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Abstract Analysis of signal transduction and protein phosphorylation is fundamental to understanding physiological 
and pathological cell behavior and identifying novel therapeutic targets. Despite the fact that the use of physiological 
three-dimensional cell culture assays is increasing, 3D proteomics and phosphoproteomics remain challenging due to 
difficulties with easy, robust and reproducible sample preparation. Here, we present an easy-to-perform, reliable and 
time-efficient method for the production of 3D cell lysates that does not compromise cell adhesion before cell lysis. 
The samples can be used for western blotting as well as phosphoproteome array technology. This technique will be of 
interest for researchers working in all fields of biology and drug development.
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BACKGROUND

The use of three-dimensional (3D) cell culture systems has greatly 
broadened the spectrum of molecular methods and also contributed 
to narrowing the gap between in vitro and in vivo research. Since the 
development of techniques like the spheroid model or the laminin-rich 
extracellular matrix (lrECM)-based cell cultures, several studies have 
shown that the results generated using these 3D assays have higher 
similarity with in vivo data than conventional 2D cell culture assays [1-
7]. Especially in regard to signal transduction, the molecular processes 
in 2D and 3D cultured cells seem to differ significantly [4,5,8,9]. This 
could be due to multiple reasons such as altered cell-cell or cell-matrix 
interactions or differences in cellular morphology influencing cellular 
epigenetics [1,4,5,10-12].

Given that site-specific phosphorylation/dephosphorylation of pro-
teins determines protein functionality and thus signal transduction, 
it is not very surprising that the phosphoproteome is under intense 
investigation [13]. With the invention of phosphoproteome arrays, it 
is now possible to efficiently analyze phosphorylation on a large scale 
even with limited sample volume [14]. Several studies already included 
results in 3D cell cultures [5,7,8,15]. However, to reduce the effects that 
matrix proteins or fetal bovine serum can have on array performance, 
some protocols include steps to dissolve the extracellular matrix or to 

detach cells with trypsin or accutase prior to cell lysis [8]. Importantly, 
this disruption of molecular connections, i.e. cell-matrix and cell-cell, 
may severely compromise the results.

Here we present a relatively rapid, easy and reliable method to 
produce 3D laminin-rich extracellular matrix (lrECM) grown cell 
culture lysates for phosphoproteomic analysis without cell detachment 
from ECM. To estimate cellular protein concentrations, detection and 
densitometry of housekeeping proteins like β-Actin are employed. The 
phosphoproteomic data have been confirmed by western blot analysis. 
Therefore, this new technique could be a useful tool to examine the 
molecular mechanisms under more physiological growth conditions.

MATERIALS

Reagents
 9 Laminin-rich extracellular matrix (lrECM) (BD MatrigelTM, Cat. 

# 354248)
 9 Agarose type I-A (Sigma, Cat. # A0169-500G)
 9 Cell culture medium (e.g. DMEM; PAA, Cat. # E15-883)
 9 Fetal bovine serum (FBS; PAA, Cat. # A15-101)
 9 Trypsin-EDTA, 1× (PAA, Cat. # L11-660)
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 9 Phosphate-buffered saline, 1× (PBS; PAA, Cat. # H15-002)
 9 Tubes, 50 ml, PP, sterile (greiner bio-one, Cat. # 210261)
 9 Safe Lock 1.5 ml reaction tubes (Eppendorf, Cat. # 0030120086)
 9 Serological pipette, 1 ml, sterile (greiner bio-one, Cat. # 604181)
 9 Serological pipette, 5 ml, sterile (greiner bio-one, Cat. # 606180)
 9 Serological pipette, 10 ml, sterile (greiner bio-one, Cat. # 607180)
 9 Serological pipette, 25 ml, sterile (greiner bio-one, Cat. # 760180)
 9 ART 100E Aerosol resistant tips, 100 µl (Molecular BioProducts, 

