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Protein isolation is an essential tool in cell biology to characterize protein
abundance under various experimental conditions. Several protocols exist,
tailored to cell culture or tissue sections, and have been adapted to particular
downstream analyses (e.g., western blotting or mass spectrometry). An in-
creasing trend in bioengineering and cell biology is to use three-dimensional
(3D) hydrogel-based scaffolds for cell culture. In principle, the same protocols
can be used to extract protein from hydrogel-based cell and tissue constructs.
However, in practice the yield and quality of the recovered protein pellet is
often substantially lower when using standard protocols and requires tuning of
multiple steps, including the selected lysis buffer and the scaffold homogeniza-
tion strategy, as well as the methods for protein purification and reconstitution.
We present here specific protocols tailored to common 3D hydrogels to help
researchers using hydrogel-based 3D cell culture improve the quantity and
quality of their extracted protein. We focus on three materials: protease-
degradable PEG-based hydrogels, collagen hydrogels, and alginate hydrogels.
We discuss how the protein extraction procedure can be adapted to the scaffold
of interest (degradable or non-degradable gels), proteins of interests (soluble,
matrix-bound, or phosphoproteins), and downstream biochemical assays
(western blotting or mass spectrometry). With the growing interest in 3D
cell culture, the protocols presented should be useful to many researchers in
cell biology, protein science, biomaterials, and bioengineering communities.
© 2024 The Authors. Current Protocols published by Wiley Periodicals LLC.

Basic Protocol 1: Isolating proteins from PEG-based hydrogels
Basic Protocol 2: Isolating proteins from collagen hydrogels
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Support Protocol: Isolating protein and RNA simultaneously from the same
samples

Keywords: 3D hydrogel � alginate � collagen � PEG � protein isolation

Current Protocols e966, Volume 4
Published in Wiley Online Library (wileyonlinelibrary.com).
doi: 10.1002/cpz1.966
© 2024 The Authors. Current Protocols published by Wiley Periodicals
LLC. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Da Silva André
et al.

1 of 23

https://orcid.org/0000-0002-9791-898X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


How to cite this article:
Da Silva André, G., Paganella, L. G., Badolato, A., Sander, S.,

Giampietro, C., Tibbitt, M. W., Dengjel, J., & Labouesse, C. (2024).
Protein isolation from 3D hydrogel scaffolds. Current Protocols, 4,

e966. doi: 10.1002/cpz1.966

INTRODUCTION

Protein isolation from cell cultures has been a mainstay of cell and molecular biology for
decades. It is an essential step in the process of identifying changes in protein abundance,
post-translational modifications, and interaction partners (Walker, 2009). Protein-based
assays are dependent on the quality and the yield of the protein lysate. In the last decade,
cell and tissue biologists have embraced 3D multicellular constructs to engineer more
complex in vitro models. Such 3D models include cell encapsulation into various types
of hydrogels, spheroid formation, and organoids (free-floating or encapsulated; Caliari &
Burdick, 2016; Gjorevski et al., 2016). Many researchers will acknowledge that protein
isolation from 3D scaffolds is more challenging than that from standard 2D plastic- or
glass-based cultures. The challenges lie in the ability to isolate enough protein with high
quality and a similar throughput as from 2D assays. However, these challenges are rarely
discussed in the experimental section of research articles, and few published protocols
directly address them. Here we address the specific challenges associated with isolating
protein from 3D cell cultures. We borrowed some techniques used to isolate proteins
from tissue samples but with a specific focus on isolating cells from 3D-hydrogel-based
scaffolds.

The general steps of all protein isolation protocols are (i) cell lysis, (ii) purification
and precipitation, and (iii) resuspension of the pellet in native or denaturing condi-
tions. The three main issues encountered in the process are protein yield, efficiency, and
maintenance of post-translational modifications (PTMs), such as phosphorylated groups.
The yield will depend both on the number of cells and on the isolation protocol, and tends
to be a limiting factor in the success of downstream assays. Various protocols for isola-
tion differ in the choice of lysis buffer, purification method, and resuspension buffer.
Lower efficiency can arise when some steps do not work as well in the presence of a gel
phase swollen in an aqueous solvent. Non-dissolved gel phase can clump and compro-
mise downstream processing of the samples. The third challenge is to be able to work fast
enough to preserve PTMs, e.g., phosphorylated groups that are highly labile, as processes
in 3D, such as breaking up or degrading the scaffold, typically take longer than standard
2D protocols. We discuss all of these challenges in the protocols presented here.

In addressing these challenges, the properties of the hydrogel scaffold are important.
First, for the best results, the scaffold must be broken up or degraded to ensure complete
cell lysis and protein recovery. Scaffolds can be either mechanically degraded or chemi-
cally dissolved. Some scaffolds are also designed to be degradable by light (e.g., Kloxin
et al., 2010). Second, the swelling properties of the polymers in the aqueous and organic
solvents used must be considered. Phase separation is one method of choice to purify
protein content from whole cell lysates. It relies on the separation of an organic phase,
often based on phenol/chloroform, containing the protein content from an aqueous phase
containing RNA. The DNA normally found in the interphase can be precipitated with
ethanol. How the gel phase interacts with the solvents used will influence the quality of
the purification process. Increasing the volume of organic solvent or the number of incu-
bation steps can be useful to ensure proper purification. Strategies can be adapted to the
type of scaffold and its degradability. Finally, the physical properties of the scaffold are
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important, namely its volume and its protein content. Natural-based hydrogels, such as
polysaccharide (e.g., alginate, hyaluronic acid)- or protein-based hydrogels (e.g., colla-
gen), can be more difficult to fully eliminate compared with synthetic hydrogels, such as
poly(ethylene glycol) (PEG).

Having a good understanding of the scaffold that is used, as well as the intended protein
target(s) to be analyzed and the methodology of analysis is essential to ensure suitable
purity and yield for the downstream assays. When using 3D scaffolds, cell number and
scaffold size can be a limiting factor, and therefore the protocols are less forgiving if
a specific amount of protein is needed for downstream assays. Western blots typically
require 10 μg of protein per sample, and up to 20 to 40 μg of protein for phosphorylated
targets. For classical bottom-up liquid crystallography–tandem mass spectrometry (LC-
MS/MS)-based proteomics, similar amounts of protein per sample are typically used,
whereas for co-immunoprecipitation (co-IP), milligrams of protein are needed. These
numbers also depend on the abundance of the target proteins and depth of analysis. To
obtain sufficient yield, it is essential to tailor the isolation protocols for each scaffold
type and cell type used. In addition, for any protein that is secreted or extracellular, and
thus potentially interacts with the scaffold, the investigator must ensure that the scaffold
degradation method does not interfere with protein integrity or detection (Sawicki et al.,
2018).

Our aim is to guide the investigator in adapting standard protein isolation protocols for
their own specific type of 3D scaffolds. Here we give detailed protocols for three types
of scaffolds, a synthetic scaffold (PEG), a natural fibrous protein scaffold (collagen), and
a polysaccharide-based scaffold (alginate), addressing specific challenges linked to their
different degradation mechanism and swelling properties. These three basic protocols fo-
cus on the isolation of proteins from cells grown in hydrogels using TRIzolTM-based lysis
and phase separation. We give one alternate protocol that uses a different scaffold degra-
dation strategy, and one support protocol for simultaneously isolating RNA and protein
from the same sample, which applies to all types of scaffolds. We discuss in the Com-
mentary section our rationale, and the downstream applications that are possible from the
isolated protein solutions (western blotting, mass spectrometry, immunoprecipitation).

