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ABSTRACT

Polypyrrole is one of the most promising polymers for biomedical applications, and its low solubility in most common solvents led
to the development of soluble forms of this conducting polymer. In this study, the physicochemical properties and the in vivo toxicity
of soluble polypyrrole were evaluated, aiming to validate its potential for biomedical applications. The pH, density, and miscibility in dif-
ferent solvents were determined in two soluble polypyrrole samples synthesized on different dates. Two nonclinical studies on the toxic-
ity of soluble polypyrrole were conducted with Swiss mice distributed into groups according to the dose administered. The single-dose
toxicity study (acute toxicity) consisted of a single intraperitoneal application of a soluble polypyrrole solution at the doses of 500 and
1,000 mg/kg, followed by observation during 14 days. The repeated-dose toxicity study lasted for 28 days with daily intraperitoneal
applications of the soluble polypyrrole solution, at the doses of 250, 500, and 1,000 mg/kg. Parameters such as mortality, behavioral
screening, water and ration intake, body mass evolution, organ indices, and the macroscopic evaluation of the organs were observed
in both studies. Additionally, hematological and histopathological analyses were performed in the repeated-dose toxicity study.
In the acute toxicity study, no mortality was verified during the 14 days of observation at any of the doses tested, indicating that soluble
polypyrrole has an LDs;>1,000mg/kg. The main alterations observed in the repeated-dose toxicity study involved the liver changes,
such as in the increase of its relative weight, the presence of necrosis, and granulomatous inflammation. Considering the high doses
administered and the time of application, the results indicate low toxicity of soluble polypyrrole when administered by the intraperi-
toneal route.
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Introduction

Polypyrrole (PPy) is an organic polymer based on pyrrole.
It is one of the most promising conducting polymers due
to its high conductivity, chemical and environmental
stability, relatively simple synthesis in aqueous or organic
media by chemical and electrochemical methods,
and optical and electrical properties that highlight its
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potential for several applications (Arantes et al., 2008;
Zhang et al., 2018).

Due to these characteristics PPy is the most stud-
ied conducting polymer, with its relevance reflected
in the number of publications addressing its properties
and biomedical applications, including tissue engineering
and regenerative medicine (Asadi et al., 2020; Qin et al.,
2020; SU et al., 2019; Talikowska et al., 2019), biosensors
(Lee et al., 2021), and drug administration (Hsiao et al.,
2020; Ryan & Breslin, 2019).

In general, PPy is known for being insoluble and
infusible due to the strong inter and intramolecular
interactions and crosslinkings, which is why its poor pro-
cessability has limited its applications (Lee et al., 1995).
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The low solubility in most common solvents and the low
thermoplasticity stimulated studies on the development
of soluble conducting polymers (Kumar & Sharma,1998).
Currently, there are several synthetic routes for the pro-
duction of soluble polypyrrole.

Silva Junior et al. (2016) reported the synthesis
of highly-soluble polypyrrole through chemical
polymerization and demonstrated the antimicrobial
potential of this polymer against several bacteria, such
as Staphylococcus aureus, Escherichia coli, and Klebsiella
pneumoniae. In view of the worldwide bacterial resistance
scenario (WHO, 2014), soluble polypyrrole appears as
a potential antimicrobial alternative, widening its pos-
sibilities in biomedical applications.

Some studies verified the good biocompatibility
of polypyrrole in in vivo systems through different toxic-
ity studies (Ramanaviciene et al., 2007; Wang et al., 2004).
However, considering that, in these studies, polypyrrole
was synthesized in different ways, the conducting
of toxicity studies to evaluate soluble polypyrrole occurs
as a safety measure.

However, in order to validate the potential of soluble
polypyrrole in biomedical applications further studies
on its physicochemical properties and toxicity are still
necessary. Knowledge about the physicochemical prop-
erties of xenobiotics is essential for pharmacokinetics
and the analytical project (Avdeef, 2003; Takéics-Novidk,
2012). For drug formulation, for example, aspects such
as bioavailability, expiration date, and even industrial
processing are affected by the physicochemical properties
(Maximiano et al., 2010).

The absence of studies that relate toxicity and bio-
availability hinders the introduction of new molecules
to the market (Pereira et al., 2005). These complemen-
tary physicochemical and biological approaches are
essential to develop safer projects. Therefore, aiming
at future biomedical applications, the objective of this
study was to investigate some of the physicochemical
properties of soluble polypyrrole and its toxicological
profile when administered to mice in a single dose and
in repeated doses.

