
Poznan University of Medical Sciences
Poland

2022
Vol. 91, No. 4

QUA RT ERLY

previously Nowiny Lekarskie
Founded in 1889

Indexed in:
DOAJ, Crossref, Google Scholar, 
Polish Medical Bibliography, Index Copernicus, 
Ministry of Education and Science 

www.jms.ump.edu.pl

eISSN 2353-9801
ISSN 2353-9798

DOI: 10.20883/ISSN.2353-9798



EDITOR-IN-CHIEF
Jarosław Walkowiak

EDITORIAL BOARD
David Adamkin, USA
Sofi o Bakhtadze, Georgia
Adrian Baranchuk, Canada
Paolo Castiglioni, Italy
Ewelina Chawłowska, Poland
Agata Czajka-Jakubowska, Poland
Jan Domaradzki, Poland
Piotr Eder, Poland
Michael Gekle, Germany
Krzysztof Greberski, Poland
Karl-Heinz Herzig, Finland
Mihai Ionac, Romania
Paweł P. Jagodziński, Poland
Jerzy Jankun, USA
Lucian Petru Jiga, Germany
Nataliya Kashirskaya, Russia
Berthold Koletzko, Germany
Stan Kutcher, Canada
Tadeusz Malinski, USA
Piotr Myśliwiec, Poland
Talgat Nurgozhin, Kazakhstan
Marcos A. Sanchez-Gonzalez, USA
Georg Schmidt, Germany
Mitsuko Seki, Japan
Puneet Sindhwani, USA
Elżbieta Skorupska, Poland
Rafał Staszewski, Poland
Tomasz Szczapa, Poland
Jerzy P. Szaflarski, USA
Sebastian Szubert, Poland
Natallia Tsikhan, Belarus
Dariusz Walkowiak, Poland
Przemysław Zalewski, Poland

ASSOCIATE EDITORS
Agnieszka Bienert
Ewa Mojs
Adrianna Mostowska
Nadia Sawicka-Gutaj

Publishing Manager: Grażyna Dromirecka
Technical Editor: Bartłomiej Wąsiel

60-812 Poznań, ul. Bukowska 70
tel./fax: +48 618547151
www.wydawnictwo.ump.edu.pl

Ark. wyd. 15,4. Ark. druk. 13,5.
Zam. nr 186/23.

SECTION EDITORS
Jaromir Budzianowski — Pharmaceutical Sciences
Paweł P. Jagodziński — Basic Sciences 
Joanna Twarowska-Hauser — Clinical Sciences

LANGUAGE EDITORS
Margarita Lianeri, Canada
Jacek Żywiczka, Poland

STATISTICAL EDITOR
Magdalena Roszak, Poland

SECRETARIAT ADDRESS
27/33 Szpitalna Street, 60-572 Poznań, Poland
phone: +48 618491432, fax: +48 618472685
e-mail: jms@ump.edu.pl
www.jms.ump.edu.pl

DISTRIBUTION AND SUBSCRIPTIONS
70 Bukowska Street, 60-812 Poznań, Poland
phone/fax: +48 618547414
e-mail: sprzedazwydawnictw@ump.edu.pl

PUBLISHER
Poznan University of Medical Sciences
10 Fredry Street, 61-701 Poznań, Poland
phone: +48 618546000, fax: +4861852 04 55
www.ump.edu.pl

© 2022 by respective Author(s). Production and hosting 
by Journal of Medical Science (JMS)

This is an open access journal distributed under 
the terms and conditions of the Creative Commons 
Attribution (CC BY-NC) licencse

eISSN 2353-9801
ISSN 2353-9798
DOI: 10.20883/ISSN.2353-9798



The Editorial Board kindly informs that since 
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range of other organisational changes. They 
were necessary to follow dynamic transfor-
mations on the publishing market. The Edi-
tors also wanted to improve the factual and 
publishing standard of the journal. We wish 
to assure our readers that we will continue 
the good tradition of Nowiny Lekarskie. 

You are welcome to publish your basic, med-
ical and pharmaceutical science articles in 
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ABSTRACT

Skin and soft tissue infections are common. Staphylococcus aureus, Streptococcus pyogenes, Escherichia 
coli, and Pseudomonas aeruginosa cause most bacterial skin infections. Yemen's alum is a natural min-
eral with potent antibacterial and antifungal activity. The current study aimed to verify Yemen alum's anti-
bacterial activity against chosen bacterial strains to formulate a valuable topical preparation. We formu-
lated twenty-three formulations involving four non-adjusted aqueous solutions, eight adjusted pH aque-
ous solutions, three Oil/Water cream formulations, and eight glycerin solutions, all with different alum con-
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Introduction

Skin and soft tissue infections (SSTIs) are com-
mon. It ranges from uncomplicated superfi cial 
infections to severe necrotizing infections of the 
skin and the underlying subcutaneous tissues 
and muscles. Its incidence exceeds approxi-
mately 7% of patients admitted to hospitals, two 
folds of urinary tract infections, and tenfold of 
pneumonia, counting around 6.3 million medical 
consultations annually [1, 2]. Despite SSTIs being 
often superfi cial and mild, it may be just a matter 
of days to turn into a systemic infection, extreme-
ly invasive or potentially lethal, particularly in 
immunosuppressed patients [1, 3]. Given the vari-
ety and multiplicity of pathogenic strains [4] in 
SSTIs, clinicians utilize broad-spectrum antimi-
crobials to ensure the most effective eradication. 
However, incorrect diagnosis, which accounts for 
35.2% of cases reported by specialists compared 
to 30.2% of patients confi rmed to have derma-
toses such as skin infections, can dramatically 
exacerbate antibiotic resistance [5]. In addition, 
overusing antimicrobials for unconfi rmed cases 
may produce multidrug-resistant bacteria [6, 7].

The infectious incidence of several bacteri-
al species has increased, and some species are 
resistant to antibacterial drugs. The risk of acute 
infections is associated with substantial morbidi-
ty and death, especially in diabetes individuals[8]. 
Staphylococcus aureus and Streptococcus pyo-
genes are the most common gram-positive bac-
teria to infect the skin. They cause impetigo, ery-
sipelas, and cellulitis [9]. Klebsiella pneumonia 
is a gram-negative bacterium that apart from 
skin infections also causes eye, brain, lung, liver, 
and genitourinary infections [10]. Pseudomonas 
aeruginosa is also gram-negative bacteria. It is 
associated with ear, lung, urinary tract, and skin 
infections [11]. 

Alum is a naturally occurring sulfate miner-
al rock that generally forms from the oxidation 

of potassium- and sulfi de-containing miner-
als [12–14]. Using alum at a concentration of 4% 
can provide astringent effects [15, 16]. In addi-
tion, it is believed to shrink pores and minimize 
fluid discharges, thus used to relieve nosebleeds, 
haemorrhoids, and internal organ bleeding [15, 
17, 18]. As FDA awarded alum category I ingredi-
ent in mouthwashes [20, 21], it has been used as 
an antiseptic mouthwash [17–19] to treat oral and 
gingival ulcers, gingivitis, and mucositis.

Alum can be found abundantly in the form of 
white sedimentary rocks containing aluminium 
in numerous mountain caves across Yemen gov-
ernorates, including Amran. Yemeni natives have 
utilized alum as a deodorant, an astringent, and 
an aftershave. Furthermore, it has been used to 
purify water in rural areas due to its antibacterial 
properties, which help rid the water of bacterial 
contamination and make it suitable for drinking 
and bathing. In our previous study [22], we for-
mulated topical skin preparations utilizing Alu-
minium Potassium Sulphate (Yemen's Alum), 
which were evaluated against various topical 
fungal infections. In this study, we will evaluate 
the effectiveness of these preparations against 
various topical bacterial infections.

Materials and Methods

Materials
Yemen's alum was gathered from its source. It 
occurs naturally as a rock-form precipitate in 
some mountains' caves in "Amran Governor-
ate – Maswar District" and various governorates 
and districts in Yemen. Bacterial specimens of 
Staphylococcus aureus (SH1000), Streptococcus 
pyogenes (M1T1), Klebsiella pneumonia (ATCC 
700603), and Pseudomonas aeruginosa (PAO1) 
have been brought from the central research 
Laboratory at Sana'a University. Other materi-
als were: Mueller Hinton agar, sodium hydroxide 

centrations. After that, we evaluated the antibacterial effi cacy against the selected bacterial strains. Addi-
tionally, we performed stability testing (almost six weeks) to determine the chosen preparations' estimated 
shelf life (t90). Alum showed antibacterial activity against Staphylococcus aureus, Streptococcus pyogenes, 
Escherichia coli, and Pseudomonas aeruginosa. Finally, it was concluded that Oil/Water cream (10% alum) is 
viable preparation for large-scale production.
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pellets, sodium sulfi de, tartaric acid, dithizone, 
sodium lauryl sulfate and sodium acetate (Hime-
dia, India), blood agar base (Conda, Spain), hydro-
chloric acid, sodium carbonate, paraffi n wax 
(Uni– Chem, Serbia), barium chloride, ammonium 
hydroxide, zinc sulfate (ngec chemicals), EDTA 
disodium salt (acme-chemicals, India), ammo-
nium acetate (E. Merck, India), glacial acetic acid 
(Al-Arifi  medical, Yemen), ethanol (YSCO, Yemen), 
boric acid (El.nasr pharmaceutical chemicals co, 
Egypt), glycerin (Qualikems, India), paraffi n oil 
(YSCO, Yemen), white petrolatum jelly (Optika, 
Yemen), ciprofloxacin cream 0.5 % (Ciplox®, Cip-

la, India, b.n.:g588), ciprofloxacin infusion 2 mg/
mL (ciplox®, Cipla, India, b.n.:zc2051).

Methods 
A flowchart in Figure 1 makes it easier to under-
stand this research better. The fi gure is recre-
ated based on a comparable one in the previous 
research, considering any necessary modifi ca-
tions. There were four stages of experimentation, 
each of which was broken into multiple substag-
es. As numerous experiments were discussed in 
our previous study, and as they were fully detailed 
in our previous article [22], we will not detail them 

Figure 1. Experimental work flowchart
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four 50:50 (water: glycerin) solutions: Gw1(5%), 
Gw2(10%), Gw3(20%), Gw4(30%). Table 3 indi-
cates all formulations' concentrations. 

O/W creams
Three O/W cream formulations with various 
alum concentrations were prepared by the fusion 
method; the formulations were C1 (5%), C2 (10%), 
and C3 (15%). Table 4 refers to the amount of each 
formulation in detail. 

Evaluation of the antibacterial activity of the 
alum preparations

Culture medium preparation

Mueller Hinton agar
Molar Hinton agar powder (38 g) was added to 
1000 mL of water, which was heated until boil-
ing over a flame and then cooled at room tem-
perature (around 5 minutes). The heating/cooling 
cycle has been done thrice to obtain total solu-
bility and proper sterilization. Finally, the mix-
ture was cooled to 40°C, and then 25 mL of it was 

again here. We have chosen only to discuss the 
new experiments. Please refer to our previous 
article for further details. 

Formulation of Alum preparations 
Non-adjusted pH aqueous solutions
Alum powder with a particle size ranging between 
180–250 μm was dissolved in water with con-
tinuous stirring and fi ltering (the simple solu-
tion method) to prepare four aqueous solutions 
with various alum concentrations, including A1 
(2%), A2 (5%), A3 (10), and A4 (20%), as shown in 
Table 1. 

Adjusted pH aqueous solutions 
A similar concentration of alum (5%) was used to 
make eight aqueous alum solutions, as was pre-
viously stated. As stated in Table 2, borate buffer 
was used to adjust the pH between 3.5 to 7. The 
primary goal of adjusting the pH of the solutions 
was to fi nd the pH of maximal alum activity at dif-
ferent pH levels.

Glycerin solutions
Eight alum's glycerin solutions were prepared 
using a shaker water bath at 70°C with different 
(water: glycerin) co-solvent ratios. The prepara-
tions included four water-free glycerin solutions: 
G1(5%), G2(10%), G3(20%) and G4(30%), as well as 

Table 2. Ingredients and their quantities to prepare 100 ml of adjusted pH aqueous alum solutions

Formulation AA1 AA2 AA3 AA4 AA5 AA6 AA7 AA8

pH 3.5 4 4.5 5 5.5 6 6.5 7
Ingredient
Alum (g) 5 5 5 5 5 5 5 5
Boric acid buffer pH 10.4 (mL) - 7.5 17.5 22.5 26.5 30 33.5 35
Water Up to (mL) 100 100 100 100 100 100 100 100

Table 1. Ingredients and their quantities to prepare 100 ml of 
non-adjusted pH aqueous alum solutions

Ingredient A1 A2 A3 A4

Alum (g) 2 5 10 20
Water up to (mL) 100 100 100 100

Table 3. Ingredients and their quantities to prepare 100 mL of glycerin-alum solutions

Ingredient G1 G2 G3 G4 Gw1 Gw2 Gw3 Gw4

Alum (g) 5 10 20 30 5 10 20 30
Water - - - - 50 50 50 50
Glycerin up to (mL) 100 100 100 100 100 100 100 100

Table 4. Ingredients and their quantities (g) to prepare 100 g of 
semisolid O/W cream formulation of alum

Ingredient C1 C2 C3

Alum 5 10 15
Glycerin 12.3 11.7 11.05
liquid paraffi n 0.95 0.90 0.85
Sodium lauryl sulfate 0.95 0.90 0.85
Paraffi n wax 9.5 9 8.5
White petrolatum jelly 23.75 22.50 21.25
Water 47.55 45 42.5
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poured into separate sterile Petri dishes, carefully 
capped, and left to solidify.

Blood agar
Blood agar powder (40 g) was added to 1000 mL 
of water, boiled using a flame, and then cooled at 
room temperature (about 5 minutes). The heat-
ing/cooling cycle has been done thrice to obtain 
complete solubility and proper sterilization. Even-
tually, the mixture was cooled to 40°C, and then 
25 mL of it was poured into separate sterile Petri 
dishes, carefully capped, and left to solidify.

Specimen collection and culturing 
Four pathogenic bacterial specimen types were 
collected, including Staphylococcus aureus, 
Streptococcus pyogenes, Klebsiella pneumo-
nia, and Pseudomonas aeruginosa. Escherichia 
coli, Staphylococcus aureus, and Pseudomonas 
aeruginosa were cultured in the Mueller Hin-
ton agar, But Streptococcus pyogenes were cul-
tured in Blood agar. For culturing on plate culture, 
a sterile loop was used to spread bacterial speci-
mens as parallel lines on a plate culture, with the 
plate being rotated to facilitate spreading.

Testing for the antibacterial activity
The antibacterial activity of the twenty-four for-
mulations prepared previously was investigated 
on four different bacteria, including staphylococ-
cus aureus, Streptococcus pyogenes, Escherichia 
coli, and Pseudomonas aeruginosa. The standard 
cup plate method [23] was utilized to investigate 
the antibacterial effect of alum in the formulation. 
We also tested positive control formulations with 
150 μL ciprofloxacin 5% solution and 0.2 g cipro-
floxacin 0.5% O/W cream throughout the inspec-
tion process and compared them to the aqueous 
and glycerin alum solutions or alum O/W cream 
formulations, respectively. The MIC of the anti-
bacterial-containing preparation was determined 
utilizing the broth dilution method; then, MIC was 
estimated depending on the presence or absence 
of bacterial growth. Please check our prior 
research [22] for more details on this part..

Isothermal accelerated stability study
Alike the previously mentioned study, the suc-
cessful three preparations A2 (5% alum aqueous 
solution), G2 (10% alum water-free glycerin solu-
tions), and C2 (10% O/W cream) underwent an 

isothermal stress stability test in an oven at 37°C, 
50°C, and 75°C [25] for six weeks. Then, samples 
were taken from the stored preparations and 
assessed at 0, 1, 3, 4, and 6 weeks of storage. The 
assessment only assessed physical appearance, 
pH, and antibacterial activity against Streptococ-
cus pyogenes. The degradation kinetics has been 
done previously in the former study. Please refer 
to our previously mentioned study [22] for more 
details. 

Data analysis
All data were analyzed, and graphs were gener-
ated using GraphPad Prism 8 software. The data 
were presented with appropriate replicates of 
each experiment, and one-way analysis of vari-
ance (ANOVA) with LSD posthoc test was used 
to compare statistical differences between the 
groups. Results are shown as (mean ± S.D., n = 
3) compared with the control group. ***P ≤ 0.001, 
**P ≤ 0.01, *P ≤ 0.05, ns > 0.05.

Results and Discussion 

With an increased need to fi nd more powerful, 
and safe antibacterial drugs, many studies have 
been performed to reveal alum's activity against 
some types of bacterial infections [15, 17, 20, 21, 
26–28], fungal infections [29, 30], and viral infec-
tions. Moreover, as a vaccine adjuvant [31, 32], the 
leishmania vaccine [33–36], and hepatitis vaccine 
[37, 38]. In their study, Kelber et al. [39] suggest 
various potential modes of action regarding alum 
antifungal and antibacterial activity. However, the 
alum's mechanism of action behind its fungicidal 
and bactericidal properties is still unclear [28].

In their study, K. Alzomor et al. aimed to for-
mulate and evaluate different preparations of 
alum, including deodorant lotion and after-shav-
ing astringent as cream and gel [21]. As shown in 
Figure 1, throughout the four stages of the study, 
we aimed to formulate and evaluate effective top-
ical preparations of Yemen's potash alum against 
bacterial skin infections. We considered all the 
time that bacterial species in this study could 
cause invasive systemic bacterial infections. 
However, the relationship between these species 
is that they could begin as topical/mild infections 
and then transmit via the bloodstream into mul-
tiple tissues, including the brain, liver, lungs, kid-
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ney, soft tissues, and others. Finally, this might 
cause life-threatening illness or patient death, 
with an overall case mortality rate overtaking 
27% [40]. 

First of all – alum's verifi cation – all fi ndings 
met the British Pharmacopeia specifi cations, as 
depicted in Table 5. Kindly refer to our previously 
mentioned research [22] for more details.

In the second stage, we prepared twenty-three 
formulations involving: four alum non-adjusted 
pH aqueous solutions (concentration between 
2–20%); eight adjusted pH aqueous solutions (5% 
alum concentration and pH between 3.5–7); eight 
glycerin solutions (four water-free solutions, and 
four 50:50 water\glycerin solutions, alum concen-
tration 5 to 30%); and three alum O/W cream prep-
arations (concentration between 5–15%). Please 
refer to Tables 1–4 in our earlier research for extra 
information on the second-stage results.

The evaluation of formulations was the topic 
of interest in the third research stage. The anti-
bacterial activity of all the formulations was test-
ed; accordingly, because of their antibacterial 
effi cacy, only three preparations were involved 
in this stage. Concerning preparations pH, as 
the alum concentrations increased, a decrement 
of pH was observed in non-adjusted pH aque-
ous preparations and the glycerin solutions in 
water-free and water-contain glycerin, attributed 
to the acidic nature of the materials. As alum con-
tent rose from 5 to 10, the rate of pH decrement in 
water-free glycerin solutions varied, particularly 
compared to other preparations. In contrast, the 
pH of the O/W cream preparations was almost 
identical regardless of the alum concentration 
differences. For further details on the results of 
the third stage, kindly refer to Tables 7–8 in our 
earlier research for more details.

The antibacterial activity of the twenty-four 
formulations prepared previously was investigat-
ed on four different bacteria, including staphylo-
coccus aureus, Streptococcus pyogenes, Escheri-
chia coli, and Pseudomonas aeruginosa. Alzomor 
et al. [21] reported that the MIC varied between 
0.9 and 2 based on the bacterial type. However, 
as shown in Figure 2, for non-pH adjusted aque-

ous solutions, the 5% alum concentration (A2 
formulation) had the lowest value of (MIC) with 
inhibition zones of ≥ 20 mm diameter in compari-
son to the ciprofloxacin (the positive control,). For 
adjusted pH aqueous alum solutions Figure 3, the 
antibacterial activity had dramatically declined 
at pH > 3.5 and almost vanished over pH 4. That 
was noticed against all the tested bacteria, where 
there was little action, demonstrating a clear 
relationship between the medium's pH and the 
alum's antibacterial effectiveness.

Likewise, among water-free glycerin solution 
in Figure 4, G2 (10% alum concentration) showed 
the MIC with inhibition zones of ≥ 20 mm diam-
eter against all the tested bacteria. However, 
because of the instability of water-containing 
glycerin solutions, as alum crystals were remark-
ably observed shortly after the following storage 
at room temperature, all water-containing glycer-
in preparation was neglected despite MIC values. 
Conversely, the optimum MIC of the O/W cream 
formulations is shown with C2 (10 % alum con-
centration). As in Figure 5, the inhibition zone is ≥ 
20 mm in diameter against all bacteria.

Similar to our former antifungal study, as 
referred to in the related Tables 10–12 and Fig-
ures 7–8, Supp. Fig. 2, three preparations (A2, 
G2, and C2) were selected for the last stage to 
undergo isotheral stability testing. The physi-
cal stability and general appearance are incon-

Table 5. Potash alum identifi cation tests

Test Result
Physical aspects Granular powder or translucent, colourless, crystalline bulk.
Solubility Freely soluble in water, highly soluble in boiling water, soluble in glycerol, and almost 

insoluble in ethanol (96%).
Potassium detection White precipitation crystals developed.
Sulfates detection A white-coloured precipitate was formed.
Aluminium detection A gelatinous, white precipitate that was insoluble in the excess reagent was produced.
Melting point (°C) range 93–95°C
pH Average (± S.D.; C.V.%) 3.2 (± 0.103; 3.22)
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Figure 2. Antibacterial activity of non-adjusted pH aqueous alum solutions on (A) staphylococcus aureus, (B) Strep-
tococcus pyogenes, (C) Escherichia coli, (D) Pseudomonas aeruginosa. Preparations included blank formulation, cipro-
floxacin positive control, and alum formulations with different concentrations ranging (from 2%–20%). Results are shown 
as (mean ± S.D., n=3) compared with the control group. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05, ns � 0.05

Figure 3. Antibacterial activity of adjusted pH (5%) aqueous solutions on (A) staphylococcus aureus, (B) Streptococ-
cus pyogenes, (C) Escherichia coli, (D) Pseudomonas aeruginosa. Preparations included blank preparation, ciprofloxacin 
positive control, and alum formulation with eight different pH values ranging from 3.5–7. Results are shown as (mean ± 
S.D., n=3) compared with the control group. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05, ns � 0.05
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Figure 4. Antibacterial activity of glycerin preparations on (A) staphylococcus aureus, (B) Streptococcus pyogenes, (C) 
Escherichia coli, (D) Pseudomonas aeruginosa. Preparations included blank formulation, ciprofloxacin positive control, 
and alum formulations with different concentrations ranging (from 5%–30%). Results are shown as (mean ± S.D., n=3) 
compared with the control group. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05, ns � 0.05

Figure 5. Antibacterial activity of cream preparations (A) staphylococcus aureus, (B) Streptococcus pyo-
genes, (C) Escherichia coli, (D) Pseudomonas aeruginosa. Preparations included blank formulation, ciproflox-
acin positive control, and alum formulations with different concentrations ranging (from 5%–15%). Results are 
shown as (mean ± S.D., n=3) compared with the control group. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05, ns � 0.05
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Figure 6. Stability study testing. Figures (A-C) show the antibacterial activity of aqueous formulations 5% 
(A2), O/W cream formulations 10% (C2), and glycerin formulations 10% (G2) on Streptococcus pyogenes dur-
ing the stability study. Results are shown as (mean ± S.D., n=3) compared with the control group. ***P ≤ 0.001, 
**P ≤ 0.01, *P ≤ 0.05, ns� 0.05
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sistent with what was observed by K. Alzomor 
et al. [21], no valuable changes were observed 
in all formulations at 37°C, as reported in Table 
6. However, at 50°C and 75°C, the glycerin for-
mulation and cream formulation exhibited pat-
terns of physical instability as colour and odour 
change, in addition to phase separation for the 
latest one.

For preparations' pH, neither the cream prep-
arations nor the aqueous solution exhibited 
a remarkable variation — for more details, please 
refer to Figure 7 in our earlier research. In con-
trast, a considerable decrement in pH was seen 
in the glycerin preparation at the three-storage 
temperature. Furthermore, as in Figure 6, the 
antibacterial activity of the preparations showed 
no signifi cant changes as expressed by the varia-
tion in the inhibition zone. 

Regarding the degradation kinetics of alum 
in the stored formulation, as we discussed in our 
earlier study, the content (%) of alum remained in 
the aqueous solution, and its kinetic parameter 
revealed that alum exhibited fi rst-order degra-
dation with higher R2. Furthermore, the predicted 
shelf-life (t90) of alum in that formulation deter-
mined from the Arrhenius plot was approximately 
two years. Similar fi ndings were observed with 
the cream formulation and the glycerin formula-
tion. According to the Arrhenius plot, the cream 
formulation predicted shelf-life (t90) approximat-
ed 1.52 years. However, for the glycerin formu-
lation, the t90 of alum was signifi cantly shorter 
(0.16 years) – please refer to our earlier research 
for more details on this part. 

Conclusion

To conclude, alum proved to have antibacte-
rial activity. Therefore, the 10% alum O/W cream 
and 5% alum aqueous solution presented by this 
study are promising preparations for large-scale 
production as safe, stable hydrophilic topical 
preparations of Yemen's alum preparations owing 
to remarkable antibacterial activity. However, 
increasing the pH over 3.5 of the medium in aque-
ous alum solutions can signifi cantly reduce the 
alum's antibacterial activity.

This study had some potential limitations; 
first, the bacterial species included in this 
study were limited to four species because the 

scope of the study was prone to formulate an 
effective antibacterial preparation regardless 
of bacterial species.. Bacterial species covered 
in this study have been chosen upon their prev-
alence and spreading among the local commu-
nity. Second, no topical routes of administra-
tion were considered in this study except the 
dermal preparations because working on other 
dosage forms might consume much more time 
and need more funds. 

In addition, inhibitory zones and minimum 
inhibitory concentration (MIC) values were used 
to evaluate the antibacterial activity of alum in 
preparations. However, the MIC was visually 
determined utilizing the broth dilution method. 
If we had utilized a statistical method including 
MIC range, MIC50, and MIC90 values, the evalu-
ation might have been more accurate; however, 
this would have required the testing of more than 
100 isolates, which was not possible considering 
the limited funds we had.

Depending on the stated limitations, we sug-
gest covering more bacterial strains in addition 
to fungal strains as well. This study will signifi -
cantly impact considering natural product prepa-
rations as an acceptable choice for treating der-
mal infections. Furthermore, we aim to broaden 
the scope of this study to include more admin-
istration routes, including eyes and nose washes 
or douches, the same for the mouth, and a gargle 
and rinse. Burn and injury dermal washes also 
could be considered for further studies.
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ABSTRACT

Human monkeypox represents a relatively underexplored infection that has received increased attention 
since the reported outbreak in May 2022. Due to its clinical similarities with human smallpox, this virus rep-
resents a potentially tremendous health problem demanding further research in the context of host-path-
ogen interactions and vaccine development. Furthermore, the cross-continental spread of monkeypox has 
reaffi rmed the need for devoting attention to human poxviruses in general, as they represent potential bio-
terrorism agents. Currently, smallpox vaccines are utilized in immunization efforts against monkeypox, an 
unsurprising fact considering their genomic and phenotypic similarities. Though it offers long-lasting pro-
tection against smallpox, its protective effects against human monkeypox continue to be explored, with 
encouraging results. Taking this into account, this works aims at utilizing in silico tools to identify potent 
peptide-based epitopes stemming from the variola virus and monkeypox virus proteomes, to devise a vac-
cine that would offer signifi cant protection against smallpox and monkeypox. In theory, a vaccine that offers 
cross-protection against variola and monkeypox would also protect against related viruses, at least in severe 
clinical manifestation. Herein, we introduce a novel multi-epitope mRNA vaccine design that exploits these 
two viral proteomes to elicit long-lasting humoral and cellular immunity. Special consideration was taken in 
ensuring that the vaccine candidate elicits a Th1 immune response, correlated with protection against clini-
cally severe disease for both viruses. Immune system simulations and physicochemical and safety analyses 
characterize our vaccine candidate as antigenically potent, safe, and overall stable. The protein product dis-
plays high binding affi nity towards relevant immune receptors. Furthermore, the vaccine candidate is to elic-
it a protective, humoral and Th1-dominated cellular immune response that lasts over fi ve years. Lastly, we 
build a case about the rapidity and convenience of circumventing the live attenuated vaccine platform using 
mRNA vaccine technology.
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Background

A currently ongoing outbreak of the monkey-
pox virus (MPXV), a zoonotic orthopoxvirus, was 
reported by the World Health Organization in 
May 2022, with the initial cluster identifi ed in the 
United Kingdom. Though characterized as a rare 
zoonosis, over 10,000 cases have been reported 
thus far across the world. Two well-characterized 
clades of MPXV exist (West African and Cen-
tral African). However, the clade responsible for 
the 2022 outbreak is genomically distinct from 
the two clades. Additionally, monkeypox is clini-
cally indistinguishable from smallpox, though 
the transmissibility and severity of monkeypox 
disease are lower than the latter. The distinc-
tion between monkeypox and smallpox arose 
only in the 1970s during the smallpox eradica-
tion program when the virus was isolated from 
a suspected smallpox patient. Considering that 
the causative agent of smallpox – the variola 
virus – was eradicated from the human popula-
tion in the 1980s, surveilling and studying other 
zoonotic orthopoxviruses with similar or identi-
cal clinical manifestations is justifi ably garnering 
increased attention. Currently approved monkey-
pox vaccines are not specifi cally targeted to the 
MPXV orthopoxvirus but to human variola. The 
fact is sensical, considering the overlapping clin-
ical manifestations between these human infec-

tions and their genomic similarity. Observational 
studies have revealed that the smallpox vaccine 
derived from the Vaccinia virus is 85% effective at 
preventing monkeypox. A novel attenuated Vac-
cinia virus vaccine was approved for the preven-
tion of monkeypox in 2019. However, the vaccine 
is modestly available across the world. 

