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Introduction

Fixatives are solutions designed to prevent autolysis 
and degradation of the tissues, render the tissue asep-
tic, and preserve morphology and cellular details. The 
10% neutral-buffered formalin (NBF, 3.7%–4.0% form-
aldehyde solution in phosphate buffer) has been the 
gold standard in histopathological studies for decades. 
NBF is easy to use, inexpensive, and penetrates tissue 
relatively fast.1 Formalin fixation is excellent for repro-
ducing histomorphology, and biospecimens are rela-
tively stable after paraffin embedding,2 which enables 

long-term retrospective studies. However, NBF fixation 
results in random cross-linking of proteins, and frag-
mented and chemical modifications of nucleic acids,3,4 
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Summary
Formalin-fixed paraffin-embedded (FFPE) tissue is the predominant preparation for diagnostic histopathological evaluation 
and increasingly the biospecimen on which molecular diagnostics are performed. However, formalin is carcinogenic and 
results in cross-linking of proteins and nicking and alterations of nucleic acids. Alternative fixatives, including 70% ethanol, 
improved biomolecular integrity; however, they have yet to replace neutral-buffered formalin (NBF). Herein, we describe 
the phosphate-buffered ethanol 70% (BE70) fixative. The histomorphology of BE70-fixed tissue is very similar to that of 
NBF; however, it is a non-cross-linking fixative and lacks the carcinogenic profile of formaldehyde-based fixatives. RNA 
isolated from tissue fixed in BE70 was of substantially higher quality and quantity than that was recovered from formalin-
fixed tissue. Furthermore, the BE70 fixative showed excellent RNA and DNA integrity compared with that of NBF fixative 
based on real-time polymerase chain reaction analysis results. Immunohistochemical staining was similar for the antigen 
tested. In conclusion, BE70 is a non-cross-linking fixative that is superior to NBF and 70% ethanol with reference to 
biomolecule recovery and quality from paraffin-embedded tissue. Additional studies to compare the histomorphologic and 
immunohistochemical performance and utility in a clinical setting are required. (J Histochem Cytochem 64:425–440, 2016)
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resulting in unreliable and irreproducible detection of 
biomolecules in diagnostic assays. Furthermore, form-
aldehyde is toxic, recently reclassified by the U.S. 
Environmental Protection Agency from a potential car-
cinogen to a carcinogen.5,6 

The literature is rich with alternative fixatives to 
address the shortcomings of NBF.7–14 Among alterna-
tive fixatives, alcohol-based fixatives are considered 
the most promising for molecular pathology, as they 
do not cross-link proteins.7 They also emit no toxic 
vapors, produce similar histopathological results, and 
result in less damage to nucleic acids and less anti-
gen retrieval for immunohistochemistry. However, the 
disadvantages of ethanol fixatives included tissue 
shrinkage and hardening, lysis of erythrocytes, and 
flammability.8,15 To overcome these issues, some 
studies have proposed specific additives to ethanol 
fixatives3,7,8,16–19 but none of these ethanol-based fixa-
tives have met widespread application. Ideally, it is 
more preferable to have a nontoxic fixative that allows 
for morphological analysis, high-quality special histo-
chemical and immunohistochemical staining, and 
well-preserved macromolecules, and is also economi-
cal.8 These economic factors include not only the cost 
of the reagents but the safety measures required for 
its use, as well as disposal cost.

In the present study, we evaluated different addi-
tives (phosphate-buffered solutions, glycerol, and gla-
cial acetic acid) in a base fixative of 70% ethanol. We 
evaluated histomorphology, protein, DNA, and RNA 
quantity and quality compared with those of NBF. By 
this approach, we can define the contribution of the 
individual components of the fixative to the perfor-
mance of the final formulation of the combined reagent. 
The final formulation is buffered ethanol 70% (BE70), 
which has many of the properties of formaldehyde-
based fixatives, but is “molecularly friendly.” This fixa-
tive has good cost, safety, ease of use, and basic 
congruence with current pathology practice.

Materials and Methods

Fixatives

We used six different fixatives, including 70% ethanol 
(E), 70% ethanol + 0.5× phosphate-buffered saline 
(PBS; 1.7 mM KH

2
PO

4
, 0.5 mM Na

2
HPO

4
, 150 mM 

NaCl, pH 7.4) (EP), 70% ethanol + 1% glycerol + 0.5× 
PBS (EGP), 70% ethanol + 0.5% glacial acetic acid + 
0.5× PBS (EAP), 70% ethanol + 1% glycerol + 0.5% 
glacial acetic acid + 0.5× PBS (EGAP; BE70), and 
10% NBF. Concentrations of glycerol, glacial acetic 
acid, and PBS were varied (data not shown). The 
final fixative formulation was adjusted by volume. 

Glycerol and glacial acetic acid were purchased from 
Sigma-Aldrich (St. Louis, MO). Ethanol and NBF 
were purchased from VWR (Radnor, PA). All fixatives 
were stored and used at room temperature.

Tissue Samples and Fixation

Mice were acquired from the Small Animals Section, 
Veterinary Resources Branch, National Institutes of 
Health (NIH). The animals were housed and eutha-
nized in accordance with NIH guidelines for care and 
use of laboratory animals.20 The ischemic time period 
was <5 min. Mouse liver, kidney, pancreas, spleen, 
small intestine, heart, lung, brain, and skin samples 
were fixed for 24 hr in 10 ml of different fixatives 
(exceeding a 1:10 tissue fixative volume). To examine 
the effects of the BE70 fixative, we compared it with 
10% NBF on antigen degradation and molecular qual-
ity, respectively. Tissues were then processed using an 
enclosed automated processor (Tissue-Tek VIP IV; 
Sakura Finetek, Inc., Torrance, CA) with a 30 min/sta-
tion protocol.21 In short, the tissues were dehydrated 
through an ethanol series, cleared with xylene, and 
infiltrated with molten paraffin. The tissues were then 
embedded in paraffin and sectioned for histological 
and molecular evaluation.