CAUTION: All protocols given here are done using the phenol/chloroform phase sepa-
ration method with TRIzolTM reagent. TRIzolTM and chloroform are toxic to inhale and
must be handled in a fume hood with adequate ventilation. Please follow the safety proce-
dures outlined on the safety data sheets of each product. If one uses a nontoxic lysis buffer
(e.g., radioimmunoprecipitation assay [RIPA] lysis buffer), there is no need to perform
these steps under a fume hood.

STRATEGIC PLANNING

We describe in the protocols below the result of protocol refinement for PEG, collagen,
and alginate scaffolds. These protocols should be further adapted to each new scaffold. To
guide the investigator in this process, we detail here the main aspects to consider before
starting any protein isolation process. These are summed up in the two tables below:
Know Your Scaffold (Table 1) and Know Your Target (Table 2).

Know your scaffold

The polymer part of the scaffold must be broken up for efficient protein isolation. Either
the polymer scaffold is intrinsically degradable (by light, by enzymes, or by chelating an
ionic cross-linker, not to be confused with cell-directed degradability), or else it must be
mechanically disrupted. The scaffold degradation step can be done before or after adding
the lysis buffer (see Fig. 1). If done before cell lysis, it is important that this step is fast
to avoid any changes or loss in the protein content. Mechanical disruption can be done
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Table 1 Know Your Scaffolda

Hydrogel degradation
strategy Type Time per sample Comment

Manual breakage 5-10 min/sample Take care to avoid sample
cross-contamination

Homogenization 1-5 min/sample Take care to avoid sample
cross-contamination

Digestion (enzymatic or
with EDTA)

7-15 min Possible if protein abundance
not expected to change over
15-min time frame

Light-based degradation Minutes

Hydrogel swelling
properties

Solvent Swelling ratio or swelling
behavior

Comment

Aqueous buffer How much water is
retained in the gel phase
and transferred to the
lysate? (will depend on the
degradation strategy)

Increase number of washing
steps prior to lysing and add
more chloroform to the phase
separation step

Ethanol If some gel phase is still in the
supernatant after washing with
ethanol, repeat the ethanol
washing step once more

a
Examples of hydrogel degradation strategies and swelling behaviors in different solvents. EDTA, ethylenediaminetetraacetic acid.

Table 2 Know Your Targeta

Type of target
protein(s)

Required cell numbers for western
blotting

Required cell
number for mass
spectrometry

Non-phosphorylated High abundance 100,000 cells/sample 10,000-100,000
cells/sampleLow abundance 400,000 cells/sample

Phosphorylated protein High abundance 200,000 cells/sample

Low abundance >500,000 cells/sample

ECM protein (native) No interaction with
scaffold

The scaffold can be dissolved/degraded
with any method

Interacts/entangles
with the scaffold

Do not use collagenase to digest the
hydrogel. Other methods can be used

a
Here we provide rough estimates of cell numbers. Note that in all cases, the detection level will depend on the sensitivity of the antibody used for the

total or the phosphorylated proteins. The antibodies should always be tested first.

manually by grinding the gel in a mortar or in a tube with a spatula, with optional use of a
needle (gauge 23G to 25G) to remove small clumps. Alternatively, mechanical disruption
with a tissue homogenizer or a bead mill homogenizer (also called a bead beater) can be
more efficient. Mechanical disruption yields better results when freezing the hydrogel
before degradation. Finally, some scaffolds are, intrinsically or by design, degradable by
peptidases or proteases (e.g., sortases, collagenases or other matrix metalloproteinases;
Bretherton et al., 2023; Lutolf & Hubbell, 2005; Valdez et al., 2017). In principle, col-
lagenase or an appropriate protease could be used in these cases to enzymatically digest
the gel. However, enzymatic digestion can be long (>15 min, depending on the gel vol-
ume and protease concentration), which could affect the abundance and post-translational
modifications of the protein(s) of interest. Therefore, this method should be used only if
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Figure 1 Workflow for the different protocols for protein isolation from hydrogel samples. Depend-
ing on the type of hydrogel, different strategies to break it up into pieces can be used, including
mechanical degradation, or a combination of mechanical degradation and chemical dissolution.
All protocols presented here use TRIzolTM to lyse the samples and TRIzolTM-chloroform phase
separation followed by precipitation in ethanol and isopropanol to purify the protein. The protein
pellet can then be used for different downstream assays. SDS-PAGE, sodium dodecyl sulfate–
polyacrylamide gel electrophoresis; WB, western blotting; LC, liquid chromatography; MS, mass
spectrometry; (co-)IP, (co-)immunoprecipitation.

no change in protein abundance is expected on these time scales. For hydrogels that are
difficult to break up fast, combining chemical dissolution with mechanical degradation
can help to obtain fast scaffold degradation and efficient cell lysis.

Efficient hydrogel degradation and cell lysis usually requires immersing the hydrogel
into 1-5 times its volume of lysis buffer. Although this could be done directly in a lysis
buffer, such as the RIPA lysis buffer traditionally used for many protein isolation pro-
tocols, it would entail using large volumes of RIPA buffer and correspondingly diluting
the protein content. To avoid this problem, we chose to use a phase-separation technique
using TRIzolTM and chloroform followed by protein precipitation and purification. Fol-
lowing this approach, the protein pellet can be resuspended using a buffer and volume of
choice to adjust the final protein concentration as required by the planned downstream
application. Note that TRIzolTM does denature proteins to some extent, and thus this pro-
cedure is not compatible with subsequent applications that require native protein confor-
mation (co-immunoprecipitation, native gel electrophoresis); in such cases, using a mild,
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non-denaturing lysis buffer is recommended followed by dialysis to re-concentrate the
protein if needed (Savorani et al., 2021).

Hydrogels swell

We recommend measuring the swelling ratio and final water content of the scaffold. For
comparison, tissues are 70% water, whereas hydrogels are often 95% or more water.
In addition, the cell density is often substantially lower than tissue. Furthermore, some
hydrogels can swell in aqueous solutions, increasing the relative water content. Hydrogels
that swell a lot in aqueous media, such as PEG, may need multiple washing steps to be
fully flushed of the medium components that could contain proteases. Moreover, protein
precipitation steps are done in ethanol or isopropanol. However, the gel phase may have
different solubility in these solvents, and this could affect the efficiency of the processes.
Again here, the number of washing steps should be adjusted to the polymer scaffold used.

Know your target

Protein isolation protocols must be aligned with the downstream application and the de-
sired target. The number of cells can be controlled by cell seeding density or scaffold
volume. As a general point, as cells proliferate slower in 3D hydrogels than on 2D plas-
tic or glass, one should aim to seed cells in hydrogels at high density. If quantification of
phosphoproteins is desired, a larger amount of protein is needed than for assays looking at
total proteins irrespective of their phosphorylation state. In addition, one must work fast
and at low temperatures (keeping samples on ice) to avoid loss of phosphorylated groups
due to phosphatase activity. The use of phosphatase inhibitors is also recommended in
this case.

BASIC
PROTOCOL 1

ISOLATING PROTEINS FROM PEG-BASED HYDROGELS

PEG-based hydrogels have become a prominent biomaterial to encapsulate cells and cre-
ate 3D in vitro tissue models (Caliari & Burdick, 2016; Lutolf & Hubbell, 2005). PEG
chains can interfere with downstream applications, so it is important to separate and re-
move the PEG from the protein content. This protocol details how to break up PEG gels,
isolate protein using TRIzolTM and chloroform phase separation, and purify protein.