The host innate immune response against 
poxviruses can be generally described as a clas-
sic antiviral response; interferon (IFN), the com-
plement system, natural killer, and inflamma-
tory cells are all engaged, upon which a greater 
inflammatory response typically ensues. Humor-
al and cell-mediated immunity, in the case of 
MPXV infected cells, mount the adaptive immune 
response via antibody-dependent cell-mediated 
cytotoxicity, virus neutralization, opsonization, 
and cytotoxic T-lymphocyte (CTL) effector func-
tions through a myriad of pattern recognition 
receptor (PRR) families [1]. Specifi cally, effective 
viral control correlates strongly with the genera-
tion of neutralizing antibodies; it has been shown 
that CD4+/CD8+ T lymphocytes are not necessary 
for recovery from secondary poxvirus infection 
and are depleted after 8–15 years upon vaccina-
tion (Figure 1) [2]. Furthermore, MPXV-infected 
cells are believed to be able to trigger a state of 
unresponsiveness of T cells and thus evade CTL 
effector functions in a major histocompatibility 
complex (MHC)-independent fashion [3]. 

 

Figure 1. The canonical immune response to smallpox vaccination. Prepared based on data from [4–6]
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The ability of poxviruses, primarily, to inhibit 
pro-inflammatory cytokines that regulate MHC 
expression (such as tumour necrosis factor (TNF) 
and IFN) may explain the indirect mechanisms at 
play that downplay the role of MHC. Considering 
the MPXV-infected intracellular environment, the 
inhibition of apoptosis via caspases and the pro-
tein kinase R (PKR) signalling pathway employs 
anti-IFN strategies. Indeed, the abrogation of IFN 
signalling was explored in further detail as a criti-
cal factor in promoting MPXV pathogenesis in 
humans [7]. MPXV encodes several PKR antago-
nists, notably, the MPXV F3 protein encoded by 
host genes F3L, a homolog of the VACV E3 pro-
tein homolog) that inhibits the PKR pathway [8]. 
Generally, the PRRs PKR and 2′-5′-oligoadenylate 
synthetase (OAS)/RNase L as the double-strand-
ed RNA-activated sensors overarch the IFN-in-
duced systems in response to MPXV infection [9]. 
The diverse crosstalk between several immune 
pathways with multiple PRRs targeting the same 
viral proteins mirrors the cascades of the viral 
antagonists, as alluded on the E3 sequestering 
dsRNA inhibiting PKR, OAS/RNAse L, and Toll-like 
receptors (TLRs). 

Ultimately, the importance of antibodies in 
MPXV infection was further heightened in a study 
realizing the insuffi cient protection from MPXV in 
immunodefi cient macaques upon smallpox (Dry-
vax vaccine) immunization due to antibody-me-
diated depletion of B cells. To this end, utilisation 
of humoral immunity by using antigens that are 
targets of intracellular mature virions in neutralis-
ing antibodies is believed to warrant an effective 
monkeypox vaccine with an improved safety pro-
fi le.. Furthermore, smallpox vaccines' strong T and 
B cell responses target various viral proteins and 
offer cross-protective immunity against signifi cant 
human infections, including variola and MPXV [4].

With mRNA vaccine technology recently fi nd-
ing its real-world applicational affi rmation, utiliz-
ing this technology to devise more effi cient vac-
cines has become an attractive notion. Though 
traditional vaccines garner a safety and effi cien-
cy profi le solidifi ed with decades of clinical data, 
optimizing how vaccines are designed to educate 
the immune system is becoming increasingly rel-
evant with the emergence of zoonoses and other 
pathogens. Furthermore, the mRNA vaccine plat-
form would allow for manipulating intracellular 
machinery involved in antigen processing and 

presentation to optimise this process. Antigen 
processing is surprisingly ineffi cient in humans, 
even for high-affi nity MHC-I ligands. Strikingly, 
only 1 in every 10,000 antigens gets presented 
by MHC-I, leaving a tremendous and somewhat 
underexplored opportunity for optimization via 
mRNA vaccine technology [10]. The most relevant 
aspect of this technology concerning emerg-
ing zoonoses is that designing mRNA vaccine 
constructs generally outpaces the traditional 
developmental process based on other vaccine 
platforms, e.g., employing attenuated or inacti-
vated pathogens, due to the availability of soft-
ware-based tools. It is also less time-consuming 
than developing subunit protein vaccines, as evi-
denced during the COVID-19 pandemic and the 
unseen pace at which mRNA vaccine candidates 
were manufactured (approx. one month since 
the whole sequence of SARS-CoV-2 genome was 
made publicly available). 

In line with this, in the present study, we 
employed many freely available and commer-
cial computational tools to identify and analyze 
antigenic peptides that belong to the variola virus 
and MPXV. The most antigenic peptides were 
incorporated into the conventional mRNA vaccine 
design, eventuating in a vaccine construct com-
prised of epitopes stemming from both viruses. 
The fi nal construct was computationally evalu-
ated for its ability to elicit an immune response, 
with encouraging predictions regarding anti-
body production, T cell response longevity, and 
adequate cytokine production recorded during 
immune response simulations. Other elements 
within the construct served as stabilizers, adju-
vants, and signalling peptides that should theo-
retically guide the epitopes into their designated 
antigen-processing compartments in the context 
of MHCI/II. Additional computations were per-
formed regarding stereochemical quality, toxicity, 
allergenicity, mRNA and mRNA protein product 
stability, antigenic processing of the construct, 
as well as its interactions with toll-like receptors 
(TLRs) and MHC molecules. 

Methods

Protein Sequences and Sequence Alignment
Protein sequences of MPXV (strain: Congo 8, 
accession: KJ642613) and the variola virus 
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(strain: Isolate Human/India/Ind3/1967, acces-
sion: X69198) were retrieved from UniProt. After 
that, the two proteomes were aligned using the 
National Center for Biotechnology Information 
(NCBI) BLASTp algorithm. It was done to iden-
tify whether any proteins crucial in pathogenicity 
or virulence overlap in amino acid sequence to 
avoid oversaturation of the mRNA construct with 
genomically identical antigenic elements. 

Furthermore, the Pipeline builder for target 
identifi cation (PBIT) was employed to assess 
whether the mRNA vaccine protein product 
shared homology with proteomes belonging to 
gut microbiome members [11]. Given the emerg-
ing body of evidence accumulated in recent 
years regarding the relevance of the gut micro-
biome for human homeostasis, vaccines and 
therapeutics should ideally avoid disrupting the 
delicate niche in which commensal microorgan-
isms thrive.

CD4+ T Cell Epitope Identifi cation and Selection
Identifi cation of helper T cell (HTL) epitopes was 
performed using the MHC-II Binding Tool avail-
able from the Immune Epitope Database (IEDB) 
(www.iedb.org). Individual variola and MPXV pro-
teins were screened using the Consensus meth-
od, where epitopes with a computed percentile 
rank ≤0.25 were considered for further evaluation 
[12]. Other computed properties deemed relevant 
for CD4+ T cell epitope identifi cation included 
inducibility of TNF, interleukin 4 (IL-4), IL-10 pro-
duction, allergenicity, and toxicity.

CD8+ T Cell Epitope Identifi cation and Selection
Individual MPXV and variola proteins were 
screened for cytotoxic T cell (CTL) epitopes 
using the NetCTL-1.2 server (https://services.
healthtech.dtu.dk/service.php?NetCTL-1.2) [13]. 
The approach incorporates predictions for the 
effi ciency of TAP transport, proteasomal C ter-
minal cleavage, and peptide MHC class I bind-
ing. The server supports CTL epitope predic-
tions limited to 12 MHC class I supertypes. Arti-
fi cial neural networks are used to carry out the 
proteasomal cleavage and MHC class I binding 
processes. TAP transport effi ciency is predicted 
with a weight matrix.. The NetCTL v1.2 server 
now supports 12 MHC-I supertypes (A1, A2, A3, 
A24, A26, B7, B8, B27, B39, B44, and B58), all of 
which were employed in the fi rst screening pro-

cedure, with an epitope identifi cation thresh-
old of 0.75. The IEDB MHC-I immunogenicity 
tool was then used to test the immunogenicity 
of each anticipated epitope [14]. Subsequently, 
the peptides with the highest immunogenicity 
score were analyzed in terms of MHC binding 
partners via the IEDB MHC-I binding tool. Pep-
tide sequences with a percentile rank ≤ 2 were 
considered for further evaluation in the context 
of allergenicity, toxicity, and probable protective 
antigenicity.

B Cell Epitopes
The production of long-lasting antibodies that 
neutralise various virus components hallmarks 
the immune response to smallpox and, presum-
ably, monkeypox. Ergo, any novel vaccine tai-
lored for these viruses should ensure a humoral 
immune response of suffi cient quality and lon-
gevity. In line with this, we screened MPXV and 
variola virus proteins with antagonistic func-
tions towards the immune response's relevant 
molecular elements. One such viral protein is the 
variola virus cytokine response-modifying pro-
tein B (CrmB). It binds to host TNF and numer-
ous cytokines, followed by the variola virus B cell 
lymphoma 2 (Bcl2) homolog F1L, and the MPXV 
bifunctional 21 KDa precursor protein of 18 KDa 
membrane fusion protein (B8R). The BepiPred 
2.0 server for predicting linear and discontinuous 
antibody epitopes (https://services.healthtech.
dtu.dk/service.php?BepiPred-2.0) was used To 
identify opportunistic linear B cell (LBL) epitopes 
derived from the variola and MPXV antigenic 
proteins [15].. The selected LBL epitopes were 
then screened for allergenicity, toxicity, and anti-
genicity.

Prediction of Cytokine Inducibility
The ability of the vaccine to elicit cytokine secre-
tion and antigenic response characterizes the 
vaccine construct’s immune response, specifi -
cally, the effective stimulation and activation of 
CD4+. Thus, after antigenicity, toxicity, and aller-
genicity assessment, the HTL epitopes were 
screened for the simultaneous response of the 
cytokines IFN-γ, IL-10, and IL-4 to ensure induc-
tion of the adaptive cellular immune response. 
Therefore, the IL-4Pred [16], IL-10Pred [17], and 
IFNepitope [18] servers were used to fi lter the 
opportunistic HTL epitopes.
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Computing Antigenicity, Allergenicity, Toxicity 
and Physicochemical Properties
Along with the screening of LBL and HTL epitopes, 
the CTL epitopes initially screened using the IEDB 
server with an immunogenic score of the 99th 
percentile were directly screened with the Aller-
catPro v2.0 server to predict allergenicity poten-
tial [19]. Then, the ToxinPred server was used to 
predict the toxicity potential of the non-allergen-
ic epitopes by applying the Quantitative Matrix 
method (monopeptide) [20]. Finally, the non-tox-
ic and non-allergenic epitopes were screened 
through the VaxiJen v2.0 server to predict the 
protective antigen potential of each epitope for 
subunit vaccine validation using a threshold ≥ 0.5 
[21]. Upon completion of the construct design, the 
antigenicity of the translated open reading frame 
(ORF) was evaluated using both VaxiJen and 
ANTIGENpro [22]. The criteria for immunogenic 
epitope selection rely on them being computed 
as non-toxic, non-allergenic, and effectually anti-
genic, screened solely by their physicochemical 
properties. 

The physiochemical properties of the mRNA 
open reading frame were analysed using the Prot-
Param tool in order to compute the overall stabili-
ty, half-life, and general compositional properties 
(https://web.expasy.org/protparam/) [23]. Prot-
Param computes the physicochemical properties 
from the input protein sequence, independent of 
performing sequence alignment.

Structure prediction and Molecular Docking
Before performing representative molecular dock-
ing simulations between MHC-I/II alleles and 
their binding partners, binding affi nities and bond 
lengths were computed between each fi ltered 
antigenic peptide and their corresponding MHC 
allele using the Protein-Ligand Interaction Analyz-
er tool through SAMSON-Connect (OneAngstrom) 
(https://www.samson-connect.net). Then, molec-
ular docking simulations between MHC-I/II alleles 
and their binding partners were performed using 
the GalaxyPepDock molecular docking server [24]. 
MHC-I/II crystal structures were retrieved from the 
RCSB Protein Data Bank (PDB). If a specifi c MHC-I/
II crystal structure was unavailable, homology 
modelling was performed using the SWISS-MODEL 
server. Finally, the sequences were retrieved from 
the IPD-IMGT/HLA database (https://www.ebi.
ac.uk/ipd/imgt/hla/). Before molecular docking, 

all crystal structures were processed using SAM-
SON by removing unnecessary ligands, followed 
by energy minimization through the Swiss-PDB 
Viewer. Once the 3D structure of the mRNA ORF 
was predicted using the Phyre2 web server (http://
www.sbg.bio.ic.ac.uk/phyre2/) for de novo protein 
folding prediction, molecular docking between 
the mRNA protein product and MHC-I/II and TLR3 
was performed using the ClusPro 2.0 protein-pro-
tein docking server (https://cluspro.bu.edu/) [25]. 
Docking the protein to MHC-II is particularly rel-
evant, as MHC-II binding is the fi rst step in the 
cathepsin processing of exogenous antigenic pro-
teins [26]. Before docking the 3D structure of the 
construct, however, refi nement was performed 
using GalaxyRefi ne (https://galaxy.seoklab.org/
cgi-bin/submit.cgi?type=REFINE) [27]. 

Lastly, the minimum-free energy (MFE) sec-
ondary structure of the entire mRNA construct 
was predicted using the RNAfold web server [28]. 
The secondary structure of an RNA sequence 
that contributes the least free energy is the MFE 
structure. A loop-based energy model and the 
dynamic programming approach were used to 
forecast this structure [29]. An RNA second-
ary structure can be uniquely divided into loops 
and external bases. Thus the loop-based energy 
model views the free energy F(s) of an RNA sec-
ondary structure s as the total of the contributing 
free energies FL of the loops L included in s. The 
secondary structure s that minimizes F(s) is cal-
culated using the selected energy parameter set 
and the specifi ed temperature (37 °C by default).

Population Coverage Analysis of HLA Variants
The quality of the human immune response to 
pathogenic microbes and viruses is strongly 
correlated with the host’s immunogenetic con-
stitution. Genetic variants of genes relevant to 
the immune response determine host suscep-
tibility and allow for either a benefi cial or detri-
mental immunopathologic course to ensue upon 
infection [30–46]. Among this immune response, 
genes are those that encode HLA proteins. Poly-
morphisms within these genes have been strong-
ly correlated with infection outcome and vaccine 
response. The substantial number of document-
ed HLA variants across different populations 
suggests that the vaccine design process must 
factor in HLA variant distribution. Thus, their 
global distribution was determined once the cor-
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responding HLA-I/II alleles were identifi ed dur-
ing epitope selection. Ensuring that the identi-
fi ed alleles are geographically widely distributed 
allows the vaccine to protect more individuals. 
The IEDB Population Coverage Tool was used to 
compute global allele coverage by factoring in 16 
geographical regions [47]. 

Vaccine Construct Design: Linkers, Traffi cking 
Sequences and Stabilizers
The profi led LBL, HTL, and CTL epitopes, respec-
tively, are part of the open reading frame of 
the mRNA vaccine construct. The construct 
upstream and downstream untranslated regions 
(UTRs), which flank the ORF, generally increase 
the epitopes' stability, translatability, and adju-
vanticity. Moreover, they characterise eukaryotic 
mRNA. Linkers were used to concatenate the sub-
units of the 5’ UTR, ORF, and 3’ UTR for stabiliza-
tion and have further utility in ensuring that each 
subunit behaves independently. Furthermore, the 
linkers are both flexible and rigid enough to allow 
differentiation between each independent ele-
ment within the construct. 

The N terminus comprises a 7-methylguanos-
ine 5’ cap structure and the human β-globin 
sequence in increasing translational effi ciency 
[48–50]. Correspondingly, the 3’ UTR is flanked 
downstream with the α-globin sequence and 
a poly(A) tail, respectively, before which a STOP 
codon is put in place [48]. Additionally, the 
incorporation of poly(A) tail has been shown to 

increase protein expression level with increased 
length; therefore, the length of the poly(A) tail 
was extended to 150 residues [48].

The ORF, apart from the epitopes, begins 
with the Kozak sequence to initiate translation 
[51]. Following the start codon, a cleavage sig-
nal sequence belonging to the tissue plasmino-
gen activator (tPa) was added in order to guide 
the translational machinery toward product 
cleavage [52–54]. The tPa sequence is followed 
by a portion of the human β-defensin protein 
to increase adjuvanticity (UniProt: A0A7I2-
YQ93) [48, 49]. The Signal.P-5.0 web server 
was employed (https://services.healthtech.
dtu.dk/service.php?SignalP-5.0) to ensure that 
the signal sequence would be recognised upon 
incorporation [55]. As LBLs are located towards 
the N terminus of the construct, the pan HLA 
DR-binding epitope (PADRE) sequence was 
added. Previous work has demonstrated that 
the incorporating of a PADRE sequence in vac-
cine designs provides T-cell-aided induction of 
protective antibodies [56–58]. In order to iden-
tify the signal sequence within the tPA protein, 
the Signal.P-6.0 server was used (Supplemen-
tary File 1) [55]. Towards the C terminus, after 
the fi nal CTL, an AAY-linked MHC Class I traf-
fi cking signal domain (MITD) was added in 
order to guide CTL epitopes toward MHC-I pro-
cessing (UniProt: Q8WV92) [10]. A schematic 
representation of the vaccine construct may be 
found in Figure 2. 

Figure 2. Schematic representation of the mRNA construct design. Abbreviations: tPa – tissue plasminogen activator; LBLE – linear 
B cell epitopes; HTLE – helper T cell epitopes; CTLE- cytotoxic t cell epitopes; MITD – MHC-I traffi cking domain; PADRE – pan HLA 
DR-binding epitope
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Molecular Dynamics Simulations
Upon docking the mRNA vaccine protein prod-
uct with TLR3, MHC-I, and MHC-II, molecu-
lar dynamics (MD) simulations were performed 
for each complex in order to assess complex 
stability, using the GROMACS Wizard for SAM-
SON-Connect [59]. Each complex was placed 
in a water-containing octahedral box accord-
ing to the SPC/E water model to achieve this The 
boundary was set to at least 10Å from the protein 
atoms. The addition of Cl- ions performed neu-
tralisation of the solvated structures. The LINCS 
technique was used to restrict covalent bonds 
involving hydrogen atoms, while particle-mesh 
Ewald handled long-range electrostatic interac-
tions using a real-space cutoff of 10Å. In order 
to eliminate near interactions, the system was 
fi rst momentarily reduced with the system atoms 
restricted to the original coordinates (no jumping 
atoms). The restrained system was then gradu-
ally heated to 300 K under constant volume at 
0.01ns. Finally, each system was brought into 
equilibrium for 0.01 ns for NVT and NPT equili-
bration, using the continuous isothermal-isobaric 
ensemble at 1 atm and 300 K without constraints. 
With a 2fs integration time step, the Parrinel-
lo-Rahman barostat and a Brendsen thermostat 
were employed. Production mode for 0.5 ns was 
applied to run MD simulations, with coordinates 
recorded every 1000fs. The OPLS-AA/L force 
fi eld was used for all simulations. mRNA protein 
product stability was assessed using identical 
parameters.

Immune System Simulations
The C-Immsim server was employed using the 
Celada-Seiden model to simulate the vaccine 
construct humoral and cellular immune response 
[60, 61]. C-Immsimm considers cells as individ-
ual agents (agent-based modelling), represent-
ing polyclonal models thereof, and quantitively 
depicts immune response at the cellular scale. 
In setting the parameters, the simulation time 
frame was set to approximately fi ve years (5000-
time-steps). Two doses (50 μL simulation vol-
ume) were administered , one at time-step 1 and 
a booster dose at time-step 1095 (one year apart). 
One advantage of implementing C-Immsim is that 
an individual simulation may be set up to simulate 
the immune with user-selected HLA-I/II alleles 
taken into consideration. In line with this, we 

selected HLA alleles that correspondingly to the 
peptides based on the HLA-I/II epitope screen-
ing results, namely HLA-A02:01, HLA-A02:61, 
HLA-B07:02, HLA-B39:01, HLA-DRB1-07:01, and 
HLA-DRB1-03:01.

Results

Identifi cation, Evaluation and Selection of T cell 
and B Cell Epitopes
Considering that the entirety of the available 
MPXV and variola proteomes underwent screen-
ing for potential CTL epitopes, it is not surpris-
ing that the initial NetCTL v.1.2. analysis returned 
thousands of potential CTLs (Supplementary 
File 1). Only after further computations involving 
MHC class I immunogenicity and MHC-I binding 
was further selection possible (Table 1). A similar 
situation was observed upon initial screening for 
MHC-II epitopes (see Table 1). Molecular docking 
results are available in Supplementary File 1. 

Corresponding HLA Alleles Are Widely 
Distributed
The IEDB Population Coverage tool computed 
a global coverage of 91.33%. In terms of region-
al coverage, out of the 16 geographical regions 
included in the computation, all but one (Central 
America) had a computed coverage score >50% 
(Figure 2).

The Vaccine Construct: RNA secondary 
structure, Components, Protein Product 
and Physicochemical Properties
A total of 23 antigenic peptides were incorpo-
rated into the construct; 7 LBL epitopes, 6 HTL 
epitopes and 10 CTL epitopes. Secondary struc-
ture prediction by RNAfold computed a structure 
whose free thermodynamic ensemble energy is 
-840.86 kcal/mol (Figure 3). The formulation of 
the construct is as follows:

5’ Cap – human β globin 5’ UTR – Kozak context – GPGPG 
linker – tPa signal sequence – GPGPG linker – human β 
defensin sequence – GPGPG linker – PADRE sequence – EAAK 
linker – YSNNEYTPFNK (LBL) – KK linker – CDVGFDSIDI (LBL) 
– KK linker – TIDSSTIQRRE (LBL) – KK linker – 
IDDIDDIDDIDDIDDIDDIDDKASNNDDHN (LBL) – KK linker – 
NKSTNILDYLSTE (LBL) – KK linker – DISPPDNTIPNISTRE (LBL) 
– KK linker – YYCLLKGSSGCKACVSQTKCGIGYGVSGHTSVGDV
ICSPCGFGTYSHTVSSADKCEPVPNNTFNYIDVEITLYPVNDTSCT
RTTTTGLSESILTSELTITMNHTDCNPVFREEYFSVLNKVATSGFF



Journal of Medical Science 2022;91(4)254

Table 1. Summarization of identifi ed cytotoxic, helper T cell and B epitopes, according to VaxiJen score and the most likely HLA vari-
ant binders. Peptides with a VaxiJen score ≥0.5 were considered potential protective antigens

T Cell Epitopes VaxiJen Score HLA Variant
CD4+

KIILISDVRSKRGGN 1.1520 HLA-DRB1*03:01
LDTVNIYISILINHR 0.9376 HLA-DRB1*15:01
VIFYFISIYSRPKIK 0.8242 HLA-DRB5*01:01
SRLIHFSISFSISLM 1.2229 HLA-DRB1*07:01
RLIHFSISFSISLMQ 1.2158 HLA-DRB1*07:01
MSRLIHFSISFSISL 1.1653 HLA-DRB1*07:01
CD8+

KRRNVEWEL 2.1466 HLA-B*27:05
RGSIIFINY 1.1953 HLA-B*58:01, HLA-B*58:02
FAIIAIVFV 1.3444 HLA-A*02:01, HLA-A*02:06
STIHIYWGK 1.2641 HLA-A*03:01, HLA-A*26:01
SHVRWRDIW 1.5510 HLA-B*39:01
ATRIEFGPL 2.6960 HLA-B*07:02
NFKIEFEAV 1.8963 HLA-B*08:01
YTNWAIILL 1.3359 HLA-A*01:01, HLA-A*02:01, HLA-A*02:06, 

HLA-A*26:01, HLA-B*39:01, HLA-B*58:01, 
HLA-B*58:02

KDEAIEIGL 1.6384 HLA-B*44:02, HLA-B*44:03
FKIEFEAVY 1.3717 HLA-A*26:01, HLA-B*27:02, HLA-B*27:05
B Cell Epitopes
CDVGFDSIDI 1.4667
IDDIDDIDDIDDIDDIDDIDDKASNNDDHN 1.0407
DISPPDNTIPNISTRE 0.9703
TIDSSTIQRRE 0.8453
YYCLLKGSSGCKACVSQTKCGIGYGVSGHTSVGDVICSPCGFGTYSHT-
VSSADKCEPVPNNTFNYIDVEITLYPVNDTSCTRTTTTGLSESILTSELT-
ITMNHTDCNPVFREEYFSVLNKVATSGFFTGENRYQNISKVCTLNFEIK-
CNNKGSSFKQLTKAKND

0.7414

YSNNEYTPFNK 0.6185
NKSTNILDYLSTE 0.5738

Figure 3. Geographical distribution of HLA allele variants that have been predicted to bind with the identifi ed epitopes
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TGENRYQNISKVCTLNFEIKCNNKGSSFKQLTKAKND (LBL) – 
GPGPG linker – KIILISDVRSKRGGN (HTL) – GPGPG linker – 
LDTVNIYISILINHR (HTL) – GPGPG linker – VIFYFISIYSRPKIK 
(HTL) – GPGPG linker – SRLIHFSISFSISLM (HTL) – GPGPG 
linker – RLIHFSISFSISLMQ (HTL) – GPGPG linker – 
MSRLIHFSISFSISL (HTL) – AAY linker – KRRNVEWEL (CTL) – 
AAY linker – RGSIIFINY (CTL) – AAY linker – FAIIAIVFV (CTL) – 
AAY linker – STIHIYWGK (CTL) – AAY linker – ATRIEFGPL (CTL) 
– AAY linker – NFKIEFEAV (CTL) – AAY linker – YTNWAIILL 
(CTL) – AAY linker – KDEAIEIGL (CTL) – AAY linker – FKIEFEAVY 
(CTL) – EAAK linker – MIT traffi cking signal sequence – GPGPG 
linker – STOP codon – human α globin 3’ UTR – Poly(A) tail.

Toxicity and allergenicity computations esti-
mated that the protein product of the ORF is both 
non-toxic and non-allergenic, further supple-
mented with fi ndings of no signifi cant homology 
between the amino acid sequence of the con-
struct and proteomes belonging to commensal 
microbes (Supplementary File 1). Physicochemi-
cal evaluation of the mRNA protein product com-
puted the protein as stable, with a long-lasting 
half-life (Table 2). Antigenicity predictions con-
ducted by VaxiJen and ANTIGENpro computed 
that the mRNA product is a probable protec-
tive antigen, with scores of 0.7143 and 0.826646 
for VaxiJen and ANTIGENpro, respectively. The 
Signal.P-6.0 evaluation of the ORF appropriate-
ly recognized the incorporated tPa sequence as 
a signal sequence, indicating a high degree of 
probability that it will be recognized appropriately 
during translation (Figure 4).

After the de novo protein folding using the 
Pyhre2 server, the generated PDB structure was 

refi ned using the GalaxyRefi ne tool, followed by 
stereochemical evaluation using the Ramachan-
dran plot extension available within the SAM-
SON-Connect software package. Evaluation of 
the refi ned construct returned 90.381% highly 
preferred observations, followed by 7.463% pre-
ferred and 2.156% questionable observations 
(Figure 5).

The mRNA Product Elicits a Protective and 
Long-lasting T and B Cell Immune Response
Upon administering the initial dose containing 
1000 construct (Ag) units (simulation details in 
Supplementary File 1), high IgM and, subsequent-
ly, IgG antibody titers were documented within the 
fi rst ten days post-immunization (Figure 6). The 
observed production of IgG1 corresponds with 
the predicted solubility-associated computations 
that classifi ed the protein product as water-solu-
ble, considering that IgG1 is predominantly primed 
toward hydrophilic antigenic proteins. IgG2 is 
also simultaneously produced in the primary and 
secondary immune response. The Ig production 
as described above corresponds adequately with 
the observed B cell clonal expansion, where IgM 
isotype B cells demonstrate high stability across 
the simulated period, with no tendency to decline. 
This insight is encouraging, as IgMs are the fi rst 
responder to foreign organisms and viruses [62]. 
Though IgG production peaks approximately ten 
days upon primary and secondary immunization, 

Table 2. Summarization of physicochemical, allergenicity, toxicity, and antigenicity properties of the mRNA 
protein product

Computed Property Result Interpretation

Number of amino acids 698 Adequate

Molecular weight 76731.62 Average

Chemical formula C3419H5364N922O1022S31 /

Computed theoretical pI 8.7 Basic

Negatively charged residues (Asp+Glu) 74 /

Positively charged residues (Arg + Lys) 87 /

Number of atoms 10758 /

Instability Index (II) 37.65 Protein is stable

Aliphatic index (AI) 80.82 Protein is thermostable

Grand average of hydropathicity (GRAVY) -0.256 Protein is hydrophilic

Antigenicity evaluation based on 
sequence data

0.7143 (VaxiJen) Construct is predicted as 
a strong protective antigen0.826646 (ANTIGENpro)

AllerCatPro Evaluation Probable non-allergen Protein is a non-allergen

ToxinPred Evaluation Non-toxin Protein is non-toxic
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Figure 4. A) RNAfold minimum free energy (MFE) secondary structure prediction of the entire mRNA 
vaccine construct. B) A mountain plot representation of the MFE structure, the thermodynamic en-
semble of RNA structures, and the centroid structure



Journal of Medical Science 2022;91(4) 257

Figure 5. Signal.P-6.0 evaluation of the ORF. The tPa signal sequence “MDAMKRGLCCVLLLCGAVFVSGP” was successfully recog-
nized, with a likelihood of 0.9242

Figure 6. A) Predicted three-dimensional folded structure of the mRNA protein product; B) Ramachandran plot evaluation of the 
predicted structure

antibody titers steadily decline and stabilize after 
one year. A similar observation was recorded for 
plasma B cells, where IgM and IgG1 plasma cells 
peak within the fi rst ten days post-vaccination, 
only to decline and stabilize after approximately 
one month. Long-lived memory B and plasma 
cells are critical biological factors for persistent 
antibody-mediated immunity. The present work 

documents persistent antibody-mediated immu-
nity, where long-lived active-state B cell popula-
tions were maintained throughout the simulation 
period [63].