Immunohistochemical and Histochemical 
Evaluation

Hematoxylin (modified Harris Hematoxylin; Thermo 
Scientific, Waltham, MA) and eosin (Eosin-Y; Thermo 
Scientific) staining was performed for each tissue 
sample to examine histomorphologic features. 
Immunohistochemical staining was performed on 
5-µm-thick sections. The tissue sections were deparaf-
finized with xylene and dehydrated through a graded 
ethanol series. Endogenous peroxidase activity was 
quenched with 3% H

2
O

2
 in water for 10 min. Non-

specific staining was minimized with a protein block 
(Dako, Carpinteria, CA) for 15 min. The sections were 
subject to antigen retrieval, as needed, and incubated 
with primary antibodies, a detailed list of which, along 
with dilutions, is provided in Table 1. The antigen–anti-
body reaction was detected with Dako EnVision+ Dual 
Link System-HRP (Dako) and DAB+ (3,3′-diaminoben-
zidine; Dako). Negative controls including immuno-
globulin G (IgG) and omission of the primary antibody 
were performed. Positive controls included mouse 
spleen, kidney, and embryo for CD31, aquaporin 1 
(AQP1), and Ki-67 antibodies, respectively.  Slides 
were counterstained with hematoxylin, dehydrated in a 
graded ethanol series, cleared in xylene, and cover-
slipped. Photomicrographs were generated on a Zeiss 
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Axioplan 2ie outfitted with an Axicam HRc camera, 
running under Axiovision software (version 4.5; Zeiss, 
Thornwood, NY).

Protein Extraction and Western Blotting

Protein was extracted from two 10-µm formalin-fixed 
paraffin-embedded (FFPE) tissue sections as 
described previously.22 Briefly, the sections were 
trimmed of excess wax and homogenized using a 
Disposable Pellet Mixer in 200 µl protein extraction 
solution (1× high-pH antigen retrieval buffer [pH 9.9; 
Dako], 1% NaN

3
, 1% sodium dodecyl sulfate [SDS], 

10% glycerol and protease inhibitor [1 tablet/25 ml; 
Roche Science, Manheim, Germany]), followed by 
15-min incubation at 115C in a pressure cooker 
(Dako). After incubation, the tissue lysates were cen-
trifuged at 13,000 rpm for 30 min at 4C. The super-
natants were collected and stored at −20C. Total 
protein concentrations were measured with the bicin-
choninic acid (BCA) Protein Assay Kit (Pierce 
Biotechnology, Rockford, IL).

Proteins (10 µg) extracted from the different fixative 
solutions were resolved by 4% to 12% NuPAGE® 
Novex Bis-Tris polyacrylamide gel electrophoresis 
(PAGE), and electroblotted to a nitrocellulose mem-
brane using the iBlot™ Dry Blotting System (Invitrogen, 
Carlsbad, CA). The membranes were blocked with 5% 
nonfat dry milk in Tris-buffered saline with Tween 
(TBST; 50 mM Tris, pH 7.5, 150 mM NaCl, and 0.05% 
Tween-20) for 1 hr, washed, and incubated overnight at 
4C in TBST with rabbit anti-AQP1 polyclonal antibody 
(Cat. No. sc-20810; dilution 1:100; Santa Cruz 
Biotechnology, Dallas, TA) and mouse anti-glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) monoclo-
nal antibody (clone 6C5; dilution 1:3000; Calbiochem, 
Gibbstown, NJ). Specific molecules were detected with 
horseradish peroxidase–labeled anti-mouse second-
ary antibodies (Chemicon International, Temecula, CA) 
and enhanced with SuperSignal Chemiluminescence 
kit (Pierce Biotechnology). Signals were detected on 
KODAK BIOMAX MR X-ray film (Kodak, Rochester, 
NY). A quantitative analysis of the western blotting was 
performed using ImageQuant (Version 5.2; Molecular 
Dynamics, Sunnyvale, CA).

RNA Extraction and Complementary DNA 
(cDNA) Synthesis

RNA was extracted from two 10-µm-thick tissue sec-
tions as described previously.20 Briefly, the sections 
were trimmed of excess wax and deparaffinized by 
three incubations in PROTOCOL (Fisher Scientific; 
Kalamazoo, MI) for 15 min at 95C with shaking, followed 
by three centrifugations at room temperature for 2 min 
at 10,000 × g. The specimens were rinsed briefly once 
in 100% ethanol and resuspended and ground in a 
solution of 4 M guanidine isothiocyanate, 20 mM sodium 
acetate, and 25 mM β-mercaptoethanol (pH 5.5), fol-
lowed by 72-hr incubation at 65C with mild shaking. 
After incubation, RNA was isolated by phenol/chloro-
form extraction. The extracted RNA was treated with 2 
µl TURBO DNase buffer, 4 units TURBO DNase 
(Invitrogen), and 40 units of RNase inhibitor (Promega, 
Madison, WI) in a 100-µl reaction volume to remove 
possible contaminating genomic DNA. The mixture was 
incubated at 37C for 30 min and purified by phenol/
chloroform extraction. Total RNA was obtained from fro-
zen tissue using TRIzol reagent (Invitrogen) and further 
purified with the RNeasy Mini Kit (Qiagen, Valencia, 
CA) according to the manufacturer’s instructions.21

Approximately 5 µg total RNA from each sample was 
transcribed into cDNA. The extracted RNA, random 
hexamers (Promega), and the SuperScript-II RT kit 
(Invitrogen) were used to synthesize cDNA.20,21 All sam-
ples were reverse transcribed under the same condi-
tions. The synthesized cDNA was stored at −20C and 
used in multiplex reverse transcription–polymerase 
chain reaction (RT-PCR) reactions as a template.