NOTE: Volumes here are given assuming a 100-μl starting gel volume (before swelling).
Adjust the volumes of lysis buffer as needed to suit your sample volume.

Materials

Starting sample: cells or microtissues encapsulated in a PEG-based hydrogel (see
Strategic Planning in regard to cell numbers)

Phosphate-buffered saline (PBS), 4°C
PierceTM Protease Inhibitor Mini Tablets, EDTA-free (cat. no. A32955,

Sigma-Aldrich)
Optional: PierceTM Phosphatase Inhibitor Mini Tablets (cat. no. A32957,

Sigma-Aldrich)
TRIzolTM (cat. no. 15596018, Invitrogen; or equivalent monophasic solution of

phenol and guanidine isothiocyanate), 4°C
Chloroform
70% (v/v) ethanol, diluted from 100% ethanol in nuclease- and protease-free water

(e.g., UltraPureTM Distilled Water, cat. no. 10977-035, Invitrogen)
100% ethanol, BioUltra for molecular biology (cat. no. 51976–500ML-F,

Sigma-Aldrich)
100% isopropanol, BioUltra for molecular biology (cat. no. 59304, Sigma-Aldrich)
0.3 M guanidine hydrochloride
Resuspension buffer: e.g., Hot SDS bufferDa Silva André
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1-ml and 200-μl pipets
Fume hood
Metal spatula
5- and 2-ml PCR clean tubes (cat. nos. 0030119460 and 022431048, Eppendorf)
Liquid nitrogen or dry ice
Ice
Tissue homogenizer: T 25 digital ULTRA-TURRAX homogenizing with

dispersing tool (cat. no. S25 N-8G-ST, IKA)
Centrifuge, cooled, with maximum speed of at least 13,000 rcf
Freezer, −20°C
Hot plate, capable of heating up to 75°C

1. Wash the PEG gel samples twice, each time using 1 ml PBS containing protease
inhibitors (and phosphatase inhibitors, if required), precooled to 4°C.

2. Pre-fill a 5-ml tube with 1 ml TRIzolTM and label it.

If using a different sample size and adjusting the volume of TRIzolTM, make sure that you
write down the volume of TRIzolTM used, as this is important to know for the next steps.

3. Using a spatula, transfer your gel to the TRIzolTM-filled tube and immediately snap-
freeze it in liquid nitrogen.

Depending on the size of the gel, you can use smaller or larger tubes. Account for the fact
that a sufficient volume of TRIzolTM will have to be added for the homogenizing blade to
be immersed by 1 cm without splashing.

When working with liquid nitrogen, use appropriate personal protective equipment. If
liquid nitrogen is not available, isopropanol or ethanol in dry ice can be used to snap-
freeze. Optional: gels can also be snap-frozen without TRIzolTM. In this case, ice-cold
TRIzolTM has to be added to the sample immediately before homogenization in step 5.

Samples can be stored at −80°C at this point for several months. However, the earlier
they are processed, the higher the protein yield you can expect.

4. Place the samples on ice.

5. Homogenize the sample until the hydrogel is broken up into small flakes, typically
<1 mm in size. You can use the homogenizer at the maximum speed (∼15,000 rpm).

Follow the manual of your tissue homogenizer. In particular, pay attention to the fact that
the homogenizer should always be partially immersed when running and should not run
continuously for >1 min to avoid overheating. You will have to do several runs to get full
homogenization, depending on your sample. This can be assessed by eye, as PEG gels
break into flakes that are typically <1 mm, scattering the light and giving the solution
a slightly turbid appearance. Between homogenization runs, place your samples on ice.
We recommend alternating 30 s of homogenization and 30 s OFF time.

6. Between samples, wash your homogenizer probe twice in cold 70% ethanol us-
ing sufficient volume to immerse the probe, to avoid sample cross-contamination.
Change the washing solution after each wash.

7. Incubate samples with TRIzolTM for 15 min at room temperature.

8. Add chloroform to each sample, 200 μl to every 1 ml of TRIzolTM. Incubate 10 min
at room temperature. Mix the tubes by vigorously inverting them.

If your homogenized samples are in 5-ml tubes and these do not fit the high-speed cen-
trifuge, transfer your samples to 2-ml tubes before adding the chloroform. Use the chlo-
roform to gather any remaining drops of sample.

9. Centrifuge the samples for 15 min at 13,000 rcf, 4°C, to induce phase separation.
The samples should separate into a top transparent phase (aqueous phase), an opaque
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interphase (usually thin), and a bottom pink organic phase containing the protein
content.

10. Carefully discard the top, aqueous phase using a pipet. If you wish to keep the RNA,
save the aqueous phase (see Support Protocol).

11. Add 100% ethanol, 300 μl for each 1 ml of TRIzolTM, to precipitate DNA and the
remainder of the gel phase. Incubate 2-3 min at room temperature.

12. Spin down for 5 min at 2500 rcf, 4°C.

13. Recover the supernatant into a fresh 2-ml tube using a pipet. Discard any pellet.

14. Repeat steps 11-13.

15. Add 100% isopropanol, 1.5 ml for each 1 ml of TRIzolTM used.

Check the final volume before adding isopropanol. If the final volume exceeds 2 ml, split
your sample into two 2-ml tubes.

16. Incubate in isopropanol overnight at −20°C to precipitate the protein.

17. Spin down for 10 min at 12,000 rcf, 4°C. A protein pellet should form and be visible.

18. Discard the supernatant using a pipet.

19. Add 2 ml guanidine hydrochloride. Mix gently by inversion to detach the pellet from
the tube wall. Incubate 20 min at room temperature.

20. Spin down for 5 min at 7500 rcf, 4°C.

21. Remove the supernatant using a pipet, and add another 2 ml of guanidine hydrochlo-
ride. Mix gently by inversion to detach the pellet from the tube wall.

22. Spin down for 5 min at 7500 rcf, 4°C.

23. Discard the supernatant using a pipet, and add 2 ml of 100% ethanol.

24. Spin down for 7 min at 7500 rcf, 4°C.

25. Discard the supernatant using a pipet.

26. Allow the ethanol to evaporate by leaving the samples (open tubes) at room temper-
ature for 5-10 min.

27. Resuspend the pellet in your buffer of choice. Typically, 100 μl per sample yields
high enough concentrations.

If resuspending in Hot SDS buffer, heat the samples to 75°C for 1-2 min to help dissolve
the pellet. Alternatively, sonicate the sample for a few minutes. Samples can be stored at
−80°C for several weeks until further processing.

BASIC
PROTOCOL 2

ISOLATING PROTEIN FROM COLLAGEN HYDROGELS

Collagen gels are also used routinely to encapsulate cells for 3D cell culture (Rhee, 2009).
Collagen does not swell much, which makes it easier to estimate the total volume of
gel phase and aqueous phase. If not properly broken down, collagen fibers can create
problems in SDS-PAGE band migration and will also contribute to high signal in mass
spectrometry, given that it is a protein. Therefore, it is important to try to fully remove
the collagen component from the protein pellet. Here we give a protocol based on man-
ual mechanical disruption of collagen gels. This has been the most efficient way in our
hands to break up collagen gels. Note that collagen gels can be digested with collagenase;
however, this process takes 20-30 min and must be done at 37°C. In these conditions, the
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cellular protein content could be degraded or altered, especially in the case of phospho-
rylated targets. Collagenase is therefore not the preferred method.