In terms of T cell-mediate Regarding T cell-me-
diated immunity, a robust HTL production was 
recorded, with the secondary response, as expect-
ed, characterized by higher intensity (Figure 7). The 
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differentiated memory HTL pool peaks approxi-
mately one month after immunization, followed 
by a steady decline and subsequent stabilization 
approximately four years after the second dose. 
Though active HTLs peak at around day 20 after the 
initial dose, the amount of active and resting HTLs 
declines rapidly and stabilises around day 60. Upon 
the second dose, a robust proliferation of active 
HTLs is observed, followed by their steady decline 
and stabilization through conversion towards 
a resting state some 2.5 years after the second 
injection. Interestingly, the proliferation of regula-
tory T cells (Tregs) was signifi cantly more potent 
after the fi rst dose than the second one. Active and 
resting Tregs seem to decline signifi cantly and pla-
teau 140 days after the fi rst dose. However, these 
cells' presence remains consistent despite their 
minute quantities after the plateau phase.. Despite 
the second dose not offering a signifi cant increase 
in the resulting repertoire of differentiated Tregs, it 
maintains detection-worthy counts even fi ve years 
after the second dose. Perhaps the most encour-
aging fi nding is that the immune response to the 

vaccine construct is primed towards Th1 immunity, 
further supported by the predicted cytokine pro-
duction induced after immunization. The observ-
ably high and stable counts of differentiated CD8+ 
T cells, followed by increased activation in natural 
killer (NK) cell production and innate immune cell 
engagement (dendritic cells and macrophages), 
demonstrated the above.

Molecular Dynamics Simulations
We used GROMACS to simulate the docked com-
plexes (vaccine and TLR-3, MHC-I, and MHC-II) to 
determine the vaccine-receptor complex's stabil-
ity. Furthermore, the overall stability of the mRNA 
protein product was assessed using the same 
MD parameters. Analyses regarding energy mini-
mization, pressure evaluation, temperature, and 
estimates of potential energy were carried out. 
A stable system and a successful MD run were 
indicated by the simulation system's tempera-
ture and pressure during the simulation run and 
were stable throughout the entire simulation. The 
overall structural variation of the complex of the 

Figure 7. The predicted humoral response to the protein product of the mRNA vaccine construct over fi ve years
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Figure 8. The predicted T cell immune response to the vaccine construct, supplemented with dendritic cell (DC) and macrophage 
(MA) engagement, supplemented with cytokine secretion profi les

Figure 9. Molecular Dynamics (MD) simulation results for toll-like receptor 3 (TLR3), major histocompatibility complex I (MHC-I), 
and major histocompatibility complex II (MHC-II) docked with the folded protein product of the vaccine construct. The image displays 
results in the context of system pressure, temperature, and root mean square deviation (RMSD) of the docked complexes, along with 
the gyration radius
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vaccine and immune receptor is depicted by the 
complex root mean square deviation (RMSD) (See 
Figure 8, A). The protein product alone has also 
been computed as stable when simulated under 
the same MD production run parameters (see 
Supplementary File 1).

Discussion

Though human smallpox was eradicated from the 
human population in the 1980s, the notion that 
an intentional variola virus release may occur has 
helped maintain the relevance of studying human 
orthopoxviruses. With this in mind, it is not all sur-
prising that the majority of smallpox-related data 
stems from research conducted on the human 
Vaccinia virus rather than variola, as variola is 
classifi ed as a level 4 biological agent stored in 
only a small number of laboratories. On the other 
hand, the recent outbreak of MPXV gave rise to 
a rather indicative body of research regarding the 
virus's genomics, proteomics and host-pathogen 
immunobiology, which may be opportunistically 
used for better understanding of variola as well. 
A very useful body of immunological data per-
taining to T cell and B cell immunity is therefore 
available. An opportunity lies in merging these 
insights with computational tools to more accu-
rately understand MPXV and variola, particularly 
with vaccine design. Though much remains to be 
uncovered, the currently-available data on MPXV 
infection offers clues into what sort of protective 
immune response profi le should be elicited by 
a novel vaccine.

During severe MPXV infection, the cytokine 
profi le suggests a dominant Th2 response asso-
ciated with cytokine storm development [64]. Th2 
cytokines (IL-10, IL-4, IL-13, IL-5, IL-6) are elevated 
during clinically severe infections, of which IL-10 
and IL-4 dampen Th1 response [64], [65]. IL-10 
downregulates Th1 cytokines (IL-2, TNF-α, IL-12, 
IFN-γ), indicating the cytokine storm's onset. 
Our immune response simulation results display 
a favourable, Th1-orientated response upon vac-
cination, suggesting T regulatory cell response 
and prolonged B cell and effector T cell surviv-
al. The process is further supplemented with 
the vaccine-induced cytokine secretion profi le 
recorded within this work, indicating an IFN-me-
diated immune response. During the innate 

immune response against MPXV, it has been 
observed that the impairment in NK cells causes 
the dysregulation of IFN-γ and TNF-α secretion 
[4, 5, 64–66]. Though monocytes play a critical 
role in shaping the adaptive immune response, 
subsequent cytokine release that induces mono-
cytosis for viral dissemination is insuffi cient in 
countering cytokine storm-induced toxaemia 
[67]. Moreover, the inability to induce an effec-
tive IFN response was associated with disease 
severity; adaptive immune response in eradicat-
ing virus-infected monocytes via IFN-γ secreting 
CD8+ cells was proven for suffi cient protection, 
independent of CD4+ and B cells [68]. Considering 
our implementation of LBL epitopes, the incorpo-
ration of the apoptosis inhibitor F1L, IFN-γ binding 
proteins B8R, and the TNF and chemokine bind-
ing protein CrmB may effectively encompass the 
specifi c viral evasion strategies to host immune 
response in both intrinsic and extrinsic pathways 
for leveraging secreted antibodies [69–71]. Thus, 
the inclusion of characterized B cell epitopes and 
systematically defi ned HTL and CTL epitopes 
help accurately profi le MPXV infection. This ben-
efi cial immunological response was recorded for 
our vaccine design, suggesting that the vaccine 
would most likely offer suffi cient protection within 
this context. Following stimulation of T cells and 
subsequent antibody development, B cells and 
antibody production have notably indicated that 
protective IgG+ memory B cells highlight protec-
tion alone [67]. While this insight warrants further 
investigation in a population-specifi c context, 
it is encouraging that our vaccine design elicits 
IgG+-specifi c B cell production, along with stable 
and long-lasting IgG antibody titers. Overall, the 
predicted immunological response to the protein 
product of the vaccine construct would theoreti-
cally induce a benefi cial Th1-mediated protective 
immune response. Stimulation of Th1 immuni-
ty is also a key protective factor against variola 
[4–6, 72]. With this in mind, the proposed vaccine 
design may protect against human smallpox, 
considering that the immune response simulation 
results satisfy the necessary criteria that hall-
mark protective immunity against the virus. The 
above is not surprising considering the genomic 
and host-pathogen similarities between variola 
and MPXV. An attractive hypothesis that may be 
drawn from this work is that this vaccine would 
offer cross-protection against other orthopox-
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viruses, considering the number of diverse anti-
gens incorporated into the construct. 

Safety and antigenicity computations have 
classifi ed the mRNA protein product as a non-al-
lergenic, non-toxic, and highly-antigenic protein 
with no signifi cant homology with the human 
gut microbiota. In terms of homology between 
human-derived signalling and traffi cking ele-
ments incorporated within the construct, homol-
ogy prediction was not performed, as these 
sequences are expected to be cleaved during 
translation.

Despite the encouraging results obtained from 
this study, its limitations should be adequately 
addressed. Namely, whilst epitope identifi cation 
using the IEDB analysis toolkit has been broadly 
used for theoretical vaccine design in the past, 
their accuracy entirely relies on the quality of the 
datasets used to train the implemented algo-
rithms. However, IEDB still stands as an accept-
able tool for epitope identifi cation. MHC-I pro-
cessing prediction, on the other hand, is a com-
plex and ineffi cient system, leaving room for 
algorithm improvement and forming the need for 
experimental validation in terms of antigenic pro-
cessing. Furthermore, computational tools cur-
rently need to be available to predict the interac-
tion between the host's cellular machinery and an 
introduced exogenous mRNA construct in a reli-
able fashion. Thus, all of our simulation results 
stem from analyzing the specifi c protein product 
encoded by the mRNA ORF rather than consider-
ing the process of mRNA translation or validating 
whether the translational machinery will recog-
nize the cleavage/traffi cking sequences in vivo. To 
compensate for this shortcoming, we employed 
SignalP-5.0, which detects the presence of sig-
nal sequences based on a protein’s amino acid 
code. The tPA signal sequence was adequately 
detected upon incorporation within the construct, 
allowing us to hypothesize that the translational 
machinery would most likely recognize its pres-
ence. However, the major drawback of this study 
is the lack of in vivo data regarding our vaccine 
design, coupled with the fact that there are no 
computational tools for evaluating mRNA vac-
cines on a cellular level. Analyses of the protein 
product revealed encouraging results, even when 
the various partitions of the mRNA construct 
would not be guided by replication machinery 
towards different antigen processing compart-

ments (MHC-I/II). All this was revealed through 
molecular docking and subsequent molecular 
dynamics simulations between the mRNA prod-
uct complexed with MHC-I/II and TLR3. Fur-
thermore, the C-Immsim server, although the 
gold standard for open-source in silico immune 
response predictions, does not take into account 
the delivery method used and suffers from the 
inability for a greater number of HLA alleles to 
be specifi ed within the input parameters. Addi-
tionally, the degree to which the statement of 
quantity is near that quantity's actual (true) val-
ue is known as the forecast's accuracy. Because 
the forecast is a statement about the future, the 
actual value is typically impossible to measure 
when issued, which should be considered when 
interpreting results from such forecasting tools. 
In line with this, another C-Immsim simulation 
was carried out for one year, with the second 
dose being omitted (Supplementary File 1). Con-
sidering that TLR3 can detect virus-associated 
nucleic acid and peptide sequences, a molecu-
lar dynamics simulation was performed on the 
docked mRNA-TLR3 complex in order to deter-
mine the stability of this complex. Furthermore, 
the overall stability of the mRNA protein prod-
uct was further assessed using MD simulations. 
Though MD simulations and molecular docking 
have drawbacks regarding the accuracy and in 
vitro and in vivo translatability, they still represent 
well-accepted methods for in silico biophysical 
analysis of large molecular structures. 

Overall, this work describes a novel con-
ventional mRNA-based vaccine design, which 
incorporates various potential antigenic targets 
stemming from the variola virus and MPXV, in 
an attempt to design a vaccine that would elicit 
a protective immune response against these and 
other orthopoxviruses. In the confi nes of in silico 
evaluation, the vaccine design satisfi es all safety, 
antigenicity and immune response longevity cri-
teria. Furthermore, according to previous works, 
the Th1-oriented immune response elicited by the 
vaccine would offer suffi cient protection against 
both viruses. Choosing the mRNA vaccine plat-
form stems from the added potential of increas-
ing antigen presentation to increase vaccine effi -
ciency, safety and design speed. Yet the specifi c 
relationship between the mRNA construct and 
the intracellular machinery warrants in vivo vali-
dation. Taken altogether, our work elegantly dem-
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onstrates the immense potential that computa-
tional tools hold for fast and relatively accurate 
streamlining of vaccine design, as this approach 
may be extrapolated to peptide-based and pro-
tein subunit vaccines.

Lastly, in terms of biosafety aspects, this 
design and pipeline represent a potentially fruitful 
avenue to pursue They allow the rapid develop-
ment of protective vaccines based on genomic or 
proteomic data. Furthermore, due to the opportu-
nity to enhance antigen processing via the incor-
poration of traffi cking and signal domains and 
predict various potential biophysical and immu-
nological outcomes, this technology may be 
a valuable tool in the case of biological threats.
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ABSTRACT

Introduction. The use of traditional medicinal plant concoctions to cure or treat different diseases daily in 
African folk medicine. However, the effects of most medicinal plants on human health or genetic material 
remain unknown. This study thus aimed to evaluate the mutagenic and antimutagenic potentials of Aspara-
gus laricinus Burch. cladodes, Senecio asperulus DC., and Gunnera perpensa L. roots extract in vitro. 
Material and methods. Neutral red uptake assay, alkaline comet assay, and the VITOTOX test was used with 
plant extract dilutions of 4, 20, 50, and 100 μg/ml, respectively, on hepatic (C3A) cells and Salmonella Typhi-
murium TA104 strains. Ethyl methane-sulfonate and 4-nitroquinoline oxide were used as positive controls 
for the comet and VITOTOX assays, respectively. 
Results. In vitro cytotoxicity and genotoxicity were not observed from all tested extracts, except for the two 
dichloromethane (DCM) extracts of S. asperulus and G. perpensa, which appeared to be cytotoxic with S9 
metabolic activation, but not genotoxic or mutagenic. From the VITOTOX test results, none of the extracts 
appeared to have antimutagenic properties after treating S. Typhimurium strains with a known mutagen.
Conclusions. These results confi rm that previously reported anticarcinogenic properties of A. laricinus, S. 
asperulus, and G. perpensa did not result from the protective mechanism against genotoxicity but from other 
ones. Moreover, the negative mutagenic and cytotoxic activities of the tested plants highlighted the safe use 
of these medicinal plants in vitro. Therefore, S. asperulus and G. perpensa DCM extracts require further inve-
stigation for their possible in vivo cytotoxic effects on humans.

Introduction

Medicinal plants play an essential role in African 
communities’ folk medicine as they are used as 
remedies for minor ailments and even severe and 
signifi cant ailments such as cancer [1–3]. Never-

theless, medicinal plants with mutagenic activity 
can induce deoxyribonucleic acid (DNA) dam-
age in human body cells. Plants' chemical agents 
may directly or indirectly damage the cell's genet-
ic information in the DNA, cause mutations, or 
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even lead to cancer when not repaired [4]. When 
mutations occur in the cell division genes, onco-
genes are formed, and a cell may begin to pro-
liferate abnormally [5]. The process occurs when 
cells with mutations escape repairs by a regular 
cellular repair system, then uncontrollably divide 
when they were not supposed to, thus ultimate-
ly becoming cancerous. The affected cancerous 
cell will either undergo programmed cell death or 
the damage to its oncogene will be passed on to 
descendant cancer cells as they divide. Moreover, 
gene mutations can result from chromosomal 
abnormalities and re-arrangements through dele-
tion, translocation, and inversion. However, cells 
can protect themselves from a genotoxic muta-
tion by triggering DNA repair or a programmed 
cell death process (apoptosis); failure to commit 
to one of these two options leads to mutagenic-
ity. Medicinal plants can sometimes have geno-
toxic effects that are mutagenic or could even 
have antimutagenic effects that reverse and pre-
vent or reverse or prevent mutation, which usu-
ally leads to oncogene formation [6]. Medicinal 
plants can be helpful in the development of new 
anticancer drugs.

Africa is blessed with rich flora. This abun-
dance, especially in medicinal plants, contributes 
to the growing number of people using traditional 
medicinal plants. Other factors for the increased 
dependence on medicinal plants are easy acces-
sibility even at local markets, affordability, and 
a belief that they have few or no side effects [7]. 
Local people use the medicinal plants selected 
for this study to treat different ailments. However, 
their mutagenicity has not been reported. Aspar-
agus laricinus Burch. is native to the Southern 
African region and is used to treat cancer, tuber-
culosis, sores, red water, uterine infection, gen-
eral alignments, and umbilical cord inflammation, 
and it serves as a diuretic [8–9]. Previous studies 
on the leaves of Asparagus laricinus showed the 
presence of tannins, saponins, terpenes, steroids, 
flavonoids, glycosides, steroids, and carbohy-
drates [10–11]. However, this plant showed the 
absence of alkaloids. The leaves of Asparagus 
laricinus also demonstrated antioxidant, antibac-
terial, and anticarcinogenic activities [11–12]. 

Senecio asperulus is ethnomedicinally used 
in Lesotho to treat back pain, swollen feet [13], 
colic, flu, colds, sore throat, mouth ulcers, and 
sore joints and to improve blood circulation 

[14]. Moreover, Kose et al., in their ethnobotani-
cal study [15], further reported on the use of this 
plant for the treatment of tuberculosis, herpes, 
syphilis, and itchy feet by the Lesotho commu-
nity. Senecio asperulus infusion has also been 
used as a remedy for internal poisoning [16]. 
Mugomeri et al. [13] identifi ed phytochemicals, 
such as flavonoids, glycosides, and phytosterols, 
with benefi cial medicinal properties from Sene-
cio asperulus Gunnera perpensa is widely known 
for its high medicinal importance in several tra-
ditional medicine systems. The plant treats can-
cer, regulates the menstrual cycle, treats impo-
tence, induces labour, treats stomachache, eas-
es period pains, and relieves colic during preg-
nancy [17–18]. Some phytochemicals, including 
saponins, phenols, alkaloids, tannins, steroids, 
cardiac glycosides, flavonoids, and proantho-
cyanins and flavonols, have been identifi ed from 
Gunnera perpensa [19–20]. Khan et al. [21] further 
isolated and identifi ed Z-venusol as a signifi cant 
component of Gunnera perpensa.

Many active compounds used to develop 
drugs come from medicinal plants. Even phar-
maceutical companies show an increased inter-
est in plant-derived drugs mainly because of the 
current widespread belief that 'green medicine' 
is safe, with fewer side effects [22–23]. However, 
there are still challenging tasks for drug research 
scientists, including investigating the safety of 
herbal medicine [23]. To distinguish favourable 
from adverse effects and to ban poisonous plants 
or contaminations from herbal mixtures, the 
assessment of the effect of plant-derived prod-
ucts' toxicity on the tissue or organs of mammali-
an recipients is still required. Most plants used in 
traditional medicine have in vitro mutagenic prop-
erties [24–25]; therefore, it is important to evalu-
ate their mutagenic potency. Plants with muta-
genic properties must thus be considered poten-
tially unsafe and require further testing before 
their continued use is recommended. To evaluate 
the potential of tested sample to cause mutations 
to the DNA of cells, the use of high throughput 
assays such as Neutral red uptake assay, alkaline 
comet assay, and the VITOTOX tests are valuable 
as they provide information on the genotoxicity 
and cytotoxicity of the sample. The study aimed 
to investigate the mutagenic and antimutagenic 
properties of Asparagus laricinus Burch., Senecio 
asperulus DC., and Gunnera perpensa L.
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Materials and methods

Plant material
The study received plant collection and export 
permits from the Ministry of Tourism Environment 
and Culture, Lesotho, and from the Department of 
Economic Development, Tourism and Environ-
mental Affairs, South Africa (NC.553/2017), for 
import approval. The plant materials were collect-
ed from the mountains of Lesotho (Mohale's Hoek 
district, Mpharane). Then, they were authenticat-
ed by scientists at the National Botanical Gar-
dens in Bloemfontein, South Africa. Their voucher 
specimens were deposited at the National Botan-
ical Gardens with herbarium numbers MAS001 for 
Asparagus laricinus, PHM01 for Senecio asperu-
lus, and PHM02 for Gunnera perpensa. Roots of 
Senecio asperulus DC. and Gunnera perpensa L., 
and Asparagus laricinus Burch. cladodes were 
washed, air-dried at room temperature (22ºC), 
then grounded into a fi ne powder using an elec-
tric blender and weighed. They were then stored 
in a cool place until analysis. The crude extracts 
were used in this study as lay people frequently 
use these plants to treat different ailments and 
use concoctions prepared from the whole part of 
the plant, not the isolated compound.

Extraction method
The extraction was done using maceration [6]. 
Plant material (10 g of the dried powdered roots, 
and cladodes, respectively) were weighed, pulver-
ised, and soaked in distilled water (DH2O), metha-
nol (MeOH), and dichloromethane (DCM), for 72 
hours with occasional stirring using a mechani-
cal shaker. The extracts were fi ltered, and new 
solvents were added again, respectively, for more 
extraction until the solvents remained clear (this 
process was repeated three times). The extracts 
were then fi ltered, and aqueous extracts were 
concentrated with a freeze-drier and organic sol-
vents with a rocket evaporator. Percentage yields 
were calculated.

C3A cell culture
The toxicology of the studied plant extracts 
was determined using mycoplasma-free human 
hepatocyte cells (C3A). C3A cells are a sensitive 
model for in vitro predictive of human genotoxic 
exposure. Cell suspensions of human C3A cells in 
Dulbecco's modifi ed Eagle's culture medium sup-

plemented with 10% fetal calf serum were seeded 
into each well of a 96-well microtiter plate, so the 
cell density was 40,000 cells/well. Plates were 
incubated overnight (24 hours) at 37ºC and 5% 
carbon dioxide (CO2). Humidity was maintained 
using a water bath containing distilled water 
inside the incubator.

The neutral red uptake (NRU) test 
The NRU test estimates the dose of medicinal 
extracts that is not cytotoxic to human hepatic 
cells (C3A). The NRU test is based on the ability 
of live cells to take up and bind the 3-amino-7-
dimethyl-2-methylphenazine hydrochloride (NR) 
dye. This dye is known to accumulate in the lys-
osomes of the viable cell after penetrating the 
cell membranes through non-ionic diffusion. 
Increased unabsorbed NR dye shows increased 
cell death. Therefore, viable cells can be distin-
guished from dead or dying cells based on their 
NRU, and quantitative measurement of the num-
ber of viable cells can be undertaken. In this 
study, the neutral red uptake (NRU) test was per-
formed using the method described by Repetto et 
al. [26]. After overnight incubation, the cells were 
then treated with dilutions of the extracts, which 
were 4 μg/ml, 20 μg/ml, 50 μg/ml, and 100 μg/
ml. Cells were further incubated for another 24 
hours to allow the extracts to work. Then cells 
were washed in phosphate-buffered saline (PBS), 
after which 200 ml of a 0.625 mg/ml neutral red 
(NR)-solution was added. Cells were rewashed 
with PBS after being incubated for three hours 
to remove excess dye. Two hundred millilitres 
of a 50:1 ethanol-acetic acid solution were then 
added, and cells could mix with this solution for 
1.5 hours on the shaker to remove the dye from 
the cells. The absorbances were measured with 
a microplate spectrophotometer at 540 nm wave-
length. The absorption of non-treated cells (neg-
ative control) was given a 100% value to which 
data from treated cells were compared. Sodium 
dodecyl sulfate was used as a positive control.

The comet assay
The protocol by Olive and Banáth [27], was fol-
lowed to evaluate the DNA damaging and pro-
tective effects of the three-plant species. Micro-
scope slides were pre-coated by spreading 300 
μl 1% standard melting point agarose in water 
evenly over the slides and allowing the agarose to 
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harden. Hepatic (C3A) cells at a density of 200000 
cells/ml were treated with different concentra-
tions of the test sample in 24-well plates and 
incubated for 24 hours at 37ºC in a 5% CO2 incu-
bator. The plant extracts were tested at 250, 100, 
50, and 4 μg/ml concentrations. Ethyl methane-
sulfonate (EMS) at 1 mM was used as a positive 
control/mutagen. The cells were exposed to plant 
extracts alone for mutagenicity testing, and for 
antimutagenicity testing, the cells were exposed 
to a combination of the plant extracts and 1 mM 
EMS. After incubation, cells were trypsinized, and 
10 μl of a 10 000-cell suspension was added to 
300 μl of 0.8% low melting point agarose at 37ºC. 

The mixture was spread on the pre-coated 
slides and hardened under a coverslip on ice. 
Once the agarose had been prepared, the cover-
slips were removed. The microscope slides were 
placed in a lysis buffer overnight. First, denatur-
ation was conducted using the electrophoresis 
buffer at 17ºC for 40 minutes. Next, electropho-
resis was conducted using the same solution at 
25V, and the current was adjusted to 300 mA for 
20 minutes. After electrophoresis, the microscope 
slides were neutralised in a Tris buffer (pH 7.5), 
and dried. The slides were then placed in ice-cold 
ethanol for 10 minutes and dried at room tem-
perature. Finally, the gels were stained with 100 
μl of 20 μg/ml ethidium bromide, left for 10 min-
utes, and rinsed in distilled water. The slides were 
analyzed using a fluorescence microscope sup-
plied with a camera. The tail length, percentage 
DNA in the tail, and tail moment were determined 
using the computer image-analysis program Tri-
Tek CometScoreTM. This program allows the mea-
surement of tail length, percentage of DNA in the 
tail, and tail moment as parameters to measure 
DNA damage in the comet assay. 

Moreover, for mutagenicity testing, differenc-
es in parameters used to measure DNA damage 
(i.e. tail length, percentage DNA in tail and tail 
moment) were compared between sample con-
centration and solvent blank (negative control). 
For antimutagenicity testing, the same param-
eters used for genotoxicity testing were used. In 
this case, the measurements in the test samples 
were compared to the positive control (EMS).

The VITOTOX® test
The VITOTOX® test is performed following the 
method described by Verschaeve [28], with Sal-

monella Typhimurium bacteria that lack the nec-
essary oxidative enzyme systems for the metab-
olization of foreign compounds as they can react 
with DNA. As for most other in vitro assays, the 
bacteria were treated with the test compound in 
the presence and absence of a post-mitochondri-
al supernatant ('S9'). Micro-organisms were incu-
bated overnight and then a dilution of the bacterial 
suspension was incubated for an hour on a rota-
tive shaker. Multiwell plates were used to contain 
the solvent, different concentrations of the test 
compound, or the positive control for genotoxic-
ity testing (4-Nitroquinoline 1-oxide (4-NQO) with 
S9 or 4-NQO without S9). Genotoxicity and toxicity 
measurements were performed using a microplate 
luminometer that enabled online measurements 
of emitted light (e.g., every fi ve minutes over four 
hours). After completion of the measurements, the 
data were transferred into a Microsoft Excel macro 
sheet, and the signal-to-noise (S/N) ratio, i.e., the 
light production of exposed bacteria divided by the 
light production of non-exposed bacteria, was cal-
culated for each measurement. The S/N ratio was 
calculated for the recN2–4 and pr1 strains sepa-
rately. So was the ratio between the maximum 
S/N values of the recN2–4 and pr1 strains. All cal-
culations occurred automatically and were based 
on measurements between 60 and 240 minutes 
of incubation. Based on experimental grounds, 
a compound was considered genotoxic when the 
following criteria were met:

max S/N ( › recN2–4) / max S/N (pr1) (to be indi-
cated as: rec/pr1) was greater than 1.5,
max S/N in  › recN2–4 must show a good 
dose-dependent effect.

Statistical analysis
All experiments per sample were repeated in trip-
licates. The Mann-Whitney U test was used for 
the statistical analysis, and p <0.05 was consid-
ered signifi cant.

Results 

The results from this study showed that the via-
bility of cells treated with different concentrations 
(4 μg/ml, 20 μg/ml, 50 μg/ml, and 100 μg/ml) of 
Asparagus laricinus, Senecio asperulus, and Gun-
nera perpensa plant extracts to be dose-dependent 
as shown in Figure 1 (A-I). DCM extracts of Aspar-
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I
Figure 1. Neutral Red Uptake test results of Asparagus laricinus (A: methanol, B: water, and C: dichloromethane), Senecio aspe-
rulus (D: methanol, E: water, and F: dichloromethane) and Gunnera perpensa (G: methanol, H: water and I: dichloromethane) plant 
extracts. On the x-axis, 0 represents the negative control. Cells were treated with different concentrations of the extracts between 4 
μg/ml and 500 μg/ml, then treated with a dye to differentiate between live and dead cells. Live cells took up the dye, and their viability 
was measured and presented by red bars
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agus laricinus and Senecio asperulus showed 
proliferation inhibition to C3A cells in a dose-de-
pendent manner from the 50 μg/ml concentra-
tions. Gunnera perpensa MeOH and DCM extracts 
showed cytotoxic effects from the 100 μg/ml con-
centrations. The remaining extracts had no sig-
nifi cant cell proliferation inhibition effects even at 
the higher concentration of 100 μg/ml compared 
to the untreated (negative control) C3A cells.

The concentration of the tail formed (due to 
damaged/broken pieces of DNA) relative to the 
head (intact DNA), reflecting the number of DNA 
breaks and the extent of DNA damage, was cal-
culated automatically by the use of imaging soft-
ware. Figure 2 (A-I) shows the results. Deviations 
that were statistically signifi cant for Asparagus 
laricinus were found at as low as 4 μg/ml for aque-
ous extracts, 20 μg/ml for methanolic extracts, 
and 250 μg/ml for DCM extracts. After that, con-
centration showed increased DNA damage due to 
the observed percentage of the tail (Figure 2: A-I). 
Nonetheless, these effects were low compared to 
DNA damage caused by the well-known mutagen 
EMS. Senecio asperulus extracts did not show 
any formation of statistically signifi cant comets 
nor Gunnera perpensa aqueous extracts. How-
ever, Gunnera perpensa organic extracts showed 
statistically signifi cant DNA damage at the high-
est tested concentration of 500 μg/ml for MeOH 
extracts and 100 μg/ml for DCM extracts. Howev-
er, there was no signifi cant DNA damage increase 
for the latter as the concentrations increased.