Cat. # 2065E)
 9 ART 200 Aerosol resistant tips, 100 µl (Molecular BioProducts, 

Cat. # 2069)
 9 ART 1000E Aerosol resistant tips, 1000 µl (Molecular BioProd-

ucts, Cat. # 2079E)
 9 24-well Microplates, Tissue culture treated, polystyrene, flat 

bottom, with low-evaporation lid (BD FalconTM, Cat. # 353226)
 9 Protein extraction buffer (Full Moon BioSystems, Cat. # EXB050)
 9 Complete protease inhibitor cocktail tablets (Roche, Cat. # 

11697498001)
 9 Phosphatase inhibitor Sodium orthovanadate (AppliChem, Cat. 

# A2196,0005)
 9 Phosphatase inhibitor Sodium fluoride (AppliChem, Cat. # 7681-

49-4)
 9 Insulin syringe with 27 G × 5/8 in. BD Micro-Fine™ IV (Orange) 

permanently attached needle (BD, Cat. # 309310)
 9 Ponceau S solution (Sigma, Cat. # P7170)
 9 Nonidet P-40 (Fluka, Cat. # 743858)
 9 EDTA (Roth, Cat. # 3619.1)
 9 Sodium deoxycholate (AppliChem, Cat. # A1531,0100)
 9 Sodium chloride (Merck, Cat. # 1.06404.1000)
 9 Glycerol (Roth, Cat. # 3783.1)
 9 DTT (AppliChem, Cat. # A1101,0025)
 9 Sodium dodecyl sulfate (SDS, Roth, Cat. # 2326.2)
 9 Tris (Roth, Cat. # 5429.3)
 9 Bromophenol blue (Serva, Cat. # 15375)

Recipes
 9 Cell culture medium: Add FBS up to 10% or 20%, according to 

the American Type Culture Collection (ATCC) recommendation 
for each specific cell line, and store at 4°C for up to 1 month.

 9 Agarose, 1%: Prepare 1% Agarose by weighing in 1 g Agarose 

type I-A and addition of double-distilled water up to 100 ml. 
Autoclave the solution at 121°C for 15 min, cool down and store 
at room temperature for up to 4 months.

 9 Protein extraction buffer (Full Moon): Prepare the buffer according 
to manufacturer’s instructions. Add Complete protease inhibitor 
cocktail to 1× final concentration.

 9 Protein extraction buffer (RIPA): Prepare a solution containing 50 
mM Tris (pH = 7.4), 1% Nonidet P-40, 0.25% sodium deoxycho-
late, 150 mM sodium choride and 1 mM EDTA in double-distilled 
water. Add Complete protease inhibitor cocktail (1× final con-
centration) and phoshatase inhibitors sodium orthovanadate (final 
concentration 1 mM) and sodium fluoride (final concentration 2 
mM) immediately before use.

 9 lrECM working solution: Remove the lrECM from -20 or -80°C 
and place in a refrigerator at 4°C 2 days before the start of the 
assay. After 24 h add cell culture medium (without FBS) to a final 
concentration of 10 mg/ml and incubate on a rotary shaker over 
night at 4°C. The solution must be kept on ice while pipetting 
since it gels rapidly. Store at 4°C for up to 2 weeks.

 9 6× Sample buffer: Prepare a solution containing 50% glycerol, 
0.6 M DTT, 10.28% SDS, 0.35 M Tris (pH = 6.8) and 0.012% 
bromophenol blue in double-distilled water. Store at -20°C.