NOTE: Volumes here are given assuming a 1.5-ml starting gel volume (before swelling).
Adjust the volumes of lysis buffer as needed to suit your sample volume.

Materials

Starting sample: cells or microtissues encapsulated in a collagen hydrogel (see
Strategic Planning about cell numbers)

Phosphate-buffered saline (PBS), 4°C
PierceTM Protease Inhibitor Mini Tablets, EDTA-free, (cat. no. A32955,

Sigma-Aldrich)
Optional: PierceTM Phosphatase Inhibitor Mini Tablets (cat. no. A32957,

Sigma-Aldrich)
TRIzolTM (cat. no. 15596018, Invitrogen; or equivalent monophasic solution of

phenol and guanidine isothiocyanate), 4°C
Chloroform
100% ethanol, BioUltra for molecular biology (cat. no. 51976-500ML-F,

Sigma-Aldrich)
Isopropanol, BioUltra for molecular biology (cat. no. 59304, Sigma Aldrich)
0.3 M guanidine hydrochloride
Resuspension buffer, e.g., Hot SDS buffer

1-ml and 200-μl pipets
Metal spatula
5- and 2-ml PCR clean tubes (cat. nos. 0030119460 and 022431048, Eppendorf)
Fume hood
Liquid nitrogen or dry ice
Ice
Centrifuge, cooled, with maximum speed of at least 13,000 rcf
Freezer, −20°C
Hot plate, heating up to 75°C

1. Wash the collagen gel samples twice, each time using with 3 ml PBS containing
protease inhibitors (and phosphatase inhibitors, if required), precooled to 4°C.

2. Transfer your gel using a spatula to a 5-ml tube and immediately snap-freeze it in
liquid nitrogen.

Depending on the size of the gel, you can use smaller or larger tubes. Account for the
fact that TRIzolTM will have to be added to each tube.

Use liquid nitrogen with the appropriate personal protective equipment. If liquid nitrogen
is not available, isopropanol or ethanol in dry ice can be used to snap-freeze.

Samples can be stored at −80°C at this point for several months. However, the earlier
they are processed, the higher the protein yield you can expect.

3. Add 300 μl cold TRIzolTM to each sample.

If using a different sample size and adjusting the volume of TRIzolTM, make sure that you
write down the volume of TRIzolTM used, as this is important to know for the next steps.

4. Mechanically break up the gel with a sharp spatula or a grinder. You should be able
to break the gel up into small pieces, not more than a few millimeters wide.

5. Add an additional 1 ml of TRIzolTM.

6. Place the samples on ice.

The samples can be stored at −80°C at this point until further use.

Da Silva André
et al.
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7. Incubate samples with TRIzolTM for 15 min at room temperature.

Although collagen does not swell much, there is still some liquid remaining in the gels.
In our hands, we recover a volume of 1.65 ml instead of 1.3 ml.

8. Add chloroform to each sample. Phase separation is best achieved by adding 280 μl
of chloroform for the 1.3 ml TRIzolTM added. Incubate 10 min at room temperature.
Mix the tubes by vigorously inverting them.

If your samples are in 5-ml tubes and these do not fit the high-speed centrifuge, transfer
your samples to 2-ml tubes before adding the chloroform. Use the chloroform to gather
any remaining drops of sample.

9. Centrifuge the samples for 15 min at 13,000 rcf, 4°C, to induce phase separation.
The samples should separate into a top transparent phase (aqueous phase), an opaque
interphase (usually thin), and a bottom pink organic phase containing the protein
content.

10. Carefully discard the top, aqueous phase using a pipet. If you wish to keep the RNA,
save the aqueous phase (see Support Protocol).

11. Add 100% ethanol, 300 μl for each 1 ml of TRIzolTM, to precipitate DNA and the
remainder of the gel phase. Incubate 2-3 min at room temperature.

12. Spin down for 5 min at 2500 rcf, 4°C. Repeat steps 11-13.

13. Collect the supernatant into a fresh 2-ml tube using a pipet. Discard any pellet.

14. Add 1.5 ml of 100% isopropanol per sample.

Check the final volume before adding isopropanol. If the final volume exceeds 2 ml, split
your sample into two 2-ml tubes.

15. Incubate in isopropanol overnight at −20°C to precipitate the protein.

16. Spin down for 10 min at 12,000 rcf, 4°C. A visible protein pellet should form.

17. Discard the supernatant using a pipet.

18. Add 2 ml guanidine hydrochloride solution. Mix gently by inversion to detach the
pellet from the tube wall. Incubate 20 min at room temperature.

19. Spin down for 10 min at 12,000 rcf, 4°C.

20. Remove the supernatant using a pipet and add another 2 ml of guanidine hydrochlo-
ride solution. Mix gently by inversion to detach the pellet from the tube wall.

21. Spin down for 5 min at 7500 rcf, 4°C.

22. Discard the supernatant using a pipet and add 2 ml of 100% ethanol.

23. Spin down for 7 min at 7500 rcf, 4°C.

24. Discard the supernatant using a pipet.

25. Allow the ethanol to evaporate by leaving the samples (open tubes) for 5-10 min at
room temperature.

26. Resuspend the pellet in your buffer of choice. Typically, 100 μl per sample yields
high enough concentrations.

If resuspending in Hot SDS buffer, heat the samples to 75°C for 1-2 min to help dissolve
the pellet. Alternatively, sonicate the sample for a few minutes. Samples can be stored at
−80°C for several weeks until further processing.Da Silva André
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BASIC
PROTOCOL 3

ISOLATING PROTEIN FROM ALGINATE HYDROGELS

Alginate gels are emerging as a common scaffold for the 3D culture of mammalian and
microbial cells alike (Balasubramanian et al., 2021; Chaudhuri et al., 2016). Alginate
gelation can be induced by cross-linking the polysaccharide chains with divalent cations,
such as Ca2+. The alginate molecular weight, the polymer density, and the divalent ion
concentration all influence how easy it is to break up the formed gel. Mechanical degra-
dation remains the best way to break the gels, but this can be combined with chemi-
cal treatment, namely using a calcium chelator, such as ethylenediaminetetraacetic acid
(EDTA). For investigators who do not have a tissue homogenizer or grinder, the com-
bined chemical and mechanical degradation is a suitable option; however, this process
takes ∼15 min, so it is only useful for protein content that is not expected to change over
this time period. The protocol using EDTA is provided in Alternate Protocol.

NOTE: Volumes here are given assuming a 100-μl starting gel volume (before swelling).
Adjust the volumes of lysis buffer as needed to suit your sample volume.