RNA Quantity and Quality

The quantity of RNA was determined using the 
NanoDrop ND-1000 UV spectrophotometer (NanoDrop 
Technologies, Wilmington, DE). RNA quality was 
assessed using the Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, CA) with the RNA 6000 
LabChip kit (Agilent Technologies). We measured RNA 
integrity number (RIN) using the Agilent 2100 expert 
software (Agilent Technologies) and assessed RNA 
integrity using paraffin-embedded RNA metric (PERM) 

Table 1.  Antibodies Used for Immunohistochemistry.

Antibody Vendor Clonality Catalog No. Incubation Dilution Antigen Retrieval

CD31 Abcam Poly rabbit ab28364 30 min at RT 1/150 Not applied
AQP1 Santa Cruz Biotechnology Poly rabbit Sc-20810 30 min at RT 1/250 Not applied
Ki-67 Sigma-Aldrich Mono rabbit (SP6) 275R 30 min at RT Ready to use 20 min, pressure cooker, pH 6

Abbreviations: RT, room temperature; AQP1, aquaporin 1.
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number which is a novel metric for RNA extracted from 
fixed tissues23 based on a formula that approximates a 
weighed area-under-the-curve approach.

Multiplex RT-PCR

Multiplex RT-PCR was performed using the Multiplex 
Polymerase Chain Reaction (MPCR) kit (Maxim Biotech, 
San Francisco, CA) for mouse tumor necrosis factor 
(TNF) signaling genes set-3. This kit was designed to 
detect nine genes with amplicons of 189 to 658 bp. We 
performed multiplex RT-PCR according to the manufac-
turer’s instructions in a 50-µl reaction mixture. An initial 
pre-PCR step of 96C for 5 min was performed in the 
Bio-Rad iCycler PCR Thermal Cycler (Bio-Rad 
Laboratories, Hercules, CA), followed by 37 PCR cycles 
under the following conditions: two cycles of 94C for 1 
min, and 62C for 4 min, and 35 cycles of 94C for 1 min 
and 62C for 2 min. The final cycles was followed by an 
additional 70C for 10 min to complete partial polymeriza-
tion. A MPCR positive control (Maxim Biotech) was used 
in each run. The positive control included frozen mouse 
kidney RNA. A negative control containing no nucleic 
acid was also included in each run.

A 1-µl aliquot of the multiplex RT-PCR product was 
loaded into the DNA 1000 kit (Agilent Technologies) 
and capillary electrophoresed in the Agilent 2100 
Bioanalyzer. We used the Agilent 2100 expert software 
to compare the electropherograms.

Real-Time Quantitative RT-PCR

After removing genomic DNA with a DNA eliminator 
column (Qiagen), 4 µg total RNA was reverse tran-
scribed into first-strand cDNA using a QuantiTect 
Reverse Transcription kit (Qiagen). cDNA was gener-
ated from each of three replicates derived from differ-
ent fixative solutions and frozen mouse kidney RNA. 
We performed quantitative real-time PCR using 
TaqMan® Gene Expression reagent (Applied 
Biosystems, Foster City, CA). Briefly, quantitative 
real-time PCR was performed with 1 and 2 µg cDNA 
for housekeeping genes and toll-like receptor-4 (TLR-
4), respectively. We examined the cycle threshold (Ct) 
values for TLR-4, 18S rRNA, and hypoxanthine-gua-
nine phosphoribosyltransferase (HPRT) genes to 
assess RNA integrity in triplicate. The Mann–Whitney 
U test was used to evaluate RNA integrity for each 
fixative condition.

Assessment of DNA Quantity and Quality

DNA was extracted from a 1-mm tissue core24 using 
the QIAamp DNA FFPE Tissue kit (Qiagen), 

according to the manufacturer’s instructions. Prior to 
the final elution step, 40 µl of elution buffer was 
applied to the column and incubated at room tem-
perature for 2 min, followed by centrifugation. DNA 
yield was determined using a NanoDrop ND-1000 
UV spectrophotometer. DNA quality assessed using 
a BioScore Screening and Amplification kit (Enzo 
Life Sciences, Farmingdale, NY).24 In addition, we 
also performed real-time PCR using the TaqMan® 
Gene Expression reagent (Applied Biosystems). 
Briefly, quantitative real-time PCR was performed 
with 1 µg DNA assayed in a 20 µl reaction volume. 
The reactions were incubated for 2 min at 50C, 10 
min at 95C for initial denaturing, followed by 50 
cycles of 95C for 15 sec and 60C for 1 min in the 
7500 real-time PCR system (Applied Biosystems). 
We determined the Ct-value for the HPRT gene to 
assess DNA integrity in triplicates. The Mann–
Whitney U test was used to evaluate DNA integrity 
for each fixative condition.

