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Systems biology studies are gaining momentum, 
driven by recent successes in genomics, transcrip-
tion profiling, proteomics, and rapidly emerging 

metabolomic technologies, including shotgun lipidomics 
and profiling of small molecule metabolites. While pow-
erful and sensitive methods are available for the analy-
sis of nucleic acids, proteins, and small molecules, major 
bottlenecks arise from the limitations of current sample 
preparation techniques which frequently require the utili-
zation of the entire sample for isolation of only one class 
of analytes. When limited quantity of sample is available 
and parallel sampling is not possible, attempts to correlate 
gene expression with protein data and metabolic status of 
the model typically fail.

Most previously reported methods of simultaneous 
isolation of DNA, RNA, and protein were originally 
developed for isolation of nucleic acid, and subsequently 
adapted to capture protein fractions. The most popu-
lar technique to date is the original phenol-chloroform 
extraction method published by Chomczynsky and Sac-
chi in 19871,2 and subsequently improved by several 
groups.3–7,8,9 The emerging field of lipidomics imposes 
new requirements on tissue sample preparation.10–13 For 
example, studies of lipid peroxidation require rapid and 
careful isolation of lipids to avoid artifacts caused by oxi-
dation and breakdown of the sample components. Similar 
requirements have always existed for sample preparation 
steps preceding the analysis of redox-active small molecule 
messengers such as neurotransmitters and vitamins.14,15

We have developed a detergent-free sample preparation 
technique that allows concurrent isolation and fractionation 
of proteins, DNA, RNA, and lipids from cells and tissues 
(Figure 1). This novel method takes advantage of a synergis-
tic combination of cell disruption by alternating hydrostatic 
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pressure (pressure cycling technology; PCT) and a carefully 
chosen reagent system that dissolves and partitions distinct 
classes of molecules into separate fractions.

PCT destabilizes intermolecular interactions by rap-
idly and repeatedly raising and lowering pressure in the 
reaction vessel from ambient to high levels (up to 35,000 
psi [240 MPa]).16,17 High hydrostatic pressure acts prefer-
entially on the compressible constituents of the sample. 
Lipids, as the most compressible sample components, 

are affected most, and dissociate upon depressurization 
(Figure 2A). Thus, selective energy distribution results in 
destabilization of molecular interactions in the lipid bilay-
ers and other cellular components, but not in the disrup-
tion of covalent bonds. 

PCT-assisted liquid-liquid extraction (patent pending) 
uses high hydrostatic pressure to alter solvation energy 
and solubility of various compounds. Several liquids, 
which are poorly miscible at atmospheric pressure, interact 

Figure 1

Pressure-mediated extraction with ProteoSolve-SB, 
workflow. Extraction of cells and tissues by alternat-
ing hydrostatic pressure in optimized organic solvent-
based reagent systems (fluorinated alcohols and ali-
phatic hydrocarbons) leads to sample dissolution and 
fractionation into two liquid phases and an insoluble 
pellet. Three fractions contain lipids, proteins together 
with other polar molecules, and nucleic acids, respec-
tively. Further purification may not be necessary for the 
downstream analysis of resulting fractions by popular 
analytical methods.

Figure 2

a: Representation of PCT-mediated extraction: Rapidly 
cycling hydrostatic pressure leads to destabilization of 
molecular interactions. I: At equilibrium transmem-
brane proteins reside in the lipid bilayer. II: When high 
hydrostatic pressure is applied, the membrane lipids 
compress forming an interdigitated state. III: upon 
rapid depressurization molecular interactions are 
destabilized and sample components are solubilized. 
B: PCT-assisted liquid-liquid extraction. 1: Solvents a 
and b are placed in a PuLSE tube with sample. At atmo-
spheric pressure (P1) solvents a and b are immiscible. 
2: Hydrostatic pressure is applied and causes compres-
sion of the liquid and the solid sample and mixing of 
components. 3: High hydrostatic pressure (P2) alters 
the mutual solubility of the solvents leading to the for-
mation of a temporary solvent c with properties of sol-
vents a and b, and to the dissolution of the sample. 4: 
As the mixture depressurizes (P3) it expands, resulting 
in reseparation of solvents a and b and the partitioning 
of the sample components between the two solvents 
according to their solubility at atmospheric pressure. 
5: The system returns to its original equilibrium at pres-
sure P1. The extracted sample components are now 
fractionated into different phases.
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under high pressure in such a way that the phase bound-
ary presents less of a barrier for partitioning of molecules 
between solvent phases. As a result, partitioning occurs 
in the entire volume of the vessel, rather than just at the 
interface (Figure 2B). 