Table 1 reports the summarized results of the 
toxicological properties of Asparagus laricinus, 
Senecio asperulus, and Gunnera perpensa plant 
extracts. These plants were assessed using the 
VITOTOX assay by investigating both genotoxic-
ity and cytotoxicity effects with and without S9. 
The tested concentrations were guided by the 
NRU results reported in Figure 1 (A-I). 

With the VITOTOX assay, the plant extracts' 
genotoxicity and cytotoxicity are assayed simul-
taneously to identify false-positive results caused 
by non-specifi c light production induced by other 
mechanisms besides the genotoxic effect [27]. 
Both the genotoxic strain with luciferase operon 
(TA104 recN2–4) and Cytox strain expressing the 
lux operon (TA104 pr1) were used with and with-
out metabolic activation by the S9 enzyme. The 
light production showed the genotoxicity of the 
plant extract after the genotoxic extract had acti-
vated the recN promoter in the TA104 recN2–4 
strain. Non-specifi c light production when the 
compound activates the pr1 in the TA104 pr1 
strain was indicative of the cytotoxicity of the 
plant extract. The genotoxicity and cytotoxic-
ity of each extract at concentrations of 100 μg/
ml, 250 μg/ml, and 500 μg/ml were investigat-
ed and reported in Table 1. The positive control, 
4-nitroquinoline 1-oxide, is known to have muta-
genic and carcinogenic effects. For the validity of 
the test, 4-NQO showed genotoxicity with an S/N 
ratio greater than 1.5. Yet no cytotoxicity with an 
S/N ratio greater than 0.8 (Table 1). 

Table 1. The genotoxicity and cytotoxicity performed with the highest tested concentration (as guided by the neutral red uptake 
results) of Asparagus laricinus (A. laricinus), Senecio asperulus (S. asperulus), and Gunnera perpensa (G. perpensa) 
with, and without S9 activation 

Extract and concentration Genotoxicity
(S/N ratio)

Genotoxicity with S9
(S/N ratio)

Cytotoxicity
(S/N ratio)

Cytotoxicity with S9
(S/N ratio)

A. laricinus MeOH [500 μg/ml] <0.6 >0.8 but <1.0 <0.8 >0.8 but <1.0
A. laricinus DH2O [100 μg/ml] 0.0 0.0 0.0 0.0
A. laricinus DCM [500 μg/ml] >1.5 1.0 >1.6 <1.2 but >1.0
S. asperulus MeOH [500 μg/ml] >1.5 1.0 >0.8 1.0
S. asperulus DH2O [250 μg/ml] 0.0 <0.6 0.0 <0.6
S. asperulus DCM [250 μg/ml] <0.6 >0.8 but <1.5 >0.8 <0.8
G. perpensa MeOH [500 μg/ml] >1.5 <1.0 <0.8 >0.8
G. perpensa DH2O [500 μg/ml] 1.5 0.8 <0.8 <0.8
G. perpensa DCM [500 μg/ml] <0.8 <0.6 <0.8 <0.8
4-NQO 100 μg/ml >1.5 >1.5 >0.8 >0.8

Abbreviations: S9, hepatic post-mitochondrial supernatant; S/N, signal-to-noise; MeOH, methanol; DH2O, distilled water; DCM, dichlorometh-
ane; 4-NQO, 4-Nitroquinoline 1-oxide; <, less than; >, greater than.
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Asparagus laricinus Asparagus laricinus

Asparagus laricinus Senecio asperulus

Senecio asperulus Senecio asperulus

Gunnera perpensa Gunnera perpensa

Gunnera perpensa

Figure 2. Comet test results of Asparagus laricinus (A-C), Senecio asperulus (D-F) and Gunnera perpensa (G-I) plant extracts. 
The statistically signifi cant increases above background levels when compared with cells treated with 1% dimethyl sulfoxide(DMSO), 
and this was indicated as x = P < 0.05; xx = P < 0.01, and xxx = P < 0.005 and xxxx= P < 0.001. Abbreviations: MeOH, methanol; DH2O, 
distilled water; DCM, dichloromethane; EMS, Ethyl methane-sulfonate
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Discussion

For the continuous use of medicinal plants with 
a history of being used for the treatment of vari-
ous ailments and cancer to be recommended, 
their safety to mammal cells must be evaluated. 
Although medicinal plant users believe they are 
safe by their users, research has proven that nat-
ural products, including medicinal plants, can be 
mutagenic [24–25]. Mutagenicity is the ability of 
a chemical agent to cause mutations to the DNA 
of cells, and these agents are said to be genotox-
ic [4, 29]. Genotoxic compounds from medicinal 
plants can cause mutations that are mutagenic. 
All mutagens are thus genotoxic, but not all geno-
toxic agents are mutagenic. 

Moreover, mutations are known to be signifi -
cant contributors to carcinogenesis; mutagens 
are thus most likely considered carcinogens [30]. 
However, plants with antimutagenic potential are 
considered interesting sources for new therapeu-
tic uses [28]. The paper reports how the mutagen-
icity and antimutagenicity of Asparagus laricinus, 
Senecio asperulus, and Gunnera perpensa affect 
mycoplasma-free human hepatocyte (C3A) cells 
using two tests, namely the bacterial VITOTOX 
test, and the alkaline comet assay. 

The VITOTOX test is a high throughput bac-
terial genotoxicity test that is very fast, sensi-
tive, and uses only tiny quantities of a sample. 
This test uses two different Salmonella Typhimu-
rium TA104 recombinant test strains that carry 
a luciferase operon to determine the genotoxic-
ity and cytotoxicity of the sample. Furthermore, 
the assay correlates well with the Ames test or 
the SOS chromotest [4, 31]. SOS gene response is 
triggered when there is cell DNA damage in which 
the cell cycle is arrested, and DNA repair and 
mutagenesis are induced [32]. Thus genotoxic 
compounds are considered SOS-inducing com-
pounds. The VITOTOX test is based on the induc-
tion of SOS function transcription by inserting an 
operon-less “lux” gene next to recN, resulting in 
light production when the bacterial DNA is dam-
aged. Infusing luxCDABE on the multicopy plas-
mid to recN promoter allows genotoxicity to be 
detected. On the other hand, its fusion with the 
pr1 promoter allows cytotoxicity to be detected. 
According to Verschaeve et al. [4], when recN-lux-
CDABE fusion occurs, the sample genotoxicity at 
sublethal will increase light production. In con-

trast, this light production decreases as a func-
tion of the sample toxicity due to the infusion of 
Pr1-luxCDABE. Therefore, a signal-to-noise (S/N) 
ratio greater than 1.5 indicates genotoxicity. An 
S/N ratio <0.8 shows cytotoxicity.

The comet assay is a single-cell gel electro-
phoresis assay that is simple to perform, versa-
tile and sensitive for single- and double-strand 
break measurements in damaged DNA [29, 33]. 
The comet assay was performed only in the 
absence of S9 as the cells used (liver cells, C3A) 
could already retain their metabolic activity. Fig-
ure 1 (A-I) demonstrates concentrations used in 
this test guided by the results obtained from the 
NRU test as demonstrated, as well as the solu-
bility of the extracts. Moreover, overly toxic con-
centrations will influence the percentages of DNA 
fragments in the tail of the formed comets. Thus, 
their DNA damage properties were assessed at 
lower concentrations for extracts that reduced the 
viability of cells at higher concentrations, such as 
Senecio asperulus dichloromethane extracts. 

Furthermore, the comet assay was performed 
in the dark to prevent light-induced DNA damage 
[34]. According to Chang et al. [35], this migra-
tion results when the structural loop of the DNA 
break loses its supercoiling and is pulled towards 
the anode under the electrophoresis fi eld. These 
formed comets were observed by fluorescence 
microscopy after the DNA was stained with 
DNA-specifi c fluorescent dyes such as ethidium 
bromide or propidium iodide.

Asparagus laricinus methanol and Senecio 
asperulus aqueous extracts were neither geno-
toxic nor cytotoxic with or without S9. Their S/N 
ratio in response to the Genox strain was less 
than 1.5 and to the Cytox strain was below 0.8 in 
a dose-dependent manner (Table 1). Asparagus 
laricinus water and Gunnera perpensa dichlo-
romethane extracts were neither genotoxic nor 
cytotoxic with or without S9. The Asparagus 
laricinus dichloromethane extracts were cytotox-
ic and genotoxic, with or without S9 activation, 
which was in line with the NRU test and comet 
assay results. Furthermore, the results coincided 
with fi ndings by Mfengwana et al. [12]. Aspara-
gus laricinus dichloromethane extracts were 
reported to be cytotoxic after nuclear morpho-
logical changes, and their cytotoxicity was due to 
induced apoptosis. VITOTOX test results in this 
study showed Asparagus laricinus to be non-mu-
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tagenic. The outcome correlated with the Ames 
test fi ndings reported by Mashele and Fuku36. 
The test evaluated the mutagenic and antimuta-
genic properties of Asparagus laricinus aqueous 
root extracts. The Asparagus laricinus leaf aque-
ous extracts were reported to be cytotoxic to Vero 
cells at the concentration of 200 μg/ml, which 
contradicts the fi nding by Mashele and Kolesnik-
ova [8] as the roots of the same plant showed no 
cytotoxic effect.However, the study by Mfengwa-
na [37] showed the presence of nine compounds 
from the leaves of Asparagus laricinus (publica-
tion on the identifi cation of these compounds is 
in progress), while only a few compounds were 
isolated from the roots of Asparagus laricinus: 
indole-3-carbinol, α-sitosterol, and ferulic acid 
[10]. Thus, certain compounds are present in the 
leaves that are absent from the root part of this 
plant, which could be why the leaf extracts were 
cytotoxic at higher concentrations. It indicates 
the importance of determining the correct dose 
that will not lead to cytotoxicity or genotoxicity 
before medicinal plant application. The in vivo 
toxicity of the Asparagus laricinus leaves has not 
been evaluated yet, as only the toxicological eval-
uation of the roots has been reported [38]. 

Mutagenicity is the ability of a chemical agent 
to cause mutations that result in cell death. Then, 
those agents are genotoxic [4, 29]. Senecio aspe-
rulus MeOH extract was genotoxic and cytotoxic 
without the presence of S9. However, this extract 
remained cytotoxic but was not genotoxic after 
adding S9. Literature reports show the in vitro 
cytotoxicity of Senecio asperulus DCM extracts 
on kidney epithelial cells extracted from an Afri-
can green monkey (Vero cells) The cytotoxicity of 
this extract was thus observed without S9 acti-
vation when the (3-(4, 5-dimethylthiazolyl-2)-2, 
5-diphenyltetrazolium bromide) MTT assay was 
used (11). The study fi ndings also confi rmed 
the cytotoxicity of the Senecio asperulus DCM 
extract as it was not genotoxic or cytotoxic with-
out S9, then its toxicity was reversed by the pres-
ence of S9 as this extract became cytotoxic. This 
indicates that Senecio asperulus DCM extract is 
not a direct mutagen (inactive without S9) but 
becomes cytotoxic after metabolization (muta-
genic in the presence of S9). It suggests that 
diverse assays (VITOTOX and MTT in this case) 
have different specifi cities and sensitivity against 

certain mutagens. Plant mutagenicity, therefore, 
cannot be based on one test result [39]. 

Both the methanol and water extract of Gun-
nera perpensa were genotoxic but could not pro-
duce an S/N ratio above 0.8 for the cytox strain. 
They were thus genotoxic but not cytotoxic. How-
ever, these extracts were not genotoxic but cyto-
toxic when S9 was present. The presence of S9 
reversed the mutagenicity or even blocked the 
induced mutagenic activity of these extracts and 
made them genotoxic agents that are not muta-
genic, that is, some of the compounds present in 
this extract are mutagens. The isolation of pure 
compounds and the re-analysis of those will, 
therefore, assist in highlighting unknown muta-
gens from these plant extracts. The study results 
indicate that the presence of the S9 enzyme (from 
both comet and VITOTOX assays) reduced Gun-
nera perpensa extract genotoxicity, which means 
that the safety of this plant is modifi ed when the 
liver cells metabolise the plant. However, this 
could only be concluded after in vivo work on this 
plant has been completed (work in progress).

Antimutagens counteract mutagens by inac-
tivating or preventing the Mutagen-DNA reac-
tion or mutagenic compound transformation into 
mutagen. These can be natural or synthetic com-
pounds rendering certain mechanisms, such as 
(i) directly interacting with mutagens, (ii) inhibit-
ing the activation of mutagens, (iii) blocking the 
mutagen binding to the target, and (iv) through 
the generation of antioxidant mechanism [40]. 
These mechanisms prove that antimutagens have 
the potential to eliminate or reduce the mutagenic 
effects of potentially harmful substances. There-
fore, the investigation of antimutagenic com-
pounds provides new possibilities in anticancer 
drug discovery, and this quest is expanding hast-
ily in cancer research [41–42]. DNA damage in 
cells exposed to the test substance was investi-
gated to evaluate the mutagenicity and antimuta-
genicity of Asparagus laricinus, Senecio asperu-
lus, and Gunnera perpensa. For satisfactory eval-
uation of the genotoxic potential of a compound, 
3 endpoints need to be assessed: gene mutation, 
DNA damage, and structural and numerical chro-
mosome aberrations [26]. Accordingly, many in 
vitro and in vivo toxicology test methods includ-
ing the VITOTOX test, mammal cell micronucleus 
test, and comet assay, have been developed to 
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assess the potential of substances to cause 
mutagenicity that may lead to cancer.

Extracts were tested to assess the antimuta-
genic effects of the selected medicinal plants 
with 4-NQO and with and without S9. The same 
concentrations and conditions were set as in the 
case of the genotoxicity test. 4-nitroquinoline-N-
oxide (4-NQO) is a base substitution agent that 
causes direct DNA damage by acting at G resi-
dues, which leads to the induction of GC to AT 
transitions [43]. Based on the study results, all 
extracts tested could not signifi cantly decrease 
or improve the genotoxicity of 4-NQO. They 
were thus considered as not having antigeno-
toxic activities Hence the implication is that the 
observed anticarcinogenic activity of Asparagus 
laricinus and Senecio asperulus on breast cancer 
cells did not result from plant genotoxicity pro-
tection but other mechanisms, such as apoptosis 
[12]. Gunnera perpensa has been characterized 
before, and fi ve compounds are identifi ed from 
its methanolic extract: 3,3',4'-tri-O-methyl ellagic 
acid lactone, ellagic acid lactone, 1,1'-biphenyl-
4,4'-diacetic acid, p-hydroxybenzaldehyde and 
Z-methyl lespedezate [44]. Some of these com-
pounds are known as antihaemorrhagic, anti-
mutagenic and anticarcinogenic agents. Contrary 
to the compounds reported by Brookes and Dut-
ton [44], none of the Gunnera perpensa extracts 
showed antimutagenic properties. Only Gunnera 
perpensa DCM extracts proved anticarcinogenic 
properties in vitro [12].

Conclusions

Asparugus laricinus, Senecio asperulus, and 
Gunnera perpensa have been used as tradition-
al medicines to treat several diseases, includ-
ing cancer. However, the safety of these plants 
has yet to be investigated before with comet 
and VITOTOX assays, especially using liver cells 
to mimic how the liver will metabolise the plant. 
Nevertheless, S. asperulus and Asparagus larici-
nus water extracts are potentially safe as they 
demonstrate no mutagenicity or cytotoxicity. 
Moreover, G. perpensa is genotoxic but not cyto-
toxic; however, its genotoxic and cytotoxic effects 
are reversed when the S9 enzyme is present. 
Thus, this proves that the genotoxicity proper-
ties are lost during the metabolism of this plant.

Thus, it does not cause DNA damage after being 
metabolized but becomes cytotoxic. This plant 
is, therefore, still questionable and should not 
be used further until its cytotoxic mechanism is 
well understood. Unfortunately, none of the test-
ed extracts showed any antimutagenic effects 
and thus cannot be used to reverse DNA damage 
caused by mutagens. 
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ABSTRACT

Background. The principle of photodynamic effect is based on the combined action of photosensitiser, 
molecular oxygen and light, which produce various reactive oxygen species and are associated with sig-
nifi cant cellular damage. Singlet oxygen is one of the most serious representatives, which is characterised 
by powerful oxidising properties. Moreover, concomitant hyperbaric oxygen treatment can support these 
effects. Therefore, the subject of our study was to compare the yields of singlet oxygen for four different 
photosensitizers in dependency on the oxygen concentration. 
Material and methods. Four different photosensitizers 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphy-
rin tetra(p-toluenesulfonate), tetramethylthionine chloride, 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin 
zinc(II) and zinc phthalocyanine disulfonate were investigated to determine the yield of singlet oxygen in 
PBS by Singlet Oxygen Sensor Green reagent under different partial pressures of oxygen (0.4 and 36 mg/l).
Results. There were no noticeable shifts in the excitation and emission fluorescence spectra regarding the 
oxygen concentration. Concerning the same molar concentration of photosensitizers the production of sin-
glet oxygen was highest for 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin zinc(II), where the rate of the 
fluorescence change was more than 3 times higher than that obtained for 5,10,15,20-tetrakis(1-methyl-4-py-
ridinio)porphyrin tetra(p-toluenesulfonate). On the other hand, zinc phthalocyanine disulfonate showed the 
lowest yield in singlet oxygen production.
Conclusions. Singlet oxygen production, within the range of oxygen concentrations achievable in tissues 
under normoxia or hyperoxia, does not depend on these concentrations. However, the singlet oxygen gener-
ation is signifi cantly influenced by the type of photosensitizer, with the highest yield belonging to 5,10,15,20-
tetrakis(4-sulfonatophenyl)porphyrin zinc(II).
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Introduction

The principal of the photodynamic effect (PDE) 
is the light absorption by a specifi c compound 
known as a photosensitizer. After absorption, the 
excited photosensitizer can release the excess 
energy by fluorescence or undergoes a transition 
to a triplet state via intersystem crossing. Close 
contact with surrounding molecules can subse-
quently lead to an electron transfer, forming free 
radicals or radical ions. Which, in turn, may fi nally 
interact with other molecules producing super-
oxide anion radicals, hydrogen peroxides and 
hydroxyl radicals (type I reaction) Alternatively, 
the excited photosensitizer can transfer the ener-
gy to a molecule of oxygen to form singlet oxygen 
(type II reaction). Although both reactions can 
co-occur, their proportion depends on the chemi-
cal structures of photosensitizers and substrate 
molecules and on the oxygen level [1, 2]. 

The production of reactive oxygen spe-
cies (ROS) by PDE is the basis of photodynamic 
therapy (PDT), which is becoming an alterna-
tive method in treating oncological, cardiovas-
cular, skin, and eye diseases. PDT is also used 
to treat chronic inflammation and drug-resistant 
bacterial infections [3]. Photosensitizers used 
in PDT represent diverse chemical compounds, 
including porphyrins, chlorophylls, bacteriochlo-
rins, phthalocyanines, pheoforbides, purpurines, 
5-aminolevulic acid (ALA), texaphirines. Porphy-
rin derivatives belong to the fi rst generation of 
photosensitizers. This group shows high absorp-
tion in the Soret band and poor solubility in polar 
solvents, which disadvantages the use for clinical 
purposes [4, 5]. 

On the other hand, the second generation 
of photosensitizers, such as phthalocyanines, 
chlorins and purpurins, absorbs light in the red 
region allowing better tissue penetration. It also 
has a higher potential to accumulate in the target 
cells [5]. An increase in solubility of hydrophobic 
photosensitizers can be achieved, for example, by 
sulfonation. Further, the formation of a complex 
with zinc and aluminium increases the yield and 
lifetime of the photosensitiser's triplet state, and 
thus single oxygen can be promoted [6–9].

The oxygen molecule is the third key compo-
nent in PDT (besides photosensitiser and light). 
The type II oxygen-dependent reaction is primar-
ily responsible for the biological PDT effect [10]. 

Oxygen partial pressure (pO2) in normal tissues 
ranges from 30 to 60.0 mmHg (i.e. 1.2 to 2.4 mg/l 
of dissolved oxygen at 37ºC, 0.9% salinity, and 
normal atmospheric pressure) [11, 12]. Hyperbar-
ic oxygen (HBO) treatment causes a several-fold 
increase in the cerebral tissue pO2 [13]. A recent 
study aimed at tissue oxygenation in the head 
and limbs revealed that transcutaneous pO2 dur-
ing HBO can be increased even 8–15 times [14]. 
Thus, our presented study aimed to investigate 
the signifi cance of the different concentrations 
of oxygen on the production of singlet oxygen for 
four different photosensitisers.

Material and methods

Photosensitizers, hypoxia and hyperoxia 
Four different photosensitizers were investi-
gated to determine the yield of singlet oxygen in 
PBS under different partial pressures of oxygen. 
5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin 
tetra(p-toluenesulfonate) (TmPyP) and tetram-
ethylthionine chloride (methylene blue, MB) were 
purchased from Sigma-Aldrich (Sigma-Aldrich, 
MO, USA). Whereas Jiří Mosinger (Department of 
Inorganic Chemistry, Charles University in Prague, 
Czech Republic) and Jan Rakušan (Centre for 
Organic Chemistry Ltd, Rybitvi, Czech Republic) 
synthesised and donated 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin zinc(II) (ZnTPPS) and 
zinc phtalocyanine disulfonate (ZnPcS), respec-
tively. Their synthesis was described previously 
[15, 16]. Figure 1 shows chemical structures of 
these photosensitizers. Different partial pres-
sures of oxygen related to dissolved oxygen con-
centrations of approximately 0.4 and 36 mg/l 
(measured by oximeter Greisinger 3630, Germany) 
were achieved by pure nitrogen and oxygen bub-
bling via injection needles into hermetically sealed 
cuvettes fi lled with 3 ml of PBS for 20 minutes. 

Fluorescence spectroscopy
Photosensitisers' excitation and emission spectra 
were measured with the fluorescence spectrom-
eter FLS980 (Edinburgh Instruments, UK). The 
resulting concentration of all photosensitizers 
in PBS was 1 μM. The emission spectra for ZnT-
PPS and TmPyP were obtained at 420 nm excita-
tion (at excitation and emission bandwidths of 1 
nm). In contrast, MB and ZnPcS were excited by 
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a wavelength of 663 nm (at excitation and emis-
sion bandwidths of 1 nm). The excitation spectra 
of photosensitizers were collected for their emis-
sion maxima, i.e. 607 nm for ZnTPPS, 715 nm for 
TmPyP, 689 nm for MB and 681 nm for ZnPcS.

Singlet oxygen measurement 
The singlet oxygen sensor green reagent (SOSG, 
Invitrogen by Thermo Fisher Scientifi c, MA, USA) 
was used to detect singlet oxygen production in 
PBS buffer under different oxygen levels. First, 
the SOSG was added to the PBS buffer to reach 
the fi nal 3μM concentration in each cuvette. Then 
the cuvettes were placed in the temperature-con-
trolled holder of the spectrofluorometer. A gen-
eration of singlet oxygen was monitored as an 
increase in fluorescence emission intensity at 530 
nm. An external source equipped with a mercury 
lamp, an optical bandpass fi lter of 460–480 nm, 
and optical fi bre attached to the cuvette holder 
was used to excite SOSG. Singlet oxygen produc-
tion was initiated by manually opening the shut-
ter of the spectrofluorometer lamp. ZnTPPS and 

TmPyP were activated by light with an excitation 
wavelength of 420 nm and a slit width of 2.6 nm, 
whereas MB and ZnPcS were activated by light 
with an excitation wavelength of 663 nm and a slit 
width of 3.3 nm. The different slit widths were 
chosen so that the reference detector showed 
the same number of registered photons (500,000 
cps). The appropriate irradiances measured by 
the IL 1705 radiometer system using the SED033 
sensor (International Light Technologies, USA) 
were 4.1 × 10–4 W/cm2 for the light of 420 nm and 
2.1 × 10–4 W/cm2 for the light of 663 nm. The rate of 
change in fluorescence determined the quantifi -
cation of the singlet oxygen production during the 
fi rst 7 seconds and the difference in fluorescence 
values after 4 minutes of the sample irradiation.

Data analysis
The data presented illustrate either representa-
tive traces or means ± standard errors of at least 
four independent measurements. The one-way 
analysis of variance (ANOVA) was used to com-
pare experimental groups.

a b 

c d 

Figure 1. Chemical structure of photosensitizers: 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin zinc(II) (ZnTPPS, a); 5,10,15,20-
tetrakis(1-methyl-4-pyridinio)porphyrin tetra(p-toluenesulfonate) (TmPyP, b); tetramethylthionine chloride (methylene blue, MB, c); 
zinc phtalocyanine disulfonate (ZnPcS, d)
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a b

c d

e f

g h
Figure 2. Normalized fluorescence spectra: ZnTPPS (a, b); TmPyP (c, d); MB (e, f); ZnPcS (g, h); under low (0.4 mg/ml, a, c, e, f) and 
high (36 mg/ml, b, d, f, h) oxygen concentration in PBS
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Results

Fluorescence spectroscopy 
To compare the yields in the production of sin-
glet oxygen for different photosensitizers it was 
necessary to fi nd the optimal conditions, i.e. 
their excitation maxima. The porphyrin deriva-
tives are known for their absorption maxima in 
the Soret band. The excitation peak of the syn-
thesized zinc complex of porphyrin ZnTPPS was 
located at about 420 nm with two maxima at 
417 and 425 nm and a shoulder at 401 nm (Fig-
ure 2a-b). The commercially available derivative 
TmPyP showed an excitation peak at about 2 nm 
shorter wavelength, with the maximum at 414 nm 
and a shoulder at 428 nm (Figure 2c-d). A much 
more signifi cant spectral difference for these 2 
porphyrins was found in the peak width. Where-
as the full width at the half maximum (FWHM) for 

TmPyP was 58 nm, the excitation peak of ZnT-
PPS was signifi cantly narrower with the FWHM of 
20 nm. MB and non-commercial phthalocyanine 
derivative ZnPcS have their excitation spectra in 
the red region with a dominance around 660 nm 
(Figure 2e-f and 2 g-h, respectively). Compared 
to ZnPcS, the excitation spectrum of MB is wider. 
Table 1 summarises the values of the excitation 
and emission maxima. In addition, there were not 
any noticeable shifts in the spectral characteris-
tics regarding the difference in the oxygen con-
centration. 

Singlet oxygen measurement
The generation of singlet oxygen by PDE using 
different photosensitizers at two different con-
centrations of oxygen in PBS was measured 
continuously for 4 minutes from the start of irra-
diation of the solution (Figure 3). The porphyrin 

Table 1. Excitation and emission maxima of photosensitizers in PBS with low (0.4 mg/ml) 
and high (36 mg/ml) oxygen concentrations

Photosensitizer Oxygen level Excitation
max (nm)

Emission
max (nm)

ZnTPPS Low 401, 417, 425 607, 659
High 401, 417, 425 607, 659

TmPyP Low 414, 428 715
High 414, 428 715

MB Low 621, 663 689, 758
High 621, 663 689, 758

ZnPcS Low 663, 672 681, 744
High 663, 672 681, 744

Shoulders are in italics.

a b

Figure 3. Representative traces of singlet oxygen production reflect the formation of high fluorescent SOSG endoperoxide from 
SOSG in the presence of singlet oxygen generated by: ZnTPPS and TmPyP during exposition to the light of 420 nm (a); MB and ZnPcS 
during exposition to the light of 663 nm (b)
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derivatives were excited by a light wavelength of 
420 nm at 4.1 × 10–4 W/cm2 irradiance, whereas 
MB and ZnPcS were by 663 nm at 2.1 × 10–4 W/
cm2 irradiance. SOSG was added into the buffer 
as a sensor of singlet oxygen generation, which 
undergoes a chemical structure change produc-
ing high fluorescent SOSG endoperoxide. From the 
kinetic measurements, we evaluated the rates of 
that fluorescence increase during the fi rst 7 sec-
onds and the total change in fluorescence inten-
sity in 4 minutes (Table 2). Conerning the same 
molar concentration of photosensitizers, the sin-
glet oxygen production was highest for ZnTPPS, 
where the rate of fluorescence change was more 
than 3 times higher than that obtained for TmP-
yP. A similar yield in the singlet oxygen produc-
tion, as was observed for TmPyP, was achieved 
for MB, but the irradiance value was halved there. 
In addition, the MB rate was about 30 % higher 
than was calculated for ZnPcS. Relatively simi-
lar results of the singlet oxygen production were 
achieved if we evaluated the changes in fluores-
cence after 4 minutes of measurement. Surpris-
ingly, we did not observe statistically signifi cant 
changes in singlet oxygen production relative to 
the different oxygen concentrations 0.4 and 36 
mg/l (Table 2). 

Discussion

2 types of reactions mediate PDE. It depends on 
many factors, including the photosensitiser's 
chemical structure, light wavelength and inten-
sity, oxygen concentration, composition, dielec-
tric constant and pH of the treated medium [17]. It 

is assumed that the reaction of type II generating 
singlet oxygen is the most crucial process con-
ditioning the effi ciency of PDE in PDT [10]. Thus, 
our study was focused on whether it is pos-
sible to achieve higher singlet oxygen yields by 
increasing the oxygen concentration. Four differ-
ent sensitizers passed this assessment. Nyman 
and Hynninen reported that the diamagnetic cat-
ion complex formation, for example, with Al3+, 
Zn2+ and Ga3+, increases the yield and lifetime 
of the triplet state of photosensitisers [9]. So the 
production of singlet oxygen can be supported. 
Therefore, we compared two porphyrin deriva-
tives ZnTPPS and commercially available TmPyP. 
Our results showed that the production of sin-
glet oxygen under similar conditions was about 3 
times higher in the case of the zinc complex. 

