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ABSTRACT

Formalin fixation is a crucial step in the preparation of tissue samples for anatomic pathology studies, however, research showed that prolonged formalin fixation,
can alter the elemental composition of tissues with implications for pathology and biomedical research. In this study we aim to assess and parametrize the influence
of short-term formalin fixation in tissues.

Six sets of human colon tissue samples were exposed to different formalin fixation times, up until 48 h. The elemental content throughout time was compared to
the elemental content of the snap-frozen sample of the same tissue that was not exposed to formalin using Energy Dispersive X-ray Fluorescence.

Results showed a clear decrease of Cl and K concentration in the tissues solution reaching a plateau between 1 h and 3 h of fixation. Also, there is an uptake of P in
the tissue, likely due to the buffered formalin solution, within the first 15 min of fixation. This behaviour was concomitant with an increase of Na determined using
Particle Induced gamma-ray emission analysis (PIGE) and Elastic Backscattering Spectroscopy (EBS). The dynamic changes determined in the studied elements
demonstrate that a better understanding of the fixation-related mechanisms is in demand as well as optimization of the fixation protocols implemented in anatomic

pathology laboratories.

1. Introduction

In oncology every time a biological sample is removed, the total
(surgical specimen) or a portion (biopsy) of normal and tumour tissue is
retrieved and processed as formalin fixed paraffin embedded (FFPE)
blocks for diagnosis and afterwards they are stored for safekeeping.
Formalin fixation is a critical step in the preparation of tissue samples for
anatomic pathology studies, it helps to preserve tissue architecture and
cell composition in tissues, and additionally to allow them to withstand
subsequent processing. Fixation also preserves all cell components such
as the proteins and carbohydrates in their spatial relationship to the cell,
so that they can be studied [1].

Considering the indubitable contribution of trace elements to the
understanding of carcinogenesis [2-10], there is a need to harvest
elemental information on FFPE tissue blocks, for a comprehensive and
statistically meaningful investigation. These studies will allow estab-
lishing possible correlations between the various elements and factors
like age, sex, diagnosis and stage of disease. Atomic spectrometry
techniques have been attempted previously in the analysis of such
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samples, namely, for the analysis of elemental content in cancer tissue
by synchrotron micro X-ray Fluorescence [11] as well as correlating
with other prognostic factors [12], or by using inductively coupled
plasma mass-spectrometry for the analysis of iron, zinc, selenium and
cadmium in prostate tissue specimens [13]. The analysis of these FFPE
samples has also been performed on the comparison of paired normal-
tumour samples of breast and colon biopsied tissues using 2D-EDXRF.
Moreover, potential of de-paraffinization and re- paraffinization was
evaluated using Total-reflection X-ray Fluorescence [14] and synchro-
tron radiation [15].

However, a recent study by Pessanha et al. [16] demonstrated that
formalin fixation, in periods longer than 48 h, alters permanently the
elemental composition of Cl and K in tissues. This eradication of K and Cl
from tissues due to formalin, constraints the analysis of Formalin Fixed
Paraffin Embedded tissue blocks or other samples preserved with this
solution, as these elements are potential biomarkers for pathologies,
namely, cancer: Chloride intracellular channel 1 (CLIC1), member of the
chloride intracellular channel family, has been proposed as a potential
biomarker for various types of cancer due to its involvement in various
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physiological functions, including regulation of cell volume, organelle
acidification and modulation of ion homeostasis [17] CLIC1 expression
appears ubiquitous in many human cancer tissues where it has been
reported to act as an oncogene [18].

Potassium, on the other hand, is the most abundant cation in the
intracellular fluid and it plays a vital role in the maintenance of normal
cell functions as both oxidative stress (OS) and potassium imbalance can
cause serious health conditions [19]. In carcinogenesis, alterations in K"
channel function can promote the acquisition of the so-called hallmarks
of cancer — cell proliferation, resistance to apoptosis, metabolic changes,
angiogenesis, and migratory capabilities [20].