Equipment
 9 Cell culture incubator (humidified, 7% CO2)
 9 Biological hood with laminar flow
 9 Incubator for medium
 9 Inverted phase microscope with ×2.5 and ×10 objectives (Zeiss, 

Axiovert 25, equipped with 2.5×/0.65 A-Plan and 10×/0.25 Ph1 
CP-ACHROMAT objectives)

 9 Centrifuge with a swing-bucket rotor, refrigerated (Eppendorf, 
5804 R)

 9 Eppendorf Research® pipette, 10-100 µl (Eppendorf, Cat. # 
3111 000.149)

 9 Eppendorf Research® pipette, 20-200 µl (Eppendorf, Cat. # 
3111 000.157)

 9 Eppendorf Research® pipette, 100-1000 µl (Eppendorf, Cat. # 
3111 000.165)

 9 Pipettor (BRAND accu-jet® pro, Cat. # 26300)
 9 Neubauer counting chamber (Marienfeld GmbH, Cat. # 06 401 30)

PROCEDURE

1. Inserting of cells in 3D lrECM

1.1. Heat 1% agarose in microwave until it is completely resolved. Pipette 250 µl 1% Agarose per well under 
sterile conditions in a 24-well plate and distribute it evenly in the well by horizontally shaking the plate.

1.2. Trypsinize and count cells. Calculate and pipette the required amount of cells in a centrifugation tube. 
Centrifuge at 130 × g for 3 min at room temperature. Remove the supernatant.

1.3. Prepare an lrECM solution with a final concentration of 0.5 mg/ml using cell culture medium (with FBS).

1.4. Resuspend the cell pellet with lrECM solution and pipette 1 ml per well in the agarose-coated 24-well plate.

1.5. After 2 h-incubation at 37°C, 7% CO2, carefully add 200 µl of cell culture medium (with FBS) to each well. 
(When cells are cultured less than 3 days, this step is optional).

HINTS: Cell number is cell line- and incubation time-dependent and may range from 1 × 105 to 1 × 106 cells per well.

2. Treatment of 3D lrECM cell cultures
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2.1. For treatment of cells with inhibitors/chemotherapeutics carefully add the desired amount of drug in the 
upper medium layer. Take the volume of the lrECM-cell layer and media (1.2 ml per well) into account. For 
controls, treat corresponding numbers of wells with lrECM-cell layers with the same amount of solvent.

2.2. If indicated, remove the drug by several (at least 5) medium changes without touching the lrECM-cell layer.

3. Harvesting of 3D lrECM cell cultures

3.1. For preparation of protein lysates from 24-well plates with 3D lrECM-cell cultures, place the plate on ice.

3.2. The cells should be visible in the lower third of the lrECM-cell layer. To reduce lrECM-FBS contamination 
in the protein lysate, carefully remove the layer containing media and excess lrECM-media mixture without 
aspirating the cells.

3.3. Immediately add 200 µl of Protein extraction buffer (supplemented with Protease inhibitor cocktail) to the 
wells.

3.4. Incubate the plate on ice for 30 min. Transfer cell lysate to a 1.5 ml ice-cold reaction tube.

3.5. Pass the cell lysate through an insulin syringe with a 27 gauge needle 5 times, while on ice, to ensure 
complete cell lysis.

3.6. Incubate for an additional 30 min on ice. Centrifuge lysate for 20 min at 16,000 × g and 4°C.

3.7. Transfer supernatant to a new 1.5 ml reaction tube and proceed with western blotting or phosphoproteome 
analysis.

HINTS: The cell layer should be completely covered to allow cell lysis. Cell lysates should be kept on ice at all times. 
Make sure, that the complete lysate is passed 5 times through the needle to accomplish complete cell lysis.

4. Western Blot and protein estimation

4.1. Mix 15 µl of 3D lysate with 3 µl of 6× sample buffer. Heat samples at 95°C for 5 min.

4.2. Load Western blot gels with at least two different amounts of a 2D lysate with known concentration (for 
example 25 µg and 20 µg per lane) mixed with sample buffer. Then load 3D samples.

4.3. Perform western blotting and transfer protein to nitrocellulose membrane

4.4. Analyze β-Actin expression by incubation with specific primary and secondary antibodies according to the 
manufacturer’s instructions.