Results

Histomorphology

Fixatives are applied to mediate the preservation of 
tissue; however in their application, they are generally 
combined with some form of impregnation to allow for 
microtomy and staining of microscopic sections. Most 
commonly fixatives are combined with paraffin impreg-
nation (embedding), and frequently stained with 
hematoxylin and eosin (H&E) as contrasting agents. 
Figure 1 demonstrates the histomorphologic features 
of a mouse glomerulus comparing NBF with BE70, as 
well as the sequential evolution of BE70 from a base 
fixative of 70% ethanol, by the addition of PBS, glacial 
acetic acid, and glycerol. Mouse tissues were chosen 
as a continuation of our prior studies in pre-analytic 
variables.2,21 Ethanol (70%) results in greater shrink-
age with poorer cytologic features, compared with 
NBF. The introduction of PBS as a buffering solution 
offsets these changes, including less shrinkage and 
improved cytologic detail. Figure 2 demonstrates the 
histomorphology observed with H&E staining, com-
paring BE70 and NBF in a panel of mouse tissues, 
including liver, spleen muscle, brain, pancreas, colon, 
lung, and skin. Overall BE70 results in histomorpho-
logic features similar to 70% ethanol, and not dissimi-
lar to NBF. Eosin staining is more intense when 
stained under the same conditions. Chromatin is more 
condensed with BE70 fixation, and nucleoli are more 
prominent. Red blood cells lose their hemoglobin and 
are “ghost like” after BE70 fixation, and eosinophils 
are not recognizable on H&E.
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Immunohistochemical Staining

Immunohistochemistry is a critical element of modern 
histopathology. As such, we performed immunohisto-
chemistry for Ki-67, AQP1, and CD31 on normal 
mouse tissue to demonstrate the retention of quality of 
staining in the nuclear, cytoplasmic, and membranous 
compartments, respectively (Fig. 3). The staining pat-
tern observed for these antigens was entirely retained, 
with the same staining conditions. Ki-67 stained in pro-
liferating lymphocytes in the spleen. AQP1 stained in 
both the proximal tubule and the glomeruli in the kid-
ney,25 and CD31 stained in vessels in the brain.

Protein Quantity and Quality

Proteins were extracted from mouse kidney tissues 
fixed with different ethanol fixative formulations or NBF 
fixatives, and subjected to western blotting with anti-
AQP1 and anti-GAPDH antibodies. NBF-fixed mouse 
kidney tissue was used as a negative control (Fig. 4). 
Although the protein extraction yield of the BE70-fixed 
tissue was the highest (5.25 ± 0.490 µg/mm3) among 
the tested fixatives, no significant difference was 
detected between the BE70 and NBF fixatives (4.42 ± 
0. 918 µg/mm3).

The quality of protein extracted from the ethanol fixa-
tive formulations and NBF-fixed tissues was evaluated 

by western blotting. The quantitative image analyses of 
western blot intensities were evaluated by the Mann–
Whitney U test. As shown in Fig. 4B and C, the AQP1 
and GAPDH signals were more intense in the BE70-
fixed tissue samples (all ps < 0.001) than that in the 
NBF-fixed tissue samples. We found that AQP1 and 
GAPDH were better preserved in the BE70-fixed tissue 
(9.8- and 11.9-fold increase, respectively) than in NBF-
fixed tissue, whereas the EGP fixative (4.3- and 6.5-fold 
increase for AQP1 and GAPDH, respectively) showed 
the lowest signals among the ethanol fixatives evalu-
ated. However, no significant difference was detected 
between the BE70 and EGP fixatives. These results 
suggest that the BE70 fixative provided significant 
advantages in protein quality over NBF, but did not sig-
nificantly impact the amount of protein recovered.

RNA Quantity and Quality

After RNA extraction from mouse kidneys fixed with 
the different fixatives and impregnation with paraffin, 
RNA quantity was assessed by UV spectrophotome-
try. BE70 (mean 7.35 ± 0.69 µg/mm3) showed a benefi-
cial effect on RNA recovery, compared with that of the 
NBF fixative (mean 3.32 ± 0.15 µg/mm3; p = 0.005; 
Fig. 5A). The A

260/
A

280
 ratio of BE70 (mean 2.01) was 

also similar to that of NBF (mean 1.89).

Figure 1.  Histomorphological assessment of different fixatives on mouse kidney. Mouse kidney tissue section stained with hematoxylin 
and eosin (H&E) after buffered ethanol 70% (BE70) (A), neutral-buffered formalin (NBF) (B), 70% ethanol (E) (C), 70% ethanol + 0.5× 
PBS (EP) (D), 70% ethanol + 1% glycerol + 0.5× PBS (EGP) (E), or 70% ethanol + 0.5% glacial acetic acid + 0.5× PBS (EAP) (F) fixation. 
Scale bar, 20 µm. Abbreviation: PBS, phosphate-buffered saline.
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In addition, we analyzed the quality of RNA 
extracted using a Bioanalyzer. Although more RNA 
was recovered from the BE70 fixative, the 

electropherogram demonstrated that the RNA was 
shorter in fragment length than obtained from the fro-
zen tissue (Fig. 5B). The RNA pattern observed from 

Figure 2.  Comparison between buffered ethanol 70% (BE70) and neutral-buffered formalin (NBF) fixation. Tissue sections were 
stained with hematoxylin and eosin (H&E) after BE70 or NBF fixation. H&E images of liver (A), pancreas (B), spleen (C), duodenum (D), 
heart (E), lung (F), brain (G), and skin (H). Scale bar, 50 µm.
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the FFPE tissues indicated shorter fragments of 100 
to 200 nucleotides. BE70 leads to increased RNA 
fragment length, supporting the finding that the BE70 
fixative preserves higher quality of RNA than that of 
NBF.