Previously we reported the performance of the PCT-
driven detergent-free protein isolation system,18,19 which 
laid the foundation for the development of the Proteo-
Solve-LRS reagent kit, currently available from Pressure 
Biosciences. Proteins and lipids are solubilized under 
pressure and are maintained in solution by amphipathic 
organic solvents, such as fluorinated alcohols20,21 (e.g., 
hexafluoroisopropanol, a key ingredient of reagent A in 
the ProteoSolve-SB kit). Nucleic acids do not remain in 
solution after depressurization. Combined treatment by 
hydrostatic pressure and amphipathic solvent systems 
results in rapid cell disruption, dissolution of lipids, and 
dissolution and denaturation of proteins. 

In the current study we report the expansion of the 
ProteoSolve-LRS strategy, and the development of the 
new ProteoSolve-SB kit for rapid simultaneous isola-
tion of DNA, RNA, proteins, and lipids from biological 
samples. Gel electrophoresis and real-time reverse tran-
scription polymerase chain reaction (RT-PCR) confirm 
that high recoveries of intact genomic DNA and RNA are 
obtained using this novel technique. Additionally, high 
yields of proteins and lipids are obtained from the same 
sample for proteomic and lipidomic analyses. Due to the 
unique conditions that favor the extraction of more lipo-
philic proteins, several protein species uniquely extracted 
by the new method have been identified by in-gel tryptic 
digestion and liquid chromatography coupled with tandem 
mass spectrometry (LC-MS/MS). The lipids extracted by 
this new method can be subjected to direct analysis using 
matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) without additional 
cleanup and separation steps such as chromatography or 
enzymatic digestion. Further development of this analyti-
cal strategy will enable rapid profiling of the lipid comple-
ment of samples and potential structure elucidation by 
tandem mass spectrometry.

Materials and Methods
ProteoSolve-LRS and ProteoSolve-SB kits were from 
Pressure BioSciences (South Easton, MA); Trizol was 
from Invitrogen (Carlsbad, CA); precast Reliant Gel Sys-
tem RNA and DNA mini-gels were from Lonza (Rock-
land, ME); SDS-PAGE Criterion 4–12% and 8–16% gra-
dient gels were from Bio-Rad (Hercules, CA); AllPrep 
kit, RNeasy Mini kit, and DNeasy Blood and Tissue kit 
were from Qiagen (Valencia, CA); and PARIS kit was 
from Ambion/Applied Biosystems (Austin, TX). Chemi-

cals were purchased from Sigma (St Louis, MO) or VWR 
International (West Chester, PA). 

PC12 rat pheochromocytoma and human fibroblast 
(HF) cell cultures were kindly provided by Dr. Susan 
Doctrow (Proteome Systems, Woburn, MA), and mouse 
adipose tissue was kindly provided by Dr. Haiming Cao 
(Harvard School of Public Health, Boston, MA)

cell and tissue disruption by Pressure cycling
Twenty pressure cycles were applied to each sample using 
a Barocycler (model NEP3229 or NEP2320, Pressure Bio-
Sciences, South Easton MA.). Each pressure cycle con-
sisted of 20 sec at high pressure (35,000 psi) followed by 
20 sec at low (atmospheric) pressure.22

Protein, lipid, RNA, and DNA extraction used the 
modified ProteoSolve-SB kit protocol: Unhomogenized 
fragments of tissue were combined in a PULSE tube with 
0.9–1.1 mL ProteoSolve-SB reagent A and brought to 
1.4 mL using reagent B. For cell culture, 1–5 × 106 pel-
leted cells were suspended in 0.9–1.0 mL ProteoSolve-SB 
reagent A, transferred to PULSE tubes and brought up to 
1.4 mL with reagent B. All samples were vortexed briefly 
before and after pressure cycling.

After pressure cycling, samples were transferred to 
centrifuge tubes and centrifuged for 15 min at 12,000 × g 
to promote phase separation. The lipid-containing upper 
phase was transferred to a clean tube for subsequent lipid 
analysis by MALDI-TOF. The protein-containing lower 
phase was transferred to a clean tube for protein analysis. 
For 1D SDS-PAGE, aliquots of protein lysate were dried 
by centrifugation under vacuum and dissolved in Laem-
mli sample buffer at 60–65°C to facilitate dissolution. For 
2D PAGE, aliquots of protein lysate were dried by cen-
trifugation under vacuum and dissolved in the isoelectric 
focusing (IEF buffer), containing 7 M urea, 2 M thiourea, 
and 4% CHAPS.