Considering the relevance of these elements as well as the impor-
tance of gauging information on FFPE tissue samples stored in the pa-
thology departments in Hospitals throughout the world, we aim at
parametrizing the elemental alterations in formalin fixed tissues, up
until 48 h of fixation, using Energy Dispersive X-ray Fluorescence.

2. Materials and methods
2.1. Human tissues

Samples were obtained from Instituto Portugués de Oncologia de
Lisboa, Francisco Gentil (IPOLFG). Colon samples were collected from 6
different patients, that have signed an informed consent to authorize
their collection for research. This specific study was authorized and
approved by the Ethics Committee of IPOLFG (UIC/1417), and all ex-
periments were performed under the guidelines and regulations for
handling human tissues. Samples (cold ischemia < 10 min) were
collected from 6 surgical specimens and divided into 9 cubes with
approximately 1 cm®: one portion of each set was snap-frozen, and the
remaining portions were preserved in a 10 % v/v formalin buffered
solution (4 % formaldehyde stabilized with methanol 0.5-1.5 %, VMR
Chemicals, USA) until removal from the vials, according to different
time-frames, up until 48 h. Only adjacent normal healthy tissue was
selected for this research.

Samples were removed from the vials, washed with distilled water to
remove excess formalin, and freeze-dried using a Modulyo Freeze Dryer
system (Edwards, UK), operated at —60 °C and 20 Pa during 48 h.

The lyophilized samples were powdered using a pestle and mortar,
and a mechanical mill. The obtained powder was pressed into pellets,
1.5-1.7 mm thick, that were glued onto a Mylar film and placed on a
slide frame. Each tissue cube rendered only one pellet.

2.2. Experimental setup — micro-Energy Dispersive X-ray Fluorescence
system

EDXREF analysis of the samples was performed with a benchtop micro
energy dispersive X- ray fluorescence (p-EDXRF) system, the M4 TOR-
NADO (Bruker, Germany). This spectrometer system uses poly-capillary
X-ray optics with spot size of 25 pm for Mo — Ka radiation. The exci-
tation of samples is achieved with a Peltier-cooled X-ray tube with a Rh
target, and the detection is achieved with a silicon drift detector (SDD)
that has a sensitive area of 30 mm? and 13 pm thick Be window and
energy resolution 145 eV for the Ku line of Mn. The X- ray tube was
operated at 50 kV, 300 pA, 12.5 pm Al filter, and 20 mBar vacuum inside
the system’s chamber.

2D scans of 1x1 mm? of the samples were performed with a 35 pm
step and a time per step of 10 ms/pixel. Each 2D frame was repeated 5
times yielding an acquisition time of, approximately, 1 min. Three scans
were performed for each pellet.

2.2.1. Quantification method and validation

Elemental quantification was performed using MQuant, the in-built
software of the M4 TORNADO system. It allows spectra deconvolu-
tion, peak fitting, and quantification using the Fundamental Parameters
(FP) method based on Sherman’s equation and the following matrix
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Table 1
Mean, standard deviation, minimum and maximum obtained values (ug/g) for P,
S, Cl, Ca, Fe and Zn in the analyzed snap-frozen samples.

Mean Standard Minimum  Maximum  Coefficient of
Deviation variance (%)
P 4000 1200 2161 5898 31
S 5100 550 3704 6131 11
cl 10,000 2000 7010 13,750 20
K 6400 1200 4144 8409 19
Ca 400 200 168 914 54
Fe 24 10 10 45 45
Zn 11 4 4 18 38

composition, was provided ad-hoc to the software (10 % - H, 22 % -C, 3
% - N, and 60 % - O [21]). Limits of Detection (LoD), Limits of Quan-
tification (LoQ) and validation results for the reference material Oyster
Tissue SRM 1566 are presented in Pessanha et al. [16]. For the elements
evaluated using this experimental technique (P, S, Cl, K, Ca, Fe, Cu and
Zn).