The RIN has been widely adopted as a measure of 
the quality of RNA isolated from fresh and frozen tis-
sues. The RIN is an imperfect measure of quality, lacks 
a strong correlation with gene-specific measure-
ments,26 and cannot be accurately applied to RNA 

Figure 3.  Immunohistochemical staining between buffered ethanol 70% (BE70) and neutral-buffered formalin (NBF) fixation. 
Immunohistochemistry staining with anti-Ki-67 in the mouse spleen (A and B), anti-aquaporin 1 (AQP1) in the mouse kidney (C and 
D), anti-CD31 in the mouse brain (E and F), rabbit immunoglobulin G (IgG) isotype control (G), and no primary antibody control (H). 
Scale bar, 50 µm.
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Figure 4.  Protein quantity and quality of buffered ethanol 70% 
(BE70) fixative. (A) Amount of protein extracted from each con-
dition was measured using the bicinchoninic acid (BCA) Protein 
Assay Kit. The protein extraction yield was expressed as the 
mean of three replicated samples (mean ± SD). (B) Protein 
integrity of different fixative solutions was assessed by western 
blotting. Proteins extracted from different fixative solutions 
were separated by 4% to 12% reducing sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE), electroblotted 
to nitrocellulose membrane, and probed with anti-aquaporin 1 
(AQP1; 1:1000). (C) Western blotting by anti-glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) antibody. Relative GAPDH 
signal of each entity was normalized to neutral-buffered formalin 
(NBF). Abbreviations: E, 70% ethanol.

Figure 5.  RNA quantity and quality from tissue fixed in differ-
ent fixative solutions. (A) RNA quantity extracted from each 
specimen was measured by the Nanodrop spectrophotometer. 
RNA extraction yield is expressed as the mean of three repli-
cates (mean ± standard deviation [SD]). (B) Representative data 
are presented as an electropherogram. To compare the quality 
of RNA extracted under each condition, we used an electro-
pherogram to overlay all seven different conditions. (C) RNA 
integrity is presented as paraffin-embedded RNA metric (PERM). 
Abbreviations: E, 70% ethanol; BE70, buffered ethanol 70%; NBF, 
neutral-buffered formalin; FF, fresh frozen mouse kidney (positive 
control).
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isolated from FFPE tissue.21 In this context, we applied 
the PERM value that is a novel metric for FFPE RNA.23 
This metric is based on a formula that approximates a 
weighed area-under-the-curve approach. As shown in 
Fig. 5C, we were able to dissect the impact of individ-
ual components of ethanol-based fixatives on RNA 
quality. BE70 fixative (mean PERM 123.40) and EAP 
fixative (mean PERM 121.23) showed the highest 
PERM. Interestingly, the effect of adding PBS and 
glycerol was minimal. As expected, NBF showed the 
lowest number (mean PERM 32.02) among those of 
the tested fixatives (Fig. 5C).

RNA Integrity

To evaluate the size limitation of RNA amplicons 
extracted from tissue fixed with the panel of fixatives, 
and impregnated with paraffin, we performed multiplex 
RT-PCR using the MPCR kit for mouse TNF signaling 
genes set-3. As shown in Fig. 6A, four bands (205, 
235, 316, and 449 bp) corresponding with the exact 
sizes of the targets in the BE70 fixative were detected, 
whereas two bands (235 and 316 bp) were detected in 
NBF-fixed tissues with relatively weak signals (Fig. 6A 
and 6B).

Figure 6.  RNA integrity profile of RNA samples derived from experimental mouse kidney tissues. Gene expression profile of mouse 
kidney tissue was assessed by multiplex reverse transcription–polymerase reaction (RT-PCR). Tumor necrosis factor signaling genes 
profiling was measured using the Multiplex Polymerase Chain Reaction (MPCR) kit (Maxim Biotech). One microliter of the PCR reaction 
was run on the Agilent 2100 Bioanalyzer using the DNA 1000 chip. Representative data are presented as a gel-like image (A) and an 
electropherogram (B). The fixative conditions of each sample are indicated on the gel-like image above each lane: 1, E (70% ethanol); 2, 
EP (70% ethanol + 0.5× PBS); 3, EGP (70% ethanol + 1% glycerol + 0.5× PBS); 4, EAP (70% ethanol + 0.5% glacial acetic acid + 0.5× PBS); 
5, BE70 (buffered ethanol 70%); 6, NBF (neutral buffered formalin); F, fresh frozen mouse kidney; P, positive control; N, negative control 
(water). To compare the quality of PCR amplicon, we used an electropherogram to overlay the BE70 and NBF fixative conditions. Each 
symbol represents the difference between BE70 and NBF. (C) The mean cycle threshold (Ct) value of the toll-like receptor-4 (TLR-4) 
was determined in kidney tissue under different fixative conditions. Gene expression levels are shown as a box plots. The values are 
the average quantitative real-time RT-PCR cycle threshold numbers (Ct-values). (D) The mean Ct-value of the housekeeping gene (18S 
rRNA) was determined in kidney tissue under different fixative conditions. Bars indicate standard deviation. Fresh frozen (FF) mouse 
kidney is used as a positive control. *p < 0.05, **p < 0.01, ***p < 0.001.
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The effect of fixatives on RNA integrity was evalu-
ated by real-time quantitative RT-PCR using TLR-4, 
18S rRNA, and HPRT primers. As shown in Fig. 6C, 
the TLR-4 showed lower Ct-value in the BE70-fixed 
tissue samples than that in the NBF-fixed tissue sam-
ples. Endogenous control 18S rRNA generally showed 
lower Ct-values (Fig. 6D), whereas the HPRT gene 
showed higher Ct-values (Supplementary Fig. 1). The 
Ct-values of the qRT-PCR amplifications were 19.54, 
11.40, and 27.06 for TLR-4, 18S rRNA, and HPRT, 
respectively, in preparations from fresh frozen tissues. 
Among the tested fixatives, BE70 resulted in Ct-values 
of 21.76, 13.76, and 34.46 for TLR-4, 18S rRNA, and 
HPRT, whereas EGP demonstrated 23.49, 17.33, and 
38.69 for TLR-4, 18S rRNA, and HPRT, respectively. In 
contrast, Ct-values were higher in samples generated 
from NBF, with mean of 27.07, 25.06, and 41.27 for 
TLR-4, 18S rRNA, and HPRT, respectively. Thus, the 
Ct-value of BE70 was the lowest among all fixed sam-
ples (Fig. 6C and Supplementary Fig. 1).