The pellet and any solid interface layer, containing the 
bulk of the sample’s DNA and RNA, were then processed 
for nucleic acid extraction. Nucleic acid recovery was mea-
sured with a Qubit Fluorometer (Invitrogen), using the 
Quant-iT RNA assay kit for quantification of RNA and 
the Quant-iT dsDNA BR assay kit for quantification of 
DNA. 

For protein re-extraction from the lipid phase, 350 mg 
of bovine adipose tissue was processed by PCT in 1.05 mL 
reagent A without reagent B. After extraction and centrif-
ugation, the solvent phase was removed, the lipid phase 
was transferred to a clean test tube, and the pellet and 
interface were pooled. The pellet/interface fraction and 
the lipid fraction were then separately re-extracted with 
fresh reagent A and centrifuged for 10 min at 12,000 × g. 
The solvent was removed by evaporation under vacuum, 
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and the resulting samples were dissolved in Laemmli sam-
ple buffer and subjected to SDS-PAGE. 

Protein electrophoresis,  
image analysis, and in-gel digestion 

SDS PAGE was performed on 4–12% polyacrylam-
ide gradient gels. For 2D-PAGE separation, the simul-
taneous reduction and alkylation by tributylphosphine/
acrylamide23 was employed. Immobilized pH gradient 
strips pH 3–10 were hydrated with samples for 6 h, fol-
lowed by IEF for 100,000 volt-h at 10,000 V. All precast 
electrophoresis supplies and Criterion vertical gel electro-
phoresis system were from Bio-Rad Laboratories, while 
the IsoelectrIQ2 integrated IEF instrument was from Pro-
teome Systems (Woburn, MA). Gels were stained with 
colloidal CBB or SYPRO Ruby,24 scanned, and analyzed 
with PDQuest software to determine statistically signifi-
cant differentially extracted proteins. Selected gel spots 
were excised and processed using a conventional in-gel 
digestion protocol.25 Sequencing grade modified porcine 
trypsin (Promega, Madison, WI) was used for digestion. 

Protein identification by nano-lc coupled to Ms/Ms
Protein digests (5–10 µL) were separated using a C18 
solid phase extraction trapping column (300 µm i.d. 
× 5 mm; Dionex, Sunnyvale, CA) and a 100-µm i.d. × 
12 cm nano-LC reversed-phase self-packed fused silica 
column (PicoFrit, pulled tip of 8 µm i.d.; New Objective, 
Woburn MA); stationary phase: Magic C18AQ, 3 µm, 
100 Å (Michrom Bioresources, Auburn, CA) using a lin-
ear gradient of acetonitrile in 0.1% formic acid. The elu-
ate was introduced into either an LTQ Orbitrap or LCQ 
Deca XP Plus mass spectrometer (Thermo Fisher Scien-
tific, San Jose, CA) by nanoelectrospray. Data analysis 
was conducted on the Sorcerer (Sage-N Research, San 
Jose, CA) search engine using the SEQUEST-Sorcerer 
algorithm. The search was performed against a concat-
enated “forward” and “reverse” FASTA database. Identi-
fication results were filtered and validated using Protein 
Prophet and Peptide Prophet platforms. The balance 
between the reliability and sensitivity of protein iden-
tification data was set by adjusting the estimated false 
positive identification rate to ≤1%. 

lipidomics analysis
Phospholipid and triglyceride profiling of lipid phase by 
MALDI-TOF were performed as described previously,26 
with the following modifications: aliquots of lipid phase 
fraction (0.5 µL) were spotted directly onto a 2 µL droplet 
of 0.5 M 2,5-dihydroxy-benzoic acid (DHB) matrix solu-
tion in 50% acetonitrile/water immediately after droplet 

deposition onto the MALDI target. This method of sample 
application prevented spreading of the droplet across mul-
tiple spot locations of the MALDI target due to very low 
viscosity and surface tension of the lipid solution in organic 
solvent. Additionally, application of an amphipathic solvent 
onto the crystallizing matrix mixture resulted in formation 
of relatively uniform matrix/sample spots. Data were col-
lected in positive ionization mode on an ABI 4700 Pro-
teomics Analyzer (Applied Biosystems, Foster City, CA).

