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Abstract

The use of cold formalin fixation (CFF; i.e., fixating tissue samples with 4 °C precooled formalin) recently attracted further
attention owing to its putative improved ability to preserve nucleic acid compared with standard room temperature formalin
(SFF). In this study, we aimed to assess the effect of four formalin-based fixation protocols (SFF, CFF, delayed formalin
fixation-DFF, and cold formalin hyperfixation; CFH) on both DNA and RNA quality. We collected 97 colorectal cancer
(CRC) and analyzed 23 metrics of nucleic acid quantity and quality yield using a multiplatform approach by combining
spectrophotometric, fluorimetric, electrophoretic, and polymerase chain reaction (PCR) assays. Following confirmation of
fixation-protocol-related different effects via clustering analysis, CFF presented best metrics compared with all protocols,
specifically positive coefficients of DV1000-60000, DV2/DV1, DNA A ratio 260/230, and ABL gene expression absolute
copies, and negative coefficient of DV150-1000. The SFF subgroup presented a positive coefficient of DV150-1000 and
negative coefficients for DV1000-60000, DV2/DV1, RNA A ratio 260/230, RNA QuBit concentration, DV100/200, RNA
electrophoresis concentration and absolute quantity, and ABL copies. Overall, we confirmed the superior yield performances
of CFF preservation for both DNA and RNA compared with the other protocols in our series of CRC samples. Pending fur-
ther validations and clarification of the specific mechanisms behind these findings, our study supports the implementation
of CFF in the pathology unit routine specimen management for tumor tissue molecular profiling.

Keywords Sample preservation - Molecular analysis - Quality assurance - Cold fixation

Introduction
Ennio Nano and Alessandro Gambella contributed equally and This study originated from the recent keen interest in using
shared co-first authorship. cold formalin fixation (CFF, i.e., fixating tissue samples with

4 °C precooled formalin) to improve nucleic acid yield for
downstream molecular analysis.

CFF and related tissue processing were already described
P4 Alessandro Gambella in mid-1900s for horseradish-peroxidase-based immu-

alessandro.gambella@ gmail.com nohistochemistry stains (Straus 1968, 1980). Since then,
several studies demonstrated superior immunohistochemi-
cal staining with CFF (Pollard et al. 1987; De Rosa et al.
1987; Ozzello et al. 1991; Bass et al. 2014), but recently the
interest in CFF protocol revamped to solve pre-analytical
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Genoa, Italy issues associated with standard room temperature formalin
3 IRCCS San Martino Policlinic Hospital of Genoa, Genoa, fixation (SFF), especially in the molecular analysis domain
Italy (Bussolati et al. 2011; Do and Dobrovic 2015; Berrino et al.
4 Internal Medicine Clinic, IRCCS San Martino Policlinic 2020). The adverse effects of SFF on DNA and RNA include
Hospital of Genoa, Genoa, Italy (extensive) nucleic acid fragmentation and degradation
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(Chung et al. 2006; Didelot et al. 2013; Wong et al. 2014;
Hedegaard et al. 2014; Guyard et al. 2017) and formalde-
hyde-induced crosslinks and covalent structural modifica-
tions (Feldman 1973; McGhee and von Hippel 1975, 1977;
Masuda et al. 1999; Zhang et al. 2017). Together, these
alterations may hamper the results of expensive and time-
consuming molecular profiling of tumor samples and, more
importantly, affect the related patients’ clinical and therapeu-
tic management (Bettoni et al. 2017; Cappello et al. 2022).
Indeed, with the advent and affirmation of precision medi-
cine and targeted therapy, the need for high-quality and reli-
able tumor molecular characterization become pivotal, espe-
cially for those malignancies with available and effective
molecular-based therapeutic protocols, such as colorectal
cancer (CRC) (Karapetis et al. 2008; Roelands et al. 2023;
Dang et al. 2024; Ouladan and Orouji 2024).

In this context, the rationale behind using CFF is mainly
related to the effect of lower temperature on enzyme kinet-
ics, especially the hindrance to degrading enzymes and their
effect on nucleic acid (Bass et al. 2014; Lerch et al. 2020).
As several studies reported increased yield of high-molec-
ular-weight DNA (Noguchi et al. 1997; Berrino et al. 2020)
and superior quality and quantity of RNA (Bussolati et al.
2011) following precooled 4 °C formalin fixation compared
with SFF, more evidence is still required before considering
CFF implementation in the pathology unit routine specimen
management for tumor tissue molecular profiling.

On the basis of these considerations, we sought to test
and compare different fixation protocols, including CFF and
SFF, to determine the related nucleic acid quality and quan-
tity yield for downstream molecular analysis. To this aim,
we used several approaches, including spectrophotometric,
fluorimetric, electrophoretic, and polymerase chain reaction
(PCR) techniques and related metrics on a single-institution
series of 97 CRC samples.

Table 1 Details of the fixation protocols tested in this study

Materials and methods
Samples selection and stratification

In this study, we collected and evaluated an overall cohort of
97 CRC samples surgically resected at the IRCCS San Mar-
tino Polyclinic Hospital and processed at the pathology unit
of the University of Genoa. All CRC samples were not sub-
jected to neoadjuvant therapy and had a cold ischemia time
of less than 30 min. Samples were anonymized by a mem-
ber of our unit who was not directly involved in this study
before proceeding further with the analysis. The samples
were matched for patients across fixation protocols to miti-
gate inter-individual tumor heterogeneity and mask potential
treatment effect bias. Then, they were stratified into four
subgroups on the basis of the fixation protocol. In particular,
43 samples were fixed with the SFF protocol, 34 samples
according to the CFF protocol, 11 samples were incubated
at room temperature for 4 h with no medium (air-exposed)
before proceeding further with the SFF (delayed formalin
fixation; DFF), and nine according to the cold hyperfixation
protocol (cold formalin hyperfixation; CFH). Details of the
fixation protocols are reported in Table 1.