DNA Quantity and Quality

DNA was successfully extracted from all fixed tissues. 
The DNA extraction yield of BE70-fixed tissue was 
similar to that of NBF-fixed tissue (mean 1.09-fold; Fig. 
7A). The A

260
/A

280
 ratio of BE70-fixed tissue (mean 

1.86) was also similar to that of NBF-fixed tissue (mean 
1.80). In addition, we tested DNA obtained from fixed 
tissues for suitability in an array analysis using the 
BioScore Screening and Amplification kit.24 We ampli-
fied approximately 9.73 ± 0.23 µg of high-quality DNA 
for nucleic acid array analysis using a 100-ng DNA 
template extracted from all combination of ethanol-
fixed tissues. However, the DNA prepared from NBF-
fixed tissues was of intermediate quality (mean 2.81 ± 
0.13 µg) for microarray application (Fig. 7B).

To examine the impact of the different fixatives on 
DNA integrity, we performed real-time PCR using HPRT 
primers. As shown Fig. 7C, the Ct-value of BE70-fixed 
tissue (mean Ct-value 14.70) was lower than that of 
NBF-fixed tissue (mean Ct-value 21.25). In addition, the 
Ct-value of BE70-fixed tissue was similar to 70% etha-
nol-fixed tissue (mean Ct-value 15.11). As expected, the 
Ct-value of fresh frozen (mean Ct-value 11.25) tissue 
was lower than that of ethanol-fixed tissue (Fig. 7C).

Discussion

The use of formaldehyde solutions, followed by paraffin 
impregnation, has been used in research and clinical 
applications for over a century. The primary issues have 
been quality, economic factors, and reproducibility. 
Formalin fixation is widely assumed the gold standard 

Figure 7.  DNA quantity and quality from tissue fixed in differ-
ent fixative solutions. (A) Quantity of RNA extracted from each 
specimen was measured with the Nanodrop spectrophotometer. 
DNA extraction yield is expressed as the mean of three replicates 
(mean ± SD). (B) DNA quality was assessed using the BioScore™ 
Screening and Amplification kit. We amplified approximately 10 
µg DNA using a 100-ng DNA template from buffered ethanol 
70% (BE70). (C) Mean cycle threshold (Ct) values of the house-
keeping gene hypoxanthine-guanine phosphoribosyltransferase 
(HPRT) were determined in kidney under different fixative condi-
tions. Gene expression levels are shown as box plots. The values 
are the mean polymerase chain reaction Ct-values. Bars indicate 
standard deviations. Abbreviations: E, 70% ethanol; NBF, neutral-
buffered formalin; FF, fresh frozen mouse kidney (positive con-
trol). *p < 0.05, **p < 0.01, ***p < 0.001.
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of histomorphology, and diagnostic pathology is based 
on the substantial fund of knowledge from its use world-
wide.27 Tissue repositories of pathology specimens of 
the material fixed in formalin are extensive. Both of 
these factors are assumed to be barriers to the intro-
duction of alternative fixatives; however, economic fac-
tors and safety concerns, as well as the long history of 
alternative fixatives in both research and clinical prac-
tice support the proposition that formalin may not 
remain the primary fixative of the future. The long-
standing models of fixation and impregnation were 
observational and lacked integration with molecular 
data. The familiarity of investigators with FFPE tissue 
results in a blindness to the artifacts introduced by fixa-
tion and impregnation.28 All methods of preservation 
result in artifact; however, it is the reproducibility of 
these artifacts that are the hallmark of successful fixa-
tives. With the declaration that formaldehyde is a car-
cinogen, and the desire to move diagnostics toward a 
molecular basis, the desire for a fixative to replace for-
malin has never been greater. The process of fixation 
and impregnation has advanced over the last century in 
a “fit for purpose” manner, lacking scientifically validated 
models of the process of contribution of individual 
reagents or process.2,21 There is now the understanding 
of the contribution of buffered to formaldehyde-based 
fixatives, as well as a better understanding of the 
impregnation process demonstrated that fixation is a 
necessary precursor to impregnation, and that retained 
water results in biomolecular degradation.2 This infor-
mation allows a directed approach to the development 
of fixatives, rather than a trial-and-error approach.

In the present work, the initial report of a buffered 
ethanol-based fixative is a departure from prior efforts 
in alternative fixatives. We have chosen characteriza-
tion of the fixative with reference to biomolecule integ-
rity as the primary endpoints of this study. Full 
characterization and potential validation of BE70 as an 
alternative fixative for clinical application require sub-
stantial additional effort; however, BE70 may have util-
ity in a research setting at this time. The development 
of a buffered ethanol fixative came about in an effort to 
evaluate the contribution of methanol in formaldehyde 
fixatives. Initial studies were aimed at comparing form-
aldehyde fixatives with and without methanol and buf-
fers. As an added control, we tested a buffered ethanol 
solution, which demonstrated superior results to the 
prior control of 70% ethanol. The studies of the impact 
of methanol in formaldehyde fixatives demonstrated 
that the presence of phosphate buffer was substan-
tially greater than the impact of methanol (data not 
shown).