In the case of comparing two representatives 
of the second generation of photosensitizers with 
absorption maxima in the red region of the vis-
ible electromagnetic spectrum, the zinc com-
plex of the synthesized phthalocyanine ZnPcS 
showed a yield of only about 30 % greater than 
the non-metal photosensitizer MB. 

Typical values of cellular pO2 are in the range 
9.9–19 mm Hg (i.e. about 0.4–0.8 mg/l) [18]. Dur-
ing hyperbaric oxygen therapy, these values may 
increase several times. However, our measure-
ments in PBS did not show that increasing the 
oxygen concentration from 0.4 to 36 mg/l would 
lead to higher singlet oxygen production in the 
presence of various light-activated photosen-
sitizers. Several experimental and clinical stud-
ies have shown that hyperbaric oxygen increas-
es the effi cacy of PDT in cancer [19, 20]. On the 
other hand, protoporphyrin IX precursors at high-

Table 2. Singlet oxygen production quantifi cation by different photosensitisers in PBS with low (0.4 mg/ml) and high (36 mg/ml) oxy-
gen concentrations. Due to the signifi cantly different response in SOSG fluorescence over time, the change in fluorescence intensity 
per unit of time in the fi rst 7 seconds (∆F/∆t) and the total change in fluorescence intensity (∆F) after 4 minutes of irradiation were 
evaluated. The one-way analysis of variance (ANOVA) was used to compare the means of these data differing in oxygen concentration, 
and the p-value is the signifi cance level of the analysis.

Photosensitizer Oxygen level F/ t (RU·s-1)
in the fi rst 7 seconds

F (RU)
after 4 minutes

ZnTPPS Low 4.0 ± 0.3 p = 0.588 96 ± 15 p = 0.257
High 3.9 ± 0.2 83 ± 15

TmPyP Low 1.2 ± 0.2 p = 0.972 42 ± 5 p = 0.734
High 1.2 ± 0.1 40 ± 5

MB Low 1.0 ± 0.1 p = 0.549 32 ± 5 p = 0.847
High 1.1 ± 0.1 31 ± 6

ZnPcS Low 0.68 ± 0.06 p = 0.291 13 ± 4 p = 0.899
High 0.75 ± 0.09 12 ± 2
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er oxygen concentrations did not induce sig-
nifi cant enhancement in phototoxicity of human 
squamous carcinoma cells [21]. Consistent with 
our current and previously obtained results [22], 
the yield of singlet oxygen via PDT at typical 
physiological pO2 values is already reaching its 
maximum. With certain simplifi cation, each oxy-
gen molecule could be considered a cube with 
a size equal to the molecule's size (i.e. approxi-
mately 0.3 nm). The total number of these cubes 
per volume of 1 l is 3.7 × 1025 (1 / (0.3 × 10–8)3). At 
the oxygen concentration of 0.4 mg/l, the number 
of oxygen molecules per 1 l is 7.5 × 1018 (4 × 10–7 
/ (32 × 1.66 × 10–27)). Thus, there are 4.9 × 106 
(3.7 × 1025 / 7.5 × 1018) cubes per one molecule of 
oxygen in a space which corresponds to a mutual 
distance between two neighbouring oxygen mol-
ecules of approximately 50 nm ((4.9 × 106)1/3 × 0.3). 
At the photosensitizer concentration of 1 μM, the 
mutual distance between two neighbouring pho-
tosensitiser molecules is, on average, longer. 
When considering the homogenous distributions 
of photosensitizer and oxygen molecules, the 
maximum mutual distance between photosensi-
tizer and oxygen molecule is halved (i.e. 25 nm), 
and the average distance equals 12.5 nm. In the 
case of an oxygen concentration of 36 mg/l, simi-
lar calculations give the average mutual distance 
of 2.5 nm. The excited triplet state of photosensi-
tiser can transfer energy to the triplet state of the 
oxygen molecule because both electrons involved 
in the energy transfer process have the same 
spin. Therefore, mutual distance remains a cru-
cial factor. According to the Förster theory [23], 
resonance energy transfer is inversely propor-
tional to the sixth power of the distance. However, 
depending on the interacting molecules, this type 
of energy transfer can be maximally effective at 
mutual distances up to 5 or more nanometers [24]. 
In our simplifi cation, we have omitted the fact that 
an oxygen molecule dissolved in water forms an 
induced dipole, which can electrostatically inter-
act with the charged photosensitizer and thus 
signifi cantly shorten their mutual distance. A rel-
atively long lifetime of the photosensitiser triplet 
state, together with a high diffusion rate of oxy-
gen, can also contribute to shortening distance. 
TMPyP and MB triplet states decay with a lifetime 
of about 2 μs in an air-saturated aqueous solution 
[25, 26]. The sulfonated zinc derivatives of phthal-
ocyanines are known for their long triplet lifetimes 

and high singlet oxygen quantum yield [27]. In 
water, these lifetimes can reach up to 190 μs [28]. 
The average distance travelled by a diffusing mol-
ecule in a time t is given by (2 × D × t)1/2, where D 
is the diffusion coeffi cient of the molecule in the 
medium [29]. Since typical diffusion coeffi cients 
in water at 298 K are about 2 × 10−9 m2/s [30], each 
dissolved molecule can move 90 nm in 2 μs. 

According to the above facts, photosensitiser 
selection can achieve PDT enhancement under 
normoxic conditions. Furthermore, a complex 
with metal ions such as Zn2+ can increase singlet 
oxygen production. MB is a tricyclic phenothiaz-
inium, and it is used in medical practice to primar-
ily treat methemoglobinemia, carbon monoxide 
or cyanide poisoning, and malaria [31, 32]. More-
over, our results confi rmed that MB could also be 
a promising photosensitiser inducing higher sin-
glet oxygen production. MB was already applied 
in the PDT for anticancer treatment [33] It was 
reported as an ideal photosensitizer for its ade-
quate hydrophilic/lipophilic balance, high purity, 
stable composition, low cost, and strong absorp-
tion in the red region of the spectrum [34].

In conclusion, PDT represents an alternative 
treatment modality that can be very effective if 
it deals with specifi c issues such as photosen-
sitiser selection, light dosage, and, most impor-
tantly, tissue hypoxia [35]. The use of oxygen 
carriers can achieve an increase of the oxygen 
pressure level in a tissue, improvement of blood 
flow, application of hyperbaric oxygen therapy, 
combining other therapies with PDT and frac-
tionation of light, reducing oxygen consumption 
[35, 36]. Such approaches will be effective if the 
therapy aims at a hypoxic tissue, e.g. a devel-
oped (solid) tumour. However, our measurements 
showed that these solutions are unnecessary if 
PDT is used under normoxic conditions when the 
oxygen level is already suffi cient to induce the 
maximum yield of singlet oxygen. According to 
our calculation, the lower oxygen availability can 
also be compensated by a longer interaction of 
the excited photosensitiser with the oxygen mol-
ecule, e.g. due to the longer triplet lifetime of the 
photosensitiser. 
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ABSTRACT

Background. Studies have proven the effect of several agents, including natural products, to induce, prevent 
and treat genotoxicity through experimental models and clinical trials. In this study, the genotoxic preven-
tive potential of Annona muricata ethanol extract on N-Ethyl-N-Nitrosourea (ENU)-induced pro-leukaemia in 
mice models using micronuclei formation in bone marrow was assessed. 
Materials and methods. Forty-eight mice weighing 18-24g were randomly divided into six groups of eight 
mice. The mice were intravenously administered 20mg/kg of NEU 48 hourly 3 times, 80mg/kg of NEU 48 
hourly 3 times. The negative control was fed with feed and water only. We introduced 0.2ml (0.1g/ml) eth-
anolic extract of Annona muricata for 3 weeks prior to NEU low dosage administration, 0.2ml (0.1g/ml) eth-
anolic extract of Annona muricata for 3 weeks prior to ENU high dosage and Annona muricata (ethanolic 
extract) administration, and gave commercial diet to the adverse/ toxicity group.  The bone marrow was har-
vested, smeared and stained using MayGrumwald. The procedure enabled the determination of micronucle-
us polychromatic erythrocytes (MNPCEs) microscopically.
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Results. Groups exposed to various dosages of the ENU yielded signifi cantly increased MNPCEs, with group 
B producing higher MNPCEs. The groups treated with the extract displayed a signifi cant reduction in the 
MNPCEs despite prior exposure to concentrations of NEU. The adverse group displayed no difference in 
MNPCEs compared with the negative control.
Conclusions. The ENU induced genotoxicity depending on its concentration. The extract displayed a pro-
found capacity to prevent genotoxicity and alleviate leukaemia with good tolerance.

Introduction

Leukaemia, the eighth to twelfth most common 
cancer generally, with an increasing incidence 
trend, is a global public health concern as more than 
420,000 new cases and over 300,000 cancer deaths 
from leukaemia occur worldwide [1–3]. Notable 
geographical disparities evidence this as a result 
of signifi cant factors such as quality health system 
with adequate accessibility and some etiological 
factors like gene-environment interaction [4]. 

Genotoxicity is a series of irritation to a cell’s 
genetic makeup, which can result in adverse out-
comes such as cancer, inherited mutation, age-
ing/other developmental toxicity and several dis-
eased states [5]. The major classes of genotoxic 
materials include mutagens, carcinogens and 
teratogens. Their genotoxic effects could be cat-
egorized as mutational, clastogenic and aneu-
genic [5, 6]. The most common chemical car-
cinogens identifi ed in studying the progression 
of leukaemia are Nethyl- N-nitrosourea (ENU), 
N-methyl-N-nitrosourea (MNU), dimethyl ben-
zanthracene (DMBA), benzo (a) pyrene (BaP), 
amongst others [7]. N-ethyl-n-nitrosourea (ENU) 
(C3H7N3O2), a potent mutagen, acts by trans-
ferring its alkyl (ethyl or methyl) group to the 
nucleobases in nucleic acids in the bone marrow, 
thereby generating leukaemogenesis [8, 9].

Furthermore, the internationally accepted 
genotoxicity assessment methods are some 
in-vitro and in-vivo assays, including the mouse 
lymphoma gene mutation assay (MLA), the micro-
nucleus assay, the Ames bacterial mutagenicity 
test, the Comet assay, the chromosome aberration 
test and sister chromatid exchange assays. All the 
methods assess DNA damage by diverse mecha-
nisms, like intragenic mutations, chromosomal 
rearrangements or deletions, loss or gain of whole 
chromosomes (aneuploidy) or chromosomal seg-
ments and other genotoxic effects [10–12].

Herbal supplements and formulations have 
been experimented on severally to have benefi -
cial, prevention, and therapeutic effects on the 
physiological function and reversal of diseased 
states in the body system [12–14]. There are sev-
eral reports depicting their benefi cial effects. The 
recently discussed ones include boosting the 
immune system, regulating oxidation, enhanc-
ing memory, acting as an antidepressant and 
an antidiabetic means, and chemotherapeu-
tic agents in cancer [15–18]. We have identifi ed 
the active ingredients in the aqueous or etha-
nolic forms of plants and herbs and their poten-
cies. The toxicity tendencies of these herbs have 
also been examined. Studies are still emerging 
to depict the effi cacy of more herbal products 
in treating carcinogen-induced genotoxicity and 
their systemic effects.

Annona muricata, also known as soursop, 
guanabana and commonly graviola, is an effi ca-
cious medicinal tree. Indigenous communities of 
Africa and South America use different parts of 
the plant extensively to perform numerous eth-
nomedicinal activities. Phytochemical analysis 
has identifi ed annonaceous acetogenins as the 
major constituents of the leaves, bark, roots and 
fruits [19]. In addition, several studies have distin-
guished the anti-arthritic, hepatoprotective, anti-
malarial, antidiabetic, anticancer, and anticonvul-
sant effects [20, 21].

Despite reported evidence of the effi cacy of 
A. murricata in some cancers, there is a need to 
determine the effects on ENU-induced pro-leu-
kaemia in experimental models as an in-vivo 
study. Furthermore, the study should use a micro-
nucleus assay to determine genotoxicity and any 
other stage of transformation for possible future 
application in cancer prevention, therapy, control, 
and eradication. Hence there is a reason for this 
study.
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Materials and Methods

Procurement, Identifi cation and Extraction of 
Annona muricata leaves.
The leaf samples of Annona muricata, locally 
called Apekan, Tuwon biri and Sawansop in Yoru-
ba, Hausa and Igbo languages of Nigeria, respec-
tively, were gotten from a local farm at Osogbo city, 
Osun state, Nigeria. It was further identifi ed and 
authenticated at the Department of Pharmacol-
ogy, Obafemi Awolowo University Ile-Ife, Nigeria. 

Ethanol Extraction of the leaves
Fresh matured leaves of Annona muricata were 
separated from the stalk, air-dried at room tem-
perature (240C), pulverized and crushed into a fi ne 
powder using a grinding machine and weighed. 
Ethanolic (Absolute) extracts of the plant were 
prepared by soaking 500 g of the dry powdered 
plant material in two (2) litres of absolute etha-
nol and then kept at room temperature for 48 
hours (for thorough extraction). At the end of the 
48 hours, the extracts were fi ltered fi rst using 
a Whatman fi lter paper No.42 (125 mm) and cotton 
wool. The harvested ethanol extract of Annona 
muricata leaves was then dried off in an oven at 
370C and stored at 40C. Subsequently, on each 
day of the experiment, an aliquot portion (1 g) of 
the crude plant extract residue was weighed and 
dissolved in distilled water (10 ml) for use.

Experimental Models
The experimental models included forty-eight 
(48) young Swiss Albino mice weighing between 
18 g and 24 g and purchased from the animal 
house of Ladoke Akintola University of Technol-
ogy (LAUTECH), Mercyland, Osogbo, Nigeria. The 
mice were divided into six (6) groups of eight (8) 
mice each, made to acclimatize to the new animal 
house conditions for one week at the department 
of Medical Laboratory Science, Ladoke Akinto-

la University of Technology (LAUTECH), Mercy-
land, Osogbo, Nigeria before the commencement 
of the experiment. They were fed with a stan-
dard commercial pellet with clean water ad libi-
tum. The animal house was ascertained to be 
pathogen-free, room temperature maintained at 
28 ± 20C, and adequate ventilation ensured with 
12 hours light/dark cycle.

Experimental procedures involving the experi-
mental animals and their care were conducted in 
compliance with the Guidelines for Care and Use 
of Laboratory Animals in Biomedical Research 
promulgated by the Canadian Council on Animal 
Care (2003) [23]. Accordingly, the Animal Care and 
Use Ethical Committee of the College of Medicine 
and Health Science, Ladoke Akintola University of 
Technology (LAUTECH), Osogbo, Nigeria, granted 
the Ethical Approval.

Preparation and Administration of ENU for 
Leukaemia Induction
The n-ethyl-n-nitrosourea (ENU) was procured 
from Sigma Aldrich (Germany) and stored at 
−20°C as indicated by the manufacturer. It was 
reconstituted daily with normal saline by mea-
surement of the average body weight (kg) of each 
mouse with corresponding carcinogen weight 
(mg) across all groups except the negative control 
and adverse reaction group (Table 1). The mice 
were administered twenty (20) mg/kg and eighty 
(80) mg/kg body weights of the solutions intrap-
eritoneally (IP) with a sterile 26-gauge – needle 
48 hourly three times (Table 1). The mice were 
then monitored closely to determine the induc-
tion of a pro-leukaemia state and other reactions 
on the administration of extracts. 

Administration of Ethanolic Extract and Acute 
toxicity
One gram of A. muricata (ethanolic crude extract) 
was dissolved in 10 ml of distilled water to make 

Table 1. Experimental Protocol

Groups
(6 mice/group, 18–24kg)

Treatment Inference

A 20mg/kg  NEU 48 hourly thrice Leukaemia induction by low dosage 
B 80mg/kg of NEU 48 hourly thrice Leukaemia Positive by high dosage 
C Feed and Water Negative Control
D 0.2ml (0.1g/ml) extract  +20mg/kg NEU 48 hourly thrice Preventive group on low dosage of NEU 
E 0.2ml (0.1g/ml) extract + 80mg/kg of NEU 48 hourly thrice Preventive group on high dosage of NEU 
F 0.2ml (0.1g/ml) extract + Feed and Water Adverse Group
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a concentration of 0.1 g/ml of the prepared 
extract. The mice in the preventive groups D and 
E (Table 1) were administered the A. muricata with 
0.2 ml volume orally by gavage once daily with 
the aid of oral cannula and sterile syringes for 3 
weeks. The adverse group F mice were admin-
istered the same concentration and volume of 
extracts for 3 weeks along with feed and water. 
They were then observed toxicity, behavioural 
changes and mortality the administration period. 
The ethanol leaf extract lethal dose (LD50) had 
been determined to be above 5000 mg/kg [23].

Sample Collection and Animal Sacrifi ce
Sample collection commenced precisely three 
weeks after the last exposure to ENU in each induc-
tion group A and B, the negative control group C, 
and the adverse/toxicity group F. Also, the sam-
ple collection commenced in the preventive at the 
fi fth week after three weeks of the last exposure to 
ENU administration in groups D and F. At the end 
of the ninth week of the experiment, the animals 
from each group were terminated ethically by cer-
vical dislocation, and both femurs were surgical-
ly removed and placed in a petri dish containing 
normal saline. The bone marrow was flushed with 
1 ml of fetal calf serum (FCS) into 1.5 ml Eppen-
dorf Tubes, centrifuged at 2000 rpm for 5 minutes 
and the supernatant removed. The pellets were 
then suspended in another 1 ml of FCS in Eppen-
dorf Tubes, well-mixed, and centrifuged at the 
same rate. Finally, the supernatant was removed 
and discarded; 0.05 ml of FCS was added to the 
pellet and mixed properly to form a viscous sus-
pension. The smear was made from the suspen-
sion on a clean, grease-free slide with drops of the 
viscous suspension and air-dried overnight.

Staining for Micronucleus (MN) test
Staining was performed as described by Schmidt 
(1976), Alabi and Bakare (2011), and Oyeyemi et al. 
(2015) [24–26]. First, the smear was fi xed in 70% 
methanol for 3 min and air-dried for 24 hours. It 
was then stained with 0.4% May-Grumwald stain 
for 3 min. It was immediately transferred into 
another Coplin Jar containing an equal volume of 
May-Grumwald and distilled water to allow fur-
ther staining for 3 min. Next, the stained slides 
were rinsed in distilled water and air-dried for 24 
hours. After 24 hours, the air-dried slides were 
stained in 5% Giemsa stain for 5 minutes, rinsed 

in distilled water and air-dried for 24 hours, after 
which it was dipped in Xylene and mounted in 
DPX at 45°C.

Enumeration of micronuclei cells in MN test
The slides were scored under 100X (oil immer-
sion) objective using a light microscope to score 
the number of micronucleus polychromatic 
erythrocyte (MNPCEs) out of 1000 polychromatic 
erythrocytes per mice. The differential staining 
of the bluish–purple polychromatic erythrocytes 
(PCEs) and pinkish normochromatic erythrocytes 
(NCEs), as well as the relative size of the eryth-
rocytes, were indices for differentiating them 
(Schmidt 1976; Alabi and Bakare 2011; Oyeyemi 
et al., 2011).

Statistical Analysis
Data obtained were analyzed using IBM SPSS 
for Windows, version 25.0 (SPSS Inc., Chicago, 
IL), and the results were expressed as mean ± 
SEM (standard error of the mean). PCE, NCE, and 
MNPCE values were calculated to derive percent-
ages, and signifi cant differences were tested 
using analysis of variance (ANOVA). Values con-
sidered signifi cant at p ≤ 0.05

Results 

Pro-Leukaemia Induction by Micronucleus Assay 
The number of micronucleus polychromatic 
erythrocytes per polychromatic erythrocytes was 
counted, as seen in Figure 1, and displayed the 
resultant pro-leukaemia induction effect of the 
ENU in the animal. It was visible as a simultane-
ously increased trend in the low and high ENU 
dosage groups A and B (Table 2 and Figure 2) 
between weeks 2 and 5, which are distinctly sig-
nifi cant and farther from the other groups in the 
diagrammatic representation. Also, groups D and 
E, where ENU was administered after the extract 
administration, displayed an increase in their 
mean MNPCE values in the line graph according 
to the administered ENU dosage (Figure 2). 

In Table 2, signifi cant differences were 
observed when group A was compared with the 
other 5 groups (p < 0.05) with a more signifi cant 
increase in group B compared with the other 
5 groups. Despite their preventive design, this 
observation is similar in groups D and E.
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Acute Toxicity of A. murricata
The oral administration of 0.2 ml of 0.1 g/ml con-
centration of the ethanolic extract of A. murricata 
for 3 weeks continuously in group F did not yield 
behavioural changes, toxicity signs or mortal-
ity. Furthermore, the mean±SD MNPCE values for 
group F were not signifi cantly different from the 
negative group C (p > 0.05), which proved good 
extract tolerance.

A. murricata preventive effect on genotoxicity
The chemopreventive potential of A. murrica-
ta ethanolic extract was displayed based on the 
ENU concentration administered in groups D and 
E. An increase in MNPCE level in both groups 

was lower than in groups A and B because of the 
extract administration (Figure 2). Also, there was 
a signifi cant decrease when group D was com-
pared with A and B (P < 0.05) and an increase 
when compared with other groups (P > 0.05), and 
the same observation was recorded when group 
E was compared across other groups.

Discussion

Several studies have proven the use of herbal or 
plant extracts in the control and management of 
diseases effi cient. Coupled with the cheap and 
affordable nature of such products, especially in 

Table 2. Mean ± Standard deviation of micronucleus polychromatic erythrocyte cells (MNPCE) population among the groups across 
the weeks of exposure

Week
Number

Groups (Mean ± Standard deviation of MNPCE)
A B C D E F

1 - - - - - -
2 14.13 ± 0.56 50.45 ± 2.31 4.52 ± 0.34 - - 4.53 ± 0.45
3 15.01 ± 0.18 53.77 ± 1.95 4.61 ± 0.67 - - 4.62 ± 0.23
4 16.11 ± 0.22 56.95 ± 2.01 4.91 ± 0.88 - - 5.63 ± 0.45
5 19.64 ± 1.68 68.23 ± 1.56 4.82 ± 0.75 6.15 ± 0.49 17.11 ± 1.11 5.92 ± 0.67
6 - - - 7.85 ± 0.98 20.34 ± 2.34 -
7 - - - 8.01 ± 1.01 25.11 ± 1.67 -
8 - - - 10.07 ± 0.67 30.54 ± 2.34 -

Group A – Leukaemia induction by a low dosage; Group B – Leukaemia induction by a high dosage; Group C – Negative Control; Group D – 
Preventive group on a low dosage of N-Nitroso-N-ethylurea; Group E – Preventive group on a high dosage of N-Nitroso-N-ethylurea; Group 
F – Adverse/Toxicity group.

Figure 1. Micronuclei in mice administered A. murricata after exposure to 
n-ethyl-n-nitrosourea. A: Micronuclei polychromatic erythrocyte; B: Normal 
polychromatic erythrocyte
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Table 3. Comparison of Mean ± Standard deviation of MNPCE across the various groups

Week 
number

 Groups (Mean±Standard deviation of MNPCE)
A A vs. B A vs. C A vs. D A vs. E A vs. F

1  - - -  -  - -
2 14.13 ± 0.56 50.45 ± 2.31* 4.52 ± 0.34* -  - 4.53 ± 0.45*
3 15.01 ± 0.18 53.77 ± 1.95* 4.61 ± 0.67* -  - 4.62 ± 0.23*
4 16.11 ± 0.22 56.95 ± 2.01* 4.91 ± 0.88* -  - 5.63 ± 0.45*
5 19.64 ± 1.68 68.23 ± 1.56* 4.82 ± 0.75* 6.15 ± 0.49* 17.11 ± 1.11* 5.92 ± 0.67*
6  -  -  - 7.85 ± 0.98* 20.34 ± 2.34*  -
7 - - - 8.01 ± 1.01* 25.11 ± 1.67* -
8 - - - 10.07 ± 0.67* 30.54 ± 2.34* -

Week 
number

 Groups (Mean±Standard deviation of MNPCE)
B B vs. C B vs. D B vs. E B vs. F E vs. F

1  - - -  -  -  -  -
2 50.45 ± 2.31 4.52 ± 0.34* - - 4.53 ± 0.45* - 4.53 ± 0.45*
3 53.77 ± 1.95 4.61 ± 0.67* - - 4.62 ± 0.23* - 4.62 ± 0.23*
4 56.95 ± 2.01 4.91 ± 0.88* - - 5.63 ± 0.45* - 5.63 ± 0.45*
5 68.23 ± 1.56 4.82 ± 0.75* 6.15 ± 0.49* 17.11 ± 1.11* 5.92 ± 0.67* 17.11 ± 1.11 5.92 ± 0.67*
6  -  - 7.85 ± 0.98* 20.34 ± 2.34* 20.34 ± 2.34 -
7 - - 8.01 ± 1.01* 25.11 ± 1.67* 25.11 ± 1.67 -
8 - - 10.07 ± 0.67* 30.54 ± 2.34* 30.54 ± 2.34 -

Week 
number

Groups (Mean±Standard deviation of MNPCE)
C C vs. D C vs. E C vs. F D vs. E D vs. F

1  - - -  -  -
2 4.52 ± 0.34 - - 4.53 ± 0.45 -  4.53 ± 0.45
3 4.61 ± 0.67 - - 4.62 ± 0.23 - 4.62 ± 0.23*
4 4.91 ± 0.88 - - 5.63 ± 0.45 - 5.63 ± 0.45*
5 4.82 ± 0.75 6.15 ± 0.49* 17.11 ± 1.11* 5.92 ± 0.67 17.11 ± 1.11* 5.92 ± 0.67*
6  - 7.85 ± 0.98* 20.34 ± 2.34* - 20.34 ± 2.34*
7 - 8.01 ± 1.01* 25.11 ± 1.67* - 25.11 ± 1.67*
8 - 10.07 ± 0.67* 30.54 ± 2.34* - 30.54 ± 2.34*

Group A – Leukaemia induction by a low dosage; Group B – Leukaemia induction by a high dosage; Group C – Negative Control; Group D – 
Preventive group on a low dosage of N-Nitroso-N-ethylurea; Group E – Preventive group on a high dosage of N-Nitroso-N-ethylurea; Group F 
– Adverse/Toxicity group. *- p signifi cant at 0.05 (p ≤ 0.05)

Figure 2. Mean micronucleus polychromatic erythrocyte cell (MNPCE) population among the groups across the 
weeks of exposure
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low-resource and income countries, A. muricata 
is not an exception to those qualities [12–16, 26]. 
Therefore, the active ingredients of the A. murica-
ta ethanolic leaf extracts have been analyzed for 
the content of acetogenins, alkaloids, flavonoids 
(phenolic compounds), such as Sparteine, Antho-
cyanin, Sapogenin, Morphine, Phenol, Quinine, 
Ribalinidine, Ephedrine, Resveratrol, Catechin, 
Saponin, Oxalate and Quercertin [27], steroids, 
and saponins [28]. All the substances have spe-
cifi c and multiple effects on cell constituents 
depending on their concentration and target tis-
sues. These abilities include, for example, antidi-
abetic, anticonvulsant, antioxidant, cardioprotec-
tive, antimicrobial, and anti-carcinogenic activi-
ties [23, 27].

In this study, different ENU concentrations 
were observed to induce pro-leukaemia with 
resulting leukaemia states in the models, evi-
denced by the increasing trend of the values of 
MNPCE counted per group. The ENU has been 
studied to possess leukaemogenetic property 
based on its ability to transfer alkyl to the nucle-
obases of cellular nucleic acid by an enzymatic 
reaction [9]. Therefore, this study emphasises the 
agent's ability and effi cacy in inducing leukaemia 
for study and other research purposes. Further-
more, the study has proven that a required form 
of induction, especially the gravity of the leukae-
mia state, determines ENU ability to perform such 
a task successfully.

A.muricata has been shownto possess anti-
cancer abilities by suppressing tumor growth and 
induced apoptosis of various cancer cell lines 
[19, 29–31]. The study further depicts its antig-
enotoxic and chemopreventive attributes mani-
fested by the drastic reduction in the genotoxic 
effect of ENU and evidenced by the consistent 
reduction in the MNPCE value in the preven-
tive groups. The protective ability of A. muricata 
leaf extract to withstand carcinogenic agents in 
inducing pro-leukaemic conditions and eventu-
ally full-blown leukaemia was displayed. It can be 
deduced from the high concentration of various 
acetogenins, phenols and alkaloids. The sub-
stances have been studied to possess antican-
cer properties. The acetogenins inhibit the mito-
chondrial complex I due to their bis-THF struc-
ture in vitro, thereby preventing replication of the 
cancerous cell lines [31]. It is characterized by its 
unbranched C32 or C4 fatty acid with γ-lactone 

at the end of the cytoskeleton. This structure is 
highly reactive against cancer as it deprives the 
cells of ATP supply to the mitochondria, result-
ing in apoptosis [32–34]. On the other hand, the 
effi cacy of alkaloids of plant derivatives has been 
proven in oncogenesis suppression by modulat-
ing key signalling pathways involved in prolifera-
tion, cell cycle, and metastasis [32, 33].