Following the fixation and processing steps, all tissue
samples were paraffin-embedded, and a hematoxylin-and-
eosin (HE)-stained section was evaluated to confirm overall
sample adequacy. A ratio of at least 40 tumor cells per 100
overall tissue cells was required for each sample. Further-
more, several histochemical stains were performed to assess
their yield depending on the protocol adopted. Specifically,
Alcian blu-periodic acid Schiff (AB-PAS), periodic acid
methenamine silver (PAM), reticulin, and trichrome stains
were performed (Supplementary Fig. 1) and evaluated
by an expert pathologist for adequacy. All histochemical
stains were performed with the Ventana BenchMark Spe-
cial Stains system (Ventana Medical Systems, Tucson, AZ)
using ready-to-use reagents and following manufacturer’s
standardized protocols.

All procedures were in accordance with the ethical
standards of the human experimentation institutional
review board (IRB) of the University of Genoa/IRCCS

Fixation method Protocol

SFF—standard formalin fixation
CFF—cold formalin fixation

24-h fixation in 4% neutral-buffered formalin at room temperature, followed by automatic processing
24-h fixation in pre-cooled (4 °C) 4% neutral-buffered formalin, followed by 4-h dehydration in precooled

(4 °C) 95% ethanol, and then automatic processing deprived of the first ethanol 95% step

DFF—delayed formalin fixation

4-h room temperature incubation with no medium (air-exposed) preceding 24-h fixation in 4% neutral-

buffered formalin at room temperature, followed by automatic processing

CFH—cold formalin hyperfixation

72-h fixation in precooled (4 °C) 4% neutral-buffered formalin, followed by 4-h dehydration in precooled

(4 °C) 95% ethanol, and then automatic processing deprived of the first ethanol 95% step
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Ospedale Policlinico San Martino (IRB approval num-
ber: 101/2021) and in accordance with the World Medical
Association Declaration of Helsinki of 1964 and later ver-
sions. All patients who underwent surgical resection in our
institution signed written informed consent for research
purposes.

Nucleic acid purification protocol

DNA and RNA purification were performed with the Max-
well RSC DNA formalin-fixed paraffin-embedded (FFPE)
and Maxwell RSC RNA FFPE kits in a Promega Maxwell
RSC extractor (Promega Corporation, 2800 Woods Hollow
Road, Madison, WI 53711-5399 USA). Sample duplicates
were collected in centrifuge tubes and deparaffinized by
adding 300 pl of mineral oil, followed by two incuba-
tions at 56 and 80 °C in heating blocks. Tissue digestion
was carried out by admixing lysis buffer and proteinase
K solution to each sample tube, respectively incubated
at 56 °C for 30 min and 80 °C for 4 h in heating blocks.
Then, 10 pl of RNase or DNase solution were added to
the nucleic-acid-containing aqueous phase of each tube.
The aqueous phase was then transferred from each tube to
a Maxwell FFPE Cartridge to perform automated nucleic

acid extraction. Purified DNA and RNA were eluted in
55 pl nuclease-free water.

DNA and RNA quantitative and qualitative analysis

Specific metrics of DNA and RNA quality were assessed. In
particular, 22 descriptors of nucleic acid preservation qual-
ity (11 for DNA and 11 for RNA) and sample overall nor-
malized cellularity were analyzed and quantified as detailed
below and summarized in Table 2.

First, collected samples were quantified via the ND1000
spectrophotometer calibrated for DNA and RNA analysis.
Simultaneously, contamination by chaotropic agents and
proteins was assessed by measuring 260/230 and 260/280 A
ratios, respectively. Samples were then analyzed with Qubit
dsDNA and RNA HS Assay kits protocols in a Qubit Fluo-
rometer 3.0 (Life Technologies Corporation; 29,851 Wil-
low Creek Road; Eugene, Oregon, USA). Additionally, the
distribution of nucleic acid fragment size of each sample
was evaluated with Agilent Tapestation 2200, and nucleic
acid concentration was estimated to compare results with
spectrophotometric and fluorimetric analyses. DNA and
RNA analyses were performed using the Genomic DNA
ScreenTape kit and the RNA HS ScreenTape kit. The abso-
lute quantification assay of DNA and RNA was performed
with a 55 pl elution volume. Then, 1 pl of extracted DNA

Table 2 Metrics of overall

. Target
sample and nucleic acid

Platform

Descriptor

preservation quality evaluated
in our study

DNA

Qubit fluorometer

Agilent Tapestation 2200

RNA

Qubit fluorometer

Agilent Tapestation 2200 electrophoresis

Reverse-transcriptase RT-qPCR (Elitech kit)
Normalized cellularity

All sample

ND1000 spectrophotometer

ND1000 spectrophotometer

A 260/280 ratio

A 260/230 ratio
Concentration
Absolute quantification
Concentration
Absolute quantification
DV 150/1000

DV 1000/60000
DV2/DV1
Concentration
Absolute quantification
A 260/280 ratio

A 260/230 ratio
Concentration
Absolute quantification
Concentration
Absolute quantification
DV 100/200

DV 200/3000
Concentration
Absolute quantification
ABL copies
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and 1 pl of extracted RNA was mixed with 5 pl of fluoro-
chrome-containing buffer in the respective strip tube. The
tube was vortexed for 2 min, then incubated in a thermal
cycler for 3 min at 72 °C. After this incubation step, the tube
was rapidly transferred to an ice bath and cooled for 2 min.
Strip-tube was subsequently loaded into the Agilent instru-
ment setting electrophoretic run. Samples were batched in
groups of 16 and simultaneously analyzed. Internal ladders
were run with samples in each electrophoretic assay to per-
form absolute and semi-quantification of target fragment-
size ranges. Densitometric electropherograms were analyzed
by integrated Tapestation Analysis Software A.02.02 (SR1;
Agilent Technologies, Inc. 2017). Data evaluated for each
sample regarded percentage surface ratios between fragment
size ranges and total electropherogram surface. Specifically,
fragments sizes analyzed for DNA included 150-1000 bp
(DV150-1000) and 1000-60000 bp (DV1000-60000) ranges
and their defined ratio (DV1000-60000)/(DV150/1000)
indicated as DV2/DV1. RNA quality parameters included
100-200 bp (DV100-200) and 200-3000 bp (DV200-3000)
ranges. Concentration and absolute quantification were col-
lected as well.

