IAA using the same incubation conditions as above. The samples were subsequently applied 

to gel-filtration columns equilibrated with 10 mL of MilliQ water and eluted with 750 µL of MilliQ into 

Eppendorf vials. These samples were freeze-dried for 3 h and resuspended and digested as above. Following 

overnight incubation at 37 ºC, 10 µL of a 10% FA solution and 10 µL of a 10 µM internal standard solution 

was added to the samples.
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4.2.4 LC–MS analysis

In initial experiments, the digested cell lysate samples were analyzed with a Series 1200 Rapid Resolution  

LC system coupled to a 6520 QTOF mass spectrometer equipped with an electrospray ionization source 

operated in positive ion mode (Agilent, Amstelveen, The Netherlands), that was controlled by the Agilent 

Masshunter Workstation Acquisition software (version B.02.00). Separation of the peptides was achieved 

using an Agilent XDB-C18 column (50 x 4.6 mm I.D., 1.8 μm particle size) protected by a SecurityGuard C18 

guard column (4 x 2 mm I.D.) from Phenomenex (Utrecht, The Netherlands) operated at a constant flow rate 

of 0.6 mL/min and a temperature of 40 ºC. The mobile phases consisted of (v/v) 5% ACN and 0.1% FA in MilliQ 

for mobile phase A and 95% ACN and 0.1% FA in MilliQ for mobile phase B. Gradient elution was performed 

using a method with a run time of 42 min that held the %B constant at 0% for the first 2 min, then linearly 

increased to 40% B in 23 min, followed by a wash step at 100% B for 7 min and a re-equilibration step at 0% B 

for 10 min. Using an internal switching valve, the LC flow was only directed to the MS from 2 to 25 min, which 

was operated in 2 GHz extended dynamic range mode. The capillary voltage was set to 3500 V and nitrogen 

(99.9990%) was used as the drying (350°C) and nebulizer gas at a flow rate of 12 L/min and a pressure of 60 psig, 

respectively. Profile data were acquired in data-dependent mode where the most intense ion in the range of  

m/z 200-3000 was selected for fragmentation and subsequently excluded for the next 0.2 min. MS/MS 

spectra were recorded from m/z 50 to 3000 at a rate of 1.02 spectra/s using a fixed collision energy voltage 

of 20 V; nitrogen was used as the collision gas. 

The digested cell lysate samples from the comparison experiment were analyzed in duplicate on a reversed-

phase nanoLC coupled to a LTQ-Orbitrap Velos MS system (Thermo Fisher Scientific, Bremen, Germany). A 

vented column nanoLC setup [12] was configured on a Agilent Series 1200 HPLC system using an in-house 

packed capillary trapping column (20 x 0.1 mm I.D., 5 μm particle size) and analytical column (300 x 0.05 mm 

I.D., 5 μm particle size) filled with Reprosil Pur 120 C18-AQ (Dr. Maisch, Ammerbuch-Entringen, Germany). The 

mobile phases consisted of 0.6% acetic acid in MilliQ for mobile phase A and 80% ACN and 0.6% acetic acid in 

MilliQ for mobile phase B. One μl of digested cell lysate was loaded on the trapping column at constant flow of  

5 μL/min for 5 min of 100% mobile phase A. Gradient elution was performed at a flow of 100-150 nL/min 

using a method with a run time of 85 minutes that started from 0% B to 40% B in 65 min, then to 95% B 

in 5 min which was held constant for 5 min, followed by a re-equilibration step at 0% B for 10 min The 

column effluent was directly electrosprayed in the ion source of the linear ion trap operating in the positive 

ion mode. The mass spectrometer was programmed to operate in data-dependent mode, automatically 

switching between MS and MS/MS. Survey full spectrum MS spectra were acquired from m/z 400 to 1500 

in the Orbitrap analyzer at a resolution of 30,000 at m/z 400 after accumulation of ions to a target value of  

1 x 106. The ten most intense multiply charged ions above a threshold of 1000 were isolated, fragmented and 

analyzed in the linear ion trap after accumulation to a target value of 1 x 104. The isolation width was set to  

2.5 amu, the normalized collision energy at 35% and dynamic exclusion was set to 90 s.
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4.2.5 Data analysis

The LC–MS data files were imported into Mascot distiller (version 2.4.3.3; Matrix Science Ltd., London, United 

Kingdom) for generation of peak lists. General peak picking settings for trypsin digestion and the Agilent 

QTOF MS system included a minimum precursor mass of 500 Da, a precursor m/z tolerance of 1.2 Da and a 

maximum intermediate scan count of 2. For MS processing, the maximum charge per peak was set to 4 and 

for MS/MS processing this was set to a maximum of 2 charges with a precursor charge range of 1-4. For data 

obtained with the nanoLC–Orbitrap MS system, the precursor charge range was changed to 1-5 and the 

maximum intermediate scan count was set to 16.