4.5. Perform a densitometric analysis using a suitable software (e.g. ImageJ) by measuring the mean grey value.

4.6. Calculate the cell protein concentration of 3D lysates by comparison with densitometric values of 2D lysates.

HINTS: For densitometric analysis make sure to include background correction.

5. Phosphoproteome array

5.1. Perform phosphoproteome array or send samples to phosphoproteome service on dry ice. Further informa-
tion about available arrays from Full moon Biosystems as well as detailed user manuals can be found at the 
following website: http://www.fullmoonbio.com/services/antibody-array-assay-service/.

ANTICIPATED RESULTS

Protein expression and phosphorylation of cells cultured in a 3D 
matrix have been shown to better reflect results obtained in vivo com-
pared with cells grown under 2D monolayer cell culture conditions 
[5,6,9,16,17].

While phosphoproteome and proteome array techniques have been 
customized for the widely used 2D cell culture plastic growth condi-
tions, we established these techniques for total protein lysates harvested 
from 3D lrECM cell cultures to make broader examination of signal 
transduction feasible (Fig. 1 and Fig. 2).

In contrast to most other techniques, cells are here lysed in 3D with-
out detaching the cells from the surrounding ECM prior to adding cell 
lysis buffer. Because FBS and lrECM cannot be completely removed 

from the cell lysates, Ponceau S protein staining of the nitrocellulose 
membrane might show a pronounced band at approximately 50–70 kDa 
(Fig. 2B). This contamination with non-cellular proteins also interferes 
with bicinchoninic acid assay (BCA assay) to measure cellular protein 
concentration. Therefore, we used western blotting and subsequent 
analysis of β-Actin expression to calculate cellular protein concentra-
tion (Fig. 2C). Concentrations of 3D cell lysates might be lower than 
concentrations of 2D cell lysates due to the dilution with remaining 
lrECM and cell culture medium. Detection of proteins in the range 
of 40–60 kDa might run 5–10 kDa lower due to lrECM rests. In our 
hands, all tested antibodies for proteins with a molecular weight in this 
range worked perfectly. To rule out any false results, the detection of 
particular proteins within this kDa range requires individual attention 
by the experimenter.
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Figure 1. A. Scheme of 24-well preparation and cell plating into 3D lrECM. Wells are first coated with agarose to prevent cell attachment. After tryp-
sinization and counting, cell suspension is diluted with lrECM and placed into the wells. Medium is added after lrECM mixture has polymerized. B. Prior 
to cell lysis, redundant medium/lrECM is carefully removed without disturbing the cell layer. Cell lysates are homogenized with a 27 gauge needle and 
centrifuged. The supernatant is stored at -80°C.

Detachment of cells has a critical and immediate effect on protein 
phosphorylation even when phosphatase inhibitors are used during the 
procedure (Fig. 3A). One advantage of the described method is the 
preservation of cell-ECM interactions and consequently protein phos-
phorylation patterns for reliable investigation of signal transduction in 
3D cultured cells. As shown in Figure 3B, cell morphology is expected 
to be different between 2D and 3D cultured cells (Fig. 3B). While 2D 
cells are flat and spread out, 3D grown cells are round and show a 
similar cell shape as cells in vivo [5,11]. This distinct morphology is 
connected to differences in cytoskeletal and nuclear organization that 
have been shown to impact on cellular mechanisms and hereby affect 
protein phosphorylation [4,10,11,18-22].

Reliable analysis of the cellular proteome and phosphoproteome 
after treatment with pharmacological compounds requires the unre-
stricted diffusion of drugs in the 3D matrix. To address this issue, we 
used fluorochrome-labeled Cetuximab as an example for an inhibitory 
antibody (Fig. 3C). As shown in Figure 3C, Cetuximab was bound to 
the cell membrane 30 min after treatment indicating a sufficient drug 
penetration through the 3D matrix.