Materials and methods

Characterization of the physicochemical

properties of soluble polypyrrole

The physicochemical characterization of soluble polypyr-
role was performed at the Center for Drug, Medication,
and Food Analysis (CAFMA) of the Federal University
of Sdo Francisco Valley (UNIVASF), Brazil. To perform
these analyses, two soluble polypyrrole samples were
provided by the Laboratory of Impedance Spectroscopy
and Organic Materials (LEIMO) of UNIVASE. The same
synthesis process was used in the two samples tested,
although with a manufacturing interval of one year,
to identify whether the physicochemical properties of sol-
uble polypyrrole change throughout time. The soluble
polypyrrole used in this study has a particle size around
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72.39nm, verified with a Zetasizer Nano-Z2S90 Malvern
device (Malvern, United Kingdom) (Silva Junior et al.,
2016). All analyses for the characterization of the physico-
chemical properties of soluble polypyrrole were performed
according to the guidelines of the Brazilian Pharmacopeia
6th Edition (ANVISA, 2019).
Direct and indirect pH measurement
The pH of soluble polypyrrole was determined using
an MS Tecnopon mPA 210 pH meter (MS Tecnopon,
Piracicaba, Brazil). The pH meter was calibrated with
buffer solutions, the electrodes were washed with distilled
water beforehand, which were then dipped in the buffer
solution (pH7.00). The electrode-washing procedure was
repeated with distilled water and this time the electrode
was dipped in a pH 4.00 buffer solution. Finally, the elec-
trodes were inserted in the soluble polypyrrole samples
(A and B) for pH reading, and the data were recorded
(ANVISA, 2019).
Density measurement
The density determination of soluble polypyrrole was
made with the pycnometer method (Fort Labor, Sdo Paulo,
Brazil). For this, a clean, dry, and previously calibrated
25-ml pycnometer was used. Subsequently, the soluble
polypyrrole samples were transferred to the pycnom-
eter and the samples were weighed. Sample weight was
determined as the difference in weight between the full
and empty pycnometer. Finally, the soluble polypyrrole
density was calculated by determining its mass to volume
ratio (ANVISA, 2019).
Miscibility determination

The miscibility test of soluble polypyrrole was per-
formed with 1 ml of soluble polypyrrole in 10 ml of the fol-
lowing solvents: water, ethyl alcohol (Synth, Diadema,
Brazil), and n-hexane (Dindmica, Indaiatuba, Brazil).
The degrees of miscibility were visualized with the naked
eye and recorded.

Nonclinical toxicology studies of soluble polypyrole

For the nonclinical toxicology studies of soluble poly-
pyrrole, a single-dose toxicity study (acute toxicity) and
a repeated-dose toxicity study were performed. Both tests
were based on the Guide for Conducting Nonclinical
Toxicology Studies and Pharmacological Safety Necessary
for Drug Development (ANVISA, 2013). Some comple-
mentary guidelines from international regulatory agen-
cies such as the Organisation for Economic Co-operation
and Development (OECD) and the European Medicines
Agency (EMA) were adopted. The acute toxicity and
repeated-dose studies of soluble polypyrrole were evalu-
ated and approved by the Ethics Commission on Animal
Use (CEUA) of UNIVASF, under registration num-
ber 0003/261118.

The toxicology studies with soluble polypyrrole were
conducted with Mus musculus (Swiss mouse), a rodent
mammal species provided by the Bioterium of the
Center of Agricultural Sciences (CCA) of UNIVASF.
These animals were healthy, young adults (6—8 weeks
old), and the females were nulliparous and non-pregnant
(OECD 423, 2001).



Regarding environmental conditions, all toxicity
studies were performed in the Bioterium of UNIVASF.
The room temperature for the animals under experi-
mentation remained around 22°C (+3°C), with artificial
lighting consisting of 12 hours of light and 12 hours
of darkness. The animals were kept in laboratory cages
(BioXP, Sao Paulo, Brazil) and were grouped per dose
so that it did not interfere with the observations of each
animal. The animals were fed a conventional diet based
on a commercial ration (Presence, Paulinia, Brazil), and
drinking water provided ad libitum (OECD 423, 2001;
OECD 407, 2008).

The animals were randomly selected, marked
to allow individual identification, and kept in their cages
for at least five days before the beginning of dose applica-
tion for acclimation to the laboratory conditions (OECD
423, 2001; OECD 407, 2008).

Single-Dose Toxicity Study (Acute Toxicity)

The single-dose toxicity study (acute toxicity) consisted
of evaluating the toxicity produced by soluble polypyrrole
when administered in a single dose for a period not longer
than 24 hours, followed by observation of the animals
for 14 days after administration (ANVISA, 2013).

The experimental substance (soluble polypyrrole) and
the control substance (0.9% sterile sodium chloride solu-
tion (Fresenius Kabi, Aquiraz, Brazil)) were administered
in a single dose by the intraperitoneal route. The test
substance was administered in a constant volume, using
sodium chloride solution as an excipient. The limit
dose tested was 1,000 mg/kg of soluble polypyrrole,
resulting in a margin of 10 times the intended clinical
exposure and not exceeding the recommended limit dose
of 1,000mg/kg/day (ANVISA, 2013). The doses were
prepared just before administration (OECD 423, 2001).

Considering the guidelines of the European Medicines
Agency (2010), the acute toxicity study comprised a total
of 30 animals (mice) divided into three experimental
groups, each composed of five males and five females
(n=10/group). The control group received the vehicle
solution (0.9% sterile sodium chloride solution (Fresenius
Kabi)), while the experimental groups received soluble
polypyrrole at the doses of 1,000 mg/kg and 500 mg/kg,
all by the intraperitoneal route.

