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A B S T R A C T   

One of the most widely used methods for tissue preservation and fixative during transportation is the conser-
vation in formalin during variable amounts of time. In this study, we have evaluated the influence of formalin 
fixation time in the elemental composition of human tissue samples using Energy Dispersive X-Ray Fluorescence 
(EDXRF). 

Ten sets of human tissue samples (from colon, ileum, stomach, and spleen) were exposed to different formalin 
fixation times, between 2 and 24 days, and for each tissue, 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. Addi-
tionally, in order to further evaluate the transference of elements, the formalin solution was also analysed using 
EDXRF. 

Our results showed a clear decrease of Cl and K in the tissues, transferred to the formalin solution. Conversely, 
there is an uptake of P in the tissue, likely due to the buffered formalin solution. The consistent alterations seen in 
the studied elements across all the ten different tissues allow us to hypothesize that in the future, there will be 
different thresholds for their use as diagnostic tools in unfixed (intraoperative exams) as well as formalin fixed 
paraffin embedded tissues.   

1. Introduction 

Tissue homeostasis requires suitable performance of cellular pro-
cesses, which depend not only on RNA and proteins, but also on inor-
ganic elements that serve as their cofactors [1]. For instance, Cu and Zn 
are essential components or cofactors of hundreds of enzymes, while 
antioxidant enzymes, such as glutathione peroxidases, also require the 
presence of manganese as an essential cofactor [2]. Studies have shown 
that available Fe plays an important role in cell growth regulation and 
induces oxidative stress, causing DNA, protein, and organelle damage, 
through the production of reactive oxygen species [3,4]; Ca is involved 
in many cellular processes, such as, apoptosis, gene transcription, and 
angiogenesis [5]. 

As the understanding of the mechanisms of assimilation/accumula-
tion of major (over 100 μg/g) [6] and trace (over 10 μg/g) [6] elements 

may be indicative of the genesis or progression of certain diseases, 
several analytical techniques have been essayed in biomedical applica-
tions, namely, X-Ray Fluorescence methods [7–9], Ion Beam Analysis 
[10,11], Inductively Coupled Plasma techniques [12,13], and Neutron 
Activation Analysis [14,15]. These techniques have been applied to 
human biopsied samples, [7,16] cadavers [9,13], and euthanized model 
animals [12,17]. Regardless of the sample preparation that each tech-
nique requires, ranging from direct analysis to cryo-sectioning or sam-
ple's acidic digestion, sample preservation between collection and 
analysis must be ensured. 

Although the samples can be snap-frozen [16,18,19], preserved with 
solutions, such as deionized water [15,20], or sealed in vacuum, the 
most widely used method for tissue preservation and fixative during 
transportation between hospital departments is the conservation in 
formalin during variable amounts of time [3,17,21–23]. 
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Moreover, if there is a need to study Formalin-Fixed Paraffin 
Embedded (FFPE) tissue blocks stored in medical centres, one must ac-
count for the formalin fixation period of the tissues before embedding 
[1,13,24–29]. Although the effect of freezing the samples has been 
considered innocuous [30], information regarding the impact of the 
formalin fixation time and the elemental concentrations is scarce. 
Chwiej et al. [31] reported variations of the mass per unit area of some 
elements in rat brain sample after perfusion and immersion in formalin, 
that were attributed to shrinkage or swelling of the tissue. This effect 
was described by Quester and Schröder [32] in brain after an average of 
70 days of formalin fixation. 

Compared to other atomic spectrometry techniques, Energy Disper-
sive X-Ray Fluorescence (EDXRF) constitutes the ideal compromise of 
non-destructive nature, simple instrumentation, and good sensitivity for 
the elements of interest (Al = 13 < Z < 83 = Bi). For these reasons, this 
technique has already been tested in the quantitative analysis of human 
tissues, from the toxicological assessment of hair and nail clippings [33] 
to the characterization and imaging of brain tissues presenting neuro-
degenerative diseases [34], as well as the comparison to adjacent normal 
healthy tissue and tumor colon [3,21] and lung [3,35] samples. 

Elemental quantification using EDXRF is commonly performed using 
the Fundamental Parameter (FP) method, an iterative approach that 
estimates a composition for the unknown sample by calculating its 
theoretical fluorescence intensities (considering both elements and 
matrix) and comparing them with the measured ones, until a corre-
spondence is obtained [36]. The uncertainty associated with the method 
increases when the constituent elements of the matrix are not detectable 
by EDXRF (typically H, C, O and N for biological samples), but signifi-
cantly influences how the remaining elements of interest are detected. 
Ensina et al. [8] have essayed different combinations of those elements 
to determine a suitable matrix (provided ad hoc to the FP-method 
software) for freeze-dried and pelletized biological tissues, reaching a 
good compromise in accuracy for both light and heavier elements when 
setting the dark matrix at 10% - H, 22% - C, 3% - N, and 60% - O. 