distribution of Proteins and nucleic acids  
after Pct-Mediated extraction

For RNA and protein distribution analysis ~4 × 107 PC12 
cells were washed once with PBS and suspended in 0.9 mL 
reagent A. The suspension was transferred to a PULSE 
tube and 0.5 mL of reagent B was added. Pressure cycling 
was performed as described above; subsequently, the 
entire sample was split evenly into two tubes for protein 
and RNA replicate samples and centrifuged for 15 min at 

~12,000 × g to separate phases. Following centrifugation, 
the nonpolar top phase layers were removed. The interface 
layers were transferred to clean tubes, centrifuged briefly, 
and any carryover of solvent was aspirated off. The sol-
vent phases were transferred to clean tubes and dried in a 
SpeedVac to remove solvent. The pellets were centrifuged 
briefly to facilitate aspiration of residual solvent.

For RNA isolation, 1 mL Trizol reagent was added to 
each fraction and the standard Trizol protocol for extrac-
tion of RNA from cells was followed. 

For protein visualization by SDS-PAGE, the pellet, 
interface, and dried solvent fractions were dissolved in 
1 mL Laemmli sample buffer with 50 mM DTT. For DNA 
distribution analysis, 200 mg of frozen mouse liver was 
extracted as described above with 1.0 mL reagent A and 
250 µL Reagent B. The samples were split into equal repli-
cates and phases were separated as described above. DNA 
was extracted from the pellet, interface, and dried solvent 
fraction of one replicate using the Qiagen DNeasy Blood 
and Tissue kit according to manufacturer’s instructions 
for extraction of DNA from cells.

comparison of dna recovery using the  
dneasy Kit With or Without Proteosolve-sB

Equal aliquots of cultured mammalian cells were pro-
cessed by pressure cycling using the ProteoSolve-SB kit for 
extraction of proteins and DNA. Protein extract was dried, 
dissolved in IEF buffer and subjected to 2D PAGE.

Frozen mouse liver (23 mg per sample) was processed 
as above. After centrifugation, the protein phase was dried 
and subjected to SDS-PAGE. DNA was extracted from 
the solid phase using the DNeasy kit. Control tissue was 
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digested with Proteinase K prior to DNA isolation with 
the DNeasy kit according to manufacturer’s instructions.

comparison of Four Methods for  
simultaneous extraction of rna and Protein

Equal aliquots of 106 PC12 cells were processed for RNA 
and protein extraction using four commercially available 
kits; the ProteoSolve-SB kit from Pressure BioSciences, 
Trizol, the AllPrep RNA/Protein kit, and the PARIS kit. 
After PCT extraction with ProteoSolve-SB, the protein-
containing solvent phase was dried, dissolved in sample 
buffer, and submitted to SDS-PAGE analysis. The pellet 
and solid interface layers were pooled and processed for 
RNA extraction by adding 0.5 mL of Trizol and extracting 
by the standard Trizol protocol. The other three samples 
were processed according to the manufacturer’s instruc-
tions. Equivalent aliquots of protein extract from each 
sample were separated by SDS-PAGE. Final volume of 
each RNA sample was 100 µL. Equal aliquots of each 
RNA sample were run on a gel to confirm that RNA was 
not degraded. Total RNA recovery was measured by Qubit 
assay, and real time RT-PCR with rat β-actin primers was 
performed for mRNA quantification.

Protein, dna, and rna extraction From rat tissue
Flash frozen rat tissues (264 mg kidney, 330 mg abdomi-
nal fat pad, 310 mg liver, 264 mg brain, 200 mg cardiac 
muscle) were processed with the ProteoSolve-SB kit using 
1.0 mL reagent A and 150–200 µL of reagent B per sample. 
After PCT and centrifugation, 10% aliquots of each pro-
tein fraction were either evaporated or precipitated using 
reagent C, and reconstituted in Laemmli sample buffer 
with 50 mM DTT for SDS-PAGE. The pellet and inter-
face fractions from each sample were pooled, dissolved in 
0.5 mL Trizol, vortexed thoroughly and processed accord-
ing to the standard Trizol protocol for extraction of RNA 
and DNA from cells.27 

results 

In order to characterize the ability of the PCT-mediated 
liquid-liquid extraction method to delipidate and solubi-
lize some hydrophobic proteins which are typically under-
represented in standard proteomic samples, we compared 
extraction of murine white adipose tissue using two dif-
ferent extraction buffers followed by 2D-PAGE separa-
tion, in-gel digestion, and analysis by LC-MS/MS. Rep-
licate samples of murine abdominal fat were processed 
under similar conditions by pressure cycling using either 
the ProteoSolve-SB kit or a popular detergent-based 
extraction buffer (7 M urea, 2 M thiourea, 4% CHAPS). 
Several proteins were identified on 2D gels of mouse adi-
pose tissue extracted with ProteoSolve-SB, which were 
absent or less abundant in samples extracted with deter-
gent (Figure 3). 