Materials

Starting sample: cells or microtissues encapsulated in an alginate hydrogel (see
Strategic Planning about cell numbers)

Phosphate-buffered saline (PBS), 4°C
PierceTM Protease Inhibitor Mini Tablets, EDTA-free, (cat. no. A32955,

Sigma-Aldrich)
Optional: PierceTM Phosphatase Inhibitor Mini Tablets (cat. no. A32957,

Sigma-Aldrich)
TRIzolTM (cat. no. 15596018, Invitrogen; or equivalent monophasic solution of

phenol and guanidine isothiocyanate), 4°C
70% (v/v) ethanol, diluted from 100% ethanol in nuclease- and protease-free water

(e.g., UltraPureTM Distilled Water, cat. no. 10977-035, Invitrogen), cold
Chloroform
100% ethanol, BioUltra for molecular biology (cat. no. 51976–500ML-F,

Sigma-Aldrich)
Isopropanol, BioUltra for molecular biology (cat. no. 59304, Sigma Aldrich)
0.3 M guanidine hydrochloride
Resuspension buffer, e.g., Hot SDS buffer

1-ml and 200-μl pipets
Fume hood
Metal spatula
5- and 2-ml PCR clean tubes (cat. nos. 0030119460 and 022431048, Eppendorf)
Liquid nitrogen or dry ice
Ice
Tissue homogenizer T 25 digital ULTRA-TURRAX, with dispersing tool (cat. no.

S25 N-8G-ST, IKA)
Centrifuge, cooled, with maximum speed of at least 13,000 rcf
Freezer, −20°C
Hot plate, with heating up to 75°C

1. Wash the alginate samples twice, each time using 1 ml PBS containing protease
inhibitors (and phosphatase inhibitors if required), precooled to 4°C.

2. Pre-fill a 5-ml tube with 1 ml TRIzolTM and label it.

If using a different sample size and adjusting the volume of TRIzolTM, make sure that you
write down the volume of TRIzolTM used, as this is important to know for the next steps.

Da Silva André
et al.
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3. Transfer your gel using a spatula to the TRIzolTM-filled tube and immediately snap-
freeze it in liquid nitrogen.

Depending on the size of the gel, you can use smaller or larger tubes. Account for the fact
that TRIzolTM will have to be added, and that the homogenizing blade must be immersed
without splashing. Optional: gels can also be snap-frozen without TRIzolTM. In this case,
ice-cold TRIzolTM must be added to the sample immediately before homogenization in
step 5.

When working with liquid nitrogen, use appropriate personal protective equipment. If
liquid nitrogen is not available, isopropanol in dry ice can be used to snap-freeze.

Samples can be stored at −80°C at this point for several months. However, the earlier
they are processed, the higher the protein yield you can expect.

4. Place the samples on ice.

5. Homogenize the sample three to five times until no pieces of hydrogel are visible
(the solution should look clear). You can use the homogenizer at the maximum speed
(∼15,000 rpm).

Follow the manual of your tissue homogenizer. Pay attention the fact that the homoge-
nizer should always be partially immersed when running and should not run for >1 min
continuously to avoid overheating. You might have to do several runs to get full homoge-
nization, depending on your sample. This can be assessed by eye, as no visible piece of gel
should be left. Between homogenization runs, place your samples on ice. We recommend
alternating 30 s of homogenization and 30 s OFF time.

6. Between samples, wash your homogenizer probe in cold 70% ethanol twice in suf-
ficient volume to immerse the probe to avoid sample cross-contamination. Change
the washing solution after each wash.

7. Incubate samples with TRIzolTM for 15 min at room temperature.

8. Add chloroform to each sample, 200 μl for every 1 ml of TRIzolTM. Incubate 10 min
at room temperature. Mix the tubes by vigorously inverting them.

If your homogenized samples are in 5-ml tubes and these do not fit the high-speed cen-
trifuge, transfer your samples to 2-ml tubes before adding the chloroform. Use the chlo-
roform to gather any remaining drops of sample.

9. Centrifuge the samples for 15 min at 13,000 rcf, 4°C, to induce phase separation.
The samples should separate into a top transparent phase (aqueous phase), an opaque
interphase (usually thin), and a bottom pink organic phase containing the protein
content.

10. Discard the top, aqueous phase using a pipet. If you wish to keep the RNA, save the
aqueous phase (see Support Protocol).

11. Add 100% ethanol, 300 μl for each 1 ml of TRIzolTM, to precipitate DNA and the
remainder of the gel phase. Incubate 2-3 min at room temperature.

12. Spin down for 15 min at 13,000 rcf, 4°C.

Using a higher speed helps remove all traces of alginate chains.

13. Recover the supernatant into a fresh 2-ml tube using a pipet. Discard any pellet.

The pellet can contain rests of alginate hydrogel. Carefully recover supernatant, as parts
of the pellet can detach and come along.

14. Repeat steps 12 and 13 to ensure residue-free supernatant.

15. Add 100% isopropanol, 1.5 ml for each 1 ml of TRIzolTM used.
Da Silva André
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Check the final volume before adding isopropanol. If the final volume exceeds 2 ml, split
your sample into two 2-ml tubes.

16. Incubate in isopropanol overnight at −20°C to precipitate the protein.

17. Spin down for 10 min at 12,000 rcf, 4°C.

18. Discard the supernatant using a pipet.

19. Add 2 ml guanidine hydrochloride. Mix gently by inversion to detach the pellet from
the tube wall. Incubate 20 min at room temperature.

If you split the sample into two tubes in step 15, add 1 ml per tube.

20. Once the protein forms a nice pellet, remove the supernatant and add another 2 ml
guanidine hydrochloride.

21. Spin down for 5 min at 7500 rcf, 4°C.

22. Discard the supernatant using a pipet and add 2 ml of 100% ethanol.

If you split the sample into two tube in step 15, add 1 ml per tube.

23. Spin down for 7 min at 7500 rcf, 4°C.

24. Discard the supernatant using a pipet.

25. Allow the ethanol to evaporate by leaving the samples (open tubes) at room temper-
ature for 5-10 min.

26. Resuspend the pellet in your buffer of choice. Typically, 100 μl per sample yields
high enough concentrations.

If resuspending in Hot SDS buffer, heat the samples to 75°C for 1-2 min to help dissolve
the pellet. Alternatively, sonicate the sample for a few minutes. Samples can be stored at
−80°C for several weeks until further processing.

ALTERNATE
PROTOCOL

ISOLATING PROTEIN FROM ALGINATE GELS USING EDTA TO
DISSOLVE THE GEL

This procedure requires the same list of reagents and materials as for Basic Protocol 3
(see above), except that tissue homogenizer is not needed.

Additional Materials (see Basic Protocol 3)

50 mM EDTA solution
Vortex

1. Wash the alginate samples twice, each time using 1 ml of PBS containing protease
inhibitors (and phosphatase inhibitors, if required), precooled to 4°C.

2. Transfer your gel using a spatula to a tube and immediately snap-freeze it in liquid
nitrogen.

When working with liquid nitrogen, use appropriate personal protective equipment. If liq-
uid nitrogen is not available, isopropanol in dry ice can be used to snap-freeze.

3. Crush the gel using a spatula in the tube.

4. Incubate the samples with 1 ml ice-cold 50 mM EDTA for 5-15 min or until the gel
is fully dissolved. Vortex in between to help with gel dissolution.

5. Spin down for 5 min at 7500 rcf, 4°C.

6. Discard the supernatant using a pipet. The cell pellet should be visible.
Da Silva André
et al.
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7. Add 500 μl TRIzolTM to the sample.

8. Continue with Basic Protocol 3 starting from step 7.

Adjust the volumes of chloroform, ethanol, and isopropanol according to the volume of
TRIzol used.