In this work, we will gauge the variation of trace element concen-
tration in human tissues subjected to different formalin fixation times. 
Although concern regarding human exposure to this chemical has 
increased and regulation has been implemented, the benefits of its use in 
biomedical applications have always been assumed. However, it is of 
paramount importance to any researcher investigating the influence of 
elemental content in tissues (both human and animal) to know the 
limitations of the use of this solution. In order to evaluate and quantify 
this influence, we will determine the elemental content of 10 sets of 
human tissue samples (from colon, ileum, stomach, and spleen) using 
EDXRF. Each set of samples will be exposed to different formalin fixation 
times, between 2 days and two weeks – normal time spend considered 
for FFPE sample preparation procedure; and a prolonged time of 23–24 
days – considering samples that were collected from medical facilities 
but were not analysed in a timely fashion due to instrumentation/sam-
ple preparation constraints or the previewed time for clinicians raised 
question after receiving the final pathological report before the elimi-
nation of human samples. For each tissue, 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. 

2. Materials and methods 

2.1. Human tissues 

Samples were obtained from Instituto Português de Oncologia de 
Lisboa, Francisco Gentil (IPOLFG). Every tissue sample was collected 
from different patients that have signed an informed consent to autho-
rize 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 10 surgical specimens and divided into cubes with 
approximately 1 cm3. Colon samples were washed when there was 
suspicion of faecal contamination. Only adjacent normal healthy tissue 
was selected for this research, hence, the amount of obtainable tissue 
was scarce: depending on the available amount of tissue, sets of 2 to 6 
portions from each specimen were obtained. One portion of each set was 
snap-frozen, and the remaining portions were preserved in a 10% v/v 
formalin buffered solution (4% formaldehyde stabilised with methanol 
0.5–1.5%, VMR Chemicals, USA) until removal from the vials, according 
to different time-frames, between 2 and 24 days. 

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. Total freeze- 
drying time was different among samples, for example colon samples, 
due to larger quantities of adipose tissue, took longer time to lyophilize. 

The lyophilized samples were powdered using a pestle and mortar, 
and a mechanical mill. The obtained powder was pressed into pellets, 
1.1–1.2 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 

EDXRF analysis of the samples was performed with a benchtop micro 
energy dispersive X-ray fluorescence (μ-EDXRF) system, the M4 TOR-
NADO (Bruker, Germany). This spectrometer system uses poly-capillary 
X-ray optics with spot size of 25 μm for Mo − Kα 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 mm2 and energy resolution 145 eV for the 
Kα line of Mn. The X- ray tube was operated at 50 kV, 300 μA, 12.5 μm Al 
filter, and 20 mBar vacuum inside the system's chamber. 

2.3. Quantification method and validation 

2.3.1. Human tissues 
Elemental quantification of the analysed pellets was performed using 

MQuant, an in-built software of the M4 TORNADO system. It allows 
spectra deconvolution, peak fitting, and quantification using the 
Fundamental Parameters (FP) method based on Sherman's equation 
[37]. The uncertainty associated with the method increases when the 
constituent elements of the matrix are not detectable by EDXRF, (typi-
cally H, C, O and N for biological samples), but significantly influences 
how the remaining elements of interest are detected. Considering Ensina 
et al. [8], the following matrix composition, was considered suitable: 
10% - H, 22% - C, 3% - N, and 60% - O and provided ad-hoc to the 
software. 

Limits of Detection (LoD) [38], Limits of Quantification (LoQ) [38], 
and validation results for the reference material Oyster Tissue SRM 1566 
were determined and are presented in supplementary material (Fig. S1 
(Appendix) and Table S1(Appendix)). Bias was calculated as: Bias [%] =
(experimental value - certified value/certified value) x 100 [12]. A 
higher bias was determined for Zn, most likely because for this element 
the infinitely thick sample criterion is not fully met [36]. However, all 
samples, CRM and unknowns were prepared in the same way. To ensure 
that the analysis was as representative as possible of the composition of 
the samples and to surpass the issue of the heterogeneity of the pellets, 
three 6 × 6 mm2 area acquisitions were performed and quantitative 
results obtained from each cumulative spectrum. The scans were per-
formed with a 35 μm step and a time per step of 12 ms/pixel, yielding an 
acquisition time of, approximately, 7 min. 