RNA was additionally assessed through absolute gene
expression quantification of the ABL housekeeping gene
via a reverse-transcriptase RT-qPCR with Elitech kit. Every
sample was analyzed in duplicate and quantified through
a four-dot standard curve: standards of 102, 10°, 10*, and
103 ABL copies defined the model’s domain. Per protocol,
premix, master mix, and retro-transcriptase were thawed at
room temperature and admixed within 10 min. Then, 20 pl
of the final mix was mixed to 10 pl of each RNA sample
in a PCR plate of 96 tubes. Dilution of samples was not
necessary considering a related overall mean concentration
of 234.5 ng/pl, as measured by Nanodrop, and a protocol
suggested range of 80 ng/pl to 400 ng/pl to optimize tar-
get amplification. Subsequently, samples were loaded in
the thermocycler, setting the thermal profile of the run and
gene quantification threshold as indicated by the technical
bulletin. Finally, normalized cellularity (i.e., normalization
of cellularity over sample dimensions) was also evaluated
to prevent potential bias during protocol comparison (Sup-
plementary Table 1).

Statistical analysis

Statistical analysis was performed using R Software (version
4.2.2; The R Foundation for Statistical Computing, Vienna,
Austria) and RStudio (version 2022.12.0+ 353; RStudio,
Boston (MA), USA). The remdr (version 2.7-1) and mda-
tools packages were used to evaluate and compare nucleic
acid metrics across fixation protocols. Specific tests and
related use are specified and detailed in the related Manu-
script session, as appropriate.
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Results

Descriptors and related rationale for nucleic acid
quality and quantity assurance

To make reliable inferences about the impact of fixation
protocols on nucleic acid quality and quantity yield, we
decided to perform a broad yet specific analysis using sev-
eral approaches, including spectrophotometric, fluorimet-
ric, electrophoretic, and PCR techniques.

Specifically, we used ND1000 spectrophotometer to
quantify DNA and RNA (both concentration and absolute
quantification) and contamination of protein (absorbance
A ratios at 260/280) and chaotropic (absorbance A ratios at
260/230) interferents.

Subsequently, we additionally quantify DNA and RNA
(both concentration and absolute quantification) with the
Qubit 3.0 fluorometer, implementing specificity in assess-
ing fragment sizes eligible for successful amplification
assays.

Furthermore, considering its relevance for downstream
next-generation sequencing (NGS) analysis, quantification
of DNA and RNA integrity was evaluated with Tapesta-
tion Agilent 2200 electrophoresis assay, referring to spe-
cifics of Illumina Target Panel protocol implemented in
a routine laboratory setting. DNA size ranges collected
included the DV1000-60000 (descriptor of DNA integ-
rity) and DV200-3000 (descriptor of DNA degradation).
Size ranges collected for RNA included the DV150-1000
(descriptor of RNA integrity) and DV100-200 (descriptor
of RNA fragmentation).

RNA eligibility for amplification assays was further
assessed by the highly specific ABL house-keeping gene
expression assay as a measure of RNA quantity, integrity,
and adduct damage by formalin fixation.

Ultimately, we evaluated normalized cellularity (nor-
malization of cellularity over sample dimensions) as a
broad metric of tissue specimen quality to account for
potential bias during the comparison of fixation protocols.
We also evaluated histological structure preservation via
histochemical stains, including AB-PAS, PAM, reticulin,
and trichrome stains. All of them resulted adequate by
an expert pathologist assessment (Supplementary Fig. 1).

Principal component analysis (PCA) showed fixation
protocol-dependent samples clustering

Firstly, we inspected the relationship between all the ana-
lyzed descriptors via a correlation matrix and related Pear-
son correlation analysis. Considering the non-negligible
correlation observed between variables (Supplementary
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Fig. 2) and to investigate data patterns further, we decided
to perform a principal component analysis (PCA. Inspect-
ing the scree plot (Supplementary Fig. 3), we identified
an elbow at the fourth component, suggesting decreased
dimensional complexity of the PCA model to the first four
principal components (PCs). Considering that 75% of
dataset total variance was achieved with the first four PCs,
the score plots revealed significant information on fixation
protocols on the first 3 PCs, which accounted for 65.1% of
dataset total variance. In particular, the first PC (30.6% of
dataset variance) showed DFF subgroup partial clustering
that was completely definite on the 2° PC. On the 3° PC,
SFF and CFF clustered independently, while CFH clus-
tered near the intersecting area of previous groups with
a tendency to lay in the CFF proximity. This pattern sug-
gested that CFH harbored features intermediate between
CFF and SFF but closer to CFF, as expected (Fig. 1).

Partial-least squares discriminant-analysis (pls-DA)
confirmed samples clustering and showed stronger
discriminant power than PCA

To further confirm protocol discrimination and to quan-
titatively assess each variable weight on the definition
of each fixation subgroup, we built an in-fitting and in-
cross-validation classification supervised model based on
a partial-least squares discriminant-analysis (pls-DA). We
computed the Pls-DA model on the basis of the clustering
pattern modeled by PCA, and decided to merge CFH and
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Fig. 1 Principal component analysis (PCA) pattern recognition based
on fixation protocols. PCA account for 65.1% of dataset variance in
the first three dimensions. CFF cold formalin fixation, CFH cold for-