2.3. Particle Induced Gama-Ray emission (PIGE) setup

The experimental work for PIGE was carried out at the IST/CTN 3
MV Tandem accelerator, using 2.8 MeV proton beam. Before entering
the reaction chamber, the beam passes through a collimator which de-
fines a beam spot of around 2 mm on the sample, allowing, in this case,
two or three different spots per sample to be analysed. The 440 keV
gamma-rays from the 2*Na(p, p’y)**Na nuclear reactions, were detected
by a 45 % Ge(HP) detector located at 130° in relation to the incident
beam direction. The net areas of the gamma-ray peaks were obtained by
an automatic peak analyzer script in the OriginPro software (v.9.9.0.225
OriginLab Corporation, USA) which was able to fit the peaks to a Gauss
curve.

2.3.1. Quantification method and validation

The result validation for the PIGE analysis of Na was achieved by the
means of Elastic Backscattering spectra analysis of the studied samples.
The backscattered protons were detected by a PIPS® (Passivated
Implanted Planar Silicon, Camberra), present in the nuclear reaction
chamber. The IBA DataFurnace (NDF) [22], was used to simulate the
atomic mass fractions of each element in the sample in order to best fit
each spectrum. The atomic mass fraction of hydrogen was set to 63 %,
and since the RBS technique is not sensitive to this element, the collected
charge for each simulation was tweaked to offset any deviations from
the hydrogen matrix composition values of the tissue samples. After a
satisfactory fitting for each EBS spectrum, the atomic mass fractions of
each element in the sample and the simulated collected charge were
used as parameters in a standard free method for PIGE in thick samples,
based on the ERYA (Emitted Radiation Yield Analysis) code [23], in
order to quantify sodium.

2.4. Statistical analysis

Statistical analysis was performed using OriginPro software
(v.9.9.0.225 OriginLab Corporation, USA). The normality of the distri-
butions of each of the studied elements was tested with the Shapiro-Wilk
Test. Since not all elements in all samples were normally distributed,
non-parametric Kruskal-Wallis Test was used to test for differences be-
tween fixation times. Furthermore, k-means cluster analysis was per-
formed to understand the behaviour of elements such as Ca, S, Fe and Zn.

3. Results
Table 1 presents the descriptive statistics obtained for snap-frozen

tissue samples. As can be seen, the coefficient of variance, indicative
of the variation of values within populations ranges between 11 % for S
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Fig. 1. Box-plot charts for the elemental composition of a) P, b) K and c) Cl in the different tissues sets. * marks significant differences from the previous timeframe.
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Fig. 2. Variation of the mean elemental content of K with fixation time.
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Fig. 3. Variation of the mean elemental content of Cl with fixation time.
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to 54 % for Ca. This is indicative of the intrinsic biological variability of
the elemental concentrations of minor and trace elements in biological
tissues [24,25].

In Fig. 1 are presented the box-plot charts with the variations of
concentration of P, K and with time of fixation in formalin. As can be
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Fig. 4. Box-plot charts for the elemental composition of Na in the different
tissues sets. * marks significant differences from the previous timeframe.

seen, there is a significantly different increase (p < 0.001) in P con-
centration over the 15 min exposure to formalin (over 120 % increase),
but the concentration remained not significantly different until 48 h
(2440 min). Regarding K and Cl, as expected, the concentration
decreased drastically upon 48 h fixation in formalin. Statistical analysis
revealed significant differences until 180 min exposure, but after this
fixation time in formalin the concentration of Cl was below detection
limit (BDL), while K was reduced to less than 50 pg/g. Fig. 2

In order to evaluate the rate of decrease of K and Cl with time in
formalin, exponential functions were fitted to the curves obtained from
plotting the mean elemental concentration (for the 6 sets of tissues) as a
function of time. As can be seen the rate of decay is slightly different for
both elements and higher for Cl (Fig. 3).

Conversely to the K and Cl profiles and concomitant with P, Na
presented an increasing behaviour, with significant increase after 15
min of fixation (95 % increase) and again after 24 h of fixation (34 %
increase) (Fig. 4).

Regarding the other elements present in the tissues, Fig. 5 presents
the boxplot charts obtained for the different fixation times. As can be
seen from the charts there is no overall significant decrease due to the
exposure to formalin, however, significant differences were found be-
tween some fixation times, marked in the box-plot chart with an asterisk.

