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Abstract

The use of oxalic acid is common in metallic impregnation techniques, where it serves as a reducing and bleaching agent for
potassium permanganate. Given that oxalic acid is harmful to health, its replacement with another reagent is advantageous for
healthcare professionals handling it in laboratory settings. Considering that citric acid can also reduce potassium permanga-
nate, the aim of this study was to determine whether oxalic acid in the Gomori reticulin technique could be replaced by citric
acid, a compound substantially less hazardous to health. To this end, 1%, 5%, and 10% citric acid solutions were tested on
porcine liver and kidney samples, and the intensity of reticulin fiber staining, contrast, and overall morphological preserva-
tion were assessed in comparison with 1% oxalic acid. The results showed no statistically significant differences between
the positive control (oxalic acid) and the citric acid protocols, with the 5% citric acid concentration proving most favorable
in terms of required incubation time and the evaluated morphological parameters. It was therefore concluded that citric acid
can be used as a bleaching agent for potassium permanganate in the Gomori technique, effectively replacing oxalic acid.
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Introduction

Silver impregnation techniques for reticulin fiber visualiza-
tion have evolved over the last two centuries. Early medical
uses of silver nitrate revealed its affinity for reticulin fibers,
and by 1905, Maresch had adapted silver methods for neu-
rofibril identification (Little and Kramer 1952; Puchtler and
Waldrop 1978; Javaeed et al. 2021). A major advancement
came in 1937, when Gyorgy Gomori standardized the silver
impregnation technique for reticulin fibers, establishing a
protocol involving oxidation with potassium permanganate
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(KMnO,), followed by treatment with oxalic acid (H,C,0,),
hydrobromic acid, or metabisulfite, before silver impregna-
tion and reduction to metallic silver (Gomori 1937). Of these
sequential steps, oxalic acid is critical to reduce permanga-
nate ions (MnO,") to soluble Mn?*, thereby decolorizing
the tissue and removing residual KMnO,. However, oxalic
acid poses significant health risks due to its corrosive and
toxic nature upon ingestion or inhalation (Noonan and Sav-
age 1999; PubChem). In analytical experiments conducted
by Berka et al., it was demonstrated that potassium perman-
ganate oxidizes citric acid, resulting in the formation of
carbon dioxide and water (Berka et al. 1979). Given citric
acid’s substantially lower toxicity (PubChem), it emerges
as a promising substitute for oxalic acid in the Gomori reti-
culin staining protocol. Hence, this study aimed to evaluate
whether citric acid could effectively replace oxalic acid in
the potassium permanganate bleaching step of the Gomori
technique.
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Materials and methods

Kidney and liver samples were obtained from commercially
sourced pork purchased at a local butcher shop. As the tis-
sues were not collected from live animals specifically for
this study, information such as species, age, sex, or use of
anesthesia was not applicable. Following sample acquisi-
tion, macroscopic examination was performed by open-
ing the kidneys along the greater curvature and slicing the
livers. This allowed obtaining representative fragments
of approximately 20 X4 mm from the cortical and medul-
lary zones and the hepatic parenchyma, respectively. The
Gomori reticulin stain highlights the reticulin fiber network
surrounding glomeruli, tubules, and blood vessels in the
kidney (Gomori 1937; Wheater and Burkitt 1997), and the
reticulin fibers in the space of Disse (between hepatocyte
plates and sinusoidal endothelial cells), enabling analysis
of hepatocyte plate thickness in the liver (Gomori 1937,
Saxena 2018). Subsequently, samples were fixed in 10%
formalin for 24 h at room temperature (23 +2 °C) and pro-
cessed for histology. The fragments were then embedded in
paraffin to form blocks and sectioned at 3 um (um) thick-
ness, followed by histological section adhesion to slides for
1 hat60 °C.