After administering the single dose of soluble polypyr-
role and the control substance, the animals were observed
daily for 14 days to evaluate the presence of death and
signs of toxicity according to the behavioral screening
adapted from Almeida et al. (1999). Furthermore, other
parameters such as body weight and ration and water
intake were evaluated throughout the study using forms.
On the day of administration, the behavioral parameters
were evaluated at 30, 60, 120, 180, and 240 minutes after
the treatments (experimental and control). Afterward,
these parameters were evaluated once a day. All observa-
tions were systematically recorded in forms kept for each
subject (ANVISA, 2013; OECD 23, 2001).

At the end of 14 days of observation, the animals
were euthanized by cervical dislocation after being
anesthetized with 2% xylazine % (Syntec, Santana de
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Parnaiba, Brazil) at the dose of 10 to 15 mg/kg, and 10%
ketamine (Syntec, Santana de Parnaiba, Brazil) at the
dose of 100 to 150 mg/kg, applied by the intraperitoneal
route (Greene, 2004). These procedures were based
on the Brazilian Guide for Good Practices on Animal
Euthanasia (CFMYV, 2012).

After euthanizing the animals, the organs (heart, lungs,
kidneys, liver, and spleen) were analyzed macroscopically,
removed, and weighed. Subsequently, the relative weight
of the organs was calculated by dividing the weight
of each organ (g) by the body weight of the animal (g) and
multiplying by 100.

Repeated-Dose Toxicity Study

The doses used in this study were formulated based
on information produced in the acute toxicity study.
Three doses were used, the highest of which was intended
to produce observable toxic effects but cause neither
death nor intense suffering, and observing a maximum
limit of 1,000mg/kg/day in rodents. The other doses
were established in a decreasing sequence by suggesting
intervals from 2 to 4 times (ANVISA, 2013).

Based on that, the repeated-dose study design was
as follows: the mice were divided into four groups,
each group composed of five males and five females
(n/group=10). The control group received a 0.9% sodium
chloride solution (Fresenius Kabi) by the intraperitoneal
route, while the remaining experimental groups received
doses of 1,000, 500, and 250 mg/kg of soluble polypyrrole.
All groups received the experimental and control doses
daily for 28 days.

Throughout this period, the parameters evaluated
were mortality, clinical signs (including behavioral
parameters), duration and reversibility of toxicity, and
variations in body weight and ration and water intake.
At the end of 28 days, the animals were euthanized as
described in the acute toxicity study, followed by the anal-
ysis of hematological parameters, macroscopic and rela-
tive weight analysis of the organs, and histopathological
analysis (ANVISA, 2013; Klaassen & Watikins III, 2012).
Analysis of hematological parameters
For the evaluation of hematological parameters, blood was
collected from the brachial plexus and stored in micro-
tubes containing the EDTA anticoagulant (Vacuplast,
Cotia, Brazil). These tubes were sent to the laboratory for
full blood count using a HematoClin 2.8 Vet automated
hematology analyzer (Mindray, Shenzen, China). The red
blood cell count (106/ul), hemoglobin (g/dl), hematocrit
(%), mean corpuscular volume (MCYV, fl), mean corpuscu-
lar hemoglobin (MCH, pg), mean corpuscular hemoglo-
bin concentration (MCHC, %), red cell distribution width
(RDW, %), total leucocyte count (10%/1), lymphocytes
(10%/1), (%) monocytes (10%/1), and granulocytes (10°/1)
were evaluated.

Macroscopic and relative organ weight analysis

After euthanizing the animals, the organs (heart, lungs,
kidneys, liver, and spleen) were macroscopically analyzed,
removed, and weighed. Subsequently, the relative organ
weight was calculated by dividing the weight of each organ
(g) by the body weight of the animal (g), multiplied by 100.
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Table 1. Values of direct pH, indirect pH, and density of soluble polypyrrole (Samples A and B)

Soluble polypyrrole Direct pH Readings Indirect pH Volume(ml) Mass(g) Density
......... B2
2nd 3.06
Sample A 258 e 25 26.799 1.07196
......... Mo
............................................. Mean 3024003
......... B B8O
2nd 299
Sample B 234 T 25 26.747 1.06982
......... L2
PR AN IO et e e e
Mean 2.46+0.12 Mean 2.97+0.05 Mean 1.07089+0.001

Table 2. Effect of the intraperitoneal polypyrrole administration (500 and
1,000 mg/kg) on the ration and water intake, body mass evolution, and
organ indices of mice for 14 days.