In an effort to reproduce a histomorphology as close 
to that obtained with NBF, and overcome the negative 

chemical effects of formaldehyde, we started with a 
buffered ethanol fixative. The choice of 70% ethanol is 
rather clear, as it is commonly the next step in tissue 
processing and is a widely used fixative in the research, 
veterinary, and clinical setting. Alcoholic formaldehyde 
solutions, which appear to lack standardization in for-
mulation, are commonly used as fixatives as well. The 
introduction of PBS into the aqueous elements of the 
ethanol solution is unique and helps overcome some 
of the negative effects of pure ethanol fixatives, most 
notably shrinkage and hardening of tissue.8,15 Rather 
than the phosphate buffers utilized in NBF, BE70 is for-
mulated with PBS. We evaluated different formulations 
of PBS, but were unable to quantify differences in 
quality. The concentration of PBS was carefully evalu-
ated to prevent salting out. The introduction of the 
additional components of glycerol and acid offers dis-
crete improvements in performance, as evident in his-
tomorphology as well as molecular metrics. The impact 
of glycerol may be to replace “non-freezable water” 
that is tightly bound to the biomolecules,29 while the 
addition of acid may aid in cell membrane 
penetration.

We evaluated BE70 with a 24-hr fixation time to be 
congruent with our previous studies.21 This is also con-
gruent with the clinical recommendations for immuno-
histochemistry.30 If the two-phase model of formalin 
fixation28 is correct, then BE70 would penetrate and fix 
faster than formalin. Although we did not evaluate the 
rate of penetration of BE70, we anticipate it is similar 
to that of 70% ethanol, which, according to Gillespie 
et al., is slower than that of formalin.14 We have not 
evaluated shorter fixation times; however, anecdotal 
evidence demonstrates no harm from prolonged fixa-
tion times. This is not surprising, given that 70% etha-
nol solutions are routinely used for archiving of 
specimens.12

Overall, the histomorphology of BE70 is a blend of 
the histomorphology obtained with 70% ethanol and 
NBF. The tissue is generally more eosinophilic, when 
stained under the same conditions, and red cell lysis.31 
In contrast, the addition of PBS offsets some tissue 
shrinkage associated with 70% ethanol, likely from 
osmotic effects, when compared with NBF. Nuclei have 
a crisp, well-defined histomorphology, commonly 
associated with coagulative fixatives.14 Definition of 
optimal histomorphology is subjective, and alternative 
fixatives have commonly been used to address spe-
cific histomorphologic features.32

Immunohistochemistry on BE70-fixed tissue is eas-
ily optimized and generates staining patterns of nearly 
identical features compared with NBF (Fig. 3). To eval-
uate the capacity to perform immunohistochemistry, 
we evaluated Ki-67, AQP1, and CD31, staining the 
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nuclear, cytoplasmic, and membranous compart-
ments, respectively. This limited evaluation demon-
strates similar patterns and intensity of staining using 
identical staining conditions with reference to all fac-
tors including antigen retrieval and antibody dilution. 
We did not perform a systematic review of immunohis-
tochemical conditions nor perform a rigorous valida-
tion; however, we were able to demonstrate identical 
antigen retrieval generated identical staining patterns 
between BE70 and NBF for the three antigens tested. 
Non-cross-linking fixatives routinely require less anti-
gen retrieval,13 and it has been suggested nuclear pro-
teins are preferentially lost during alcohol fixation.33–36 
Historically, some antigens may not be detectable in 
alcohol-based fixatives with antibodies selected for 
detection by immunohistochemistry on NBF-fixed tis-
sue. In these instances, simply dipping the deparaf-
finized slide, prior to antigen retrieval into NBF, for 10 
sec, is documented to induce sufficient formalin-medi-
ated chemical changes so as to make the antigen 
detectable.37 Alternatively, the coagulative nature of 
alcohol fixatives may impede denaturation of proteins 
with routine methods of antigen retrieval; however, the 
addition of SDS appears to overcome this issue.22 The 
adoption of BE70 in a clinical setting in which immuno-
histochemistry is commonly applied would require the 
re-validation of the immunohistochemical assays.30

Beyond immunohistochemistry, fixed, paraffin-
embedded tissues are routinely used for proteomic 
studies, including western blot, immunoblotting, and 
mass spectrophotometer investigations.38 Although 
there is little difference in the quantity of protein 
extracted, based on different fixatives, the detection of 
specific proteins is significantly enhanced (Fig. 4). Our 
results agree with other published reports,39–41 in 
which protein yield and immunoreactivity of formalin-
fixed tissue are compromised due to cross-linking and 
may render them of limited quality for proteomic 
studies.

It is well described that formaldehyde fixation limits 
the quality of nucleic acids available for extraction from 
the FFPE tissue. Thus, a number of alternative fixa-
tives and approaches have been applied to the diag-
nostic pathology. The majority of alternative fixatives 
use alcohol- or acetone-based solutions with the addi-
tion of stabilizing agents. Prior studies on alternative 
fixatives have reported varying degree of success. 
Notably, these alternative fixatives significantly 
improved the quality of RNA or DNA compared with 
the NBF fixative. These fixatives resulted in longer 
lengths of RNA than the NBF fixative (average ampli-
con size, approximately 200 bp), for example, Hepes-
glutamic acid buffer-mediated organic solvent 
protection effect (HOPE; 300 bp),42 Methacarn (850 