SUPPORT
PROTOCOL

ISOLATING PROTEIN AND RNA SIMULTANEOUSLY FROM THE SAME
SAMPLES

The protocol presented here describes how to isolate both proteins and RNA from the
same samples, enabling quantification of both gene expression and protein abundance.
We give detailed steps on how to isolate and purify the RNA. When isolating RNA,
attention must be given to avoiding ribonucleases (RNases), which are ubiquitous, and
thus surfaces and materials must be thoroughly cleaned. Always keep samples on ice,
unless otherwise stated. This protocol starts from the phase-separation steps above (steps
9 in Basic Protocols 1, 2, and 3)

Materials

Phosphate-buffered saline (PBS)
PierceTM Protease Inhibitor Mini Tablets, EDTA-free (cat. no. A32955,

Sigma-Aldrich)
Optional: PierceTM Phosphatase Inhibitor Mini Tablets (cat. no. A32957,

Sigma-Aldrich)
TRIzolTM (cat. no. 15596018, Invitrogen; or equivalent monophasic solution of

phenol and guanidine isothiocyanate), 4°C
100% ethanol, BioUltra for molecular biology (cat. no. 51976–500ML-F,

Sigma-Aldrich)
Nuclease- and protease-free water (e.g., UltraPureTM Distilled Water, cat. no.

10977-035, Invitrogen)
70% (v/v) and 75% (v/v) ethanol, diluted from 100% ethanol in nuclease-free water
Chloroform
Isopropanol (cat. no. 59304, Sigma Aldrich)
GlycoBlue (cat. no. AM9515, Thermofisher)

Centrifuge, cooled, with maximum speed of at least 13,000 rcf
1-ml, 200-μl, 20-μl, and 10-μl pipets
Fume hood
Liquid nitrogen or dry ice
Metal spatula
Ice
5- and 2-ml PCR clean tubes (cat. nos. 0030119460 and 022431048, Eppendorf)
Tissue homogenizer T 25 digital ULTRA-TURRAX with dispersing tool (cat. no.

S25 N-8G-ST; for PEG-based hydrogels and alginate hydrogels)
Vortex
Freezer, −20°C

1. Perform steps 1 to 8 of Basic Protocol 1, 2, or 3, as appropriate.

2. Centrifuge the samples for 15 min at 13,000 rcf, 4°C, to induce phase separation.
The samples should separate into a top transparent phase (aqueous phase), an opaque
interphase (usually thin), and a bottom pink organic phase containing the protein.

3. Carefully recover the top, aqueous phase (containing the RNA) using a 200-μl pipet
and transfer it to a fresh labeled 2-ml tube, being sure not to carry over any trace of
the interphase or organic phase so as to ensure the purity of the RNA.Da Silva André
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Typically, out of 1.2 ml of phase-separated solution, the aqueous phase corresponds to
∼600 μl. Recover 500 μl of the aqueous phase in a fresh 2-ml tube to avoid any contam-
ination with the organic phase. Make sure to note down the volume of aqueous phase
recovered for each sample.

4. Add an equal volume of precooled isopropanol to the aqueous phase (e.g., if 500 μl
of aqueous phase was recovered, add 500 μl isopropanol).

5. Add 1.5 μl of GlycoBlue co-precipitant. This will help visualize the RNA pellet in
later steps.

6. Vortex briefly.

7. Incubate overnight at −20°C.

8. Spin down for 8 min at 12,000 rcf, 4°C.

9. Discard the supernatant using a pipet.

10. Wash with 1 ml of 75% ethanol. Mix gently by inversion to detach the pellet from
the tube wall.

11. Spin down for 5 min at 7500 rcf, 4°C.

12. Discard the supernatant using a pipet.

13. Repeat steps 9-11 three more times.

14. Aspirate any remaining ethanol with a small pipet until the pellet is completely dry.

You can also spin down the dry pellet to collect any drops of ethanol still on the sides of
the tube.

15. Once the pellet is completely dry, resuspend it in 20-50 μl nuclease-free water (or
alternatively 0.1 mM EDTA or 0.5% SDS). Adjust the final volume depending on
the required RNA concentration.

RNA concentration can be measured by UV-visible spectroscopy, and samples can be
stored at −80°C for several weeks until further processing.

REAGENTS AND SOLUTIONS

EDTA for alginate gel dissolution, 50 mM

Dissolve 9.3 g EDTA (cat. no. 03677, Sigma Aldrich) in 450 ml of deionized water.
Stir. Add 1 M NaOH dropwise to help dissolve EDTA (EDTA will not fully
dissolve until the pH reaches ∼8). Adjust the volume to 500 ml.

Store up to 1 year at room temperature

Guanidine hydrochloride solution, 0.3 M

Prepare a 95% ethanol solution by mixing 95 ml of 100% ethanol and 5 ml of
protease-free water.

Dissolve 2.87 g of guanidine hydrochloride in 100 ml of 95% ethanol (cat. no.
G3272-25G, Sigma-Aldrich)

Store up to 4 weeks at room temperature

Hot SDS buffer for protein resuspension, 2×
Add 1.97 g Tris•Cl to 30 ml protease-free water (250 mM Tris•Cl final

concentration)
Add 5 g of sodium dodecyl sulfate (SDS; 10% [w/v] final)
Add 15 ml glycerol (30% [v/v] final)
Adjust the pH to 6.1

Da Silva André
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Adjust the final volume to 50 ml using protease-free water
Store at room temperature up to 4 weeks
Dilute 1:1 in protease-free water before use

COMMENTARY

Background Information
In addition to hydrogels, there are many

other 3D culture systems used in cell biology
and bioengineering. The protocols detailed
above were inspired by protein isolation
protocols for tissue sections, formalin-fixed
paraffin-embedded (FFPE) specimens, and
organoids (Addis et al., 2009; Dussoyer et al.,
2022; Ericsson & Nistér, 2011; Gjorevski
et al., 2016). All of these 3D systems have in
common that they require a matrix disaggrega-
tion step. A procedure for extracting proteins
from cryopreserved tissues was proposed by
Ericsson et al., combining SDS-based sol-
ubilization with frozen tissue disintegration
(Ericsson & Nistér, 2011). Dussoyer et al.
compared several protocols for enriching
extracellular matrix proteins in mass spec-
trometry analysis (Dussoyer et al., 2022).
Addis et al. presented a strategy to obtain
high-quality protein extracts from formalin-
fixed, paraffin-embedded (FFPE) tissues,
which is based on antigen retrieval proce-
dures used for immunohistochemistry (Addis
et al., 2009). In this approach, the recov-
ered proteins can then be examined further
using western blotting, ELISA, protein mi-
croarrays, or mass spectrometry. Avances
in proteomics analysis have led to the re-
finement of procedures for isolating proteins
from FFPE sections over the years; however,
protocol standardization in terms of buffers
and parameters is still required. Garcia-Vence
et al. reviewed these protocols, with the goal
of establishing a process for deparaffina-
tion and protein extraction of FFPE kidney
tissues for downstream proteomic analy-
sis (García-Vence et al., 2021). Combining
high incubation temperature with mechan-
ical tissue disaggregation using RIPA lysis
buffer resulted in the best protein extraction
efficiency.