We demonstrate that direct application of the lipid 
fractions derived from the pressure cycling-mediated 
ProteoSolve-SB extraction are compatible with MALDI-
TOF analysis using DHB matrix in positive ionization 
mode. These results indicate that lipids extracted by the 
new PCT-based method represent a broad range of lipid 
types and are sufficiently pure to be analyzed directly 
without additional purification steps. Tissue-specific lipid 
spectra are shown in Figure 4. Phospholipids characteris-
tic of brain samples are apparent in the rat brain extract 
but absent from the lipid composition of the bovine adi-
pose tissue, which is consistent with previously published 
materials.26 

Examination of individual fractions after pressure-
cycling-mediated extraction with the ProteoSolve-SB kit 
(Figure 5) has demonstrated the following: (1) there is 
no detectable extractable protein in the lipid layer; (2) 
the polar solvent phase contains the bulk of the sample 
proteins, and only traces of RNA and DNA; and (3) the 
pellet and the interface both contain RNA and DNA 
with the pellet containing ~70% of recovered nucleic 

Figure 3

Paired images of 2D gels showing pronounced dif-
ferences in the protein spots detected in samples 
extracted either in ProteoSolve-SB or in IEF buffer. Dif-
ferentially extracted proteins were identified by nano-
LC coupled with electrospray ionization tandem mass 
spectrometry. Peptide coverage is shown for each pro-
tein extracted by the PCT-mediated ProteoSolve-SB 
method.
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acids and the interface containing ~20% (the remain-
ing ~10% can be recovered from the solvent phase after 
evaporation). 

Most of the simple and efficient methods for extrac-
tion of genomic DNA from tissues rely upon extensive 
enzymatic digestion of proteins to release intact DNA. 
We demonstrate that after extraction of proteins from 
cells or tissue by PCT with ProteoSolve-SB, the nucleic 
acid fraction can be processed for DNA isolation and 
that high yields of intact genomic DNA can be recovered. 
After protein extraction from a sample of cultured mam-

malian cells with ProteoSolve-SB, the solid fraction was 
processed for DNA isolation using the DNeasy kit (Qia-
gen) and recovery was compared with a control aliquot of 
cells extracted directly with the DNeasy kit. This method 
normally is not compatible with recovery of intact tissue 
proteins since the protocol calls for extensive proteinase 
K digestion to obtain maximal DNA yield. We found that 
the combination of the PCT/ProteoSolve-SB method for 
cell disruption and protein extraction, together with the 
DNeasy kit for DNA purification, resulted in very good 
simultaneous recovery of DNA and protein from cells 

Figure 4

Examples of phospholipids, di- and triacylglyceride 
profiles obtained by direct analysis of lipid phase frac-
tions by MALDI-ToF mass spectrometry. Beef fat sam-
ples were processed in pure reagent A, while rat brain 
phospholipids were extracted by addition of reagent B, 
which does not exhibit any significant impact on ioniza-
tion efficiency and signal intensity. 

Figure 5

Distribution of proteins, DNA, and RNA after extrac-
tion by PCT with ProteoSolveLRS. Proteins were re-
extracted from the insoluble fraction (I) and the lipid 
fraction (L) of bovine adipose tissue to determine 
whether any additional proteins could be recovered 
from the lipid phase after PCT. The re-extracted sam-
ples were visualized by SDS-PAGE and confirmed that 
while a small amount of additional protein can be 
recovered from the solid residue, no detectable pro-
tein could be recovered from the lipid phase. RNA and 
protein were extracted from PC12 cells, and DNA was 
extracted from mouse liver. RNA and DNA recovery 
from the three fractions was compared by agarose gel 
electrophoresis. Proteins from all three fractions were 
dissolved in an equal volume of Laemmli buffer and 
separated by SDS-PAGE. The bulk of the protein was 
recovered from the soluble phase (S). Nucleic acid 
recovery quantified by qubit assay confirmed that the 
pellet (Pt) and interface (In) together accounted for 
~90% of both RNA and DNA.