Parameters Treatments
Males Control (?Blgm;ﬁl;) (1P,g|oyg) |¥nrg;7ll(?;)
Ration intake (o) 3150083 3029:077 32574106
Waterintake (ml) 53694132 53214167 48604182
. Massevo‘unon (g) .....................................................
el 34204143 36204199 36604181
Final 38404160  3980£260  3960+144
. o fggr)md/(eg (g/loo g) .................................................
. .L.‘\./.e.r ..................... ssgiozg ,,,,, 665 1022* ........ 57%0& ......
Kidneys 1748007 186008 1665007
Spleen 041:004 038002 0364002
. Lungs .................... 05&007 ....... 0601005 ........ 0561003 ......
. Heart .................... 0491002 ,,,,,, 0541002 ........ 0521002 ......
. Fema|es ..............................................................
Rationintake @ 2086+060 2800035 2486068
Waterintake (ml) 52004137 52574151 46254126
. Massevo‘unon (g) .....................................................
el 31404093 30604178 28804058
il 3380+006 33404144 31404081
. o rgmmdlces (g/mo g) .................................................
. .L.‘\./.e.r ..................... 573i031 ....... 566i025 ........ 5554_roo7 ......
Kidneys 1256004 1244004 1204006
Spleen 0496002  045:004  047:004
. Lungs .................... o@oioo 5 ,,,,,, 054ioo4 ........ 062¢oo4 ......
Heat 048+002 0504001 050002

Results are expressed as meanzs.e.m. One-way analysis of variance (ANOVA), fol-
lowed by Tukey's test, compared with the control group (n=5), *p<0.05, ***p<0.001.

Histopathological analysis

After excision, the organs (heart, lungs, kidneys, liver,
and spleen) were washed with sodium chloride solution
(Fresenius Kabi) and kept in 10% formalin (Dindmica,
Indaiatuba, Brazil) — 0.1 M phosphate buffer, pH7.2,
for 12hours. After this time, the fragments were trans-
ferred to 70% alcohol (Dinadmica), where they were kept
for a week. Subsequently, the organs of all animals were
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dehydrated with increasing alcohol concentrations
(Dindmica) (80%, 90%, 95%, and 100%), followed by
diaphanization in xylol (Synth) (xylol:alcohol (1:1 v/v),
xylol I, II, and III), and impregnation and inclusion in
paraffin (Synth) to obtain histological blocks (Tolosa et
al., 2001).

The histological cuts were obtained by microtomy
(Easy Path, Sdo Paulo, Brazil), at 4—5pum, and stained
by the Hematoxylin and Eosin technique (Vetec, Duque
de Caxias, Brazil). Detailed microscopic examination
of organ fragments was performed in the control and
treatment groups (one slide per organ of the 40 animals
(5 organs x 39 animals = 195 slides)) using a CM 2000
biological microscope (Brax). Images were captured using
a digital camera (Toupcam) and the software Toupview.

Statistical analysis

The results were expressed as mean + standard error
of the mean. The differences between groups were deter-
mined by one-way analysis of variance (ANOVA), followed
by Tukey’s post hoc test. The Kruskal-Wallis test was used
for the hematological analyses, followed by Dunn’s post hoc
test. The statistical analysis was performed using the soft-
ware GraphPad Prism, version 5.0 (San Diego, California,
USA). The minimum level of significance was p<0.05.

Results

Characterization of the physicochemical

properties of soluble polypyrrole

The results of direct pH, indirect pH, and density
of the two soluble polypyrrole samples are shown
in Table 1. Based on the miscibility study, it was observed
that soluble polypyrrole is immiscible in n-hexane, poorly
miscible in ethyl alcohol, and highly miscible in water.

Single-Dose Toxicity Study (Acute Toxicity)

The ssingle-dose administration of soluble polypyrrole, at the
tested doses, did not cause death. Therefore, soluble poly-
pyrrole resulted in LD5(>1,000 mg/kg when administered
by the intraperitoneal route. In the pharmacological behav-
ioral screening, it was observed that the animals treated
with soluble polypyrrole, by the intraperitoneal route at the
doses of 500 and 1,000 mg/kg, showed up to 60 minutes of



constant licking of the limbs and abdomen, these effects
ceased in the remaining observation time.

Regarding the remaining parameters evaluated,
Table 2 shows the ration and water intake, the initial and
final body weight, and the relative organ weight of the
mice from the first to the fourteenth day after the appli-
cation of soluble polypyrrole. No significant statistical
differences were observed between groups for most
of the parameters evaluated, with some exceptions.

It was observed that the experimental group
of females that received 1,000 mg/kg of soluble polypyr-
role showed a significant reduction in the mean water
(46.25+1.26) and ration intake (24.86+0.68) compared
with the control group.

After euthanizing the animals, the macroscopic
analysis indicated that all the organs from the control
group and the group treated with soluble polypyrrole
(by the intraperitoneal route) had a preserved architecture,
normal color and consistency. A significant increase was
observed only in the relative liver weight of males treated
with 500 mg/kg of soluble polypyrrole by the intraperi-
toneal route (6.65+ 0.22) compared with the group that
received the sodium chloride solution (5.59+0.23).
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Repeated-dose toxicity study

The treatment with different doses of soluble polypyr-
role throughout the 28 days did not cause mortality,
except for one death among the male mice belonging
to the group treated with 1,000 mg/kg. In this case, death
occurred due to an accidental injection that caused
hemorrhage in the abdominal cavity. The data from this
animal were excluded.

In the daily behavioral screening, no signs of toxicity
were observed in the experimental and control groups
except for the manifestation of limb and abdomen lick-
ing after the intraperitoneal polypyrrole administration,
for one hour until the third day of application in all
experimental groups.