The protocol used for Gomori staining technique was
adapted from the methods developed by Bielschowsky-
Foot (Ebling 2022) and Gomori in 1937 (GOomori
1937) (Table 1). The first step involves oxidation, where
glycol groups of hexoses are oxidized to aldehydes by potas-
sium permanganate action. Subsequently, in the bleach-
ing step, excess potassium permanganate is removed with
oxalic acid. This is followed by sensitization with a metallic
salt, which enhances silver deposition and increases final
contrast. Ferric ammonium sulfate acts as a mordant, creat-
ing binding sites for silver diamine in the ammoniacal solu-
tion. After impregnation with this solution, formaldehyde
reduces silver ions (Ag™) to elemental silver (Ag®), precipi-
tating metallic deposits. Unreacted silver is then removed by
sodium thiosulfate (Gomori 1937; Carson and Cappellano
2009; Suvarna et al. 2013; Kiernan 2015). Counterstaining
for this technique is optional and can be performed using
light green or Kernechtrot. If higher definition and better
overall contrast are desired, a toning step may be carried
out before adding sodium thiosulfate. This involves replac-
ing metallic silver with metallic gold, which offers greater
stability (Kiernan 2015) (Table 1).

@ Springer

Gomori reticulin staining protocol

To minimize errors, all tissue samples were processed
under identical conditions and by the same technicians. A
total of 32 histological sections of swine liver and kidney
were subjected to Gomori reticulin staining protocol (steps
1-4). After rinsing in distilled water (step 4), the slides
were divided as follows and treated until bleaching was
achieved:

8 slides in 1% oxalic acid (positive control)
8 slides in 1% citric acid

8 slides in 5% citric acid

8 slides in 10% citric acid

Following steps 6—18 of the protocol, the slides were
evaluated by two observers using predefined scoring crite-
ria (Table 2). Images were acquired using a Zeiss Axioskop
40 microscope equipped with Zeiss objective lenses, and
captured with an iPhone X (12 megapixel dual rear camera)
running i0S 16 as the acquisition software.

The total score was calculated using the following
formula:

Total Score = [(Ax0, 30) + (Bx0, 60) + (Cx0, 10)]x33, 33

The final multiplication by 33.33 scales the score to
a 0-100 range, facilitating reader comprehension and
interpretation.

Following score assignment by evaluators, data were
organized and analyzed using IBM SPSS Statistics (Statis-
tical Package for the Social Sciences) software for statistical
comparison.

Ethical considerations

This study presented no ethical conflicts, as it used com-
mercially obtained swine tissue samples solely for research
purposes, with no occurrence of animal mistreatment. The
researchers declare no conflicts of interest. The work was
approved by the Ethics Committee of Lisbon’s School of
Health Technology (ESTeSL; Authorization CE-ESTeSL
No. 15-2023) and supported by the Portuguese Oncology
Institute of Lisbon Francisco Gentil, which supplied all
required materials and reagents.
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Ta.ble 2 Scoring criteria for Score
slide quality assessment
0 1 2 3
Morphological Morphology Moderate loss of ~ Mild loss of mor-  Morphology preserved
preservation not preserved; morphology; phology; evalua-
(A) evaluation not evaluation still tion still possible
possible possible
Intensity of Absent Weak intensity Moderate intensity ~ Strong intensity

reticulin fiber
impregnation
B)

Contrast (C)

not possible

Staining deficien-
cies; evaluation

Moderate staining ~ Mild staining Staining enhances visuali-
deficiencies; deficiencies; zation of fiber impreg-
evaluation still evaluation not nation
possible compromised

Results and discussion

Assessment of citric acid as a safer alternative
to oxalic acid in Gomori reticulin stain

To evaluate the feasibility of substituting oxalic acid (a com-
pound with health risks) with the more inert citric acid in
Gomori technique, we first analyzed reticular fiber staining
using three different citric acid concentrations (1%, 5%, and
10%). The incubation time for each concentration was deter-
mined through macroscopic evaluation of potassium per-
manganate bleaching capacity. Results showed incubation
times of 35 min (1% citric acid), 25 min (5%), and 20 min
(10%), compared with 1.5 min for oxalic acid in the same
processing step.