The generated peak lists were uploaded to an in-house Mascot server (version 2.3.01; Matrix Science Ltd., 

London, United Kingdom) and searched against the SwissProt database (dated 07-2010) and a decoy 

database. Mascot searches were performed using tryptic cleavage conditions allowing for 2 missed 

cleavages, carboxymethylation as a variable modification and the taxonomy was set to Homo Sapiens. 

For the QTOF data, the peptide and MS/MS tolerance were set to 0.1 Da, while for the orbitrap data these 

settings were 5 ppm and 0.9 Da, respectively. The search results were imported into Scaffold (Version 

3.6.4, Proteome Software Inc., Portland, OR, USA) and searched with X! Tandem using a subset of the same 

SwissProt database. Protein identification criteria included at least 2 unique peptides for each protein hit, 

protein identification probabilities of ≥99% and peptide identification probabilities of ≥95%. With these 

settings, false discovery rates (FDR) of <0.1% were obtained.

4.3 RESULTS AND DISCUSSION

4.3.1 Initial experiments

Initially, parameters like solvent compatibility, centrifugation time, protein recovery, and filter bleeding were 

evaluated. The filter plates are compatible with all of the solvents needed, but the supplied polystyrene lids 

should be replaced by polyolefin lids that are compatible with organic solvents. The solution flow-through 

time solely depended on the volume loaded into the wells of the filter plate. As acknowledged by the 

supplier, differences in flow rate were observed depending on the well location in the filter plate. However, 

complete flow-through of 200 µL of any of the solutions used was achieved within 2 h at 4,000 rpm and  

4 ºC. The recovery of HSA (at 1.0, 0.2 and 0.04 mg/mL in lysis buffer) was tested following centrifugation and 

resuspension in lysis buffer. Every 15 min, a sample was taken and analyzed with the BCA assay. Complete 

resuspension was achieved within 15 min with an average HSA recovery of 107 ± 11% (n = 3, see Figure 4.2. 

Prolonged exposure of the filter plates to a HSA solution in lysis buffer in the absence of centrifugal force 

did not lead to filter bleeding after two days at 4°C.
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Figure 4.2 Resuspension of HSA in the filter plates following centrifugation measured as the recovery at 15 min 
time intervals.

Figure 4.3 Venn diagrams of unique peptides and proteins identified in the cell lysate digests with and without 
additional wash or elution steps prior to LC‒QTOF MS analysis.
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4.3.2 Additional methanol washing and elution steps

The filter plate protocol leaves room for the incorporation of additional steps, if needed. For instance, 

certain cell types may require an organic solvent washing step for removal of cell membrane constituents. 

This level of flexibility in the protocol is illustrated by evaluating the effect of incorporating an additional 

methanol washing step into the protocol using HEK293T cells cultured and lysed in a Petri dish. Three cell 

lysate samples (100 µL, 35 µg of protein) were spiked with HSA (0.1, 0.01 and 0 mg/mL) and washed with 

50% methanol directly after transfer to the filter plate followed by a centrifugation step. The results of 

these samples were compared to the results of an identical sample set prepared without the additional 

washing step. The digests (10 µL, 3.5 µg) were rapidly analyzed on the rapid resolution LC–QTOF MS. The 

results of the data analysis are depicted in Figure 4.3 and show that after the additional washing step 

resulted in only a slightly lower number of identified unique peptides (240 vs. 275) and proteins (34 vs. 38)  

(see Figure 4.3a and 4.3b, respectively). The methanol washing step is compatible with the filter plate, but 

was not required for the cell type analyzed in this study and was omitted from the protocol. Alternatively, a 

second elution step with organic solvent can also be incorporated to determine whether complete elution 

of the proteolytic peptides was achieved in the first elution step. Therefore, following elution of the tryptic 

peptides from the cell lysate samples spiked with HSA (0.1 or 0.01 mg/mL) using 100 µL of 1% FA in 50 mM 