Regarding the remaining parameters evaluated,
Table 3 shows the effects on the ration and water intake,
body mass evolution, and relative organ weight after
28 days of daily intraperitoneal soluble polypyrrole
applications. No significant statistical differences were
observed between groups for most of the parameters
evaluated, with some exceptions.

It was observed that the male experimental group
that received 1,000 mg/kg of soluble polypyrrole showed

Table 3. Effect of the intraperitoneal polypyrrole administration (250, 500, and 1,000 mg/kg) on the ration and water intake, body mass evolution, and

organ indices of mice subjected to the toxicity of repeated doses for 28 days.

Parameters Treatments

Males Control Polypyrrole (250 mg/kg) Polypyrrole (500 mg/kg)  Polypyrrole (1000 mg/kg)
Ratonintke@ o0y jg3078 050£044 27000985
Waterintake () w5w158 79:065 68087 3658156
. Massevomon(g) .................................................................................................................
. mma| ............................. 4260i040 ................ 394oi120 ................. 386%]03 ................. 3840ﬂ63 ..........
”F'iﬁa'\ .............................. 4675i025 ................ 4240ﬂ69 ................. 4440i097 ................ 42601436 ,,,,,,,,
. o ,‘gé'n‘,‘n'd,"c é 5(9/7009) .............................................................................................................
. 'U\‘,e'r .............................. 4074;009 ................. 4o2i005 .................. 4 12i014 ................ 476i006*** ........
. K‘dneys ............................. ] 28i005 .................. 1 2%006 .................. 1 25i004 .................. 133¢oo7 ..........
. 5 'p‘|e'e'r‘] ............................ 03 4¢oozz ................ og@iomg ................ 037i001 o 03%0014 ,,,,,,,,
. ngs ............................. 04%001 S 052100% ................ ossiom S 05210014 .........
. Heart ............................. 04010()}4 ................ 04210()}7 ................. 0401002 o 04 o¢oo15 ..........
. Fema| e.s .......................................................................................................................
Ratonintake@ w4107 70003 286103 7795061
Waterinwkeml) Bsest16 81460 s77et6 46564133
. Massevomon(g) ..............................................................................................................
mma| ............................. 3}4%“7 ................. 3200+110 ................. 3}801&83 ................. 3} 80&02 ..........
. .F.iha,‘ .............................. 3440 ﬂ 50 ................ 346o+117 ................. 3600¢247 ................ 3560i150 ..........
. o,ganmd,c é S(Q/mgg) ............................................................................................................
..L.h‘/e,r .............................. 48%034 .................. 4 1%015 .................. 4 474;017 ................. 48%016 ..........

. K‘dneys ............................. 11341006 ................. oggiom .................. 11oioo5 .................. 1‘ 2&006 ..........

. .S.ble.éh ............................ o5oi004 ................. 043i004 e 05&003 ................. 054i003 ‘‘‘‘‘‘‘‘‘

. Lungs ............................. 065ioog ................. 05841002 ................. 0704_r006 ................. 064i 002 ..........

. Heart ............................. 043i003 ................. 044i003 ................. 045i002 ................. 046i oo] ..........

Results are expressed as meanzs.e.m. One-way analysis of variance (ANOVA), followed by Tukey's test, compared with the control group (n=5), *p<0.05, ***p<0.001.
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a significant reduction in the mean ration intake
(27.00+0.98) compared to the control group. In turn, the
female group that received 500 mg/kg of soluble polypyr-
role showed a significant increase in the water intake
(48.77+1.16) compared to the control group.

During necropsy, polypyrrole deposition was observed
in the abdominal cavity due to its accumulation through-
out the 28 days. Nevertheless, the macroscopic analysis
indicated that all organs from the control groups and
those treated with soluble polypyrrole had a preserved
architecture, normal color and consistency.

Regarding the relative organ weight, a significant
increase was observed only in the liver of male animals
treated with 1,000 mg/kg of soluble polypyrrole by the intra-
peritoneal route (4.76+0.06) compared to the group that
received the sodium chloride solution (4.07+0.09).

Analysis of hematological parameters

Regarding the peripheral blood erythrogram of the mice
(Table 4), no significant alterations were observed in any
of the experimental and control groups of females and
male animals treated with 250 and 500 mg/kg of soluble
polypyrrole. However, significant alterations were
verified in the red blood cell count, hematocrit, MCH, and

MCHC values of the male mice treated with 1,000 mg/kg
of soluble polypyrrole compared to the group treated with
the sodium chloride solution.

The leukogram analysis of the females treated with
soluble polypyrrole at all experimental doses indicated
no significant statistical alterations in all cell types evalu-
ated compared to the control group. In turn, the groups
of male animals showed significantly increased values
of total leukocytes and lymphocytes at all experimental
doses compared to their control group (Table 4).