Microscopic examination of slides led evaluators to
assign scores from 0 to 3 for the parameters listed in Table 2,
which were then used to calculate each slide’s total score.
The results showed considerable score dispersion across all
tested conditions, including the standard oxalic acid protocol
(Fig. 1; Supplementary Table 1). In the citric acid proto-
cols (1%, 5%, and 10%), most slides achieved final scores
between 25 and 50 (16, 12, and 13 slides, respectively),
while with 1% oxalic acid the majority of slides scored
below 25 (Fig. 1e). This higher score prevalence with citric
acid conditions indicates they provide good reticular fiber
staining. Notably, the 5% citric acid condition produced the
highest number of maximum scores (seven slides, compared
with just one to three slides in other conditions; Fig. le),
suggesting that 5% citric acid may represent the optimal con-
centration for potassium permanganate bleaching in Gomori
reticulin stain, offering a safer alternative without compro-
mising staining quality.
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Comparative analysis of bleaching agents

When evaluating the mean scores across all four protocols,
no pronounced differences were observed between test con-
ditions. However, slides processed with citric acid proto-
cols consistently showed higher final mean scores compared
with the original oxalic acid protocol (Fig. 2; Supplementary
Table 1). The highest mean score was achieved with 5% cit-
ric acid (49), followed by both 1% and 10% concentrations
(45 each), while oxalic acid yielded the lowest mean score
(38) (Fig. 2). These results confirm that citric acid, particu-
larly at 5% concentration, serves as an effective bleaching
agent in metal impregnation techniques.

Of note, while some citric-acid-treated slides showed
complete absence of fiber staining, this phenomenon also
occurred in positive controls (oxalic acid). This observation
suggests that any staining failures were likely attributable
to technical execution errors rather than the experimental
variables under investigation.

Evaluation of citric acid’s effects on Gomori reticulin
stain

Subsequent analysis examined whether citric acid appli-
cation in Gomori technique differentially impacted tissue
morphology, reticular fiber staining, or observed contrast.
The results revealed that 5% citric acid best preserved
tissue morphology (score: 1.94), followed by 1% (1.88)
and 10% (1.81) concentrations, while the positive control
(oxalic acid) showed the lowest score (1.66). Representa-
tive images demonstrating these outcomes are presented
in Fig. 4.

Regarding staining contrast, 5% citric acid again pro-
duced the highest value (1.53), with both other concentra-
tions scoring equally (1.25), compared with oxalic acid’s
1.22. For reticular fiber staining, 5% citric acid remained
superior (1.22), followed by 10% (1.16) and 1% (1.09)
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Fig. 1 Frequency distribution of total scores in Gomori reticulin stain across different potassium permanganate bleaching conditions. a Oxalic
acid (positive control); b 1% citric acid; ¢ 5% citric acid; and d 10% citric acid. e Slide distribution by total score ranges
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Fig.2 Comparison of mean total scores in Gomori reticulin stain using either oxalic acid (positive control) or citric acid (1%, 5%, and 10%) for

potassium permanganate bleaching

concentrations, compared with oxalic acid’s 0.88. These
findings collectively demonstrate that 5% citric acid rep-
resents the most favorable condition for potassium per-
manganate bleaching in Gomori reticulin stain, providing
optimal results not only for reticular fiber staining but
also for contrast quality and overall tissue architecture
preservation. Figure 3 presents the quantitative compari-
son of mean scores for each evaluated parameter, while
visual evidence supporting these findings is shown in
Fig. 4

This comprehensive evaluation establishes 5% citric
acid as an effective alternative to oxalic acid, addressing
safety concerns while maintaining or improving techni-
cal performance across all evaluated parameters of the
staining technique.

Statistical validation

To validate our experimental observations, we performed
a detailed statistical analysis of the results (Supplementary
Fig. 1). The Shapiro—Wilk normality test indicated normal
distribution for both 1% citric acid (W=0.963; p=0.340)
and 10% citric acid (W=0.968; p=0.457), while reveal-
ing non-normal distribution for oxalic acid (W=0.891;
p=0.004) and 5% citric acid (W=0.916; p=0.016)

@ Springer

(Supplementary Fig. 1a). Although these normality assump-
tions were partially violated, the subsequent Kruskal-Wallis
non-parametric test (Supplementary Fig. 1b) demonstrated
no statistically significant differences between the different
protocol conditions (p =0.324). The high degree of inter-
observer agreement was further confirmed by an excellent
Cronbach’s alpha coefficient (¢ =0.870; Supplementary
Fig. 1c), indicating strong consistency between evaluators.