Protocols involving the simultaneous ex-
traction of proteins and nucleic acids were
also investigated in the context of solid tissues.
Pena-Llopis et al. presented a thorough ap-
proach for extracting genomic DNA, mRNA,
noncoding RNA, and proteins from tumor tis-
sue at the same time, allowing integrative
analysis of gene expression and protein lev-
els (Peña-Llopis & Brugarolas, 2013). This
was achieved by merging and adapting two

different commercially available kits (Qia-
gen’s AllPrep and Ambion’s mirVana). The
protocol involves homogenization of frozen
tissue in alternating dry and wet ice, acid-
phenol/chloroform RNA extraction, and pro-
tein precipitation in acetone. Strategies for
isolating proteins from distinct cell compart-
ments have also been proposed, as some stud-
ies require the identification of proteins from a
specific location. Baghirova et al. and Schiller
et al. both proposed protocols to sequentially
lyse cells for protein extraction from the cy-
tosol, membrane-bound organelles, and nu-
cleus (Baghirova et al., 2015; Schiller et al.,
2015). This method can be extended to tis-
sue samples by adding a homogenization
step.

With the advancements in organoid tech-
nologies in recent years, accurate methods for
characterizing their proteomes have become
critical. However, because organoids are usu-
ally cultured in soft 3D environments, iso-
lation of intracellular proteins requires the
breakdown of the surrounding matrix. Ma-
trigel is the most common material used to
support organoid culture, and its incomplete
dissolution can affect proteomic analysis. Re-
cent work from Wang et al. addresses this
issue by comparing different Matrigel disso-
lution methods to isolate organoids (Wang
et al., 2022). Their approaches involved en-
zymatic, non-enzymatic, and chemical strate-
gies, with the enzymatic one being the most
effective.

When using other substrates for organoid
growth, the dissolution strategies vary de-
pending on the nature of the chosen material.
Several groups have used PEG-based hy-
drogels to encapsulate cells and organoids.
Mahoney et al. encapsulated neural cells from
which they analyzed the proteins and nucleic
acid, and used hydrogel homogenization in
lysis buffer to disrupt the polymer network
(Mahoney & Anseth, 2006). Gjorevski et al.
designed modular PEG-based hydrogels to
define key extracellular matrix (ECM) pa-
rameters that drive organoid formation. These
synthetic hydrogels were enzymatically cross-
linked, and their dissociation to release the
embedded cell colonies was achieved by
enzymatic digestion. Others have success-
fully isolated proteins and/or RNA from cells
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Figure 2 Comparison of lysis buffers and protocols. (A) Comparison of band quality for 2D sam-
ples and 3D samples (PEG-based hydrogels) when using RIPA-buffer-only cell lysis, without a gel
degradation step. (B) Comparison of TRIzolTM-based protein purification (used in all protocols in
this paper) and RIPA-buffer-only cell lysis for 2D samples, with or without protease inhibitors. (C)
BCA quantification of protein amount after different isolation protocols, either without (–) or with (+)
protease inhibitors. (D) Normalized band intensities upon loading control vinculin for the three dif-
ferent protein isolation and purification conditions shown in B. All band intensities were normalized
to a control sample (RIPA with protease inhibitors). Error bars indicate standard deviation.

embedded in agarose hydrogels (Wang et al.,
2009), agarose-collagen hydrogels (Cam-
bria et al., 2020), chitosan-based hydrogels
(Yu et al., 2013), or self-assembled peptide
hydrogels (Burgess et al., 2017). Finally,
Sawicki et al. proposed an approach to isolate
proteins secreted into the microenvironment
by first decellularizing the sample and then
enzymatically degrading the PEG hydro-
gel, cross-linked by collagenase-degradable
cross-linkers.

Critical Parameters
As mentioned in some of the articles cited

above, the choice of lysis buffer is critical
to any protein isolation process. RIPA ly-
sis buffer is the most commonly used lysis
buffer and does not require a phase-separation
step. However, we found that using RIPA ly-
sis buffer alone does not allow robust elim-
ination of the gel phases for two reasons:
the volumes of buffer typically used to ob-
tain high protein concentration (∼100 μl per
sample) are too small to allow homogeniza-
tion, and manual breakage is not always suf-
ficient to break the gels into small parts; in

addition, this procedure does not include a
protein purification stage, which in our hands
helped to eliminate the gel phase (Fig. 2).
Both these issues stem from the difficulty of
fully drying a hydrogel (unless using a freeze-
dryer) or of fully extracting cells from a hy-
drogel without a digestion step. Although di-
gestion steps can be implemented (for ex-
ample, using trypsin or collagenases), mak-
ing it possible to then pellet cells, they usu-
ally require long incubation times, which can
modify protein abundance. Therefore, we rec-
ommend using TRIzolTM-based isolation for
3D scaffolds, as described in the protocols
above. This approach allows the initial use
of large volumes, fast inactivation of protease
and phosphatases, and downstream pelleting
of protein prior to resuspension in the desired
buffer.

Note that the choice and composition of
the resuspension buffer should be adapted to
the target proteins and downstream applica-
tion. For SDS-PAGE and western blotting, ei-
ther a denaturing buffer containing high levels
of SDS (“Hot SDS buffer”) or RIPA, which
contains low levels of SDS (typically 0.1%),
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are appropriate. For mass spectrometry, SDS
and strong detergents must be efficiently re-
moved before analysis as they commonly
ionize well and interfere with peptide ion
identification and quantification. Native gel
electrophoresis and co-immunoprecipitation
applications rely on protein structure and
protein-protein interactions, and therefore a
mild, non-denaturing buffer (that does not
contain SDS or any reducing agent) should be
used (Giampietro et al., 2017; Savorani et al.,
2021).

Any protein isolation protocol also re-
quires limiting protease activity (and option-
ally phosphatase activity if phosphoproteins
are to be investigated). This is typically done
by cooling down the samples (working on ice),
using denaturing agents and metal-chelating
agents that block proteases action, and us-
ing protease inhibitor cocktails and phos-
phatase inhibitors (e.g., sodium orthovana-
date, PMSF). When isolating proteins from
a 3D scaffold, isolation protocols are typi-
cally longer, due to the need to break up the
scaffold. Although the same principles ap-
ply, it may help to reduce batch size (pro-
cess fewer samples at once) to keep total pro-
cessing time short. If phospho-groups need
to be maintained intact, it is recommended
to add phosphatase inhibitors in the wash-
ing buffer, to have immediate inhibition of
phosphatases.

Finally, the volume of the swollen hydro-
gel phase should be kept in mind. The fact
that many hydrogels used in tissue engineering
will hold 95% to 98% aqueous volume makes
it difficult to wash any component out com-
pletely. Moreover, diffusible factors, including
proteases, can be trapped in the scaffold pores.
Typically, one needs to add several washing
steps compared to standard 2D protocols and
use agitation. For protein quantification using
bicinchoninic acid (BCA) or Bradford assays,
one must wash out the serum component of
the medium before cell collection and lysis,
as otherwise there is a risk of the serum com-
ponents dominating the protein content. Mul-
tiple washes in serum-free medium, or a pe-
riod of serum starvation of at least 12 hr or
overnight, are recommended. For the phase-
separation step, the volume of the scaffold and
of the contained fluid phase must be accounted
for, with sufficient TRIzolTM used per sample
volume.

Troubleshooting
Further tips to troubleshoot results are

given in Table 3.

Understanding Results
Results of protein isolation protocols are

typically evaluated by (i) quantifying yield us-
ing a protein absorbance assays (BCA or Brad-
ford), (ii) running an SDS-PAGE and western
blot, or (iii) quantifying protein using mass
spectrometry. Other downstream assays in-
clude IP or co-IP and native PAGE. We dis-
cuss here how a successful isolation procedure
manifests in the downstream assays, as well as
potential problems (see also Table 3).