Next, we investigated the role of ECM- and growth condition-depen-

dent signal transduction pathways more closely. Therefore, we compared 
protein expression and phosphorylation in 2D vs. 3D grown human FaDu 
cells using different buffer conditions and a high-throughput method 
(Fig. 4). After phosphoproteome array hybridization and analysis (Fig. 
4A), changes in protein phosphorylation were calculated by normaliza-
tion to total protein expression (Fig. 4B). Among 580 proteins in total, 
only 15.2% of proteins showed similar changes in phosphorylation in 
2D and 3D cultures. Importantly, we have observed great similarity in 
protein phosphorylation patterns in 3D lrECM cancer cell cultures and 
their corresponding tumor xenografts in nude mice in contrast to 2D 
monolayer cell cultures [5]. In Figure 4C and D, modified RIPA and 
Full Moon protein extraction buffers were compared for their usefulness 
and reproducibility in 3D lrECM and 2D cell cultures. Exemplarily, 
proteins without alteration in phosphorylation pattern as well as proteins 
with increased or reduced phosphorylation are exhibited and matched 
with phosphoproteome array data (Fig. 4C and D). This comparative 
analysis shows growth factor receptor signaling to be more activated 
in 3D than 2D cultures (Fig. 4C and D) [5,6,23], which is in line with 
our previously published data in animal models [5].

In summary, this robust method can easily be used to analyze the 
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proteome and phosphoproteome of cells embedded in a 3D cell culture 
system more accurately by fast, in situ harvesting of whole cell lysates 

than via methods that disturb cell-ECM and cell-cell contact prior to 
cell lysis.

Figure 2. A. Work flow of protein estimation using western blotting. B. Representative image of a membrane containing 2D and 3D samples stained 
with Ponceau S. The contamination band of the remaining laminin-rich extracellular matrix (lrECM) is around 50–70 kDa. C. Detection of β-Actin and 
densitometric analysis are used to estimate cell protein concentrations.
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Figure 3. A. Western blot for phosphotyrosine 
in 2D and 3D A549 lung carcinoma cell cul-
tures lysed either in adherent growing cells 
or suspension cells detached with trypsin. B. 
Representative images of 2D and 3D grown 
PC3 prostate carcinoma cells. C. Immunoflu-
orescence staining of one SAS cell growing in 
3D. Cells were incubated with fluorochrome-la-
beled Cetuximab for 30 min. An untreated cell 
is shown as control. The nucleus was stained 
with DAPI.

Figure 4. A. Full Moon Phospho Ex-
plorer Array (PEX100) (Cat. # SEV03; 
Σ 580 proteins, Σ 1358 phospho sites) 
was used to explore differences in 
protein phosphorylation in 2D versus 
3D cell cultures. B. Protein phosphory-
lations examined in 3D versus 2D total 
protein extracts using Full Moon buffer. 
The numbers in the pie diagram indi-
cate the fold change in protein phos-
phorylation of 3D lrECM cell cultures 
relative to 2D, i.e. induced (red), re-
duced (blue), unchanged (gray), and 
white (failed to reach the > 1.5- or < 
0.66-fold cut-off). C. Comparison of 
total protein lysates extracted with Full 
Moon or RIPA buffer from 2D and 3D 
cell cultures on the basis of specific 
proteins and protein phosphorylations. 
β-Actin served as loading control. D. 
Densitometric protein phosphorylation 
analysis of protein bands shown in 
C in comparison to results of array 
analysis.
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TROUBLESHOOTING Tips for troubleshooting can be found in Table 1.

Table 1. Troubleshooting.