Importantly, despite this statistical similarity across con-
ditions, our comprehensive morphological analysis consist-
ently identified qualitative advantages when using 5% citric
acid, particularly in three key aspects: superior reticular fiber
staining quality, enhanced tissue contrast visualization, and
optimal preservation of tissue architecture. Based on these
combined statistical and morphological findings, we con-
clude that citric acid represents a viable and effective substi-
tute for oxalic acid in the potassium permanganate bleaching
step of Gomori reticulin stain, with the 5% concentration
emerging as the most favorable and recommended formula-
tion for routine laboratory use.

The silver impregnation techniques were originally estab-
lished by Gomori in 1937 (Goméri 1937), employing potas-
sium permanganate oxidation as the initial step. During this
phase, hydroxyl groups (-OH) from hexoses present in reti-
culin fibers undergo chemical conversion to aldehyde groups
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Fig.3 Scoring results for tissue morphology preservation, reticular fiber staining, and observed contrast in Gomori reticulin stain using either
oxalic acid (positive control) or citric acid (1%, 5%, and 10%) for potassium permanganate bleaching

(-CHO). This molecular transformation reveals the fibers’
argyrophilic properties, enabling their characteristic black
staining through subsequent silver impregnation (Kiernan
2015). After this oxidative process, the removal of the potas-
sium permanganate excess and nonspecific staining residues
is required through treatment with oxalic acid, hydrobromic
acid, or metabisulfite.

In the Bielschowsky-Foot protocol, oxalic acid serves as a
reducing agent in the post-oxidative step, converting residual
MnO4~ into colorless Mn?>* while eliminating potassium
permanganate staining artifacts (Ebling 2022). Although
typically used in low concentrations in histological proto-
cols, oxalic acid remains a hazardous substance, particularly
in cases of repeated or unprotected exposure. It is highly
toxic and corrosive, with ingestion or inhalation potentially
causing conjunctivitis, skin ulcerations (including gangre-
nous lesions), respiratory tract irritation, mucosal damage,
headache, and generalized weakness (PubChem). Its meta-
bolic toxicity results primarily from the formation of insol-
uble calcium oxalate crystals, disrupting calcium—potas-
sium homeostasis and potentially leading to renal calculi
and intestinal irritation. Additionally, oxalic acid chelates
iron, impairing physiological oxygen transport (PubChem).
According to the Hommel diagram, it carries a health hazard
rating of 3 (on a scale of 0—4), indicating potential for severe
or permanent injury in emergency exposures (PubChem).

In contrast, citric acid—a naturally occurring tricarbox-
ylic acid in citrus fruits—demonstrates low acute toxicity.

The Hommel diagram assigns it a hazard rating of 1, indi-
cating only minor residual health effects under accidental
exposure conditions (PubChem). In 1917, Dhar first dem-
onstrated that carboxylic acids—including citric acid—
undergo oxidation reactions with potassium permanganate.
Berka et al. (Berka et al. 1979) subsequently confirmed the
reaction stoichiometry:

6KMnO, + C4HyO; — 6Mn0O, + 6CO, + 4H,0 + 3K,0

Thermodynamically, citric acid functions as a reducing
agent analogous to oxalic acid, though with distinct kinetic
and mechanistic properties (PubChem). Building upon these
chemical principles, we hypothesized that citric acid could
effectively replace oxalic acid in Gomori reticulin method,
serving as a safer yet equally efficient bleaching agent for
removing excess KMnO, from histological sections. This
substitution offers significant advantages given citric acid’s
substantially lower toxicity profile compared with oxalic
acid, while maintaining comparable bleaching efficacy in
tissue processing. In fact, the results obtained in the present
study indicate that citric acid is an adequate substitute for
oxalic acid in the Gomori technique. Although no statisti-
cally significant differences were found, the use of citric acid
allows for better staining of reticulin fibers, greater morpho-
logical preservation, and higher contrast between the fibers
and adjacent structures (Fig. 3). Thus, citric acid proves to