ABC, a second elution step was performed with 100 µL of 1% FA in 50% methanol. The elution fractions from 

all samples (n = 4) were collected in separate plates and analyzed with LC–QTOF MS, see Figure 4.3c and 4.3d 

for the results. The total ion chromatograms in Figure 4.4 demonstrate that the majority of peptides indeed 

elute in the first fraction. From the 94 peptides identified in the second elution fractions, only 7 were not 

identified in the first elution fractions (a list of all identified proteins and peptides is available as supporting 

information, Table S1 upon request). As this did not lead to any additional protein identifications, the 

experiment most likely indicates a concentration-related effect rather than non-specific binding of peptides 

to the filter membrane.

4.3.3 Comparison of the filter plate protocol with the gel-filtration protocol    
            for cellular proteomics

The low number of identified peptides and proteins in the previous experiments is caused by combining 

a fast LC separation and a QTOF with a relatively low acquisition rate (2.8 s to achieve a survey spectrum 

and two MS/MS spectra). Therefore, the samples of the next experiment were reanalyzed with a  

nanoLC–Orbitrap MS system that was programmed to acquire a survey spectrum and ten MS/MS spectra 

in only 2.4 s. In this final comparison experiment, the optimized high-throughput filter plate protocol 

was compared to a column-based gel-filtration protocol [5] commonly used in our laboratory using  

HEK293T cells lysed in a 96-well plate (20 µg protein per well). For each sample from both protocols 0.25 μg 

(1 µL) of the total protein digest was analyzed twice by the nanoLC–Orbitrap MS system. Both protocols are 

depicted in Figure 4.1.

The Venn diagrams in Figure 4.5 show that despite the smaller amount of protein analyzed (0.25 µg vs 

3.5 µg), the results have significantly improved in comparison to the previous experiment due to the high 
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Figure 4.4 Chromatograms obtained from LC‒MS analysis of the cell lysate digests prepared with or without an 
initial methanol wash step and with or without a second elution step using 1% FA in 50% methanol.
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efficiency of the nanoLC–Orbitrap MS system. Figure 4.5 also shows large differences in the number of 

identified proteins and peptides between the cell lysate samples prepared with either the filter plate or 

the gel-filtration protocol. With the filter plate protocol, the number of identified proteins is 4-fold higher  

(440 vs. 109) and the number of identified peptides is 6-fold higher (2083 vs. 347) than with the gel-filtration 

column protocol. (A list containing all identified peptides and proteins is available as supporting information,  

Table 2S upon request.) This large difference may partly be due to the risky freeze-drying step (possibly 

leading to non-specific protein adsorption) that is required due to the 4-fold dilution at the start of the 

gel-filtration protocol (from 200 µL to 750 µL for application and elution from the column) and to achieve 

the same final concentration level as in the filter plate protocol. Next to that, the multiple sample transfer 

steps may have resulted in protein loss, thereby causing a reduction in the overall sensitivity of this method. 

These results may also indicate that the gel-filtration column protocol is more suitable for less complex and 

more concentrated protein samples. 

In contrast, the number of sample transfer steps is minimized in the filter plate protocol, which also allows 

for a 2.5-fold sample concentration (from 200 µL to 80 µL) and avoids the freeze-drying step. Therefore, 

this protocol is less prone to sample losses and more sensitive. The obtained results show its applicability 

for global cellular proteomics. Although the buffer-exchange steps via centrifugation can be quite lengthy  

(1.5-2.5h, depending on the sample volume) in comparison with gel-filtration (completed within  

1 h including equilibration of the columns), the filter plate protocol is less laborious, reduces buffer 

consumption, requires less manual steps and is still completed within one day. It also allows for the 

simultaneous preparation of 96 samples, while for practical reasons this number is much more limited for 

the gel-filtration columns.

4.4 CONCLUSION

To summarize, a high-throughput sample preparation method employing 96-well filter plates was developed 

for bottom-up cellular proteomics. This protocol allows for 1:1 transfer of cell lysates from 96-well plates, for 

instance from functional assays performed in the 96-well format. The 96-well filter plate sample preparation 

format was found to be superior to the individual treatment of samples in terms of sample throughput and 

sensitivity. As opposed to other media, the use of MWCO filter membranes contributes to the versatility of 

the 96-well plate protocol and is not biased towards any type of proteins or peptides. 
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