CFF samples owing to their partial overlap. The dataset
was subdivided into a calibration set (76 samples) and a
validation set (21 samples) by randomly assigning sam-
ples to the fitting and prediction sets with a ratio of 8:2
assignments for every supervised class. The selection of
model-defining latent-variable (LV) number was based on
a root-mean-square-error (RMSE) graph, plotting RMSE
against model defining LV number and using the lowest
RMSE to define the criteria of LV number selection. The
first five LVs, accounting for 75,12% of explained dataset
variance, described the pls-DA model best cross-validation
performance, computed in a “leave-one-out” setting. On
the basis of five LVs, the CFF class showed a sensitivity of
85,3%, a specificity of 97,6%, and an overall accuracy of
92,1%. Top classification performance was evidenced for
the DFF class with a specificity, sensitivity, and accuracy
of 100%. SFF class showed an 87,9% sensitivity, a speci-
ficity of 88,4%, and an accuracy of 88,2%. The validated
pls-DA model, described by the first two LVs, showed the
best predictive performance. The CFF class harbored a
sensitivity of 88,9%, a specificity of 91,7%, and an accu-
racy of 90,5%, while the SFF class showed a sensitivity
of 90%, a specificity of 90,9% and an accuracy of 90,5%.
Only the first LV was sufficient to reach maximum clas-
sification performances for the DFF class. For each super-
vised class, model coefficients were computed, selecting
the LVs with the best predictive performance. In particu-
lar, the first two LVs for the CFF and SFF subgroups, and
the first LV for the DFF subgroup (Fig. 2).
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Fig.2 Pattern recognition based on score plot from predictors matrix
of pls-DA. Pls-DA model account for 60.8% of dataset variance in the
first three dimensions. Of note, pls-DA model shows stronger discri-
minant power than PCA for CFF and SFF classes, from the perspec-

Inference tests identified descriptors driving
fixation protocol clustering

Reassured that nucleic acid descriptors clustered based on
fixation protocols, we decided to evaluate the weights of each
descriptor and the relative significance. For this purpose, we
used two inference tests. The jack-knife test estimated the
mean of every variable coefficient and its confidence interval
(CI) from the respective distribution computed through a
“leave-one-out” cross-validation. Significant variables were
selected to define each model class with variables impor-
tant for projection (VIP) scores computation in a “leave-
one-out” cross-validation setting, specifying a threshold of
1. Both jack-knife CI and VIP scores substantially showed
concordant results and were compared for the reproducibility
of model features. Detailed outcomes of the jack-knife test
and VIP score are reported in Fig. 3.

Five significant variables—DV150-1000, DV1000-
60000, DV2/DV1, DNA A ratio 260/230, and ABL abso-
lute copies—describe the CFF class model. All variables
show positive coefficients, with the coherent exception of
DV150-1000. Seven variables are identified as significant
in the SFF class: DV150-1000 with a positive coefficient
and six others with negative trends, namely DV 1000-60000,
DV2/DV1, RNA A ratio 260/230, RNA qubit concentration,
DV100/200, RNA electrophoresis concentration and abso-
lute quantity, and ABL copies. Significant variables with
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tive of the 2° and 3° dimensions. CFF cold formalin fixation, DFF
delayed formalin fixation, Fix. Prot. fixation protocols, LVI latent-
variable 1, LV2 latent-variable 2, LV3 latent-variable 3

positive coefficients for the DFF class were DV2/DV1, RNA
A ratio 260/230, RNA qubit concentration, RNA electro-
phoresis concentration, and absolute quantity, and DV100-
200. DV150-1000 and RNA A ratio 260/280 also negatively
weighed the DFF class. Box plots showing the results of
univariate analysis specifically comparing the impact of fixa-
tive protocols on each metric of DNA and RNA quality are
reported in Supplementary Fig. 4 and Supplementary Fig. 5,
respectively.

Discussion

In this study, we tested different formalin-based fixative pro-
tocols and demonstrated that fixation at lower temperatures
yielded DNA and RNA with improved quality and quantity.

We used 97 samples of CRC to test four different fixa-
tion conditions (SFF-standard formalin fixation, CFF-cold
formalin fixation, DFF-delayed formalin fixation, and CFH-
cold formalin hyperfixation) and thoroughly characterized
nucleic acid yield via spectrophotometric, fluorimetric,
electrophoretic, and PCR techniques and related metrics.
As our cohort of CRC samples was not screened for specific
morphological and genomic profiles, we opted for chemo-
metric approaches, namely PCA and pls-DA, to discriminate
the effects of fixation protocols. First, we demonstrated that
DFF, CFF, and SFF samples presented significantly different
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Fig.3 Regression coefficients with respective 95% C.I. and VIP
scores show to be partially concordant across all classes in terms of
significance *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001;
VIP scores threshold of significance set at 1 (dotted line). DNA.
Conc. (ND) DNA concentration (ND1000 spectrophotometer), DNA.A
(260/280) DNA A 260/280 ratio (ND1000 spectrophotometer), DNA.A
(260/230) DNA X\ 260/230 ratio (ND1000 spectrophotometer), DNA.
Abs.Quantity (ND) DNA absolute quantification (ND1000 spectro-
photometer), DNA.Conc. (QB) DNA concentration (Qubit fluorom-
eter), DNA.Abs.Quantity (QOB) DNA absolute quantification (Qubit
fluorometer), DNA.Conc. (TS) DNA concentration (Agilent Tapesta-
tion 2200), DNA.Abs.Quantity (TS) DNA absolute quantification

quality metrics, as expected. Of note, the CFH subgroup
did not cluster independently but was instead localized in
an overlapping area between CFF and SFF clusters, with
a tendency to be closer to the CFF subgroup. These results
suggest that prolonged fixation nullified the effects of the
low-temperature environment, but the lack of CFH inde-
pendent clustering may also have been related to the small
sample size of this subgroup.