2.3.2. Formalin retainer filters 
To evaluate the transference of elements to and from the formalin 

solution, 200 μL of formalin from each container were pipetted to paper 
filter retainers, microcarry (Rigaku, Japan), following the methodology 
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developed for the analysis of liquids samples using EDXRF [39]. Area 
scans (21 × 21 mm2) were performed in order to encompass the whole 
filter area - scans were performed with a 35 μm step and a time per step 
of 12 ms/pixel, yielding an acquisition time of, approximately, 40 min. 
Using a tool from MQuant software, circumferences with 20 mm 
diameter were selected and the corresponding spectrum was saved 
(Fig. S2 (Appendix)). 

Quantification of the paper retainer filters was performed with 
empirical calibration curves (see supplementary table S2), using the 
following leaves Certified Reference Materials (CRM), whose matrix is 
cellulose: bush branches and leaves GBW 07603, poplar leaves GBW 
07604, orchard leaves NBS1571, and tea leaves GBW 07605). About 0.1 
g of powder of each standard reference material was pressed into a 20 
mm diameter × 0.7 mm thickness pellets and an acquisition procedure 
similar to the paper filters was performed. 

This procedure has been previously applied to ancient documents by 
Manso et al [40] The method's accuracy was assessed using a sample of 
Whatman paper for conservation purposes, of known concentration 
[41], and the results are present in supplementary material Table S3 
(Appendix). 

2.4. Statistical analysis 

Statistical evaluation of the significance of the differences between 
formalin fixation times was performed by means of k-means cluster 
analysis using OriginPro® software. 

3. Results and discussion 

Fig. 1 summarizes the obtained elemental concentrations in the 10 
snap-frozen samples. The results for each sampling point (corresponding 
to a given period of time in formalin) are presented as box and whiskers 
plots: the box (interquartile range - from 25th to 75th percentiles) 
overlaps with the data in order to gauge distribution, open squares 
represent the mean value of element concentration, the black line in 
each box represents the median, and whiskers are ranges from 10th to 
90th percentiles. This distribution shows the concentration ranges of 
major and trace elements obtained for the different samples. 

The obtained values were compared against values found in 

literature (Table 2) from TXRF, EDXRF, NAA, and PIXE analyses. 
Research found on colon, stomach, and spleen was scarce and for ileum, 
to the best of our knowledge, non-existent. As reference for the order of 
magnitude, levels found on other organs, such as, breast, prostate, 
uterus, and thyroid, were added to the table (other tissues). As can be 
seen, the concentrations of all elements, determined in snap-frozen 
samples, fall within the expected ranges. For most elements, the 
elemental variation is small: except for P, Cl, and Ca, for which the order 
of magnitude does not vary between the analysed tissues. Regarding Ca, 
the concentration varies between 190 ± 7 μg/g in spleen and 880 ± 7 
μg/g in colon sample #9, values well within the ranges presented in 
Table 2. Phosphorus concentration was found to be between 2300 ±
100 μg/g in colon sample #8 and 8130 ± 50 μg/g in spleen. Despite Cl 
being scarcely evaluated, it is clearly present in major concentrations. 
We highlight the case of Fe in spleen samples, presenting a mean con-
centration value of 901 ± 3 μg/g, much higher than the values reported 
in literature, with exception of the value determined by Mulware et al. 

Fig. 1. Box-plot charts of the elemental concentration distribution (μg/g) of P, S, Cl, K, Ca, Fe, Cu and Zn for the different snap-frozen samples. The box (interquartile 
range (from 25th to 75th percentiles) overlaps with the data in order to gauge distribution. Open squares represent the mean value of element concentration, black 
line in each box represents median while whiskers are ranges from 10th to 90th percentiles. 

Fig. 2. Comparison of the spectra obtained for snap-frozen then lyophilized 
tissue and after 6 days formalin fixation. 
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[18] in stomach. 
Fig. 2 presents the comparison of EDXRF spectra obtained for a snap- 

frozen lyophilized tissue and lyophilized tissue after 6 days in formalin. 
As can be seen, the decrease of K and Cl after formalin fixation is 
remarkable. 