Histopathological analysis
No relevant histological changes were identified
in the heart and lungs of animals treated with the sodium
chloride solution and with soluble polypyrrole, in both
sexes, at the doses of 250, 500, and 1,000 mg/kg.
Regarding the liver tissue evaluation, the control
group treated with the sodium chloride solution showed
no alterations in the parenchyma and liver structures;
the hepatocytes showed no atypia and were arranged
as hepatic cords directed toward the centrilobular veins,
and there was no hyperemia in the hepatic vessels.
In the group treated with 250 mg/kg of soluble polypyrrole,
evidence of necrosis associated with soluble polypyrrole

Table 4. Effect of the intraperitoneal polypyrrole administration (250, 500, and 1,000 mg/kg) on the hematological parameters of mice subjected to the

toxicity of repeated doses for 28 days.

Parameters Treatments

Males Control Polypyrrole (250 mg/kg) Polypyrrole (500mg/kg)  Polypyrrole (1,000 mg/kg)

Redblood cells (kI0) 0162024 1064020 010+034 BOIsISE '
Hemoglobin (g/d) ieso6l 1s90s041 14sse04l 14004148
HematocritGy) w3 e S8445 70354683

. MC\/(ﬂ) ............................ 5394i076 ................. 5256i084 ................ 5326i069 ................ 5395i048 .........
MCH(pg) .......................... 154%035 ................. 1490i031 ................. 1444¢053 ................ 11081409** .........
M CHC (%.) .......................... 2862i05 9 ................ 284%05 3 ................ 2726ﬂ26 ................ 205&205“ .......

. RDW(%) ........................... 1438¢o75 ................. 133;34;037 ................ Bzoiogz ................. 1418i035 .........
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‘Hemoglobin @/d) 1506£034 15582009 10304198 EVC R
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levkocytes (<I0) 63612 4059 446508 658:045
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Results are expressed as meanzs.e.m. Kruskal-Wallis test, followed by Dunn's post hoc test, compared with the control group (n=5), *p<0.05, **p<0.01,***p<0.001.
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area of soluble polypyrrole deposition in the parenchyma of the liver tissue (arrow), with central necrosis in the impregnated region, at the dose of
250 mg/kg of soluble polypyrrole. In (B), there is soluble polypyrrole impregnation at the edge of the liver tissue (arrows), with a granulomatous
inflammatory reaction around the impregnated material, at the dose of 1,000 mg/kg of soluble polypyrrole. In both, 40X magnification.

o . = ]
Figure 2. Histopathological analysis of the kidneys of Swiss mice injected with a polypyrrole solution by the intraperitoneal route. In (A), areas of
soluble polypyrrole deposition in the tissue adjacent to the kidney, with a clear brown color (arrows), 100X magnification. In (B), intracellular aspect
of soluble polypyrrole impregnation in the kidney, brown cells (arrows), 400X magnification. In both, 1,000 mg/kg of soluble polypyrrole.

Figure 3. Histopathological analysis of the spleens of Swiss mice injected with a polypyrrole solution by the intraperitoneal route. In (A), soluble
polypyrrole impregnation in cells adjacent to the spleen capsule (arrows), dose of 500 mg/kg of soluble polypyrrole, 100X magnification. In (B),
peritoneal macrophages with intracellular polypyrrole deposition, brown cells (arrows), 250mg/kg of soluble polypyrrole, 400X magnification.

deposition was found in the central area of the liver tissue
of 10% of the animals (Figure 1A). The same finding was
verified in 10% of the animals that received 500 mg/kg
of soluble polypyrrole.

When observing the group of animals that received
the dose of 1,000mg/kg, 2.2% of the animals showed
soluble polypyrrole deposition in the liver capsule, 11.11%
of the animals showed small polypyrrole deposition
in a small area of the parenchyma, although without
inflammatory reaction of the tissue, and 11.11% showed
polypyrrole impregnation in the liver parenchyma, evi-
dencinga granulomatous reaction in the tissue (Figure 1B).

Aiming to evaluate the effect of soluble polypyrrole
treatment on renal histology, the microscopic analysis
of this organ was performed. Under microscopic exami-
nation, the renal tissue of the control groups and those
treated with 250 and 500 mg/kg showed a normal and pre-
served architecture and regularly-distributed corpuscles
and renal convoluted tubules. In the group of animals
that received the dose of 1,000mg/kg, 33% of the ani-
mals showed soluble polypyrrole deposition adjacent
to the renal tissue (Figures 2A and 2B).

Aiming to evaluate the effect of soluble polypyr-
role treatment on spleen histology, the microscopic

Copyright © 2020 SETOX & Institute of Experimental Pharmacology and Toxicology, CEM SASc.
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analysis of this organ was performed. Under microscopic
examination, the spleen tissue of the control groups and
the group treated with 1,000 mg/kg showed a normal
and preserved architecture. In the group that received
the dose of 500mg/kg, 60% of the animals showed
moderate soluble polypyrrole accumulation in the
spleen tissue (interstitial or parenchyma), while 40%
showed soluble polypyrrole accumulation in the spleen
capsule (Figure 3A). In the group treated with 250 mg/
kg of soluble polypyrrole, 50% showed moderate soluble
polypyrrole deposition in the spleen tissue, 40% showed
evidence of peritoneal macrophages full of soluble poly-
pyrrole at the periphery of the spleen (Figure 3B), and
10% showed no alterations.