Granular analysis of the metrics that defined fixation pro-
tocols clustering provided interesting data on RNA yield. In
our study, RNA 260/280 A ratio positively weighed on the
CFF model, while ABL copies and RNA 260/280 A ratio
were inversely correlated with SFF. These results suggest
that crosslinking kinetics largely relies on fixative tempera-
ture and support the hypothesis that, compared with SFF,
CFF could (1) reduce the formalin-mediated crosslinking

(Agilent Tapestation 2200), Norm.Cellularity Normalized cellularity,
RNA.Conc. (ND) RNA concentration (ND1000 spectrophotometer),
RNA.A (260/280) RNA A 260/280 ratio (ND1000 spectrophotometer),
RNA.A (260/230) RNA A 260/230 ratio (ND1000 spectrophotometer),
RNA.Abs.Quantity (ND) RNA absolute quantification (ND1000 spec-
trophotometer), RNA.Conc. (QB) RNA concentration (Qubit fluorom-
eter), RNA.Abs.Quantity (OB) RNA absolute quantification (Qubit
fluorometer), RNA.Conc. (TS) RNA concentration (Agilent Tapesta-
tion 2200), RNA.Abs.Quantity (TS) DNA absolute quantification
(Agilent Tapestation 2200), ABL.Copies ABL gene copies (reverse-
transcriptase RT-qPCR; Elitech kit)

within and between RNA strands and between RNA strands
and proteins, and (2) hinder formalin-mediated RNA dis-
tortion implying reduced retro-transcriptase inhibition and
protein contamination. Furthermore, our results suggest that
RNA fragmentation did not represent a relevant mechanism
of formalin-mediated degradation. In our series, DV100-
200 and DV200-3000 marginally influence the CFF and SFF
models according to VIP score and C.I. diagnostics. Our data
are in line with literature. Masuda and colleagues described
formalin-mediated intra- and inter-strand crosslinking,
where formalin reacted with ammine moieties of singular
or adjacent nucleobases, resulting in mono-methylol ammine
adducts and methylene bridges, respectively (Masuda et al.
1999). Kennedy-Darling and colleagues described several
formalin-dependent crosslinking mechanisms, the most rel-
evant involving the nucleophilic link of Lysine-rich protein
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ammino-groups to the electrophilic carbon of formalin (with
the formation of an intermediate Schiff base), followed by
the nucleophilic link of a deoxyguanosine ammine moiety
to the Schiff-base. The result is an aminal bridge formation
between the protein and the nucleobase (Kennedy-Darling
and Smith 2014). Authors inferred that formalin crosslinking
rate was positively associated with temperature (Kennedy-
Darling and Smith 2014). Similarly, Chafin and colleagues
observed low formalin-mediated crosslinking at cold tem-
peratures and indicated temperature-dependent reduction of
reaction kinesis as the putative explanation (Chafin et al.
2013). Ultimately, our findings support and further refine the
literature evidence that (1) formalin-mediated crosslinking
is the most relevant mechanism of RNA modifications, and
(2) this mechanism is temperature-dependent and can be
mitigated by CFF.

Focusing on the DNA analysis, in our cohort, positive
coefficient predictors of CFF included DV 1000-60000 and
DV2/DV1, whereas DV150-1000 was a negative coefficient
predictor. Furthermore, the DNA A 260/280 ratio was barely
significant on SFF, thus suggesting that differences between
CFF and SFF are unrelated to DNA purity. Overall, this data
supports the superior metrics of CFF compared to SFF, as
previously reported in the literature (Berrino et al. 2020).
Proposed mechanisms involved inverse trends of DV150-
1000 and DV1000-60000 predictors comparing CFF with
SFF models (Berrino et al. 2020), as confirmed in our study.

Regarding the sample type, we decided to analyze CRC
specimens owing to (1) the clinical relevance of CRC reli-
able molecular profiling for patients therapeutic manage-
ment (Karapetis et al. 2008; Roelands et al. 2023; Dang et al.
2024; Ouladan and Orouji 2024), (2) the well-known and
peculiar impact of formalin fixation on nucleic acid frag-
mentation for this cancer type (Lamy et al. 2011; Guyard
et al. 2017), and (3) the expertise of our group with the
preanalytical conditions and morpho-molecular profiles of
CRC (Bragoni et al. 2017; Gambella et al. 2017, 2022; Remo
et al. 2019; Mastracci et al. 2019; Pitto et al. 2020; Carlin
et al. 2023; Grillo et al. 2023a, 2023b, 2024b, 2024a). Still,
the focus on CRC-only samples and the relatively small and
monocentric series limited the impact of our findings. It is
worth mentioning that there are other metrics available in
literature that can be used to assess nucleic acid quality, such
as the fraction of amplified DNA following qPCR reactions
for NGS libraries preparation (Bettoni et al. 2017). Nev-
ertheless, we believe that our study enriches the evidence
available in the literature and kindles further evaluation
on larger multicentric cohorts, especially for RNA quality
assessment.

In conclusion, we demonstrated that CFF-cold forma-
lin fixation improved both DNA and RNA preservation in
our cohort of CRC samples. Our granular and cross-plat-
form analysis requires further validation but undoubtedly

@ Springer

indicates the superior yield of CFF compared with SFF.
As we elucidate the mechanisms behind these findings, our
study supports the implementation of CFF in the pathology
unit routine specimen management for tumor tissue molecu-
lar profiling.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00418-024-02326-5.

Acknowledgements This work is part of the project code T4-AN-10
"Hybrid Hub (H2UB): Modelli cellulari e computazionali, micro e
nanotecnologie per la personalizzazione di terapie innovative”. Luca
Mastracci is supported by grants from the Italian Ministry of Health
(5%1000—2022-2024) and Alleanza Contro il Cancro.

Authors contributions Conceptualization and supervision: F.G. and
L.M.; methodology: E.N., A.G., F.G., and L.M.; formal analysis and
investigation: E.N., M.P., A.G., S.P., and L.V.; writing—original draft
preparation: E.N. and A.G.; writing—review and editing: all authors.

Funding The author(s) did not receive specific funding for this work.