and 463 bp),43 PAXgene (712 bp),41 RCL2® (377 and 
463 bp),44,45 universal molecular fixative (UMFIX; 816, 
700, and 450 bp),13,14,46 or other fixatives11 by PCR 
amplification. In addition, alternative fixatives demon-
strate improved quality of DNA as reflected by rela-
tively longer length amplicons by PCR amplification, 
ranging from 500 bp to 2.4 kbp.11,13,41–46 In agreement 
with prior studies, we also demonstrated that the RNA 
and DNA extracted from BE70-fixed tissue are appli-
cable to PCR amplification with the advantage of rela-
tively longer RNA or DNA fragments in comparison 
with NBF. As shown in Fig. 5B, DNA extracted from 
BE70-fixed tissue has superior quality (3.46-fold 
increase in the PCR amplification yield) as that recov-
ered from NBF-fixed tissue. We have applied quantita-
tive real-time PCR to the housekeeping gene and have 
demonstrated that the Ct-value of BE70 is approxi-
mately 1.31-fold higher compared with DNA from the 
matched, fresh frozen specimen (Fig. 7C). These data 
suggest that the DNA-based assay with BE70-fixed 
tissue is improved compared with NBF, but will require 
an additional DNA starting material, compared with 
frozen tissue.

In RNA analysis, we demonstrated that the RNA 
extracted from BE70-fixed and paraffin-embedded tis-
sue is applicable to multiplex RT-PCR. In addition, we 
found a size limitation of amplicons of about 449 bp 
through multiplex RT-PCR. The BE70 fixative resulted 
in superior RNA quantity and quality compared with 
the NBF fixative (Fig. 6). We previously demonstrated 
that the RNA quality is affected by the fixation process 
and warm ischemia times.21 In addition, we also recon-
firmed that the process of formalin fixation further 
damaged the quality of RNA and prolonged fixation 
resulted in a significant deterioration of the RNA strand 
length.21,27,47 In this context, not only does the non-
cross-linking property of the alcohol-based BE70 fixa-
tive improves recovery of RNA from paraffin-embedded 
tissue but also the phosphate-buffered acid solution 
results in longer RNA fragments than 70% ethanol 
solutions of water alone. Although we found that the 
acidic conditions of a fixative solution resulted in higher 
RNA integrity compared with an alkaline solution 
(unpublished observation), the exact mechanism of 
this observation remains to be defined.

The literature is rich in alternative fixatives; how-
ever, their widespread adoption has not been seen for 
a number of reasons: economic factors, safety, and 
histomorphology being the primary obstacles. Of the 
alternative fixatives, the simplest is 70% ethanol and 
currently the most common. Over the last 125 years, 
formaldehyde solutions have remained the dominant 
fixative, with an ever-changing series of alternative 
fixatives used for specific purposes. Historically, these 
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alternative fixatives were selected for specific histo-
morphologic applications in specific tissues31,32 or to 
support now uncommon histology applications. Over 
the last decade, a number of “molecular friendly” fixa-
tives have been developed10,11,17,41,42,44 to address the 
current research and clinical applications applied to 
tissue; however, none have seen widespread adoption 
for a diversity of reasons.

The replacement of water with 0.5× PBS offers a 
surprising benefit at all levels of evaluation: fixed tis-
sue, histomorphology, and biomolecular assay levels. 
The introduction of glycerol and acetic acid has less, 
but still measurable, impacts on fixative performance, 
at the biomolecular level. The PBS, glycerol, and ace-
tic acid components of the fixative can be formulated 
as a concentrate that can be added to 100% or 95% 
ethanol to generate a working fixative. The fixative is 
stable for months at room temperature, as well as at 
4C. In our studies, we have not investigated the perfor-
mance of BE70 for the long-term storage of “wet” 
specimens; however, 70% ethanol has long been used 
for this purpose, even with specimens originally fixed 
in formaldehyde solutions. Alternative methods of 
impregnation are encountered, most commonly in the 
research setting. Although not tested, we anticipate 
their performance would be unaltered. Preliminary 
data (not shown) suggest that BE70-fixed paraffin-
embedded specimens have functionally the same 
degradation profile as FFPE specimens, as degrada-
tion is mediated by entrapped water.2

The goals of a fixative are to render the tissue asep-
tic, prevent putrefaction, and enable examination. The 
first and second goals are generally met by a large 
number of reagents, including 70% ethanol (www.cdc.
gov/hicpac/Disinfection_Sterilization/6_0disinfection.
html).14 The challenge is the goal of the examination, 
which can be phrased as “fit for purpose.”48 The current 
state of histopathologic investigation is to focus on 
DNA, RNA, and proteins. The purpose for which a fixa-
tive is applied and the end goals of the examination are 
the ultimate determinants to the success of a fixative. 
Clearly, formaldehyde-based fixatives have been the 
dominant fixative over a century, with incremental 
improvement, especially the widespread introduction of 
buffers. The future of how tissue is handled in both the 
research and clinical settings is unclear. Proposals to 
split specimens in a clinical setting, either into different 
fixatives, or frozen versus NBF, have failed to gain trac-
tion due to issues of size, heterogeneity, and cost.27 
The advancement of an alternative to NBF will depend 
on two factors: (1) limitations of NBF due to the cost of 
use and limitations of downstream applications, and (2) 
validation of a fixative that addresses the current needs 
of the research and diagnostic community.

In conclusion, we have developed a new non-
aldehyde-based fixative that is compatible with exist-
ing protocols, offers improved biomolecular 
preservation, and is histomorphologically similar to 
the current fixatives. This fixative is a unique improve-
ment on 70% ethanol and can be formulated by the 
addition of a concentrate to stock ethanol for simplic-
ity of use. With additional evaluation, the BE70 fixa-
tive may be a potential replacement for NBF in both 
research and clinical settings, with the benefit of bet-
ter biomolecule preservation, without the trade-off of 
impaired histomorphology. Substantial additional 
study and validation is required to elucidate the 
potential of BE70 in the research and clinical histo-
pathology environment.
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