Discussion

The standard deviation values of pH and density
in samples A and B indicate that soluble polypyrrole has
good stability, maintaining its properties over a year.
The low pH may be related to the ammonium persulfate
added during its synthesis (Silva Junior et al., 2016). It is
important to verify the pH in order to justify the possible
acidification or alkalinization of pharmaceutical bases
with its addition (Alencar Filho et al., 2020).

The mean density of soluble polypyrrole was
1.070+0.001 g/ml. Density is determined to facilitate pos-
sible future industrial operations, such as converting mass
into volume and facilitating the work with liquid samples
(Alencar Filho et al., 2020).

Soluble polypyrrole is readily miscible with water.
Aqueous miscibility is essential for drugs and excipients
and can influence the formulation, production, and
pharmacokinetics, directly affecting the dissolution and
absorption rates and, consequently, the in vivo efficacy
(Kalra & Jain, 2011).

No mortality was observed during the 14 days at any
dose of the soluble polypyrrole in the acute toxicity study.
Ferraz et al. (2012) also observed no mortality when
administering 50 ml/kg of nanocellulose and polypyrrole
compounds. Anotherstudydid not observeany deathsafter
a single intraperitoneal injection of 50 ml/kg of an extrac-
tion solution of polypyrrole (Wang et al., 2004). Given
the possibility of thrombotic events in mice after a single
intravenous injection of nanocomposites of PPy/Cu-MOF,
other researchers observed only one death on the seventh
day after the injection among all the mice in a study (Neisi
et al., 2019).

The licking of the abdomen and limbs after the intra-
peritoneal injection of polypyrrole can be related to its
low pH. It is assumed that polypyrrole injection caused
irritation and/or pain in the abdomen during the applica-
tion, triggering licking movements of the spot to alleviate
the discomfort.

Still regarding acute toxicity, the reduction in water and
food intake is considered an irrelevant finding since there
was no statistical difference in the evolution of the body
mass parameter. Furthermore, the OECD guideline
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407 (2008) states that reduced food intake may not be an
indication of toxicity. Researchers have observed no body
weight changes in mice over 15 days after intratumoral
injection of 4m/kg of polypyrrole nanoparticles (PPyNP)
(Lu et al., 2021).

Regarding the relative organ weight, a significant
enlargement was verified in the livers of male mice treated
with 500 mg of soluble polypyrrole. This finding does not
necessarily indicate a toxic response since no alterations
were found in the macroscopic evaluation of these organs
in the mentioned group.

When evaluating hepatotoxicity seven days after
intravenous injection of 5mg/kg of PPy/x %Cu-MOF
composites, no significant effects were observed in the
serum levels of ALT (alanine aminotransferase) and AST
(aspartate aminotransferase) of mice (Neisi et al., 2019).

The repeated-dose toxicity study did not cause mor-
tality over 28 days, suggesting that soluble polypyrrole
has low toxicity. Significant changes in food and water
intake constitute irrelevant results when highlighting
the absence of changes in the mass evolution param-
eter. Zhang et al. (2020) found no significant changes in
the body weight of mice 25 days after intratumoral injec-
tion of Selenium/Polypyrrole nanocomposites (Se@PPy).

Polypyrrole deposition in the abdominal cavity rep-
resented the main macroscopic finding during necropsy.
A similar finding was obtained in another study when
observing AgNP residues in the abdominal cavity six
hours after single intraperitoneal injections (Cho et al.,
2018). The macroscopic evaluation of the present study
indicated that all organs of the experimental groups
showed typical architecture, color, and consistency.

A significant enlargement was only observed
in the liver of the animals treated with 1,000 mg/kg of sol-
uble polypyrrole. Considering the exposure period and the
high doses of the studied compound, this isolated result
does not constitute an indication of toxicity since it does
not support the findings of the macroscopic evaluation;
furthermore, liver enlargement can be related to physi-
ological overload due to metabolization of the drug.

The high red blood cell count and hematocrit values
correspond to clinical pictures of erythrocytosis, which
can be attributed to dehydration or diversion of body flu-
ids (Thrall et al., 2015). It is suggested that the accumula-
tion of high doses of soluble polypyrrole in the abdominal
cavity affected the osmotic balance of fluids and solutes
in the organism, changing the proportion of plasma
and erythrocytes. Erythrocytosis is often observed
along with dehydration in preclinical studies, especially
in rodents under prolonged fasting (Weiss et al., 2010).

In a blood compatibility evaluation of polypyrrole
nanocomposite and copper metal-organic frameworks
(PPy/Cu-MOF), the addition of PPy to Cu-MOF increased
red blood cell viability (RBCs) from 92% to more than 98%
(Neisi et al., 2019). Another study verified that the hemo-
lytic activity of Pseudomonas aeruginosa was highly
influenced by the addition of chitosan and polypyrrole
nanocomposites (CS-PPy NCs) and individually by PPy
(Khan et al., 2019).