Data availability The dataset generated for this study is available from
the authors upon reasonable request.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bass BP, Engel KB, Greytak SR, Moore HM (2014) A review of pre-
analytical factors affecting molecular, protein, and morphological
analysis of formalin-fixed, paraffin-embedded (FFPE) tissue: how
well do you know your FFPE specimen? Arch Pathol Lab Med
138(11):1520-1530. https://doi.org/10.5858/arpa.2013-0691-RA

Berrino E, Annaratone L, Miglio U, Maldi E, Piccinelli C, Peano E,
Balmativola D, Cassoni P, Pisacane A, Sarotto I, Venesio T, Sap-
ino A, Marchio C (2020) Cold formalin fixation guarantees DNA
integrity in formalin fixed paraffin embedded tissues: premises for
a better quality of diagnostic and experimental pathology with a
specific impact on breast cancer. Front Oncol 10:173. https://doi.
org/10.3389/fonc.2020.00173

Bettoni F, Koyama FC, de Avelar CP, Galante PAF, Camargo AA,
Asprino PF (2017) A straightforward assay to evaluate DNA
integrity and optimize next-generation sequencing for clinical
diagnosis in oncology. Exp Mol Pathol 103(3):294-299. https://
doi.org/10.1016/j.yexmp.2017.11.011


https://doi.org/10.1007/s00418-024-02326-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5858/arpa.2013-0691-RA
https://doi.org/10.3389/fonc.2020.00173
https://doi.org/10.3389/fonc.2020.00173
https://doi.org/10.1016/j.yexmp.2017.11.011
https://doi.org/10.1016/j.yexmp.2017.11.011

Histochemistry and Cell Biology (2024) 162:541-550

549

Bragoni A, Gambella A, Pigozzi S, Grigolini M, Fiocca R, Mastracci
L, Grillo F (2017) Quality control in diagnostic immunohisto-
chemistry: integrated on-slide positive controls. Histochem Cell
Biol 148(5):569-573. https://doi.org/10.1007/s00418-017-1596-y

Bussolati G, Annaratone L, Medico E, D’Armento G, Sapino A (2011)
Formalin fixation at low temperature better preserves nucleic acid
integrity. PLoS ONE 6(6):21043. https://doi.org/10.1371/journ
al.pone.0021043

Cappello F, Angerilli V, Munari G, Ceccon C, Sabbadin M, Pagni
F, Fusco N, Malapelle U, Fassan M (2022) FFPE-based NGS
approaches into clinical practice: the limits of glory from a pathol-
ogist viewpoint. J Pers Med. https://doi.org/10.3390/jpm12050750

Carlin L, Paudice M, Ingaliso M, Pigozzi S, Trevisan L, Sciallero S,
Pastorino A, Piol N, Grillo F, Mastracci L (2023) Synchronous
and metachronous primary colorectal cancers with concordant
and discordant mismatch repair status. Hum Pathol 141:54-63.
https://doi.org/10.1016/j.humpath.2023.09.003

Chafin D, Theiss A, Roberts E, Borlee G, Otter M, Baird GS (2013)
Rapid two-temperature formalin fixation. PLoS ONE 8(1):e54138.
https://doi.org/10.1371/journal.pone.0054138

Chung JY, Braunschweig T, Hewitt SM (2006) Optimization of recov-
ery of RNA from formalin-fixed, paraffin-embedded tissue. Diagn
Mol Pathol 15(4):229-236. https://doi.org/10.1097/01.pdm.00002
13468.91139.2d

Dang Q, Zuo L, Hu X, Zhou Z, Chen S, Liu S, Ba Y, Zuo A, Xu
H, Weng S, Zhang Y, Luo P, Cheng Q, Liu Z, Han X (2024)
Molecular subtypes of colorectal cancer in the era of precision
oncotherapy: current inspirations and future challenges. Cancer
Med 13(14):€70041. https://doi.org/10.1002/cam4.7004 1

De Rosa CM, Ozzello L, Greene GL, Habif DV (1987) Immunostain-
ing of estrogen receptor in paraffin sections of breast carcinomas
using monoclonal antibody D75P3 gamma: effects of fixation.
Am J Surg Pathol 11(12):943-950. https://doi.org/10.1097/00000
478-198712000-00004

Didelot A, Kotsopoulos SK, Lupo A, Pekin D, Li X, Atochin I, Srini-
vasan P, Zhong Q, Olson J, Link DR, Laurent-Puig P, Blons H,
Hutchison JB, Taly V (2013) Multiplex picoliter-droplet digital
PCR for quantitative assessment of DNA integrity in clinical sam-
ples. Clin Chem 59(5):815-823. https://doi.org/10.1373/clinchem.
2012.193409

Do H, Dobrovic A (2015) Sequence artifacts in DNA from formalin-
fixed tissues: causes and strategies for minimization. Clin Chem
61(1):64-71. https://doi.org/10.1373/clinchem.2014.223040

Feldman MY (1973) Reactions of nucleic acids and nucleoproteins
with formaldehyde. Prog Nucleic Acid Res Mol Biol 13:1-49.
https://doi.org/10.1016/s0079-6603(08)60099-9

Gambella A, Porro L, Pigozzi S, Fiocca R, Grillo F, Mastracci L (2017)
Section detachment in immunohistochemistry: causes, trouble-
shooting, and problem-solving. Histochem Cell Biol 148(1):95-
101. https://doi.org/10.1007/s00418-017-1558-4

Gambella A, Scabini S, Zoppoli G, De Silvestri A, Pigozzi S, Paudice
M, Campora M, Fiocca R, Grillo F, Mastracci L (2022) HLA-G
as a prognostic marker in stage I1I/III colorectal cancer: not quite
there yet. Histochem Cell Biol 158(6):535-543. https://doi.org/
10.1007/s00418-022-02141-w

Grillo F, Ali M, Paudice M, Pigozzi S, Anselmi G, Scabini S, Scial-
lero S, Piol N, Mastracci L (2023a) Impact of formalin fixation
on mismatch repair protein evaluation by immunohistochemis-
try. Virchows Arch 483(5):677-685. https://doi.org/10.1007/
s00428-023-03661-z

Grillo F, Paudice M, Gambella A, Bozzano S, Sciallero S, Puccini A,
Lastraioli S, Dono M, Parente P, Vanoli A, Angerilli V, Fassan
M, Mastracci L (2023b) Evaluating mismatch repair deficiency
in colorectal cancer biopsy specimens. Histochem Cell Biol
160(2):113-125. https://doi.org/10.1007/s00418-023-02202-8

Grillo F, Angerilli V, Parente P, Vanoli A, Luchini C, Sciallero S, Puc-
cini A, Bergamo F, Lonardi S, Valeri N, Mastracci L, Fassan M
(2024a) Prevalence and type of MMR expression heterogeneity in
colorectal adenocarcinoma: therapeutic implications and report-
ing. Virchows Arch 485(1):131-135. https://doi.org/10.1007/
s00428-023-03726-z