Furthermore, a previous study on gas chroma-
tography-mass spectrometry (GC-MS) analysis 
of the essential leaf oil of A. murricata has further 
indicated terpenes, terpenoids and δ-cadinene 
as the signifi cant essential oil and compounds 
of the leaves with 50.26% 34.24% and 22.58%, 
respectively. Other constituents include, amongst 
other sesquiterpenes, alkanes,r- Cadinol, esters, 
β-Caryophyllene, α-Copaene, Ledene oxide II, and 
Octadecane [37]. The phytochemicals acetano-
gennins, flavonoids, alkaloids with the terpenes 
and δ-cadinene essential oil forms are the con-
stituents suspected to be the main antigenotox-
ic contributors in the studied extract. The pres-
ence of these constituents severally inhibits the 
proliferation of MCF-7, MDA-MB-231 and 4T1 
breast cell lines, initiate cytotoxicity on histiocyt-
ic lymphoma cell lines, pancreatic cancer cells, 
immortalised human keratinocytes, HaCat, nor-
mal human liver cells, WRL-68, and human skin 
malignant melanoma, A375 [38–42]. 

Some essential minerals such as calcium, 
sodium, potassium, iron, magnesium, and zinc 
are also abundantly present in A. muricata [43]. 
These elements generally contribute to the nor-
mal physiologic function of the cell primarily by 
the enzymatic catalytic system and oxidation-re-
duction reaction aiding cellular functions. There-
fore, their presence in the leaf extracts has yield-
ed similar outcomes in the A. muricata adminis-
tered models hence down-regulating the induced 
genotoxicity. 

Furthermore, this study established the abil-
ity of the mice models to tolerate A. muricata well 
enough. Hence the normal state observed with 
MNPCE values as seen in the negative control. 
Although the same leaf extract concentration 
was administered, the rate at which the MNPCE 
differed in the positive groups with the low and 
the high ENU dosage was also replicated in the 
chemopreventive groups. The fact points to con-
sistency in the extract's ability to eradicate the 
leukaemic condition irrespective of the dos-



Journal of Medical Science 2022;91(4)294

age of the ENU. This observation still affi rms the 
anti-genotoxic ability of A. muricata irrespective 
of the extent of genotoxicity or leukaemia devel-
opment.

In conclusion, the ENU-induced genotoxic-
ity manifested by the pro-leukaemia state and 
detected with the bone marrow micronucleus 
assay in the animal model proved its capacity 
to induce malignancy and pose a risk factor on 
exposure. The studied A. muricata ethanolic leaf 
extract prevented further induction of genotoxic-
ity and pro-leukaemia in the ENU-induced mod-
el, which was recognised by a reduced MNPCE 
count in the preventive groups based on the ENU 
dosages. The proven active antigenotoxic phy-
tochemicals and essential oils of A. muricata 
include acetanogennins, flavonoids, alkaloids, 
terpenes, and δ-cadinene. The anti-genotoxic 
activity of A. muricata was also seen to be potent 
in the case of a high ENU carcinogenic agent dos-
age, with an observable tolerance of the extract 
when administered within the required dosage to 
the non-induced mice models. 
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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease where both upper and lower 
motoneurons are damaged. Even though the pathogenesis of ALS is unclear, the TDP-43 aggregations and 
non-nuclear localization may be crucial to understanding this process. Despite intensive research on ALS 
therapies, only two lifespan-prolonging medications have been approved: Riluzole and Edaravone. Unrav-
elling the TDP-43 pathology could help develop new ALS therapies using mechanisms such as inhibition of 
nuclear export, autophagy, chaperones, or antisense oligonucleotides. Selective inhibitors of nuclear export 
(SINEs) are drugs that block Exportin 1 (XPO1) and cause the accumulation of not exported molecules inside 
the nucleus. SINEs that target XPO1 are shown to slightly extend the survival of neurons and soften motor 
symptoms. Dysfunctional proteins, including TDP-43, can be eliminated through autophagocytosis, which is 
regulated by the mTOR kinase. Stimulating the elimination of protein deposits may be an effective ALS thera-
py. Antisense oligonucleotides (ASO) are single-stranded, synthetic oligonucleotides that can bind and mod-
ulate specifi c RNA: via ribonuclease H, inducing their degradation or inducing alternative splicing via blocking 
primary RNA transcripts. Current ASOs therapies used in ALS focus on SOD1, C9ORF72, FUS, and ATXN2, and 
they may be used to slow the ALS progression. Reversing the aggregation is a promising therapeutic strate-
gy. Chaperones control other proteins' quality and protect them against stress factors. Due to the irreversible 
character of ALS, it is essential to understand its complicated pathology better and to seek new therapies.
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Introduction

Amyotrophic lateral sclerosis (ALS), also known 
as Lou Gehring’s disease, or Charcot's disease, is 
a progressive neurodegenerative disorder lead-
ing to the loss of motor neurons. Limb and bul-
bar onset are ALS's most common clinical phe-
notypes, responsible for 70% and 25% of all cas-
es. Signs of upper and lower motor neuron (UMN 
and LMN) damage are required to confi rm the 
diagnosis of ALS. UMN disruptions are present-
ed with spasticity and weakness, in contrast to 
LMN malfunctions manifested by fasciculations, 
muscle wasting, and weakness. Dysarthria and 
dysphagia are bulbar signs of ALS [1]. The pro-
gressive character of ALS leads to malnutrition 
and respiratory failure. In Europe, the incidence 
of ALS varies between 2.1 and 3.8 per 100,000 
person-years (2019, review) [2]. The median age 
of ALS diagnosis is between 54 to 69, and the 
median time from fi rst symptoms to diagnosis 
ranges between 9 and 24 months [2]. The median 
survival time from the fi rst symptoms to death or 
invasive respiratory ranges between 24 and 50 
months [2]. However, 5–10% of patients live lon-
ger than 10 years. Older age, bulbar onset, malnu-
trition, psychological distress, lower forced vital 
capacity (FVC), and the short time delay between 
onset and diagnosis are related to worse clinical 
outcomes [3]. 30–50% of ALS patients show cog-
nitive function defi cits, and 15% meet the criteria 
for frontotemporal dementia (FTD) [4]. In addi-
tion, ALS and FTD share a common neurologi-
cal hallmark: up to 97% of ALS and 45% of FTD 
patients’ nervous systems have TDP-43 positive 
neuronal aggregates [5]. These fi ndings support 
the hypothesis that ALS and FTD are two mani-
festations on an ALS-FTD spectrum.

The direct cause of ALS is unknown, but 
10–15% of patients have a positive family record. 
More than 30 genes have been identifi ed as risk 
factors for ALS development. Almost 70% of 
familial ALS (fALS) cases are associated with 
the mutations in superoxide dismutase 1 (SOD1), 
fused in sarcoma (FUS), chromosome 9 open 
reading frame 72 (C9ORF72), TAR DNA-binding 
protein 43 (TARDBP) [6, 7]. Environmental fac-
tors may relate to the more frequent onset of the 
sporadic form of ALS. Exposure to pesticides or 
low-frequency electromagnetic fi elds induces 
cellular oxidative stress, which could contribute to 

the pathogenesis of many degenerative diseases 
[8]. Exposure to heavy metals like lead, head trau-
ma, professional sports, intensive physical activ-
ity, and lower body mass index are all associated 
with a higher probability of developing ALS [8, 9]. 
However, the research presenting this relation-
ship shows that the estimated probability was 
low. Additionally, the number of studies on envi-
ronmental factors is relatively modest. Conse-
quently, these factors are poorly established.

Although the pathomechanism of ALS is 
unclear, the impaired TDP-43 protein plays a cru-
cial role in the pathogenesis of the disease. TDP-
43 is a highly conserved protein belonging to the 
family of DNA/RNA binding ribonucleoproteins. 
It is mainly located in the cell nucleus [10]. In 
most ALS cases, TDP-43 is mislocalized from the 
nucleus to the cytoplasm, simultaneously form-
ing ubiquitinated cytosolic aggregates [10, 11]. 
Due to ALS's progressive and irreversible charac-
ter, it is essential to seek new therapies to improve 
patients' prognoses. Nevertheless, only two dis-
ease-modifying medications have been approved: 
Riluzole (possibly inhibiting glutamatergic trans-
mission) and Edaravone (free radical scavenger; 
cleared by FDA but withdrawn by EMA) [12]. 

In this article, we present the role of impaired 
TDP-43 protein in the pathology of ALS and dis-
cuss current (riluzole and edavarone) and emerg-
ing ALS therapies using such methods as inhibi-
tion of nuclear export, autophagy enhancement, 
chaperones, antisense oligonucleotides, and 
inhibition of poly (ADP-ribose) polymerase.

Methodology

Papers published between 1995 and June 2022 
were identifi ed by PubMed literature searches 
using the terms: “amyotrophic lateral sclerosis”; 
“ALS”; “TDP-43 proteinopathy”; “antisense oligo-
nucleotides”; “autophagy enhancers”; “chaper-
ones”; “SINE”; “edavarone”; “riluzole”. Additional 
publications were selected through the Internet 
from the references of those papers. Only articles 
in English were considered.

TDP-43 protein biology
TDP-43 is a nuclear protein encoded by the TAR-
DBP gene located on chromosome 1. It was fi rst 
recognized as a protein that binds to the trans-
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activation response (TAR) element of the human 
immunodefi ciency virus (HIV) and thus was 
named TAR DNA-binding protein-43 kDa [10]. 
TDP-43 is mainly concentrated in the nucleus but 
may perform some of its functions in the cyto-
plasm [13]. The primary function of the TDP-43 is 
RNA metabolism which includes its transcription, 
translation, messenger RNA (mRNA) transport 
and stabilization, microRNA (miRNA), and long 
non-coding RNA (lncRNA) processing [14]. 

TDP-43 is involved in forming and regulat-
ing the cytoplasmic RNA granules, termed stress 
granules (SGs), that appear after exposure to envi-
ronmental factors, including oxidative or osmot-
ic stressors, heat shock, or viral infections [15]. 
These membrane-less organelles are thought to 
enhance cell survival through by storing mRNAs, 
translation factors, and RNA-binding proteins fol-
lowing stress exposure. Additionally, TDP-43 res-
idues may be signifi cant in SGs formation in the 
liquid-liquid separation process [16]. Liquid-liquid 
phase separation of RNA-binding proteins, such 
as TDP-43, is a process in which membrane-less 
organelles are formed in cells. The abnormal 
phase transition of these proteins leads to the 
formation of insoluble protein aggregates [17]. 
TDP-43 proteinopathy identifi ed as a factor in the 
pathogenesis of ALS and other neurodegenera-
tive diseases develops through the depletion of 
the TDP-43 protein in the nucleus with its mis-
localization and aggregation in the cytoplasm 
[18, 19]. The surge in the cytoplasmic TDP-43 
concentration leads to cytoplasmic aggregation 
formation observed in ALS [20]. Studies suggest 
that the cytoplasmic mislocalization of TDP-43 
induces toxicity through both the loss and gain of 
functions [10].

The protein consists of 414 amino acid resi-
dues composing four domains: N-terminal (NTD), 
two highly conserved RNA-binding domains 
(RRM) as well as an unstructured Carboxyl-ter-
minal fragment (CTF) [18]. TDP-43 RRM domains 
bind with related RNA/DNA molecules and are 
involved in RNA metabolic processes [19]. Stud-
ies suggest that the RNA binding ability may be 
a toxic and protective mechanism of TDP-43 pro-
tein during its aggregation [19, 21]. Several muta-
tions in the RRMs were shown to disrupt the RNA 
binding capability while not signifi cantly interfer-
ing with RNA recognition [22]. NTD is responsible 
for the interactions of partner proteins and the 

target RNAs and may protect against cytoplas-
mic TDP-43 aggregation [23, 24]. Deletions or 
mutations in the nuclear localization signal (NLS) 
sequence of the NTD may cause the mislocation 
of TDP-43 in the cytoplasm [25]. 

TDP-43 aggregates in patients include its 
full-length form and the 35- and 25-kDa CTF, the 
prion-like structure of the CTF that is most impor-
tant for TDP-43 neurodegenerative properties, as 
CTF is the dominant ALS-associated TARDBP 
mutation site [26–28]. Prions are self-replicating 
proteins that undergo conformational changes 
to form aggregates causing neurological infec-
tious diseases in mammals [29]. While ALS is 
not an infectious disease, the misfolded struc-
ture of TDP-43 and its ability to aggregate give it 
prion-like properties. Moreover, there is evidence 
that TDP-43 aggregations can self-propagate 
within neuronal cells and transmit to adjacent 
cells. This mechanism, similar to prion replica-
tion, may be a foundation for the pathology of 
ALS [30].

The hyperphosphorylated and ubiquitinat-
ed CTF aggregations are found in the brain of 
patients with ALS. However, CTFs are rarely 
observed in the spinal cord of ALS patients, even 
the ones with remarkable degeneration of spinal 
motor neurons. The above suggests that TDP-
43 CTFs accumulate due to additional factors 
influenced by regional heterogeneity in the cen-
tral nervous system [29]. TDP-43 accumulation 
and propagation in vulnerable brain regions and 
the spinal cord contribute to a signifi cant loss 
of motor neurons and, thus, clinical syndromes 
of the neurodegenerative disorder [32]. The wide 
range of TDP-43 protein cell functions and its 
post-translational modifi cations that include 
ubiquitination, phosphorylation, and acetyla-
tion indicate the diversity of biochemical mecha-
nisms in the pathogenesis of ALS itself. (TDP-43 
biology is illustrated in Figure 1).

Riluzole 

Riluzole is the only medication approved for ALS 
treatment in Europe [33]. Although initial clinical 
trials showed that riluzole treatment increases 
a patient's lifespan by 2–3 months, a retrospec-
tive meta-analysis revealed that survival time 
could be extended by 6 to even 19 months [34]. 
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Riluzole moderately impacts bulbar and limb 
function while not influencing muscle strength 
[35]. Glutamate excitotoxicity is another pro-
posed mechanism that might explain complex 
ALS pathology; increased glutamate levels in 
the cerebrospinal fluid of ALS patients support 
this theory [36]. It was established that riluzole 
could modulate glutamatergic signaling. Howev-
er, a direct connection with glutamate receptors 
has never been shown [36]. Excitatory amino acid 
transporter-2 (EAAT2) is a transporter respon-
sible for glutamate reuptake, and it is expressed 
in glial cells. EAAT2 mRNA transcript levels are 
signifi cantly lower in TDP-43 proteinopathy lead-
ing to the accumulation of glutamate [36]. It was 
suggested that riluzole could inhibit the cata-
lytic activity of protein kinase CK1δ, preventing 
the formation of hyperphosphorylated TDP-43 
aggregation and cytoplasmatic mislocalization 
[36]. The preservation of TDP-43 homeostasis 
mediated by riluzole enables the correct matu-
ration of mRNA transcripts and, as a result, the 
typical expression of the EAAT2 transporter. This 
phenomenon shows a connection between ALS 
hallmarks: glutamate excitotoxicity and TDP-43 

aggregations [37]. Furthermore, riluzole can mod-
ulate TDP-43 self-interaction without changing 
TDP-43 expression; it may result from riluzole's 
antioxidative character [33]. Although most ALS 
patients receive riluzole after diagnosis, a recent 
study performed on a murine model showed that 
riluzole administration does not alter total levels 
of TDP-43 and does not affect the accumula-
tion of TDP-43 aggregations [38]. However, little 
research shows that riluzole reduces TDP43 pro-
tein aggregation. Therefore, inhibition of CK1δ 
kinase may be a successful approach to reduce 
TDP-43 aggregation.

Edavarone – free radical scavenger 

Since 2001 edavarone has been used in the 
therapy of acute ischemic attack, and the FDA 
approved it in 2017 for ALS treatment [39]. Eda-
varone – a free radical scavenger, reduces oxida-
tive stress, a mechanism linked to the pathology 
of many neurodegenerative diseases that also 
quickens neuron degeneration [40]. Due to the low 
number of studies, the direct connection between 

Figure 1. TDP-43 biology in ALS TDP-43 protein is composed of four domains: N-terminal (NTD), two highly conserved RNA-binding 
domains (RRM), and a Carboxyl-terminal fragment (CTF). Deletions or mutations in the nuclear localization signal (NLS) sequence of 
the NTD may cause the TDP-43 mislocation and increased cytosol concentration. Mutations in the RRM domains result in disrupted 
RNA binding capability. Self-propagation of TDP-43 is mainly the result of the prion properties of CTF. Accumulation of hyperphos-
phorylated and ubiquitinated CTF-rich aggregations, TDP-43 cytoplasmic mislocation, and increased concentration under stress 
exposure leads to stress granule formation
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edaravone and TDP-43 alterations needs to be 
clarifi ed. Nonetheless, the antioxidative character 
of edavarone might impact the TDP-43 aggrega-
tion. 3-nitrotyrosine, a specifi c marker for oxida-
tive stress connected with neuronal degenera-
tion, was signifi cantly reduced after edavarone 
treatment in the ALS model [41]. It has been dem-
onstrated that reactive nitrogen species can pro-
mote TDP-43 aggregation through S-nitrosyla-
tion, leading to the formation of disulfi de bonds. 
Additionally, enhanced nitric oxide generation 
and protein misfolding are caused by increased 
TDP-43 expression. This positive feedback loop 
increases nitrosative stress and protein aggrega-
tion [42]. A study conducted by Ohta et al. revealed 
that edavarone could modulate antioxidant cell 
response mediated by nuclear factor erythroid 
2-related factor-2 (Nrf2) in ALS murine model [43]. 
Nrf2 controls cell antioxidative response. TDP-43 
model demonstrated that in response to oxidative 
stress, the Nrf2 protein level and the expression 
of antioxidant genes are increased. However, the 
levels of glutathione (an essential antioxidant) 
are reduced [44]. In addition, TDP-43 alters the 
expression of the RNA-binding protein hnRNP 
K, resulting in a toxic gain of function. Aberrant 
hnRNP k binds to antioxidant gene transcripts 
affecting their translation and leading to insuffi -
cient antioxidant cell response [44]. ALS patients 
may fi nd edavarone treatment benefi cial by delay-
ing the loss of physical function [45].

Selective inhibitors of 
nuclear export 

Exportin 1 (XPO1) is involved in mediating the 
export of many types of proteins and RNAs out 
of the cell nucleus, particularly cargos with leu-
cine-rich nuclear export signals (NES) [46, 47]. 
Selective inhibitors of nuclear export (SINEs) are 
drugs that block XPO1 and cause the accumula-
tion of not exported molecules inside the nucle-
us. SINEs are shown to be helpful in patients 
with tumours like glioblastoma [48] and multiple 
myeloma, for which it is approved by the Food 
and Drug Administration (FDA) to be used as 
a 5th line of therapy [49]. Using SINEs enhanced 
autophagy and lysosomal regulation through 
Helix Loop Helix-30 (HLH-30) nuclear enrichment 
inSOD-1 based model of AlS in flies and nama-

todes, thus prolonged their lifespan and prevent-
ed neurodegeneration. HLH-30 is an ortholog of 
human Transcription factor EB(TFEB), a protein 
responsible for the modulation of autophagy 
[50]. Therefore, similar effects in ALS-affected 
patients might be achieved in the future.. Some 
ALS models revealed that SINEs that target XPO1 
slightly extend the cellular survival of neurons 
and soften motor symptoms. However, there 
was no evidence that one specifi c inhibitor could 
influence TDP-43 cytoplasmic levels. To prevent 
this, several overlapping mechanisms with multi-
ple transporters like XPO7 or Nuclear RNA Factor 
1 (NXF 1) have to target the nuclear export [51]. 
Some studies show that TDP-43 does not con-
tain XPO-1-dependent NES. Therefore, the nucle-
ar egress of TDP-43 is believed to be indepen-
dent of XPO-1. The TDP-43 protein is suggested 
to be predominantly size-dependent and driven 
by passive diffusion [52].

Inhibition of poly (ADP-ribose) 
polymerase (PARP)

Poly (ADP-ribose) polymerase (PARP) is respon-
sible for protein modifi cation and DNA repair 
[53]. PARP-1 levels are increasing under oxida-
tive stress conditions. The occurrence leads to 
an accumulation of ADP-ribose polymers, which 
eventually may lead to cell death. This phenome-
non plays a vital role in developing ALS and other 
neurodegenerative diseases [54, 55]. Heteroge-
neous ribonucleoprotein A1 (hnRNP A1) is another 
RNA-binding protein that also plays a role in the 
pathogenesis of ALS [56]. Exaggerated response 
to a stressor such as a reactive oxygen species 
leads to the recruitment of both hnRNP A1 and 
TDP-43. Conversely, the decreased Poli ADP-ri-
bosylation (PARylation) suppresses the forma-
tion of these stress granules in motor neuron-like 
cell lines. Therefore using PARP inhibitors, such 
as a drug like Olaparib used in the treatment of 
ovarian and breast cancer, may be a candidate for 
further investigation in ALS treatment [55].

Autophagy induction 

Autophagocytosis is a multi-step process 
responsible for eliminating dysfunctional organ-
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elles and proteins, including TDP-43, FUS, TAF 
15, and EWSR1. Research indicates that impaired 
autophagy takes part in the formation of pro-
tein aggregations in eukaryotic cells such as 
motoneurons [57]. It may also play a role in the 
pathogenesis of neurodegenerative diseases. 
Numerous autophagosomes were found in the 
motoneurons of patients with both ALS forms, 
indicating disrupted autophagocytosis [58].The 
autophagy pathway is regulated by mTOR kinase, 
which inhibits the entire process. The use of 
mTOR inhibitors, and hence the promotion of the 
elimination of protein deposits, could be crucial 
for future ALS therapy [59]. Rapamycin (Siroli-
mus) is a well-known and widely used immuno-
suppressive drug that stimulates autophagocy-
tosis as an mTOR inhibitor. Ongoing clinical tri-
als indicate controversial effects of Sirolimus 
in various genetic animal models. Additional 
improvement in the function of locomotor cells 
with TDP-43 deposits has d Rapamycin's pro-
tective effect [60]. Trehalose is a natural disac-
charide that stimulates rapamycin-dependent 
autophagy and thus lowers the concentration 
of TDP-43 in spinal cord cells and motoneurons 
[61, 62]. It also stimulates the nuclear transloca-
tion of TFEB (transcription factor EB), which reg-
ulates the genes depending on the autophagy 
pathway. Trehalose treatment also induces rapid 
and transient lysosomal enlargement and mem-
brane permeabilization [62]. Lithium is another 
element that enhances autophagocytosis, and 
is commonly used in treating mental diseases. 
Lithium also has a therapeutic effect depending 
on the patient's genotype. ALS patients with the 
UNC13A mutation benefi t most from blocking the 
mTOR kinase pathway [63]. 

Antisense oligonucleotides 
therapies

Almost 10% of ALS cases are familial (famil-
ial amyotrophic lateral sclerosis, fALS). 70% of 
fALS could be explained by known mutations, the 
essential being: SOD1, C9ORF72, FUS, and TAR-
DP [64]. The link between known mutations and 
ALS opens possibilities for personalized medi-
cine, such as using antisense oligonucleotides 
(ASO). ASOs are single-stranded, synthetic oligo-
nucleotides that can bind RNA with high speci-

fi city and could modulate gene expression in two 
different ways. The fi rst mechanism involves the 
degradation of targeted RNA mediated by ribonu-
clease H, which lowers the level of the targeted 
protein. ASOs may also affect alternative splicing 
by acting as splice-switching oligonucleotides. 
Exon skipping and exon inclusions are two forms 
of splicing modifi cation [64, 65]. 

Superoxide dismutase is an enzyme encoded 
by the SOD1 gene. Mutations in SOD1 are 10% 
fALS and 2% sALS (sporadic amyotrophic lateral 
sclerosis) cases [66]. However, The connection 
between the mutation in the SOD1 and the TDP-
43 protein is unclear. Some authors suggest no 
TDP-43 aggregations in SOD1-fALS [67]. Nev-
ertheless, others report that a high concentra-
tion of SOD1 protein may affect TDP-43 through 
phosphorylation and fragmentation, as a result 
of which SOD1 promotes nuclear-cytoplasmic 
mislocalization and accumulation of TDP-43 
in the cytoplasm [68, 69]. Tofersen is the ASO 
therapy for SOD1-fALS currently in the clinical 
trial (BIIB067). It is an ASO that binds directly 
to SOD1 mRNA, stimulating its degradation via 
RNAse H, which prevents the toxic accumula-
tion of SOD1 [70]. Phase 1 and 2 studies have 
shown that tofersen in a dose of 100 mg reduces 
the concentration of SOD1 in cerebrospinal fluid 
by 36% compared to placebo [65]. Additionally, it 
may slow disease progression, but this requires 
further studies [71].

Fused in sarcoma (FUS), like TDP-43, belongs 
to the family of RNA binding proteins (RBP). RBPs 
are located mainly in the nucleus and are involved 
in RNA metabolism [72]. The leading cause of 
early-onset ALS is FUS mutations [73] which are 
responsible for 4% of fALS and 2% of sALS cases 
[74]. No TDP-43 deposits were found in FUS-fALS 
[67]. ION363 is an ASO designed against the 6th 
intron of the FUS transcript [74]. The fi rst-in-hu-
man study showed that repeated administra-
tion of ION363 to a FUS-ALS patient reduced of 
FUS aggregates characteristic for FUS-fALS. The 
above study, combined with studies performed 
on murine models [74], suggests that ION363 
silences the mutant FUS transcript and results 
in a reduction of pathological FUS aggregates 
and a slowing down of motor neuron degenera-
tion [74]. However, a single-patient study cannot 
determine whether ION363 modifi es the course 
of the disease. The ongoing study NCT04768972 
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[75] could answer the whether patients with 
FUS-ALS will benefi t from ION363.

The increased number of the G4C2 repeats in 
the uncoded C9ORF72 region is the leading cause 
of fALS, responsible for 40% of fALS and 5–10% of 
sALS [76]. The expansion of G4C2 repeats in the 
C9ORF72 leads to specifi c processes such as hap-
loinsuffi ciency, formation of RNA foci, and forma-
tion of dipeptide repeat proteins (DPR) [77]. Those 
changes are present many years ahead of the for-
mation of TDP-43 aggregates in motor neurons, 
probably favouring the deposition of TDP-43 [78]. 
Researchers observed that DPR (polyGR) acceler-
ates the formation of TDP-43 aggregation [77]. ASO 
designed selectively against V1 and V3 transcripts 
of C9ORF72 may lead to RNA foci and DPR reduc-
tion [78,79]. Administration of ASO on the C9ALS 
animal model showed a decrease of poly-GP and 
V3 transcript in cerebrospinal fluid [78,79]. Brown 
et al. were the fi rst to apply ASO in treating C9ALS 
patients. The patients tolerated the therapy well, 
and polyGP reduction was observed [78].

The ATXN2 gene is mainly associated with spi-
nocerebellar ataxia type 2 (SCA2), but an increased 
number of CUG (glutamine-encoding) repeats in 
ATXN2 was associated with a higher incidence of 
ALS [80, 81]. In addition, 4.7% of ALS patients have 
intermediate-length polyglutamine (polyQ) expan-
sions in ataxin 2 [80]. Ataxin 2 is a protein involved 
in RNA metabolism, including stress granule 
assembly [82]. Intermediate-length PolyQ expan-
sions stimulate the formation of TDP-43 aggre-
gates in motoneurons [83]. It has been observed 
that lowering the concentration of ataxin 2 reduc-
es the TDP-43 aggregation and improves surviv-
al and locomotor function in transgenic TDP-43 
mice [82]. The therapy proposed by the authors 
is the fi rst ASO therapy designed against a gene 
that is not the direct cause of neurodegenerative 
disease [82]. Due to crucial, physiological TDP-
43 cellular functions, it is not feasible to develop 
an ASO therapy that directly modifi es TDP-43. 
Therefore the primary group of ALS patients could 
benefi t from ASO targeting ATXN2 [82, 84].

Stimulation of protein 
disaggregation 

In ALS, both familial and sporadic, there are sev-
eral abnormalities in protein synthesis, especially 

TDP-43. To begin with cytoplasmic mislocaliza-
tion, through the deposition of hyperphosphory-
lated protein in the form of aggregations, and to 
end with cutting off C-terminal fragments, ulti-
mately leading to toxic protein aggregation in the 
patient's brain and spinal cord. Reversing pro-
tein aggregation could be a promising therapeu-
tic strategy [85]. Thermal shock proteins (chap-
erones) control other proteins' quality and per-
form protective functions for proteins against 
stress factors such as temperature, chemicals, 
or oxidative stress. One of them, Hsp-104 iso-
lated from S. cerevisiae, exhibits disaggregation 
abilities concerning toxic protein deposits. Stud-
ies report that genetically modifi ed Hsp-104 can 
dissolve TDP-43 aggregates but does not prevent 
their formation [86]. Naturally occurring in the 
human body Hsp-70 and Hsp-90 are stimulated 
by a transcription factor HSF1. It was discovered 
that a small molecule called acrimoclomol could 
stimulate HSF1 [87]. Activating the HSF1 pathway 
reduces cell levels of TDP-43 deposits [88, 89]. 
However, after promising results in preclinical tri-
als, phase III tests questioned acrimoclomol effi -
ciency as a form of ALS treatment [90]. Hsp-90, in 
cooperation with its co-protein Sti1 and possibly 
Hsp-70, can alter TDP-43 misfolding and stabi-
lise the TDP-43 conformation, thereby reducing 
TDP-43 toxicity [91]. Another function of Hsp-70 
is to regulate autophagy by stimulating the bind-
ing of lysosomes to damaged proteins [92]. The 
Hsp-110 collaborates with the Hsp-70 protein 
family that functions as part of the disaggrega-
tion pathway. A study by Nagy et al. indicated 
that Hsp-110 could increase the survival time in 
the ALS murine model [93]. Serine-rich chaper-
one protein (SRCP-1), a novel chaperone protein 
that prevents protein aggregation in the cell cul-
ture of Huntington’s disease, has shown contro-
versial results in ALS models [88]. More studies 
and optimization are needed to evaluate its effec-
tiveness [94]. HspA5 is a chaperone protein that 
binds directly to TDP-43. Recent studies indicate 
that up-regulation of HspA5 in ALS may increase 
motor neuron survival by inhibiting TDP-43 mis-
folding and subsequent toxicity [90]. 