V. GRoSS ET AL. / SIMuLTANEouS DETERGENT-FREE ISoLATIoN oF DNA, RNA, PRoTEIN, AND LIPID

JouRNAL oF BIoMoLECuLAR TECHNIquES, VoLuME 19, ISSuE 3,  JuLY 2008 195

(Figure 6A). In addition, the same sequential protocol 
was successfully applied to protein and DNA extraction 
from liver tissue (Figure 6B). The protein extracts were 
analyzed by 1D or 2D PAGE and confirmed that a broad 
range of proteins are recovered from the ProteoSolve-SB 
extract. DNA recovery from cell culture using the com-
bined method was comparable to DNeasy control with 
proteinase K digestion, while DNA recovery from the 
tissue sample was about 30% of that obtained from the 
control (Figure 6C).

In order to compare the new, expanded PCT-based 
method with other commercially available kits for simul-
taneous extraction of RNA and protein, we processed 
PC12 cells (106 cells per sample) using the ProteoSolve-SB 
kit, Trizol reagent, the Qiagen AllPrep RNA/Protein kit, 
and the PARIS kit from Ambion (Figure 7 and Table 1). 
Trizol, which is an optimized reagent designed primarily 

for RNA extraction, gave excellent RNA recovery, but 
the multistep protocol for protein extraction and cleanup 
from the organic phase was slow, requiring two precipi-
tation steps, three 30-min washes in 300 mM guanidine 
HCl in 95% ethanol, and a final 20-min wash in ethanol 
in order to remove the phenol and dye from the Trizol 
reagent. This extensive cleanup may result in substoichio-
metric in vitro protein modifications (N-termini, Lys), 
which could potentially interfere with downstream quan-
titative analysis of protein posttranslational modifica-
tions. While the other three kits were easy to use, RNA 
recovery from the Ambion PARIS kit was consistently 
lower than that of the other reagents (Table 1). This was 
likely due to the fact that after sample lysis, only half the 
lysate is used for RNA extraction, while the other half 
is reserved for protein analysis. In addition, since at the 
end of the procedure the protein extract is still in the 

t a B l e  1

Comparison of Four Reagents for Simultaneous RNA and Protein Recovery

Method
RNA Recovery From 106 PC12 
Cells by qubit Assay of Total RNA

RNA Recovery From 106 PC12 
Cells by Real Time RT-PCR

ProteoSolve-LRS 11.9 µg 16.4 µg
Ambion PARIS kit 5.3 µg 9.0 µg
qiagen AllPrep kit 11.4 µg 14.0 µg
Trizol 16.2 µg 14.0 µg

Figure 6

a: DNA and protein recovery from the cell culture. 
one aliquot of cells was processed with PCT and 
ProteoSolve-SB (P). DNA was extracted from the solid 
phase using the DNeasy kit. The control aliquot of cells 
was processed directly with the qiagen DNeasy kit 
according to manufacturer’s instructions (q). No intact 
protein was recovered from the control sample due to 
extensive proteinase K digestion of the proteins. DNA 
quantification by qubit assay indicates that the yield 
of DNA from the new method is comparable to the 
yield of DNA after extensive proteinase K digestion. B: 
DNA and protein recovery from mouse liver with PCT 
and Proteosolve-SB (P). DNA was extracted from the 
solid phase using the DNeasy kit. Control tissue was 
processed directly with the DNeasy kit according to 
manufacturer’s instructions (q). No protein was recov-
ered from the control sample due to extensive protei-
nase K digestion of the tissue. DNA quantification by 
qubit assay indicates that the new method yields about 
30% of DNA that can be recovered after extensive tis-
sue digestion. c: Table of DNA recovery from liver tis-
sue and cell culture.
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cell disruption buffer, which contains salts and detergent, 
additional protein cleanup steps, such as dialysis or filtra-
tion, may be required. RNA recovery using the Qiagen kit 
was similar to that obtained with Trizol and ProteoSolve-
SB, but due to the low binding capacity of the columns, 
the sample (106 PC12 cells) had to be split onto two col-
umns, increasing the amount of work and the cost of 
each sample. Also, due to the nature of the AllPrep spin 
column used to separate the protein fraction from the 
RNA, many proteins can remain with the bound RNA 
fraction and may be absent from the recovered protein 
fraction (see bottom of protein gel, Figure 7A right panel). 
In addition, since the protein fraction collected by the 
AllPrep protocol contains RNA stabilizing buffer, which 
is not compatible with SDS-PAGE, the proteins must be 
acetone-precipitated prior to SDS-PAGE analysis, which 
can lead to potential losses.