Absorbance assays for protein
quantification

We quantified our protein yield from all
three protocols using the BCA. This assay is
based on the reduction of Cu2+ by proteins and
the colorimetric detection of Cu+. It is advis-
able to check the solvent compatibility chart
of the BCA assay to ensure that the buffer
used for protein resuspension will not interfere
with the read-out. We typically obtained pro-
tein concentrations of 100 to 500 μg/ml when
resuspending pellets in 100 μl of Hot SDS
buffer. The BCA assay has a detection range
of 5 to 2000 μg/ml and requires 25 μl of each
sample (Fig. 2).

Western blotting
Sodium dodecyl sulfate–polyacrylamide

gel electrophoresis (SDS-PAGE) is typically
done with at least 5 μg of protein (or 20 μg
if staining for phosphoproteins). Samples in
which the hydrogel polymer components have
not been fully removed will show band dis-
tortions in the high-molecular-weight regions
and can compromise band quantification
(Fig. 2). Proper hydrogel breakup and protein
purification should lead to straight bands
(Fig. 3). We used Basic Protocols 1, 2, and
3 to isolate proteins from PEG-based, colla-
gen, and alginate hydrogels, and stained for
housekeeping protein (Fig. 3). We then used
a hyperosmotic stress known to activate the
P38 MAP kinase by phosphorylation to verify
that our protocols preserve phospho-groups,
showing increased levels of phospho-P38
(pP38) in treated samples (Fig. 4). Detailed
methods used for western blotting are given
in the Supporting Information.

Mass spectrometry
For bottom-up proteomics, liquid

chromatography–tandem mass spectrometry
(LC-MS/MS) requires further tryptic protein
digestion into peptides. This is typically done
by starting from a protein pellet diluted in
a detergent-containing buffer such as RIPA
buffer or 5% sodium deoxycholate. Samples
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Table 3 Troubleshooting Guide for Protein Isolation and Purification

Problem Possible cause Solution

Hydrogel is difficult to
rinse

The hydrogel might be a low-polymer
fraction and hold a large volume of fluid
(medium, buffer, etc.)

Increase the number of washes

Phase separation does not
have clear distinct phases

Too high an aqueous phase content, due
to volume carried by the hydrogel

Adapt the volume of chloroform to 20%
of total sample volume

Too high a gel content relative to
TRIzolTM volume

Adjust TRIzolTM volume so that it
exceeds gel volume by ∼10-fold

Aqueous phase is not clear
but opaque or pink

TRIzolTM and chloroform were not mixed
properly, or too much chloroform was
added

Repeat the phase separation
Add more TRIzolTM

Protein pellet does not
dissolve

The pellet may contain some undissolved
polymer phase

Add a second ethanol wash step to
remove any remaining polymer phase

The pellet may contain a lot of fibrous
protein from the extracellular matrix

Sonicate the sample for a few minutes

Low protein yield Low cell density Seed more cells

Low efficiency of the isolation process Increase incubation times; ensure proper
gel breakup/dissolution

Protein quantification is
not accurate

Serum contained in the medium is the
dominant contribution to quantification
assay, confounding readings

Starve the cells or rinse with serum-free
medium multiple times before harvesting

Phosphoprotein marker is
absent

Process was done without inactivating
phosphatases

Add phosphatase inhibitors to the first
buffer used to wash; work on ice or at
4°C; resuspend in a denaturing buffer to
inactivate phosphatases

Cell density is too low Increase cell seeding density

can be sonicated to support resuspension. A
starting material of 10 μg of protein is rec-
ommended. Any remaining scaffold polymer
can also affect the LC-MS/MS analysis and
may appear with a strong signature in the MS
spectra. For example, PEG as a polymer of
(O−CH2−CH2) units can be easily identified
by ions with a characteristic 44-Da differ-
ence in mass. By using the SP3 technology
for MS sample preparation (Hughes et al.,
2019), we verified that we can obtain ∼5500
protein identifications using single-shot, data-
independent acquisition (DIA)-LC-MS/MS
starting from ∼15,000 to 20,000 cells en-
capsulated in alginate gels (with 18 days of
culture and an average 270-hr doubling time),
using Basic Protocol 3 (Fig. 5). Detailed
methods used for mass spectrometry are given
in the Supporting Information.

Time Considerations
Processing around six frozen samples can

take up to 3 hr on each processing day (with

an overnight incubation step in between), due
to the number of incubation steps and wash-
ing steps. The time-limiting step is the break-
ing up of the hydrogel scaffold, as both me-
chanical breaking and homogenization must
be done on each sample individually, limit-
ing the throughput. In the subsequent process-
ing steps (phase separation, purification, and
washing), multiple samples can be processed
together. Processing samples in batches of 6
to 8 makes it possible to ensure that all sam-
ples are incubated for the same amount of time
in TRIzolTM/chloroform after the initial ho-
mogenization or manual breaking. When iso-
lating RNA and protein from the same sam-
ples (Support Protocol), it is important that
both the RNA isolation and protein isola-
tion be done immediately after phase sepa-
ration. Therefore, here again, it is important
to keep the number of samples manageable.
The RNA precipitation in isopropanol can be
done overnight, or also shortened to a few
hours.
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Figure 3 Outcome of the basic and support protocols for protein isolation. (A) BCA quantification
of amounts of proteins obtained from different hydrogels and with different gel break-up strategies.
All hydrogels were seeded with 400,000 cells and the resulting protein pellet was resuspended in
100 μl of Hot SDS buffer. (B) Western blots illustrating the outcome of the protein isolation protocols:
PEG-based hydrogels, broken up with a homogenizer, and with the protein pellet resuspended in
either Hot SDS buffer or RIPA; collagen hydrogels broken up with a homogenizer or using the
manual breaking strategy; and alginate hydrogels with either homogenizer gel break-up or EDTA-
based gel dissolution. Note that collagen gel degradation with the tissue homogenizer led to poor
band quality, and was thus not used in subsequent experiments. (C) Normalized band intensity of
loading control vinculin for the conditions shown in B. Error bars show standard deviation.

Figure 4 Demonstration of the maintenance of phosphorylated groups. (A) Sketch of sorbitol
treatment. Sorbitol was dissolved in cell medium and added to the dish in which the 3D hydrogels
were floating. Sorbitol treatment was maintained for 60 min before sample collection. (B) Western
blots for P38 and phospho-P38 (pP38) in control and sorbitol-treated conditions for the three types
of hydrogels. Samples were processed according to Basic Protocols 1, 2, and 3. In this case, all
samples in the first step of each protocol were washed with PBS containing protease inhibitors and
phosphatase inhibitors. (C) Normalized band intensities for the conditions shown in B. Samples
were all normalized to a control sample.Da Silva André
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Figure 5 DIA LC-MS/MS results from cancer spheroids in alginate. (A) Gene Ontology (GO) cell
component analysis of 3557 commonly identified proteins isolated from n = 4 cancer spheroids.GO
terms indicate broad coverage of cellular compartments including the extracellular region. Edges
between the GO terms correspond to the term-term interrelation (kappa score on shared genes
between terms). Results were created and visualized with ClueGO v2.5.9 (Bindea et al., 2009). (B)
Bubble chart of significantly enriched GO terms.Sizes of bubbles signify log of Bonferroni-corrected
p-value (enrichment of terms in dataset compared to human genome). Colored numbers indicate
numbers of genes carried in respective GO terms. Grouped GO terms are marked by different
colors on both panels.
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showing uncropped versions of the western
blots in Figures 2 to 4.
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