Single chain variable fragment (scFv) obtained 
by molecular methods from monoclonal antibodies 
could be a promising approach in the treatment of 
neurodegenerative diseases like Huntington’s dis-
ease, Parkinson’s disease, and ALS. A study con-
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ducted by Tamaki et al. indicated that scFv inter-
acts with TDP-43 directly and hastens the prote-
olytic degradation of its aggregations. Moreover, 
refolding abilities of Hsp-70 enhance the degra-
dation of the scFv-TDP-43 complex [95]. Specifi c 
scFv can also enhance the polyubiquitin chains 
bound to TDP-43 and stimulate proteasomal and 
autophagy degradation pathways [95, 96].

Table 1 summarises presented ALS treatment 
strategies.

Other ongoing trials 

PB-TURSO combines two compounds: phenyl-
butyrate (PB) and taurursodiol (TURSO). Com-
pounds of PB-TURSO have moderating effects 
on endoplasmic reticulum stress (PB) and mito-
chondrial dysfunction (TURSO), both mecha-
nisms known as potential pathogenic factors in 
ALS. The CENTAUR trial showed that introducing 
PB-TURSO therapy prolonged the patient’s medi-
an survival by 6.5 months compared with the pla-
cebo [99].

Masitinib is a selective oral tyrosine kinase 
inhibitor that targets the c-KIT receptor. Experi-
ments on the ALS model showed masitinib’s 
ability to regulate microgliosis and neuroinflam-
mation [100]. The study demonstrated that early 
introduction (before functional impairment) of 
masitinib could prolong a patient’s survival time 
by 2 years compared with a placebo [101].

Reldesemtiv is a fast skeletal muscle troponin 
activator (FSTA) that sensitizes the sarcomere to 
calcium, enhancing muscular power. This phe-
nomenon may be helpful in ALS and other neu-
romuscular diseases leading to muscle weak-
ness and fatigue [102]. Reldesemtiv was tested 
in a phase II trial in patients with ALS. The ALS 
Functional Rating Scale-Revised (ALSFRsR) 
decrease noticed a statistically signifi cant fall. 
Reldesemtiv was most benefi cial for patients with 
faster disease progression [102].

Neurotrophic factor-secreting mesenchymal 
stromal cells (MSC-NTF, NurOwn) are bone mar-
row-derived mesenchymal stem cells. They were 
modifi ed ex vivo to secrete neurotrophic factors 
such as Glial Cell Line Derived Neurotrophic Fac-
tor (GDNF) and Vascular Endothelial Growth Fac-
tor (VEGF) [103]. Unfortyntely, phase 3 research 
on the use of MSC-NTF for ALS treatment had 
not reached a statistically signifi cant response to 
treatment or functional improvement compared 
to placebo. Nevertheless, analysis of patients' 
cerebrospinal fluid (CSF) revealed improvements 
in CSF biomarkers related to neuroinflammation 
and neurodegeneration after using MCS-NTF 
whereas the placebo remained the same [104].

A platform trial is clinical research with a sin-
gle master protocol that evaluates numerous 
therapies sequentially across one or more groups 
of patients and permits potential inclusion or 
exclusions of new therapies in the future. This 
model allows for faster development by evaluat-

Table 1. Summary of presented strategies and their research phase

Treatment strategy Proposed mechanism of action in correlation with TDP-43 Clinical results
Riluzole Riluzole inhibits the kinase CK1δ and thus prevents the formation 

of hyperphosphorylated TDP-43 aggregations.
Prolongs median survival time by 3 
months, compared to placebo [91].

Edavarone Edavarone modulates antioxidant cell response mediated by Nrf2 
and thus reduces oxidative stress, leading to TDP-43 
aggregations.

Slows disease progression by 33% 
measured by ALSFRS�R scale [91].

SINEs (Selective 
inhibitors of nuclear 
export)

SINEs are drugs that block XPO1 and cause the accumulation of 
not exported molecules inside the nucleus, including theTDP-43 
protein.

Strategy in the preclinical phase.

PARP inhibitors (PARPi) Decreasing the Poli ADP-ribosylation PARPi suppresses the 
formation of stress granules.

Strategy in the preclinical phase.

Rapamycin (mTOR 
kinase inhibitor)

Rapamycin inhibits mTOR kinase, enhances autophagocytosis, 
and, as a result, promotes the elimination of TDP-43 deposits.

Currently in II phase trial [92].

ASO targeting ATXN2 Antisense oligonucleotides modulate the expression of ATXN2, 
leading to ataxin 2 concentration lowering and, as a result, 
a decrease in the TDP-43 aggregation.

Strategy in the preclinical phase.

Arimoclomol Acrimoclomol activates the HSF1 pathway, stimulates HSP-70 and 
HSP-90 to alter TDP-43 misfolding, and stabilises TDP-43 
conformation.

Acrimoclomol failed in the phase 
II/III trial (Clinicaltrials.gov 
identifi er NCT03491462) [84].
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ing many therapies simultaneously [105]. HEA-
LEY ALS platform trial (NCT04297683) is the fi rst 
for ALS patients [105]. Currently, the research 
includes fi ve potential drugs: Zilucoplan, Ver-
diperstat, CNM-AU8, Pridopidine, and SLS-005 
Trehalose. The estimated study completion 
date is on December 2023. This platform trial 
will undoubtedly accelerate the development of 
effective ALS therapy [Clinicaltrials.gov identifi er 
NCT04297683]. 

Conclusions

Amyotrophic lateral sclerosis is a progressive, 
debilitating disorder that leads to a patient's 
death. Despite much research, approved therapies 
only slightly prolong patients’ lives. Therefore, 
it is essential to understand the pathogenesis of 
ALS and use this knowledge to prepare new treat-
ments. This review aims to demonstrate a new 
therapy approach and its possible correlation with 
TDP-43 proteinopathy. It is too early to choose 
the most promising strategy because most of the 
presented therapies are in the preclinical phase. 
It requires clinical phase trials to evaluate the 
safety and effectiveness of those treatments reli-
ably. However, numerous clinical trials demon-
strated that the early introduction (before func-
tional impairment) of ALS therapies has the best 
response to treatment. Hopefully, further therapy 
development will enhance patients' prognoses.
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ABSTRACT

Haematopoietic stem cell graft derived from cord blood is standard therapy for several haematological malig-
nancies and other diseases. The study reports cases of public and private (family) cord blood biobanking 
services and the related hematopoietic stem cell transplantation ever performed in Hong Kong. The pub-
lished original research papers and review articles from inception to Nov 2022 have been searched for on 
Pubmed, Microsoft Academic Search, and Google Scholar to identify reports on existing or terminated cord 
blood biobanking and transplantation service in Hong Kong. Moreover, all data publicly available on the offi -
cial websites of the local cord blood banks and local mainstream media has been analysed. The public Hong 
Kong Red Cross Blood Transfusion Service delivers the highest quantity of haematopoietic stem cell trans-
plants. Among the private sector, HealthBaby releases the most cord blood units for clinical use in diseases 
in both autologous and allogeneic administration, followed by Cordlife HK. Both public and private (family) 
cord blood biobanks have been and continue to contribute to the Hong Kong cord blood donor registry. How-
ever, the growth of the cord blood inventory is detrimental to donor-recipient matching for lifesaving therapy.

Introduction

In France in 1989, a 5-year-old boy with Fanconi 
anaemia received the fi rst cord blood transplant 
(CBT) using a human leukocyte antigen (HLA)-
matched sibling donor [1]. Since then, CBT has 
developed as a standard treatment or an accept-
ed therapeutic modality for >100 haematologic, 
immunologic, neurologic, and metabolic dis-

eases worldwide [2, 3]. Haematopoietic stem cell 
transplantation (HSCT) is the only option for cur-
ing numerous diseases, including Glanzmann's 
thrombasthenia, [4] relapsed B-cell acute lym-
phoblastic leukaemia [5], and sickle cell disease 
[6]. Worldwide, over 1.5 million HSCTs have been 
performed [7]. 

Cord blood represents a valuable source 
of HSC in addition to bone marrow (BM) and 
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peripheral blood (PB). Autologous or allogene-
ic transplantation with HLA-matched siblings, 
unrelated donors, and haploidentical donors has 
been performed on paediatric and adult patients 
for decades [8]. Cord blood transplant (CBT) has 
been widely used due to the high tolerance of 
HLA disparity accompanied by a low incidence 
of graft-versus-host disease, ease of collection, 
low risk of viral transmission, advancement of 
in vitro cord blood stem cell expansion and in 
vivo homing capacity, and growth of public or 
private (family) cord blood banks (CBB) world-
wide [9, 10]. 

It was estimated to have over 450 CBBs 
worldwide; only half carry out in-house process-
ing and storage, with the remaining outsourced 
to third-party facilities [11]. According to the 
World Marrow Donor Association, despite over 
8 million cord blood units ready for transplant 
in public CBBs, 10,000–15,000 patients per year 
fail to identify a matched donor for CBT, espe-
cially for racial and ethnic minorities [12, 13]. As 
a result, CBBs of nation, public, and family have 
been calling for cord blood banking and dona-
tion to extend the inventory size for research 
and treatment. 

Several international accrediting bodies have 
proposed specifi c, strong, and up-to-date guide-
lines or standards for auditing public and private 
(family) CBBs to ensure compliance with speci-
fi ed operations requirements from cord blood col-
lection to clinical administration. These include 
the Foundation for the Accreditation of Cellular 
Therapy (FACT), the Association for the Advance-
ment of Blood & Biotherapies, previously known 
as the American Association of Blood Banks 
(AABB), and the College of American Pathologists 
(CAP). FACT accreditation is the most widely-rec-
ognized and comprehensive CBB accreditation. 
It has been referred to as the evidence-based, 
objective criteria to evaluate the performance 
of both public and private (family) CBBs [14, 15]. 
The NetCord-FACT standard is the cornerstone 
of the FACT accreditation program for cord blood 
banking, as the only set of requirements to audit 
the clinical arm of cellular therapeutic products. 
As of 27 June 2022, 56 NetCord-FACT accred-
ited CBBs have represented 23 countries on 5 
continents. The NetCord-FACT standard applies 
to the procedures in a CBB covering cord blood 
donor management (for example, donor eligibility 

assessment) and collection, processing, testing 
(for example, maternal and neonatal blood and 
the fi nal cryopreserved CD34+-enriched cell prod-
ucts for HSCT), cryopreservation, storage, listing 
in CBB registry, search, selection, reservation, 
release, distribution, donor and patient informed 
consent or authorization and clinical administra-
tion of cord blood units (CBU) [16, 17]. 

The College of American Pathologists (CAP) 
provides an international laboratory accredita-
tion and profi ciency testing program for a broad 
spectrum of laboratory testing on human spec-
imens and a biorepository to ensure testing 
accuracy and foster continuous modifi cation [18]. 
CAP is a widely acknowledged leader in labora-
tory quality assurance. It accredits a suite of lab-
oratory tests related to cord blood and stem cell 
processing, involving enumeration and viability 
of CD34+ stem cells and (mono) nucleated cells 
in the blood or related products, blood group, and 
HLA typing, infectious disease serology of mater-
nal blood, and sterility. 

In this study, we overview the cord blood 
banking industry in Hong Kong. We summarise 
the active and inactive public and private (family) 
CBBs, reporting the relevant accreditation status 
of individual CBBs, the total number of CB-HSCT 
ever performed, types of HSCT, and the variety of 
treated diseases. This study would contribute to 
understanding the ecosystem of the local cord 
blood banking sector and promote public aware-
ness of the clinical signifi cance of cord blood 
banking and the relevant accreditations to CBBs 
for demonstrating compliance with international 
standards. 

Material and methods

The overview of the cord blood industry in Hong 
Kong was conducted by referencing the Pre-
ferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines [19]. 
The PRISMA statement was presented in PRISMA 
2009 Flow Diagram (Supplementary Figure 1).

Search Method
A comprehensive search covering published 
original research and review articles from incep-
tion to Nov 2022 on Pubmed, Microsoft Academic 
Search, WiseNews, and Google Scholar was per-
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formed to identify reports on active and inactive 
cord blood biobanking and transplantation ser-
vice in Hong Kong. The keywords combinations 
included “haematopoietic stem cells,” “American 
Association of Blood Banks,” “Association for the 
Advancement of Blood & Biotherapies,” “Foun-
dation for the Accreditation of Cellular Therapy,” 
“College of American Pathologists,” “cord blood 
bank,” “unrelated haematopoietic stem cell trans-
plant,” “stem cell transplantation,” “cord blood 
stem cell transplantation.” Moreover, all infor-
mation publicly available on the offi cial websites 
and annual reports of the local cord blood banks 
and local mainstream media have been analy-
sed. Reference lists of identifi ed articles were 
searched for additional references. The search 
was not restricted to any languages or publica-
tion types. Statistical analyses and graphical 
representation were performed using GraphPad 
Prism 9.3.1 (GraphPad Software, USA).

Eligibility criteria and study selection
Publications that meet the following criteria were 
included for analysis: (I) Peer-reviewed review, 
research article, or case study referring to the 
cord blood biobanking industry or the direct cord 
blood transplant in Hong Kong or oversea insti-
tutes involving locally banked cord blood units; 
(II) Subject: human with any indications such as 
Thalassaemia, hypoxic-ischemic encephalopa-
thy, anaemia, cerebral palsy and neuroblasto-
ma. Duplicated records were removed during the 
screening stage. Publications were excluded if 
the full-text or key data were inaccessible. A thor-
ough literature search of the selected full-text 
publications was performed to determine their 
eligibility. All retrieved eligible publications were 
included and imported into EndNote 20.3 (Bld 
16073) for downstream descriptive and quantita-
tive analyses. 

Results

Overview of HSCT cases released by local public 
and private (family) CBBs
Hong Kong has two public and seven private 
(family) CBBs. The fi rst and the most extensive 
public CBB was established by the Hong Kong 
Red Cross Blood Transfusion Service (BTS) man-
aged by the Hospital Authority, a statutory body 

established on 1 December 1990 under the Hospi-
tal Authority Ordinance to manage all public hos-
pitals in Hong Kong, introduced in utilization for 
processing, storage, and releasing CBU for HSCT 
in 1998. The CBB was renamed "The Hong Kong 
Red Cross Catherine Chow Cord Blood Bank" in 
2007. The BTS-CBB received the NetCord-FACT 
accreditation in April 2013 and also became the 
fi rst FACT-accredited CBB in Hong Kong. The 
number and other relevant clinical information on 
HSCT contributed by BTS is generally incomplete 
and non-disclosable; the data reported is primar-
ily retrieved from the annual reports from 2015 
to 2021 and peer-reviewed literature. Fifty-four 
HSCT cases were performed by the transplant 
centres using CBUs from BTS using donated cord 
blood collected from local public hospitals from 
2015 to 2021, as the annual reports indicate. An 
additional 9 unrelated CBTs were delivered from 
1999 to 2003, [20] with a total of 63 HSCTs con-
fi rmed (Figure 1). The CBT data between 2004 
and 2014 are private. 

Given that the mean value of HSCT within the 
reported years is 9, we reasonably estimated the 
HSCT performed in the missing period from 2004 
to 2015 to be 99, adding to the cumulative HSCT 
cases using the CBU processed by BTS reach-
ing 162. Mononuclear Therapeutics (MonoTxTM) 
is a private facility receiving donations of CBU 
from the public Prince of Wales Hospital affi liat-
ed with the Chinese University of Hong Kong. It 
is intended for related and unrelated transplanta-
tion, where the donor is eligible to request autol-
ogous or related transplantation if the donated 
CBU is not yet released, which, however, has not 
been reported by MonoTxTM. 

Among the seven private (family) CBBs, 
Healthbaby delivered the highest number, with 
fi ve processed CBUs for transplantation so far, 
followed by Cordlife HK (three cases) and Cryolife 
(one case). While BioCell, Smart Cells, ProStem-
Cell, and Athena Life have not released any CBUs 
for HSCT. BioCell ceased the cord tissue and 
blood banking service in 2020, with the cryopre-
served cord tissue and CBUs relocated to other 
private (family) CBBs for storage [21]. Smart Cells 
ships the collected cord blood samples overseas 
for further processing and storage. The local cord 
blood banking services of the other two private 
(family) CBBs (i.e., ProStemCell, and Athena Life) 
are either terminated or inactive. 
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Accreditation status awarded to CBBs
As shown in Figure 1, all fi ve active public and pri-
vate (family) CBBs (i.e., BTS, MonoTxTM, Health-
Baby, Cordlife HK, and Cryolife) are accredited by 
AABB. Notably, BTS is not accredited under the 
category of Cord Blood Facilities like the others but 
under the Blood Banks, Transfusion Services, and 
Blood Centres. The Hong Kong Red Cross Cath-
erine Chow Cord Blood Bank, operated by BTS, is 
the fi rst local CBB accredited by NetCord-FACT 
in March 2013, highlighting its landmark achieve-
ment in CBB provided for clinical use in the HK 
cord blood industry. HealthBaby is the fi rst and 
only private (family) CBB accredited by the Net-
Cord-FACT accreditation since March 2018. 

Despite CAP accreditation absence, numer-
ous medical testing services supported by the 
reference testing laboratories operated by BTS 
have been accredited by the Hong Kong Labora-
tory Accreditation Scheme (HOKLAS) with the 
ISO 15189:2012 "Medical laboratories – Require-

ments for quality and competence" (Registra-
tion No. HOKLAS 816P) followed. In categories 
of Clinical Microbiology and Infection, Haematol-
ogy, and Medical Genetics (Molecular Genetics), 
they involved ABO and Rh(D) typing, haematology 
counting, viable CD34+, and nucleated cell enu-
meration, serology, bacterial surveillance tests, 
Nucleic Acid Amplifi cation Test of Hepatitis B and 
C virus, and human immunodefi ciency virus (HIV). 

FACT-accredited HealthBaby and Cordlife HK 
are the only private (family) CBBs fully accredit-
ed under the laboratory accreditation scheme of 
CAP. The testing performed there is relevant to 
cord blood banking, covering blood group typing, 
serology test of maternal blood, and completed 
cell count with differential, viability and enumera-
tion of CD34+ and mono(nucleated) cells in the 
pre-processed or processed cord blood. They 
also provide antimicrobial testing of the fi nal 
cryopreserved cord blood products. It is worth 
noting that the satisfaction with the profi ciency 

Figure 1. The number of cord blood transplant (CBT) cases of the public and private (family) cord blood banks 
(CBBs) and their respective accreditation status
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testing (PT) requirement by CAP or other external 
quality assurance programs fails to represent the 
accreditation corresponded (Please see the Dis-
cussion for further details). In addition, Health-
Baby is the only CBB in Hong Kong accredited 
by all three international professional bodies for 
cord blood banking.

Indications and transplant types of CBT 
Li et al. reported that eight patients received CBTs 
from unrelated donors using the cord blood pro-
cessed by FACT-accredited BTS (fi ve with leukae-
mia, one with non-Hodgkin's lymphoma, and one 
with X-linked adrenoleukodystrophy) from 1999 
to 2003 [20]. Other than that, the diseases and 

the types of transplants treated by BTS-stored 
cord blood were non-disclosable. 

We focused on the indications and the infu-
sion types of CBT adopting the CBUs processed 
by private (family) CBBs. As Figure 2 shows, the 
nine transplant cases refer to non-haemato-
logic disorders (cerebral palsy, neuroblastoma, 
and hypoxic-ischemic encephalopathy (HIE)) 
and haematologic diseases (thalassemia major 
and Fanconi anaemia). HealthBaby delivered 
the most CBUs for nearly all indications except 
HIE and served as the only facility to provide 
CBUs for Fanconi anaemia in 2014. HealthBaby 
and Cordlife HK delivered CBUs for thalassemia 
major, neuroblastoma, and HIE, where the latter is 

Figure 2. The number of cord blood transplant (CBT) cases for different in-
dications using the cord blood units processed by the private (family) cord 
blood banks

Figure 3. The number of autologous and allogeneic cord blood transplant 
(CBT) cases using the cord blood units processed by the private (family) cord 
blood banks
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the only facility releasing CBUs for HIE in 2022. In 
addition, Cryolife released a CBU for cerebral pal-
sy along with the two additional by HealthBaby.

According to Figure 3, both facilities released 
CBUs for autologous and allogeneic (related) use. 
Moreover, Cryolife delivered an autologous trans-
plant for its single-release case. 

Most transplants using the CBUs are per-
formed in Hong Kong's public hospitals. Figure 4 
highlights that BTS released the most CBUs for 
HK HK transplantation, with the number 48, fol-
lowed by HealthBaby (three cases) and Cordlife 
HK (three cases). BTS is the only facility receiving 
CBUs from oversea facilities to provide for the six 
local transplantations (OutsidRegularHK). Health-
Baby released three in-house processed CBUs 
for two oversea CBTs (HK Outside) in the Duke 
University Hospital, Durham, North Carolina), and 
a single CBT delivered by BTS and Cryolife. 

Discussion

In this study, we carried out an overview of the 
public and private (family) cord blood sectors 
in Hong Kong. We reported that the FACT-and 
HOKLAS-accredited public BTS released the 
most signifi cant number of CBUs for allogeneic 
administration. HealthBaby, accredited by Net-
Cord-FACT, AABB, and CAP, released the highest 
number of CBUs for autologous and allogeneic 
use for neurologic and hematologic disorders in 

private (family) CBBs. Along with the Divison of 
Transplantation and Immunogenetics of the pub-
lic Queen Mary Hospital (CAP-accredited No.: 
#7175525), HealthBaby and Cordlife HK are the 
only CBBs in Hong Kong to offer CAP-accredited 
tests for cord blood testing, as are accredited by 
CAP, which offers the most considerable PT or 
external quality assessment program fulfi lling 
the requirements of ISO/IEC 17043:2010 in the 
fi eld of the PT provider (general laboratory, clini-
cal, biochemical genetics, and anatomic patholo-
gy) granted by the leading accrediting body ANSI 
National Accreditation Board. Participating in 
the CAP PT program facilitates the evaluation of 
clinical laboratory performance and contributes 
to demonstrating a commitment to continuous 
modifi cations [22]. 

It must be explicitly stressed that conducting 
the CAP PT programme is only one of the quan-
tities of requirements to attain full accreditation. 
It is accompanied by other stringent require-
ments not covered in the CAP PT programme and 
involves a quality management program, labo-
ratory information system, competency assess-
ment program, and document control system. All 
the programmes and systems are pivotal to mon-
itoring the laboratory's performance and deliv-
ering accurate testing results. Moreover, a facil-
ity accredited by CAP does not mean that all 
performed tests are CAP-accredited, while only 
a selected panel of conducted tests is accredited. 
Therefore, expectant parents are highly recom-

Figure 4. The number of cord blood transplant (CBT) cases using the cord 
blood units processed and released by the public and private (family) cord 
blood banks for local administration (HK HK) or oversea administration 
(HKRegular�Outside), or using the cord blood imported from an oversea facil-
ity for local administration
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mended to confi rm and acknowledge whether the 
testing per se is accredited by CAP rather than 
the facility. 

FACT-accredited BTS has continued to provide 
high-quality CBUs for unrelated transplants. Both 
AABB and FACT guide autologous and allogeneic 
administration. According to the AABB Standards 
for Cellular Therapy Services (10th Edition), effec-
tive on 1 July 2021, several reference standards 
apply to the autologous and allogeneic use, 
such as 5.12A, General Requirements for Cellu-
lar Therapy Product Donors; Reference Standard 
5.12B, Clinical Evaluation and Laboratory Testing 
of Living Allogeneic Donors; Reference Standard 
5.12C, Clinical Evaluation and Laboratory Test-
ing of Autologous Donors; Reference Standard 
5.12D, Clinical Evaluation and Laboratory Testing 
of Mothers of Cord Blood or Gestational Materi-
als Donors; and Reference Standard 5.12E, Clini-
cal Evaluation and Laboratory Testing of Cadav-
eric Donors. These standards are descriptive, and 
the facility determines the implementation of the 
related policy, process, and procedure, resulting 
in variations of standards from site to site. 

On the other note, the NetCord-FACT's Cord 
Blood Accreditation Manual (the latest edition is 
the seventh) gives broader, detailed, and more 
specifi c requirements covering cord blood col-
lection, processing, testing, cryopreservation, 
and storage, release, distribution, listing, and 
clinical administration. Distinguished from AABB, 
NetCord-FACT formulates detailed specifi ca-
tion requirements pointing to CBUs for unrelated 
and related clinical administration in terms of the 
viability and cell count of both nucleated cells 
and CD34+ cells before and after cryopreserva-
tion (before release to the clinical program), HLA 
typing, potency test (for example, colony-forming 
unit), microbial screen, donor screening and test-
ing, identity verifi cation, labelling, accompanying 
documents at distribution. The corresponding 
explanation and example of each reference stan-
dard are provided for facilitating the establish-
ment, implementation, and maintenance of the 
quality management system. In Hong Kong, only 
the public BTS and private (family) HealthBaby 
CBBs acquired accreditation from NetCord-FACT. 
There is no specifi c ordinance regulating cord 
blood storage in Hong Kong. However, the collec-
tion and use of cord blood are subject to regula-
tory control of existing ordinances under differ-

ent circumstances. The local regulatory authority 
recommended that FACT and AABB accredita-
tions provide a third-party audit related to the rel-
evant processes in CBBs and cell therapy (https://
www.advancedtherapyinfo.gov.hk).

Compared to bone marrow, cord blood is pro-
foundly characterised by a viable source of stem 
cells. The collection is non-invasive, accompanied 
by the more relaxed HLA matching requirement, 
expediting the course of transplantation, espe-
cially for ethnic and racial minorities. Nonethe-
less, the CD34+ cell count (i.e., cell dose) is limit-
ed per CBU, and the consideration of the patient’s 
weight and HLA profi les for matching is required 
for clinical administration; thus, CBU is primar-
ily adopted in paediatric patients [23, 24]. Plenty 
of clinical studies have supported the safety and 
clinical effi cacy of double partially- HLA-matched 
CBUs graft, overcoming the inadequately dosed 
single-unit CBT [25]. The advanced in vitro cord 
blood stem cell expansion development has 
recently fueled clinical transplantation [26, 27] 
Due to the insuffi cient availability of public clini-
cal data on the CBT and HLA genotype and hap-
lotype frequencies, it is intractable to determine 
the HLA-match likelihoods for CBT. Multi-nation-
al studies over the two decades indicated that, in 
the USA, UK, India, Japan, and South Korea, the 
probability of locating a (4/6) HLA-match CBU 
for transplant is nearly 100% when the invento-
ry size reaches 100,000 CBUs [28, 29]. The like-
lihood of identifying a 5/6 HLA-matched unit for 
graft reaches over 98% in India, Japan, and South 
Korea [29]. A recent report released by the Institu-
tion of Guangdong Cord Blood Bank and Guang-
dong Women and Children Hospital indicated that 
99% of patients could fi nd a 4/6 HLA-matched 
CBUs for transplantation [30].

In China, the rapid growth of disease- and 
population-based biobanks since the late 1990s 
has driven scientifi c research and personalised 
medicine [31]. However, problems and challeng-
es arising from the fast development of biobanks 
include the need for more implementation and 
enforcement of policies and laws related to sam-
ple collection and management, informed consent 
procedures, confi dentiality, and ethical review. In 
addition, the policy, process, and procedures for 
specimen collection, logistics management, pro-
cessing, storage, data management, and listing 
have yet to unifi ed. Furthermore, unstable fund-
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ing support for biobanks and inadequate public 
education campaigns, public involvement, and 
engagement strategies discourage sustainable 
development for Chinese biobanks [31–36]. 

In contrast, the Japanese government estab-
lished the Japan Agency for Medical Research 
and Development (AMED) to consolidate national 
resources and reconstruct the funding mecha-
nisms and management system under an initiative 
named National BioResource Project, to enhance 
the quality management of biobanks and infor-
mation sharing across nations [36]. Japan’s revi-
talization strategy and master plan development 
of biobanking led by AMED include the develop-
ment of an open-access National Centre Biobank 
Network’s Electronic-Catalogue-based Database 
for data sharing among communities for collab-
oration [37]. The Database provides a breadth of 
high-quality and up-to-date clinical data, includ-
ing detailed patient’s medical history, life history, 
disease information, and biological sample infor-
mation to promote medical research and develop-
ment [37]. A centralised regulatory agency is cru-
cial to establish and enforce rules on operation, 
management, and information sharing among 
biobanks, promoting public awareness and facili-
tating community engagement in biobanking.

Barini et al. reported the effects of the time 
interval from the sample collection in a medical 
centre to its processing in a CBB on the CBU’s 
quality [38]. The study found that the mean and 
median of the total number of nucleated cells, 
viable cells, and CD34+ cells were signifi cantly 
reduced if the time between collection and pro-
cessing was within 24 hr compared to 48 hr and 
72 hr. Smart Cells delivers the cord blood sample 
to an oversea processing facility, which inevitably 
lengthens the turnaround time for the processing. 
As a result, the quality of the cryopreserved CBU 
may be compromised. A customer should be fully 
informed about the extended transport effects on 
the quality of the CBU. 