Grillo F, Paudice M, Pigozzi S, Dono M, Lastraioli S, Lugaresi M,
Bozzano S, Tognoni C, Ali M, Sciallero S, Puccini A, Fassan
M, Mastracci L (2024b) BRAF(V600E) immunohistochemistry
can reliably substitute BRAF molecular testing in the Lynch syn-
drome screening algorithm in colorectal cancer. Histopathology
84(5):877-887. https://doi.org/10.1111/his. 15133

Guyard A, Boyez A, Pujals A, Robe C, Tran Van Nhieu J, Allory Y,
Moroch J, Georges O, Fournet JC, Zafrani ES, Leroy K (2017)
DNA degrades during storage in formalin-fixed and paraffin-
embedded tissue blocks. Virchows Arch 471(4):491-500.
https://doi.org/10.1007/s00428-017-2213-0

Hedegaard J, Thorsen K, Lund MK, Hein AM, Hamilton-Dutoit SJ,
Vang S, Nordentoft I, Birkenkamp-Demtroder K, Kruhoffer M,
Hager H, Knudsen B, Andersen CL, Sorensen KD, Pedersen JS,
Orntoft TF, Dyrskjot L (2014) Next-generation sequencing of
RNA and DNA isolated from paired fresh-frozen and formalin-
fixed paraffin-embedded samples of human cancer and normal
tissue. PLoS ONE 9(5):€98187. https://doi.org/10.1371/journ
al.pone.0098187

Karapetis CS, Khambata-Ford S, Jonker DJ, O’Callaghan CJ, Tu D,
Tebbutt NC, Simes RJ, Chalchal H, Shapiro JD, Robitaille S,
Price TJ, Shepherd L, Au HJ, Langer C, Moore MJ, Zalcberg JR
(2008) K-ras mutations and benefit from cetuximab in advanced
colorectal cancer. N Engl J Med 359(17):1757-1765. https://
doi.org/10.1056/NEIM0a0804385

Kennedy-Darling J, Smith LM (2014) Measuring the formaldehyde
protein-DNA cross-link reversal rate. Anal Chem 86(12):5678—
5681. https://doi.org/10.1021/ac501354y

Lamy A, Blanchard F, Le Pessot F, Sesboue R, Di Fiore F, Bossut
J, Fiant E, Frebourg T, Sabourin JC (2011) Metastatic colorec-
tal cancer KRAS genotyping in routine practice: results and
pitfalls. Mod Pathol 24(8):1090-1100. https://doi.org/10.1038/
modpathol.2011.60

Lerch ML, Kenerson HL, Chafin D, Westerhoff M, Theiss A, Otter
M, Yeung RS, Baird GS (2020) Effect of immediate cold forma-
lin fixation on phosphoprotein IHC tumor biomarker signal in
liver tumors using a cold transport device. Sci Rep 10(1):2147.
https://doi.org/10.1038/s41598-020-58257-3

Mastracci L, Gambella A, Bragoni A, Pigozzi S, Pastorino L, Vanni
I, Tosi I, Campora M, Fiocca R, Grillo F (2019) Coping with
formalin banning in pathology: under vacuum long-term tis-
sue storage with no added formalin. Histochem Cell Biol
151(6):501-511. https://doi.org/10.1007/s00418-018-1765-7

Masuda N, Ohnishi T, Kawamoto S, Monden M, Okubo K (1999)
Analysis of chemical modification of RNA from formalin-fixed
samples and optimization of molecular biology applications for
such samples. Nucleic Acids Res 27(22):4436—4443. https://doi.
org/10.1093/nar/27.22.4436

McGhee ID, von Hippel PH (1975) Formaldehyde as a probe of
DNA structure. II. Reaction with endocyclic imino groups of
DNA bases. Biochemistry 14(6):1297-1303. https://doi.org/10.
1021/bi00677a030

McGhee JD, von Hippel PH (1977) Formaldehyde as a probe of DNA
structure. 4. Mechanism of the initial reaction of formaldehyde
with DNA. Biochemistry 16(15):3276-3293. https://doi.org/10.
1021/bi006342002

Noguchi M, Furuya S, Takeuchi T, Hirohashi S (1997) Modified for-
malin and methanol fixation methods for molecular biological
and morphological analyses. Pathol Int 47(10):685-691. https://
doi.org/10.1111/§.1440-1827.1997.tb04442 .x

@ Springer


https://doi.org/10.1007/s00418-017-1596-y
https://doi.org/10.1371/journal.pone.0021043
https://doi.org/10.1371/journal.pone.0021043
https://doi.org/10.3390/jpm12050750
https://doi.org/10.1016/j.humpath.2023.09.003
https://doi.org/10.1371/journal.pone.0054138
https://doi.org/10.1097/01.pdm.0000213468.91139.2d
https://doi.org/10.1097/01.pdm.0000213468.91139.2d
https://doi.org/10.1002/cam4.70041
https://doi.org/10.1097/00000478-198712000-00004
https://doi.org/10.1097/00000478-198712000-00004
https://doi.org/10.1373/clinchem.2012.193409
https://doi.org/10.1373/clinchem.2012.193409
https://doi.org/10.1373/clinchem.2014.223040
https://doi.org/10.1016/s0079-6603(08)60099-9
https://doi.org/10.1007/s00418-017-1558-4
https://doi.org/10.1007/s00418-022-02141-w
https://doi.org/10.1007/s00418-022-02141-w
https://doi.org/10.1007/s00428-023-03661-z
https://doi.org/10.1007/s00428-023-03661-z
https://doi.org/10.1007/s00418-023-02202-8
https://doi.org/10.1007/s00428-023-03726-z
https://doi.org/10.1007/s00428-023-03726-z
https://doi.org/10.1111/his.15133
https://doi.org/10.1007/s00428-017-2213-0
https://doi.org/10.1371/journal.pone.0098187
https://doi.org/10.1371/journal.pone.0098187
https://doi.org/10.1056/NEJMoa0804385
https://doi.org/10.1056/NEJMoa0804385
https://doi.org/10.1021/ac501354y
https://doi.org/10.1038/modpathol.2011.60
https://doi.org/10.1038/modpathol.2011.60
https://doi.org/10.1038/s41598-020-58257-3
https://doi.org/10.1007/s00418-018-1765-7
https://doi.org/10.1093/nar/27.22.4436
https://doi.org/10.1093/nar/27.22.4436
https://doi.org/10.1021/bi00677a030
https://doi.org/10.1021/bi00677a030
https://doi.org/10.1021/bi00634a002
https://doi.org/10.1021/bi00634a002
https://doi.org/10.1111/j.1440-1827.1997.tb04442.x
https://doi.org/10.1111/j.1440-1827.1997.tb04442.x