Regarding the significant decrease in the MCHC
and MCH values in male mice treated with 1,000 mg/kg
of soluble polypyrrole, the fraction between the hemo-
globin and hematocrit values is considered to obtain the
MCHC. Since there was no difference in the hemoglobin
concentration of this group in relation to the control
group, the low MCHC is attributed to the high hematocrit
value. The same applies to the MCH index, which value
is obtained based on the hemoglobin concentration
and the erythrocyte count, being considered a redundant
parameter (Thrall et al., 2015).

In the leukogram, the male mice groups showed sig-
nificantly higher values of total leukocytes and lympho-
cytes. Lymphocytes predominate in the peripheral blood
of mice, representing from 70 to 80% of the leukocyte
population (Thrall et al., 2015). Therefore, the signifi-
cantly higher number of total leukocytes can be attributed
to the increased number of lymphocytes.

Physiological leukocytosis is often observed in excita-
tion states that induce a rapid increase in the number
of lymphocytes in mice (Weiss et al., 2010). Researchers
have observed increased lymphocytes in mice after
an accumulated dose of 125 mg/kg of polyethylene glycol-
coated hollow gold nanospheres. The authors do not
consider these alterations as toxicologically important
(You et al., 2014).

Regarding histopathology, the alterations observed
in the livers consisted of soluble polypyrrole deposition
in the capsule and in the parenchyma (without inflam-
mation, with granulomatous reaction and necrosis).
Granulomas are common in the liver and can reflect
a systemic or specific alteration in the organ. These
injuries can be induced by drugs or toxins (Kumar et al.,
2013). Soluble polypyrrole may have induced the forma-
tion of liver granulomas, although the incidence of this
alteration was low in the experimental groups.

The deposition of a brown pigment in the Kupffer
cells and focal necrosis in the liver were observed after
the intraperitoneal injection of silver nanoparticles
in mice (Cho et al., 2018). Pigments were visualized
in liver Kupffer cells of mice treated with polyethylene
glycol-coated hollow gold nanospheres. In the same study;,
inflammatory liver injuries and necrosis were observed,
although with minimal incidence and severity in both
sexes; therefore, they were not considered an adverse
effect by the authors (You et al., 2014).

Soluble polypyrrole visualization adjacent to the renal
tissue was the only alteration observed regarding renal
histopathology. This finding may result from the daily
intraperitoneal administration of high doses of soluble
polypyrrole, leading to its accumulation under some
abdominal organs. Organs such as the liver and spleen
also showed polypyrrole deposition in their capsules.
Ppy particles have been verified to adhere to the peri-
toneum organs and be phagocyted by macrophages
(Ramanaviciene et al., 2007). In the absence of relevant
findings for the relative weight analysis and the macro-
scopic evaluation of the kidneys of treated animals, it is
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supposed that polypyrrole deposition under the organs
does not result in adverse effects on renal physiology.

As main microscopic finding, the spleens revealed
a moderate soluble polypyrrole accumulation in the
tissue or capsule, besides peritoneal macrophages
full of polypyrrole at the periphery of the spleen. The
microscopic analysis showed a significant increase of
peritoneal cells after three days of treatment with poly-
pyrrole particles (5mg/kg). After six weeks, the number
of macrophages in the peritoneum decreased considerably
(Ramanaviciene et al., 2007). An in vitro study verified
that polypyrrole-polyethyleneimine nanocomplexes (Ppy-
PEI NCs) could be absorbed by macrophages via endocy-
tosis (Burnouf et al., 2019). The ability of macrophages
to capture foreign micro/nanomaterials is well known
and occurs due to the positive charge of the particles
(Gustafson et al., 2015).

Lu et al. (2021) showed that polypyrrole-based nano-
formulations, administered via intratumoral injection,
were beneficial for not causing toxicity to surrounding
healthy organs such as the liver, heart, kidneys, lungs, and
spleen. A similar result was found in another study when
verifying the absence of tissue damage in these organs
after photothermal therapy using selenium/polypyrrole
(Zhang et al., 2020).

Conclusions

The physicochemical characterization of soluble poly-
pyrrole will allow its pharmacotechnical development,
subsidizing the establishment of a profile for its quality
control and other bioapplications that use it as a base.

In the acute toxicity study, it was verified that soluble
polypyrrole has an LD;;>1,000 mg/kg since no mortal-
ity was observed in the mice until the 14th day after
the single administration by the intraperitoneal route.
In the repeated-dose toxicity study, when evaluating
mortality, behavioral screening, body weight, water
and ration intake, and hematology, it was verified that
none of the treatments implied systemic adverse effects
or results in the mice treated with the different doses
of soluble polypyrrole. When evaluating the histopatho-
logical parameters, these showed significant alterations,
even if most of the findings in these organs were within
an expected standard.

Even when considering the high doses administered
(up to 1,000 mg/kg) and the time of application (28 days)
of soluble polypyrrole, the incidence and intensity
of the alterations induced by it can be considered
minimal, allowing to classify polypyrrole as a com-
pound of low or no toxicity. No significant findings were
observed to imply adverse effects due to PPy applica-
tion in mice. It should be noted that, in this study, the
intended clinical or therapeutic doses were extrapolated,
resulting in a wide range of doses that can be used as
a reference in further studies on the bioapplication of
soluble polypyrrole.
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