@ Springer
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Oxalic acid

Citric acid 1%

Fig.4 Reticulin fiber staining performed using Gomori method
with light green counterstain. Potassium permanganate bleaching
was carried out using the following agents: a—d Oxalic acid: a-b
kidney (a scale bar=25 pm; b scale bar=10 pm) and c—d liver (c
scale bar=25 pm; d scale bar=10 pm); e-h 1% citric acid: e—f kid-
ney (e scale bar=25 pum; f scale bar=10 pm) and g-h liver (g scale

be a promising reducing agent for potassium permanganate,
particularly at a concentration of 5%.

The experimental results demonstrated that the reac-
tion time required for citric acid at all tested concentra-
tions was longer than that observed for oxalic acid. This
kinetic difference can be explained by the stoichiometric and
mechanistic characteristics of the respective oxidation reac-
tions. While the complete oxidation of citric acid (C4HgO,)
requires six molecules of KMnO, (6 KMnO, + C¢HgO, — 6
MnO, +6 CO,+4 H,0 + 3 K,0), oxalic acid (H,C,0,) has
a more favorable stoichiometry (2 KMnO,+3 H,C,0,— 2
MnO,+ 6 CO, +4 H,0+K,0), consuming proportionally
less permanganate. Additionally, the tricarboxylic structure
of citric acid, more complex than the dicarboxylic structure
of oxalic acid, involves a gradual oxidation mechanism in
multiple stages. These combined factors—higher oxidant

@ Springer

Citric acid 5%

bar=25 pum; h scale bar=10 pm); i-1 5% citric acid: i—j kidney (i
scale bar=25 pm; j scale bar=10 um) and " -->k-1 liver (k scale
bar=25 pm; 1 scale bar=10 pm); and m—p 10% citric acid: m-n kid-
ney (m scale bar=25 pm; n scale bar=10 pm) and o-p liver (o scale
bar=25 pm; p scale bar=10 pm)

consumption per substrate molecule and greater structural
complexity—may quantitatively justify the longer reaction
times observed for citric acid under equivalent experimental
conditions.

Thus, the substitution of oxalic acid by citric acid in the
Gomori technique results in a more time-consuming process.
To address this issue and make the technique faster, the incu-
bation with citric acid could be performed using a microwave
oven. The use of microwave ovens in histopathology has been
explored since the 1970s, as microwaves accelerate reactions
by increasing molecular kinetic energy (Priya et al. 2020).
This principle, when applied to the Gomori technique using
citric acid, would enable faster penetration of the acid mol-
ecules, resulting in a reduction of the overall technique time.
Some studies indicate that the results obtained with the use of
microwaves in histochemical techniques showed no significant
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changes in cytoplasmic and nuclear staining, nuclear contour
and chromatin, or staining intensity (Mukunda et al. 2015;
Priya et al. 2020). Thus, it will become feasible to use micro-
wave ovens to make the Gomori reticulin technique not only
safer by eliminating exposure to oxalic acid, but also faster.

Silver impregnation techniques are essential histopathologi-
cal tools for evaluating tissue architecture in various organs,
with particular relevance in the diagnosis of malignant neo-
plasms (Dey 2018; Venkatesh and Malaichamy 2019). In the
liver, they allow for the precise identification of fibrogenic pat-
terns (fibrosis and cirrhosis) and the detection of critical struc-
tural alterations, such as collapse or condensation of reticulin
fibers—histological markers of loss of hepatic parenchyma
(Krishna 2013). In the kidney, these techniques are indispen-
sable for staging glomerulopathies, particularly in the charac-
terization of proliferative membranous glomerulonephritis and
membranous glomerulopathy (Windrum et al. 1955; Cathro
et al. 2018). Given their diagnostic importance, the continuous
improvement of these methods is crucial, aiming not only at
optimizing histomorphological results but also ensuring labo-
ratory safety during their execution.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00418-025-02392-3.
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