To confirm that the RNA fraction recovered using the 
new PCT-based method was not only intact, as indicated 
by the presence of 28S and 18S RNA on gels (Figures 5 
and 7A), but also contained mRNA and was compatible 
with RT-PCR, the four RNA samples described above 
were subjected to real time-RT-PCR amplification using 
β-actin primers. As shown in Figure 7B and Table 1, the 
RNA extracted from PC12 cells using the new method 
compared very favorably with the three standard methods 
tested, indicating that the sample contained amplifiable 
mRNA at the expected concentration.

To demonstrate the utility of the new method, sequen-
tial extraction of proteins, RNA, and DNA from five 
flash-frozen rat tissues was performed (Figure 8). The 
protein-containing fractions separated by SDS-PAGE 
revealed tissue-specific protein patterns in each of the 
samples. Using the Trizol protocol for isolation of RNA 

Figure 7

Isolation of RNA and protein from a single sample—
comparison of four methods. a: Equal aliquots of 106 
PC12 cells were processed for RNA and protein extrac-
tion using ProteoSolve-SB kit (P) from Pressure BioSci-
ences, Trizol (T) from Invitrogen, AllPrep RNA/Protein 
kit from qiagen (q), and PARIS kit from Ambion (A). 
Molecular weight standards (Std) are provided as a ref-
erence. Samples were processed according to manu-
facturer’s instructions. B: Real-time RT-PCR analysis of 
PC12 RNA. RNA recovery from 106 PC12 cells, quantifi-
cation by real-time RT-PCR using primers for rat β-actin. 
RNA recovered after PCT extraction in ProteoSolve-SB 
is intact and contains the expected concentration of 
mRNA. 

a

B
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and DNA from the solid phase, we confirmed that both 
genomic DNA and RNA can be isolated intact after pro-
tein extraction (Figure 8 and Table 2).

discussion
Pressure-cycling-mediated extraction in combination with 
the unique chemistry of the ProteoSolve-SB kit has been 
demonstrated to be an efficient method to extract pro-
teins from lipid-rich samples such as adipose and brain tis-
sue.18 Here we expand the utility of this PCT-based sam-
ple preparation system, by demonstrating that four major 
components of biological samples, proteins, lipids, RNA 
and DNA, can all be easily and efficiently isolated from a 
single sample of cells or tissue using the new ProteoSolve-
SB kit. In addition, we confirm that protein and RNA 
recovery is comparable to, or better than, that achieved 
using currently available kits and reagents, such as Trizol, 
the AllPrep kit, and the PARIS kit (Figure 7).

The new expanded application of the pressure-
cycling-enhanced ProteoSolve-SB kit can provide effi-
cient simultaneous extraction of proteins, lipids, and 
nucleic acids. This is especially important when working 
with samples that are precious or unique, such as human 

or wild animal biopsy tissue or samples that are difficult 
to duplicate, such as small cell populations, like early 
stem cell cultures. Another advantage of ProteoSolve-SB, 
is in more accurate analysis of nonhomogenous samples. 
Since splitting samples for separate protein, lipid, and 
nucleic acid analyses is not necessary, artifacts due to 
uneven distribution of components in the sample are 
avoided. 

The new PCT-based method is advantageous not 
only for small and precious samples, but also for larger 
samples where a single convenient method for purifica-
tion of multiple components is desired. Since the Proteo-
Solve-SB protocol is easily scalable for large samples, it has 
many advantages over other currently available methods. 
Popular and easy column-based methods are limited by 
the binding capacity of the columns, often making it nec-
essary to divide samples over several columns, resulting 
in more work and less efficient recovery. Other reagents, 
such as Trizol, only work well when the sample to be 
extracted comprises 10% or less of the total reaction vol-
ume (requiring 1 mL reagent for every 100 mg of tissue). 
ProteoSolve-SB can be used with sample-to-solvent ratios 
as high as 250–300 mg/mL, and possibly higher in some 

Figure 8

Protein, RNA, and DNA recovery from rat tissues. Sam-
ples of flash-frozen tissue were processed using 1.0 mL 
reagent A and 150–200 µL of reagent B. a: Solvent 
from the protein-containing fraction was either evapo-
rated (E) or removed by precipitating the protein (P). 
B: Trizol was used to sequentially purify RNA and DNA 
from the solid phase. The results confirm that PCT-
mediated tissue disruption and extraction with Proteo-
SolveLRS allows for the efficient recovery of intact RNA 
and genomic DNA from a variety of tissues. Br, brain; 
Ca, cardiac; Ad, adipose; Li, liver; Kd, kidney; MWS, 
Molecular Weight Standard.