550

Histochemistry and Cell Biology (2024) 162:541-550

Ouladan S, Orouji E (2024) Beyond traditional subtyping: a multi-
layered genomic perspective on colorectal cancer. Gut. https://
doi.org/10.1136/gutjnl-2024-332325

Ozzello L, DeRosa C, Habif DV, Greene GL (1991) An immuno-
histochemical evaluation of progesterone receptor in frozen
sections, paraffin sections, and cytologic imprints of breast
carcinomas. Cancer 67(2):455-462. https://doi.org/10.1002/
1097-0142(19910115)67:2%3c455::aid-cncr2820670223%
3e3.0.co;2-m

Pitto F, Zoppoli G, Scabini S, Romairone E, Fiocca R, Ballestrero
A, Sparavigna M, Malaspina L, Valle L, Grillo F, Mastracci L
(2020) Lymph node number, surface area and lymph node ratio
are important prognostic indicators in neoadjuvant chemoradio-
therapy treated rectal cancer. J Clin Pathol 73(3):162-166. https://
doi.org/10.1136/jclinpath-2019-206139

Pollard K, Lunny D, Holgate CS, Jackson P, Bird CC (1987) Fixation,
processing, and immunochemical reagent effects on preservation
of T-lymphocyte surface membrane antigens in paraffin-embedded
tissue. J Histochem Cytochem 35(11):1329-1338. https://doi.org/
10.1177/35.11.3309048

Remo A, Fassan M, Vanoli A, Bonetti LR, Barresi V, Tatangelo F,
Gafa R, Giordano G, Pancione M, Grillo F, Mastracci L (2019)
Morphology and molecular features of rare colorectal carcinoma
histotypes. Cancers (Basel). https://doi.org/10.3390/cancers110
71036

Roelands J, van der Ploeg M, Ijsselsteijn ME, Dang H, Boonstra
JJ, Hardwick JCH, Hawinkels L, Morreau H, de Miranda N

@ Springer

(2023) Transcriptomic and immunophenotypic profiling reveals
molecular and immunological hallmarks of colorectal cancer
tumourigenesis. Gut 72(7):1326-1339. https://doi.org/10.1136/
gutjnl-2022-327608

Straus W (1968) Cytochemical detection of sites of antibody to horse-
radish peroxidase in spleen and lymph nodes. J Histochem Cyto-
chem 16(4):237-248. https://doi.org/10.1177/16.4.237

Straus W (1980) Factors affecting the sensitivity and specificity of the
cytochemical reaction for the anti-horseradish peroxidase anti-
body in lymph tissue sections. J Histochem Cytochem 28(7):645—
652. https://doi.org/10.1177/28.7.7391553

Wong SQ, Li J, Tan AY, Vedururu R, Pang JM, Do H, Ellul J, Doig
K, Bell A, MacArthur GA, Fox SB, Thomas DM, Fellowes A,
Parisot JP, Dobrovic A, Cohort C (2014) Sequence artefacts in a
prospective series of formalin-fixed tumours tested for mutations
in hotspot regions by massively parallel sequencing. BMC Med
Genom 7:23. https://doi.org/10.1186/1755-8794-7-23

Zhang P, Lehmann BD, Shyr Y, Guo Y (2017) The utilization of for-
malin fixed-paraffin-embedded specimens in high throughput
genomic studies. Int J] Genom 2017:1926304. https://doi.org/10.
1155/2017/1926304

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1136/gutjnl-2024-332325
https://doi.org/10.1136/gutjnl-2024-332325
https://doi.org/10.1002/1097-0142(19910115)67:2%3c455::aid-cncr2820670223%3e3.0.co;2-m
https://doi.org/10.1002/1097-0142(19910115)67:2%3c455::aid-cncr2820670223%3e3.0.co;2-m
https://doi.org/10.1002/1097-0142(19910115)67:2%3c455::aid-cncr2820670223%3e3.0.co;2-m
https://doi.org/10.1136/jclinpath-2019-206139
https://doi.org/10.1136/jclinpath-2019-206139
https://doi.org/10.1177/35.11.3309048
https://doi.org/10.1177/35.11.3309048
https://doi.org/10.3390/cancers11071036
https://doi.org/10.3390/cancers11071036
https://doi.org/10.1136/gutjnl-2022-327608
https://doi.org/10.1136/gutjnl-2022-327608
https://doi.org/10.1177/16.4.237
https://doi.org/10.1177/28.7.7391553
https://doi.org/10.1186/1755-8794-7-23
https://doi.org/10.1155/2017/1926304
https://doi.org/10.1155/2017/1926304

	Be bold, start cold! cold formalin fixation of colorectal cancer specimens granted superior DNA and RNA quality for downstream molecular analysis
	Abstract
	Introduction
	Materials and methods
	Samples selection and stratification
	Nucleic acid purification protocol
	DNA and RNA quantitative and qualitative analysis
	Statistical analysis

	Results
	Descriptors and related rationale for nucleic acid quality and quantity assurance
	Principal component analysis (PCA) showed fixation protocol-dependent samples clustering
	Partial-least squares discriminant-analysis (pls-DA) confirmed samples clustering and showed stronger discriminant power than PCA
	Inference tests identified descriptors driving fixation protocol clustering

	Discussion
	Acknowledgements 
	References