Figs. 3 depict the variation of the mean concentrations of P, S, Cl, K, 
Ca, Fe, Cu and Zn, for each sample set, with time preserved in formalin. 
Error bars correspond to the maximum deviation to the mean for the 
three replicas of each sample. As can be seen in Fig. 3, there is a sharp 
decrease of the concentrations of K and Cl after the first period of fixa-
tion in formalin. Afterwards, the concentration values remain constant. 
Regarding Cl, the decrease in concentration ranged from 91% in sample 
set #2, after eight days in formalin, to 99% for sample set #3, after two 
days in formalin. Similarly, for K, the decrease ranged from 76% in 
sample set #4, after eight days in formalin, to 97% in sample set #10, 
after fifteen days in formalin. In sample set #7, after two days in 

formalin, a Cl concentration decrease of 94% and a K concentration 
decrease of 89% were determined. The behaviour of Ca (Fig. 3) con-
centration was variable for the different samples. Although remaining 
within the same average value for the different fixation times, for some 
sample sets (#1, #3, #6, and #7) the values both increased and 
decreased with time. On the other hand, P concentration increased in 
every sample set (Fig. 3), ranging from a 23% increase in sample #4, 
after eight days, to an increase of 66% in sample #1, after six days. 

Regarding S, Fe, Cu, and Zn (Fig. 3), the behaviour is quite stable 
with time in formalin, with variations between samples that can be 
attributed to some variability and inhomogeneity within the tissue. 
Noteworthy is, again, the high values of Fe in sample set #3 (spleen). 
This is expected as spleen is one of the Fe reservoirs in the human 
organism. 

The obtained results show that preservation and fixation for >2 days 
definitely alter the elemental concentration of K, Cl, and P. The decrease 
of K and increase of P were already determined by Chwiej et al. [31] for 
rat brain tissues perfused and immerse in 10% formalin solution. 
Conversely, no significant changes were observed for Zn, Cu, S, and Ca, 
whilst a great decrease of Cl was measured. The influence of formalin 
can explain the large range of values found in literature for K in the 
different organs, due to preservation or not in this solution. For instance, 
concentration of K in benign lung tissue was found to be 414 ± 303 μg/ 
g, in a study by Kubala-Kukus et al. [35] where the samples were pre-
served in formalin between collection and preparation and evaluation. 
Similarly, Magalhães et al. [21] discovered significant differences in K 
content of adjacent normal healthy tissue and cancerous tissues from 
Portuguese patients (tissues preserved in formalin solution) and in 
German patients (cryo-preserved tissues). 

Fig. 3. Variation of Potassium, Chlorine, Calcium, Phosphorus, Sulphur, Iron, Copper and Zinc mean concentrations (μg/g) in tissues with time in formalin. Error 
bars correspond to the maximum deviation to the mean. 

Table 1 
Description of the analysed tissues – type of tissue and number of portions.  

Sample set # Type of tissue N◦ of portions 

1 colon 4 
2 stomach 3 
3 spleen 4 
4 colon 3 
5 stomach 3 
6 colon 4 
7 ileon 6 
8 colon 4 
9 colon 5 
10 colon 2  

S. Pessanha et al.                                                                                                                                                                                                                               



Spectrochimica Acta Part B: Atomic Spectroscopy 205 (2023) 106704

5

On the other hand, and in agreement with our findings, the research 
published by Majewska et al. [3] suffered no hindering when focusing on 
Cu, Fe and Zn in the comparison of malignant and benign breast, colon 
and lung tissues that were preserved in formalin. 

Wróbel et al. [25] also determined a drastic decrease of K (a con-
centration over 140 times lower) content between freeze-dried tissue 
and corresponding mirrored sample after a paraffinization and depar-
affinization process. In this study, the obtained concentration of Ca also 
showed variation while other elements, such as, Mn, Fe, Cu, and Zn 
showed no significant differences. 

Following the presented results and to evaluate the migration of el-
ements between formalin and tissue, the solutions in which each tissue 
(Table 1) was fixated were conserved and analysed as depositions in 
paper filter retainers. 

Table S4 (Appendix) presents the results obtained for k-means cluster 
analysis rendering a 3-cluster distribution of the measured samples. In a 
first cluster are allocated all the tissue samples after formalin fixation, 
while snap-frozen lyophilized samples are distributed in two other 
clusters. Fig. 4 shows the k-mean cluster analysis plots comparing Cl–P 
and Zn–Ca distances. Remaining plots are presented in supplementary 
material (Fig. S3 (Appendix)). As can be seen, the elements responsible 

for this clustering are P, Cl and K, while for elements such as Ca, S, Fe, Cu 
and Zn, the tissues present similar characteristics. 

Fig. 5 shows the comparison of the elemental concentration of the 
filter retainer before and after the addition of 200 μL of fresh formalin. 
As can be seen, P concentration increases (6000 ± 300 μg/g) after the 
addition of fresh formalin, when compared to the sterile paper filter. 
This could be due to the use of buffered formalin, important to stabilize 
the pH in the solution, typically using sodium phosphate. Regarding K 
and Cl, no alteration was verified. 