t a B l e  2

RNA and DNA Recovery From Cells and Tissues

Tissue
RNA Recovery per  
mg Tissue or 106 Cells

DNA Recovery per  
mg Tissue or 106 Cells

Rat liver 2.40 µg 34.5 ng (140 nga)
Rat kidney 0.70 µg 35.50 ng
Rat adipose 0.02 µg 0.67 ng
Rat brain 0.55 µg 37.08 ng
Rat cardiac muscle 0.34 µg 12.80 ng
PC12 cells 11.90 µg 10.70 µga

Pressure cycling technology/ProteoSolve-SB protein extraction was usually 
followed by RNA and DNA isolation using Trizol reagent (or the DNeasy kit 
where indicated by a).
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cases. Higher sample-to-solvent ratios are important when 
subsequent purification steps involve precipitation reac-
tions, since these are always less efficient in more dilute 
solutions. After ProteoSolve-SB extraction of the bulk of 
the sample’s proteins and lipids, the nucleic acid-enriched 
fraction can be brought up in a relatively small volume of 
reagent for subsequent RNA or DNA purification. This 
would allow for much more efficient extraction from 
large samples that contain little RNA and DNA (e.g., soil, 
yogurt, skin). 

The expanded ProteoSolve-SB method provides 
excellent recovery of proteins, high yields of intact DNA 
and RNA, and simplified recovery of lipids. In addi-
tion, the method is easy and rapid, requiring fewer steps 
and less hands-on time than other currently available 
techniques. Since simultaneous sample homogenization 
and extraction is performed in the Barocycler instru-
ment, labor-intensive and inconsistent tissue disruption 
steps like sonication and grinding in liquid nitrogen are 
avoided. For most types of samples, pieces of tissue are 
placed directly into a PULSE Tube, reagents A and B are 
added, and the sample is inserted into the Barocycler and 
subjected to pressure cycling for 10–15 min. Subsequently, 
the homogenate is transferred to a centrifuge tube and 
centrifuged for 10–15 min. Once the three phases are sep-
arated, the protein fraction can be dried, eliminating the 
need for protein precipitation, washing, desalting, ultra-
filtration, and other time-consuming cleanup steps. More 
importantly, there is no need to use aggressive chemistry, 
which allows avoidance of unwanted in vitro modifica-
tions and subproducts. The lipid fraction does not require 
further cleanup methods such as chromatography, addi-
tional extraction steps, or enzymatic digestion. We have 
shown that lipid fraction samples can be used directly for 
analysis by MALDI-TOF MS. DNA and RNA can be 
easily extracted from the solid phase by a number of avail-
able reagents, again without the need for labor-intensive 
sample homogenization. In addition, since the bulk of the 
proteins have already been extracted from the nucleic acid 
fraction and enzyme activity in the reagent A is minimal 
or absent, the likelihood of RNA and/or DNA degrada-
tion during extraction is very low.

ProteoSolve-SB is compatible with most common 
downstream applications. Following solvent removal by 
evaporation or precipitation, protein pellets can be dis-
solved directly in an appropriate buffer such as SDS/
Laemmli or a urea/thiourea/CHAPS IEF buffer23 and 
subjected to further analyses. The lipid fractions are avail-
able for direct profiling by MS or for separation and enzy-
matic digestion for structural analysis. The DNA/RNA 
fraction is compatible with many commonly used reagents 

and kits for isolation of DNA and/or RNA, such as Trizol 
and the Qiagen DNeasy and RNeasy kits. 

The combination of sample disruption by PCT and 
extraction in ProteoSolve-SB relies on nonenzymatic and 
detergent-free dissolution and partitioning of sample com-
ponents to efficiently and easily extract lipids, proteins, 
RNA, and DNA from many types of samples without 
the need for multiple replicates, inconvenient and time-
consuming tissue homogenization methods, or extensive 
post-extraction cleanup. Thus, this novel PCT-based 
method may help enable unique systems biology studies, 
where correlation of transcription profiles with protein 
expression, analyses of posttranslational protein modifica-
tions, and tissue lipid composition were previously consid-
ered impractical due to the limited quantities of available 
material, or high variability between individual sample 
replicates.

Future efforts to scale down this method further will 
lead to opportunities for systems biology experiments on 
very small samples such as needle biopsies, as well as pri-
mary cell cultures derived from individual stem cells.
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