Step Problem Possible reason Solution

1.1 1% Agarose layer is not evenly 
distributed in wells

• 1% Agarose was not complete-
ly resolved

• Temperature of Agarose 
solution was below 60°C while 
pipetting

• Agarose solution was not even-
ly distributed in the well

• Heat 1% Agarose several times until boiling; shake in 
between to allow even resolution

• Make sure to heat Agarose directly before pipetting 
into 96-well plate

• Immediately shake the plate after adding 1% Agarose 
to each well to allow even distribution

1.2 Cells form aggregates • Cells were not thoroughly 
agitated

• Incubation time with Tryp-
sin-EDTA was too short

• Repeat resuspension of cells by pipetting the cell 
suspension up and down for several times

• Use another flask of cells and decrease incubation 
time with Trypsin-EDTA

1.2 A higher percentage of aggregated 
and/or of dead cells are visible 
under the microscope

• Incubation time with Tryp-
sin-EDTA was too long/agita-
tion was too strong/cells were 
plated at a very low density/
passage no. < 2

• Cells were too confluent

• Use another flask of cells
• Make sure to use cells at a density between 70-80% 

in the logarithmic growth phase

1.3 lrECM is solid or appears cloudy/
clumpy

• lrECM was not stored properly
• lrECM is contaminated
• lrECM was not thawed com-

pletely

• Transfer lrECM directly from -80°C to 4°C; store 
lrECM at 4°C at least 24 h before assay starts or until 
it is completely thawed; avoid keeping lrECM at room 
temperature, transport it on ice

• Check under microscope for contamination; use a 
new vial of lrECM for assay

• Store lrECM at 4°C at least 24 h before assay starts 
or until it is completely thawed

1.4 lrECM-cell mixture appears clumpy 
or contains partial polymerized 
products

• lrECM-cell suspension was not 
properly resuspended and/or 
not kept on ice

• lrECM was not thawed com-
pletely

• Mix the lrECM-cell suspension by pipetting it up and 
down several times; keep lrECM and cell-lrECM 
mixture during all pipetting steps on ice to avoid 
premature gelling

• Store lrECM at 4°C at least 24 h before assay starts 
or until it is completely thawed

1.4 Wells do not contain the same 
amount of cells in replicate wells

• lrECM-cell solution was not 
properly mixed before each 
pipetting step

• Prepare new lrECM-cell solution on ice; make sure to 
mix the solution carefully by swirling the tube before 
taking the required amount of cells

1.4 Cells are not evenly distributed in 
wells

• lrECM-cell solution was not 
added slowly and evenly to 
wells

• Prepare new lrECM-cell solution on ice; make sure to 
mix the solution carefully by swirling the tube before 
each pipetting step; pipette the solution slowly and 
evenly in the middle of the well

1.4 Cell number appears too low or too 
high in well

• Cells were not properly mixed 
before withdrawal of the re-
quired amount

• Incorrect cell number plated

• Repeat set-up of lrECM-cell mixture and make sure 
to mix the cell suspension before withdrawal of the 
required amount of cells for the assay

• Assess the correct cell number for each cell type 
used in this assay by performing a pilot experiment 
plating different amounts of cells per well.

1.4 Air bubbles are visible upon the 
lrECM-cell layer

• Pipette tip contained air while 
pipetting

• Use pipette tips with a wider diameter or cut the tip 
with a sterile scalpel

1.5 lrECM-cell layer appears col-
lapsed/contracted

• Medium was added too fast or 
with too much pressure

• Pipette tip touched the lrECM-
cell layer

• Plate was agitated

• Make sure to add the medium very carefully and 
slowly

• Avoid touching the lrECM-cell layer and aspirate the 
medium very slowly

• Avoid evaluating collapsed wells; make sure to trans-
port and handle plate very carefully

3.2 Cells are not growing in 3D • Plate was agitated too often 
and/or kept on room tempera-
ture for too long

• Cell number plated was too low
• Cells used for plating were too 

confluent

• Make sure to transport and handle plate very care-
fully; don’t remove the plate from the incubator for 
more than 5 min (except the steps necessary for the 
experiment and described above)

• Assess the required cell number of a cell line by plat-
ing different amounts of cells in a pilot experiment

• Make sure to use cells at a density between 70-80% 
in the logarithmic growth phase
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