Finally, using sample set #7 as the example for the longest time in 
formalin (24 days), Fig. 6 shows the variation of elemental concentra-
tion of paper filter deposited with formalin for different fixation times, 
compared to fresh formalin. As can be seen, there is a clear increase of Cl 
and K after tissue fixation, while the variation of the concentration of 
elements such as Fe, Cu, and Zn is not significant and could be a 
consequence of inhomogeneity of the paper filter. Regarding P, although 
a decrease could be expected, due to incorporation in the tissue, it was 
not observed likely because of the high-volume ratio formalin/tissue. 

Table 2 
Elemental concentrations (μg/g) found in literature for colon, stomach, spleen, and other tissues.   

P S Cl K Ca Fe Cu Zn Ref. 

colon 1020 ± 270 
to 
7730 ± 2350 

2370 ± 620 
to 
5110 ± 850  

210 ± 90 
to 
1830 ± 440 

398 ± 40 
to 
1340 ±
480 

51 ± 23 
to 
260 ± 26 

5 ± 2 
to 
28 ± 4 

33 ± 10 
to 
100 ± 10 

[42]      

43.1 ± 8.33  9.65 ± 4.5 [3] 

stomach   
5295 ±
560 

387 ± 62 647 ± 32 2408 ± 96 63.5 ± 9.4 818 ± 41 [11] 

spleen 
5460 to 3188.04 ±
241.8 

1953.6 ± 122.88 to 
2370  

4034.16 ±
253.5 
to 5920 

32.92 ± 5 
to 2070 

185.19 ± 41.61 to 
547 

1.107 ± 0.069 
to 1.9 

16.98 ± 1.23 to 
159 [12] 

other 
tissues 

2852 ± 564 10,756 ± 1587  3839 ± 415 
2715 ±
1207 173 ± 55  699 ± 221 [43] 

2210 ± 120 295 ± 120 
to 3775 ± 280  

17 ± 8 to 
685 ± 69 

153 ± 53 
to 
1590 ± 90 

5 ± 2 to 
66 ± 7 

2 ± 1 to 
35 ± 5 

6 ± 3 to 
74 ± 7 

[42] 

1000 to 8240  350 to 
8200 

100 to 3100  20 to 552 0.76 to 97 10 to 144 [15] 

4290 ± 1578 8259 ± 2002 
3400 ±
1452 6418 ± 2625 

1682 ±
999 223 ± 95 4.08 ± 1.22 94.8 ± 39.6 [44]  

Fig. 4. K-means cluster analysis plots comparing Cl–P and Zn–Ca distances.  
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4. Conclusion 

Formalin has an important place in biomedicine, as it is used in 
anatomy laboratories for long-term cadaver storage without decompo-
sition, and in histology and pathology laboratories during the fixation 
stage of tissues. In this paper, we shed light on the limitations of formalin 
use and the influence on the elemental content of tissues. We determined 
the alterations induced by formalin in the elemental composition of 
tissues after fixation during different periods of time and how this should 
be taken into account when analysing tissues that have been stored in 
formalin or preserved as Formalin Fixed Paraffin Embedded blocks. 

Taking into account that adjacent normal healthy tissue is not 
collected from patients lightly, we have evaluated the influence of 
formalin fixation time in the elemental composition of human tissue 
samples. Although the study could have gained from increased number 
of samples our results showed a clear decrease of Cl and K in the tissues, 
transferred to the formalin solution. Conversely, there is a P uptake from 

the P present in formalin, likely due to the buffering solution. The 
consistent alterations seen in the studied elements across all the ten 
different tissues allow us to hypothesize that in the future, there will be 
different cut-offs for their diagnostic use in unfixed (intraoperative 
exams) and paraffin embedded tissue. 

Future research is needed to investigate the elemental exchanges 
occurred before 48 h of fixation, so that thresholds for the influence of 
formalin fixation in human tissue can be established. 
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[32] R. Quester, R. Schröder, J. Neurosci. Methods 75 (1997) 81–89. 
[33] D.E.B. Fleming, S.L. Crook, C.T. Evans, M.N. Nader, M. Atia, J.M.T. Hicks, 

E. Sweeney, C.R. McFarlane, J.S. Kim, E. Keltie, A. Adisesh, Appl. Radiat. Isot. 167 
(2021), 109491. 

[34] R. Zhang, L. Li, Y. Sultanbawa, Z.P. Xu, Am. J. Nucl. Med. Mol. Imaging 8 (2018) 
169–18835. 

[35] A. Kubala-Kukus, J. Braziewicz, D. Banas, U. Majewska, S. Gózdz, A. Urbaniak, 
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