To further understand if the differences are due to formalin fixation
or sample biological variability, k-means cluster analysis was performed
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Fig. 5. Box-plot charts for the elemental composition of S, Fe, Zn and Ca in the different tissues sets.
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were found.
Table 2
Distribution of points per cluster (%) considering the concentration of S, Ca, Fe
and Zn.
Time in formalin (minutes) Cluster 1 Cluster 2 Cluster 3 Cluster 4
0 9 32 45 14
15 47 0 24 29
30 45 5 35 15
60 45 0 18 36
180 61 0 17 22
270 39 17 0 44
360 18 5 23 55
1440 44 6 0 50
2880 22 17 17 44

on the quantitative determinations for these 4 elements. Table 2 shows
the distribution of measured spectra in each cluster, and Fig. 6 presents
the cluster plot considering Ca, S, Fe and Zn. Results showed the for-
mation of 4 different clusters regarding the plotted elements, however,
the clustering was independent of the time in formalin, and much more

Cluster1
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marks the timeframes where significant differences

dependent of the S content as can be seen from the distribution of events
in the 4 clusters. The S concentration in these tissues presented a large
intrinsic variability, consistent with literature found for colon samples
[4,24].

4. Discussion

The main role of formalin fixation is to preserve the morphology
(structure) of the tissue sample. Without fixation, tissue samples can
quickly degrade (autolysis) and become distorted, making it difficult or
impossible to accurately interpret the morphology and perform a
diagnosis.

Formalin fixation also helps to prevent heterolysis, the process by
which cells in the tissue begin to break down after death, making the
tissue safer to handle and reduces the risk of contamination.

The results of this study demonstrate the impact of formalin fixation
time on the elemental composition of tissue samples, specifically
regarding Na, P, K and Cl concentrations. Rapid uptake in P and Na,
from the buffered formalin solution was observed within the first 15 min
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Fig. 6. K-means cluster plots for S, Fe, Ca and Zn.
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of fixation. Evidence of the presence of P in the solution was presented
by Pessanha et al. [16] when comparing the composition of a micro-
carry® paper filter (Rigaku, Japan) before and after spiking with clear
formalin solution. Additional PIGE analysis of the same paper filters
showed a 3.18-fold increase of Na signal after spiking with formalin.
Conversely, prolonged fixation can lead to leaching or loss of K and Cl
from tissues with concentrations decreasing significantly to levels within
the Limit of Detection of the technique after 48 h. The alterations in
elemental composition can impact downstream analyses and in-
terpretations, highlighting the need for optimized fixation protocols to
ensure valid research findings and clinical diagnoses. The observed
changes in elemental composition are linked to the activity of the Na +
-K + -ATPase pump, which plays a vital role in maintaining cellular
homeostasis. It actively transports sodium and potassium ions across the
cell membrane against their concentration gradients. The pump utilizes
ATP hydrolysis to move three sodium ions (Na + ) out of the cell while
transporting two potassium ions (K + ) into the cell. This active transport
mechanism helps maintain a higher concentration of sodium extracel-
lularly and a higher level of potassium intracellularly, which is essential
for cellular functioning [19]. These findings have implications for
anatomy pathological procedures and cancer research, creating a need
for comprehensive research on the impact of ischemia times in cell death
[26,27] and establishment of improved standardized fixation protocols
to preserve the integrity of Na, P, K and Cl as potential biomarkers.

5. Conclusion

This study demonstrated that K and CI content in tissues decreases
after short-time formalin fixation with concomitant increase of Na.
These results show the direct impact of formalin fixation in tissues not
avoiding the electrolytic changes due to cell death. It also highlights the
important implications for the excellent fixation time protocols used in
anatomic pathology procedures as well as other quantitative essays that
rely on accurate measurement of elemental content. Protocols should be
further standardized and fixation times optimized, taking into account
these specific elemental changes and the understanding of these
elemental changes may influence the design of experiments and the
choice of fixation times. Researchers can make more informed decisions
about the duration of fixation to minimize unwanted alterations in
elemental composition.
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