Prior studies highlighted that the utilization 
rates (i.e., the ratio of transplanted to banked 
CBUs) in public and family CBBs are 3–4% and 
0.04–0.0005%, respectively [39]. However, the 
local cord blood inventory information is not pub-
licly accessible, and the utilisation rate in Hong 
Kong is unclear. On a related note, a recent sur-
vey report released by the Asia-Pacifi c Blood and 
Marrow Transplantation Group provided an over-

view of the transplant rate (i.e., the number of 
CBT per 10 million residents) in 20 countries or 
regions, including Hong Kong in the Asia-Pacifi c 
region [40]. The report indicated that the trans-
plant rate in Hong Kong is 1.4, the same as China, 
which is lower than other developed countries 
such as Japan (105.3%), Singapore (16.1%), and 
Australia. (11.2%), Korea (8.9%), and New Zealand 
(6.4%) [40]. Numerous cost-effective strategies 
have been proposed to increase therapeutic val-
ue to patients with the maximal economic sus-
tainability of CBBs [41]. A study based on the data 
from the National Marrow Donor Program admin-
istered by the Health Resources and Service 
Administration in the USA found that the annual 
societal benefi t, based on the estimated incre-
ment of life expectancy after CBT, is between 
USD 5 million and 1.5 billion. The amount is over 
an order of magnitude compared to the annual 
operational cost of running cord blood banks of 
USD 60–70 million [42]. Considering that more 
diseases are treatable by CBT and a relatively low 
probability for specifi c racial and ethnic minori-
ties to obtain a match from other HSC sources, 
it is justifi able to allocate additional government 
sources to support the local cord blood system 
and infrastructure [42]. 

As shown in celltrials.org, the percentage of 
births banking cord blood in Hong Kong is 3.5%, 
referring to the number of units banked in the 
most recent year with data divided by the num-
ber of births in the same year out of the 57 exam-
ined territories. It is higher than in other developed 
countries such as the USA/Poland/Spain (3%), 
Australia (1.4%), the UK (0.3%), Japan (0.8%), Ger-
many (0.7%), and France (0.08%). Still, it is lower 
than nearby territories such as Singapore (30%), 
Taiwan (7%) and South Korea (6.8%) (Supplemen-
tary Table 1). A collaborative study by the Chinese 
University of Hong Kong and the public Queen Eliz-
abeth Hospital indicated that 78.2% of pregnant 
women are unaware of the availability of private 
(family) CBBs in Hong Kong. Only 20.3% of expect-
ant women knew BTS might offer HSCT in case of 
medical requirements. Nearly 90% of expectant 
mothers agreed that the HK government should 
allocate more resources to cord blood banking 
and promote public education on the subject mat-
ter [43]. Besides, patients, transplant physicians, 
and the cord blood industry are encouraged to 
publicly provide data about the clinical outcome of 
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CBT to increase transparency and enable patients 
to make informed choices about their healthcare. 
The government, clinicians, and the community 
should work together to elevate social awareness 
of the clinical relevance of cord blood banking in 
both public and private (family) CBBs, as a crux 
element of antenatal care. 

Numerous factors contribute to the low public 
awareness and willingness to cord blood bank-
ing and low utilization rates, such as employment 
status, educational level, uncertainty over the 
legitimate use of cord blood stem cell transplant, 
poor regulatory oversight of cord blood banking 
operation, cost of banking, and concern on safety 
and cell recovery after cryopreservation for clini-
cal application. Therefore, it is pivotal for a gov-
ernment to mobilise resources to set up a regu-
latory body to oversee the legislation, policies, 
and standards implementation. These are nec-
essary to regulate the cord blood banking busi-
ness and launch education campaigns to pro-
mote the socio-economic benefi ts of biobanking 
to the general public and clinicians. In addition, 
it is also vital to reorganise funding mechanisms 
to address the economic vulnerability biobanks 
face to sustain the cord blood industry [44–48].

There are several limitations of this study. 
First, the CBT data from 2004 to 2014 delivered 
by BTS-CBB needed to be disclosable, and the 
number of HSCTs using the CBU processed by 
BTS was estimated. Some of the CBT informa-
tion provided by other private or family CBBs may 
not be updated, leading to the potential under- 
or over-estimation of HSCT facilitated by local 
CBBs. Besides, a minimal amount of clinical data 
on individual CBT was released, impeding us 
from conducting a comprehensive analysis of the 
dosing, safety, and clinical effi cacy of cord blood 
stem cell transplantation. 

Conclusions

Public and private CBBs are the driving fac-
tor in enhancing the local inventory for potential 
autologous and allogeneic (related and unre-
lated) applications. Therefore, dedicated efforts 
to expand the inventory size and promote pub-
lic awareness of the clinical signifi cance of cord 
blood banking are crucial to nurturing the cord 
blood industry in Hong Kong.
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Supplementary Table 1.

Country/ Region Banking Births
Singapore 30,00% 39,039
Greece 10,00% 88,553
Portugal 10,00% 87,02
Puerto Rico 9,50% 21,4
Romania 7,00% 188,755
Taiwan 7,00% 181
South Korea 6,80% 326,9
Slovakia 6,00% 57,639
Hungary 5,00% 89,807
Serbia 5,00% 63,975
Hong Kong 3,50% 53,716
Montenegro 3,50% 7,264
Bosnia and Herzegovina 3,00% 29,328
Israel 3,00% 184,37
Poland 3,00% 396
Spain 3,00% 369,302
United Arab Emirates 3,00% 97,738
United States 3,00% 3788,24
Macedonia 2,90% 21,333
Slovenia 2,70% 19,585
South Africa 2,50% 1009,07
Canada 2,30% 382,533
Albania 1,50% 28,934
Lebanon 1,50% 128,687
Switzerland 1,50% 87,851
Australia 1,40% 315
Iran 1,20% 1366
China 1,00% 15230

Country/ Region Banking Births
Georgia 1,00% 51,138
Italy 1,00% 440,78
Japan 0,80% 918,4
Argentina 0,70% 685,394
Austria 0,70% 85,54
Colombia 0,70% 649,115
Croatia 0,70% 36,945
Ecuador 0,70% 293,139
Germany 0,70% 787,6
Peru 0,70% 60,5
Philippines 0,70% 1618,31
Malaysia 0,60% 501,945
Ukraine 0,57% 335,874
Denmark 0,50% 61,476
Jordan 0,50% 207,917
Norway 0,50% 55,12
Sweden 0,50% 115,832
Thailand 0,50% 666,109
Vietnam 0,50% 1472
India 0,40% 26028,1
Mexico 0,40% 2162,53
Brazil 0,36% 2870
Czech Republic 0,36% 114,036
Turkey 0,35% 1250
Belgium 0,30% 117,8
Russia 0,30% 1604,34
United Kingdom 0,30% 731,21
France 0,08% 758
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ABSTRACT

In the process of fi nding better therapeutics, thousands of new molecules are synthesised every day. Many of 
these can be poorly soluble in water, leading to a potentially promising drug being rejected during testing due 
to its poor solubility. Polyethylene glycol (PEG) has become known as an excellent modifi cation to remedy 
this and was initially used to increase circulation time and reduce the immunogenicity of therapeutic proteins. 
Thus signifi cantly increasing their safety and range of use. Another group of compounds in which signifi cant 
benefi ts of pegylation have been seen are photosensitisers. Used in photodynamic therapy, they are often 
characterised by very high hydrophobicity. Pegylation of their structure signifi cantly increases their affi n-
ity for cancer cells and facilitates their penetration through cell membranes. Classical small-molecule drugs 
can benefi t from temporary combinations hydrolysed in the body or very short PEG chains. This approach 
allows a signifi cant increase in the bioavailability of the drug while avoiding the disadvantages of small mol-
ecule pegylation. However, the most common motive for pegylation recently is the creation of drug carriers. 
Liposomes and nanoparticles make it possible to exploit the advantages of PEG to stabilise their structure 
and increase circulation time while not modifying the structure of the active compound. Unfortunately, PEGs 
also have their drawbacks. The fi rst is their high molecular weight range, especially for longer chains, which 
poses diffi culties in purifi cation. Another is the emergence of antibodies directed against PEG. Nevertheless, 
pegylation is still an up-and-coming method for modifying pharmaceutically active molecules.

Introduction

One of the signifi cant challenges in drug design is 
the poor solubility of many compounds in water. 
Organic molecules used in medicine are mainly 
hydrophobic. However, not all of them require or 

can benefi t from increased solubility. Accord-
ing to the BCS (Biopharmaceutics Classifi cation 
System), there are four classes of drugs. They 
are segregated according to their solubility (high 
vs. low) and intestinal permeability (high vs low). 
Drugs from class 1 are highly soluble and absorb 
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well; ideally, all drugs would eventually have such 
desirable properties. Classes 2 and 3 comprise 
drugs with either low solubility or low permeabil-
ity, while class 4 drugs with the weakest param-
eters have the poorest bioavailability. Most modi-
fi cations to the structure aimed at increasing 
their solubility in water rely on introducing hydro-
philic functional groups (e.g. hydroxyl, amine) 
into their structure or giving these molecules an 
electric charge by introducing quaternary ammo-
nium groups or quickly dissociating groups (such 
as sulfonyl or carboxyl groups). There are sev-
eral disadvantages to using this approach. Such 
hydrophilic compounds are not easily transport-
ed across biological membranes, mostly lipid in 
structure. Therefore, such modifi cation will move 
a drug from BCS class 2 to class 3, not improving 
overall bioavailability. Additionally, acidic groups 
such as carboxyl or sulfonyl groups generally 
increase water solubility only under primary con-
ditions where they can ionise. One of the solu-
tions to improve this is 'pegylation'. It offers the 
possibility of increasing the solubility and, conse-
quently, bioavailability of drugs in a wide range of 
applications. Polyethylene glycol (PEG) consists 
of units containing alternating ethylene groups 
and oxygen atoms, giving it an amphiphilic struc-
ture. The structure is very advantageous from 
the point of view of penetration through biologi-
cal membranes because it has an affi nity for both 
the aqueous environment of body fluids and lipid 
cell membranes. These properties make it a fas-
cinating modifi cation, as it can result in modifi ed 
drugs transitioning to a higher BCS class, thereby 
improving their therapeutic usability. One of the 
most signifi cant advantages of pegylation is that 

Figure 1. Possible ways of attaching PEG (created with BioRender.com)

it can improve solubility and permeability at the 
same time with the use of only one modifi cation. 
However, due to the variety of substituents and 
methods of linking them to active molecules, dif-
ferent drugs require a different approach to this 
up-and-coming method.

PEG can be attached to the target in many 
ways (Figure 1). Due to their large size and slightly 
negative charge owing to the oxygen atoms, they 
can be adsorbed on the surface of nanoparticles. 
In the case of liposomes, PEG is often incorporat-
ed into the membrane by adding it to the mixture 
during formulation. Alternatively, some of the lip-
id chains in phospholipids can be exchanged with 
PEG chains. When modifying molecules, a cova-
lently bonding target with PEG is the preferred 
method and can be used on its own or as a link-
er to another molecule or carrier. This mini-re-
view will focus on modifi cation utilizing covalent 
bonds. There are two possible methods of pegy-
lation of small molecules, permanent attachment 
of the glycol chain or temporary, as in the case 
of pro-drugs. Nevertheless, only one is preferred 
for macromolecules. The irreversible method 
is most commonly used in protein and photo-
sensitiser modifi cation. It provides stability and 
structure invariability even after drug administra-
tion. Still, unfortunately, it can reduce effi ciency 
compared to the original molecule if the size of 
the PEG chain is too large. The most commonly 
used PEG chains contain functional groups that 
react irreversibly with those in the modifi ed com-
pound. Amine, hydroxyl, or thiol groups are com-
mon targets of this reaction. The fi rst can create 
connections, e.g., amide, urethane, secondary or 
tertiary amine and imine. On the other hand, the 
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hydroxyl and thiol groups most often form ether 
and thioether connections. The pro-drug method 
is based on the temporary attachment of a glycol 
chain through bonds that undergo gradual hydro-
lysis (biotransformation) in the patient's body. 
Ester bonds are mainly used for this, ensuring 
better solubility and bioavailability at the formu-
lation and administration stage while not reduc-
ing the effect of the original molecule. The dis-
advantage of this approach, however, is the lower 
stability of such combinations, especially during 
more extended storage, and the high dependence 
of the rate of hydrolysis on the patient's condi-
tions [1, 2].

Proteins and enzymes

Until now, pegylation is most often used to mod-
ify proteins and enzymes. Several of them have 
already completed the clinical trial phase and 
have been approved by the European Medicines 
Agency (EMA) and US Food and Drug Adminis-
tration (FDA) (Table 1). The primary purpose of 
protein pegylation is to increase the time they cir-

culate in the body. The pegylated proteins intro-
duced for treatment include interferons used in 
melanoma and viral hepatitis [3, 4] and fi lgrastim 
to manage bone marrow suppression induced by 
chemotherapy [5]. There are also clinical trials of 
pegylated enzymes such as arginase and aspara-
ginase in treating leukaemia [6, 7]. PEGylated pro-
teins and enzymes are the groups with the most 
prominent and heaviest PEG substituents. They 
usually have a mass of several tens of thousands 
of Da and are very often branched chains. An 
additional advantage of protein pegylation is that 
it usually lowers the immunogenicity of the pri-
mary protein, which reduces the body's immune 
response to the administered drug [4].

Drug carriers

Efforts to increase the bioavailability of drugs 
have given rise to many forms of drug carriers and 
delivery systems. The two main groups currently 
receiving the most attention are liposomes and 
nanoparticles [15]. At the same time incorporat-
ing polyethylene glycol into the structure of drug 
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carriers such as liposomes and nanoparticles is 
gaining more and more popularity. Such usage 
does not require modifi cation of the active com-
pound structure. PEG in liposomes is usually an 
additive to the formulation, while in nanoparticles, 
it depends on their nature. In the case of metal-
lic nanoparticles, it can be a covalent bond that is 
very durable, or it can be adsorption based. In PEG 
liposomes, they most often play a stabilizing and 
protective role [16]. PEG-containing liposomes 
signifi cantly improve pharmacokinetic parame-
ters over conventional liposomes and free drugs. 
PEGs with molar masses in the range of 2–5 kDa 
are best suited for application [17]. Nawalany et al. 
have conducted a comparison study in which they 
test pegylated porphyrin against a non-pegylated 

compound enclosed in pegylated liposomes. They 
note that both approaches reduce the dark cyto-
toxicity but liposomes retain higher activity when 
exposed to light. The liposomes also internalize 
the non-pegylated porphyrin into cells faster and 
in higher concentrations than pegylated porphy-
rin on its own [18]. The EU and US have approved 
pegylated liposomal formulation of doxorubicin 
for treating various cancers for over 25 years. 
Better pharmacokinetic profi le, longer circulation 
time and lower toxicity are characteristics of the 
formultion [19]. Pegylation can also signifi cantly 
improve liposome stability during long-term stor-
age without any negative impact on the delivery 
of the therapeutic, as shown by Knudsen et al. in 
their study. Wherein pegylated liposomes con-

Table 1. Pegylated drugs approved by FDA [8–14]

Brand 
name

Active molecule Attached PEG Therapeutical target Year of 
approval

Adagen Adenosine deaminase 5 kDa – multiple chains Severe combined immunodefi ciency 
disease

1990

Oncaspar Asparaginase 5 kDa – multiple chains Acute lymphoblastic leukaemia 1994
Doxil Liposomal doxorubicin 2 kDa Ovarian cancer, multiple myeloma 1995
PegIntron Interferon α-2b 12 kDa Hepatitis C 2001
Pegasys Interferon α-2a 40 kDa – branched Hepatitis C 2001
Neulasta Filgastrim 20 kDa Neutropenia 2002
Somavert Growth hormone receptor antagonist 4–6 x 5 kDa Acromegaly 2003
Macugen Anti-VEGF aptamer 40 kDa – branched Macular degeneration 2004
Mircera Epoetin-β 30 kDa Chronic kidney disease-associated 

anaemia
2007

Cimzia Anti-TNF Fab 40 kDa – branched Rheumatoid arthritis and Crohn’s 
disease

2008

Asclera Dodecyl alcohol 400 Da Varicose veins 2010
Krystexxa Uricase 9–11 x 10 kDa Chronic gout 2010
Sylatron Interferon α-2b 12 kDa Melanoma 2011
Omontys Erythropoietin-mimetic homodimeric 

peptide
40 kDa – branched Chronic kidney disease-associated 

anaemia
2012

Movantik Naloxone 339 Da Opioid-induced constipation 2014
Plegridy Interferon β-1a 20 kDa Multiple sclerosis 2014
Adynovate Coagulation factor VIII 20 kDa Haemophilia A 2015
Rebinyn Coagulation factor IX 40 kDa Haemophilia B 2017
Jivi Coagulation factor VIII 60 kDa Haemophilia A 2018
Palynziq Phenylalanine ammonia-lyase 20 kDa Phenylketonuria 2018
Revcovi Adenosine deaminase 80 kDa Adenosine deaminase severe 

combined immunodefi ciency
2018

Asparlas L-asparaginase 31–39 x 5 kDa Leukaemia 2018
Udenyca G-CSF 20 kDa Infection during chemotherapy 2018
Ziextenzo G-CSF 20 kDa Infection during chemotherapy 2019
Esperoct Coagulation factor IX 40 kDa Haemophilia A 2019
Nyvepria G-CSF 20 kDa Chemotherapy associated neutropenia 2020
Empaveli Compstatin 40 kDa Paroxysmal nocturnal hemoglobinuria 2021
Skytrofa Human growth hormone 4 x 10 kDa Growth hormone defi ciency 2021
Besremi Interferon α-2b 40 kDa Polycythemia vera 2021
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taining calcipotriol – a synthetic vitamin D ana-
logue used in psoriasis treatment, were examined 
and compared with normal ones [20]. Unfortu-
nately, pegylation is not always a perfect solu-
tion, as demonstrated during the development 
of liposomal formulations of vincristine. One of 
the big problems is its high leakage through the 
membranes outside the liposomes. It was dem-
onstrated that adding PEG slows down this pro-
cess, although further studies are necessary for 
clinical application [21]. Due to their nature, nano-
particles are often accumulated by the phago-
cytic system and thus removed from circulation.. 
Aggregation, which can lead to the congestion of 
capillaries, is still another problem. Therefore, it is 
necessary to protect them by coating them with 
various molecules, out of which PEG is the most 
often used [22]. Covering the surface of nanopar-
ticles prevents aggregation and the response of 
the phagocytic system. As a result, the time they 
stay in the bloodstream increases. The most fre-
quently used PEGs for this purpose have a mass 
of several thousand Da [23]. Pegylation can also 
increase the circulation time of nanoparticles 
made from biodegradable polymers like PLGA 
(poly lactic-co-glycolic acid), an emerging mate-
rial in controlled drug release systems. Adding 
PEG to the polymer shields it from hydrolysis 
and enables copolymer to form micelles for drug 
transport [24]. Similarly, the nanoparticles made 
from mesoporous materials have gained much 
interest recently. Although not fault-free, pegyla-
tion can help overcome them. Zhu et al. showed 
one of the examples in their work on pegylated 
mesoporous silica nanoparticles as drug carriers. 
They demonstrate, as many others, better stabil-
ity and dispersity in aqueous conditions as well 
as lower toxicity of nanoparticles themselves. 
Simultaneously, when loaded with doxorubi-
cin, the pegylated carriers exhibit higher cellular 
uptake and stronger cytotoxic activity against 
cancer cells than free doxorubicin [25]. 

PDT and photosensitisers

Photodynamic Therapy (PDT) uses various 
light-absorbing dyes as photosensitisers (PS) 
and their ability to produce singlet oxygen or 
other Reactive Oxygen Species (ROS) to kill can-
cer cells or pathogenic microorganisms. PS can 

be applied topically or intravenously, and after 
it builds up in the cells, it is irradiated with vis-
ible light. Illumination activates the photosensi-
tiser, which can then transfer its surplus energy 
to a molecule such as oxygen and form ROS or 
directly to the building blocks of cells such as 
DNA, proteins, and structural elements like mem-
brane, mitochondria and cell walls. The main goal 
of PDT is to induce oxygen to its reactive singlet 
state, which then reacts with cellular mecha-
nisms causing damage and leading to apoptosis 
[26, 27].

Photosensitisers, by their nature, are often 
compounds with many conjugated double bonds, 
making them usually highly hydrophobic mol-
ecules with poor water solubility. The feature is 
very unfavourable for its usefulness in photo-
dynamic therapy. One of the main challenges in 
successful PDT is the even distribution of photo-
sensitiser within a tumour and selectivity against 
cancer cells. Only a few photosensitisers have 
been clinically approved, and a few more are in 
the clinical trial phase [28]. The quaternisation of 
pyridyl or amino groups, sulfonation, carboxyla-
tion and pegylation are typical modifi cations to 
increase photosensitisers solubility in water [29]. 
Another possibility is to enclose photosensitisers 
in liposomes, which allows them to be dispersed 
in an aqueous medium. Liposomes can also be 
modifi ed to increase the ability of compounds to 
target cancer [16].

One of the more promising modifi cations of 
the photosensitiser molecule is pegylation, which 
links PS to polyethylene glycol chains to increase 
the water solubility of such conjugates [30]. Other 
advantages of pegylation include increased sta-
bility and better bioavailability. The most com-
mon method of photosensitiser pegylation is 
the permanent introduction of polyethylene gly-
col chains into the photosensitiser molecule 
via a stable covalent bond. The vast majority of 
clinically used photosensitisers have the struc-
ture of pyrrole macrocycles [31]. Macrocyclic 
pyrrole-derived compounds, includes porphyrins, 
benzoporphyrins, chlorins, porphyrazines, phtha-
locyanines, naphthalocyanines, corroles and oth-
ers. These are molecules that usually consist of 
four pyrrole molecules. The core of these mac-
rocyclic molecules is strongly hydrophobic and 
mostly soluble in non-polar solvents or insoluble. 
Numerous solution attempts are being made to 
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incorporate PEG chains or linkers into their struc-
ture. Pavlíčková et al. demonstrated a pegylated 
derivative of purpurin 18 that exhibits signifi cant-
ly higher photodynamic activity against many 
cancer cell lines compared to the parent mole-
cule, even with a lower quantum yield of singlet 
oxygen generation (Figure 3) [32]. Zhdanova et al. 
presented the synthesis of various asymmetric 
pegylated porphyrins in their work. They show an 
easy method to obtain many compounds for high 
throughput studies (Figure 3) [33].

PEG chains are universal linkers, as demon-
strated by Darwish et al. In their work on phtha-
locyanine conjugated to a monoclonal antibody 
directed against multiple myeloma. They achieved 
good photodynamic activity in the nanomolar 
range [34]. Purushothaman et al. report their suc-
cess in creating self-assembled nanoparticles 
of hydrophobic porphyrin and biotin with a PEG 
linker and encapsulated doxorubicin. They show 
synergistic effects of combining traditional che-
motherapy and PDT (Figure 4) [35].

Such amphiphilic molecules can be more eas-
ily tested in aqueous solutions exhibiting dif-
ferent photophysical properties than in organ-
ic solvents. Mandal et al. demonstrated this in 
their publications on unsymmetrical porphy-
rins, chlorins and bacteriochlorins. The authors 
extensively study the photophysical properties 
of water-soluble compounds from these groups 
ready to be combined with other molecules or 

carriers [37–39]. Natural protoporphyrin IX can be 
very easily modifi ed with PEG chains by esterifi -
cation, which signifi cantly increases its photody-
namic activity. At the same time, pegylation sub-
stantially improves the therapeutic index, thus 
increasing the safety of use (Figure 4) [36]. The 
literature mentions the ability to form nanoparti-
cles in the self-assembly of compounds with PEG 
chains in their structure without using additional 
stabilizers or surfactants [35, 40, 41]. In addition, 
the complexing properties of metals by these 
macrocycles make them excellent candidates for 
use in radio imaging with the help of radioactive 
isotopes such as copper 64Cu [42]. The length and 
number of PEG chains have a signifi cant influence 
on the properties of the fi nal compounds. Mew-
is et al. noted that direct comparison is diffi cult 
because many authors publish compounds with 
a different number of substituents and largely 
non-uniform PEG chain length [43]. Kępczyński et 
al. Carried out studies of a hydrophobic porphy-
rin with one very long PEG chain with a mass of 8 
kDa, including studies of aggregation, dissocia-
tion and interaction with liposomes. The authors 
note that adding PEGylated porphyrin increas-
es the liposomes' size slightly while increasing 
their stability [44]. Later, in their work, a part of 
the same team compared the different porphyrin 
chain lengths and their in vitro effi cacy. It is note-
worthy that increasing the chain length increases 
the cytotoxicity in the light without affecting the 
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cytotoxicity in the dark. However, too long a chain 
reduces the effi cacy of the compound. There-
fore, PEG with a mass of approx. 2 kDa turned 
out to be the most optimal [45]. There is, howev-
er, a growing body of research in using short PEG 
chains below 1000Da, utilizing their small size to 
achieve similar results as their bigger brothers. 
Their main advantage is size uniformity which 
allows for much greater precision when tailor-
ing the amphiphilic balance of the studied com-
pound [46]. At the same time, it is worth noting 
that more is only sometimes better. For example, 
Sibrian-Vazquez et al. investigated the penetra-
tion of porphyrins modifi ed with various amounts 
of polyethylene glycol chains inside the cell. They 
noticed that the presence of one and two chains in 
the molecule promotes the penetration of the test 
compound into the cells. Conversely, 3–4 chains 
signifi cantly reduce their ability to penetrate the 
membranes [47]. On the other hand, in the litera-
ture, there are examples of numerous substituted 

phthalocyanines containing up to 8 short chains 
of PEG, which achieve excellent activity against 
cancer cells and viruses at the same time [48].

Classic therapy and small 
molecule drugs

The drugs most commonly used in traditional 
therapies are small molecules that target recep-
tors or active sites in enzymes. Contrary to pho-
todynamic therapy, traditional drugs must fi t 
into small spaces present in macromolecules to 
modify their action. The placement of large func-
tional groups, as PEG chains very often are, can 
have positive and negative consequences. Hami-
di et al. reviewed several advantages, such as 
increased circulation time of PEG-modifi ed drugs 
in the blood, alteration of the elimination profi le 
towards biliary elimination instead of renal fi ltra-
tion, and accumulation in neoplastic cells [49]. 
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An excellent example of the problems associated 
with small molecule pegylation is the research 
by Greenwald et al. Carried out in the 1990s. The 
taxol modifi cations they obtained became much 
more soluble in water, but unfortunately, they lost 
a signifi cant part of their anticancer activity [50]. 
So far, most research has focused on the pegy-
lation of large molecules such as proteins and 
enzymes. In modifying small molecule drug can-
didates, a few, including pegylated derivatives of 
irinotecan, camptothecin (Figure 5), doxorubicin 
and docetaxel, have proceeded to Phase III clini-
cal trials [7, 51, 52]. Many other molecules, often 
PEG-modifi ed cytostatic drugs in use today, are 
at an earlier stage. These include paclitaxel, car-
boplatin (Figure 6), gemcitabine, methotrexate 
and lamellarin derivatives (Figure 6). There are 
also reports on pegylated drugs from other ther-
apeutic groups like e.g. acyclovir, gentamicin, 
zidovudine and amphotericin B [53]. In 2014, the 
EMA and the FDA approved a pegylated deriva-
tive of naloxol for treating constipation caused by 
opioids (Figure 5) [9].

An interesting pegylation variation is combin-
ing active particles with crown ethers (Figure 6). 
These cyclic versions of polyethene glycol can 
complex metal ions such as sodium and potassi-
um. They can also lock small molecules of drugs 
inside them. Thus, they can signifi cantly facilitate 
the penetration of the lipid membranes of cells. 

Their use for creating non-ionic liposomes by 
combining with a lipophilic molecule, e.g. choles-
terol, has also been described [55].

Problems to be solved

Despite its very many desirable properties, the 
use of PEG is not free of drawbacks. In the last 
20 years, reports have begun to emerge about the 
opposite of the expected effects of molecules in 
combination with PEG – shortening of circula-
tion time, no reduction or even increased binding 
of drugs by proteins, and reduced ability to pen-
etrate membranes. Studies of new combinations 
of therapeutics with PEG very often test only one 
type of PEG of a particular length or introduce 
a certain amount of PEG chains into the modifi ed 
molecule without systematically comparing the 
effect of varying their amount on the properties 
of the resulting conjugate. Due to the production 
method, it is natural for the distribution of PEG 
molecular masses to span even often several 
thousand Da. The above contradicts the assump-
tions of bringing strictly formulated therapeutics 
with a defi ned structure to the market. The dis-
covery of antibodies directed against PEG has 
become another problem. They pose a serious 
challenge because they can signifi cantly affect 
the effi cacy of all pegylated therapeutics admin-
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istered subsequently, regardless of whether they 
are directed at treating different ailments [56, 
57]. One of the challenges in using PEG is fi nd-
ing the appropriate balance in the amount. Add-
ing too much PEG to the liposomes or copolymer 
nanoparticles results in too fast a release of the 
transported drug leading to a burst increase in 
concentration which can, of course, cause toxic 
effects. Depending on the modifi ed particle and 
PEG chain chosen, liposomes and nanoparticles 
exhibit shorter circulation times and accumu-
late in the liver in the same way as non-pegylated 
versions. One possible explanation for this is the 
particle size increase after pegylation, making 
them easier to capture by RES (reticuloendothe-
lial system) macrophages [56, 58–60]. A notable 
drawback of PEG is that while it is considered 
biocompatible, it is not biodegradable. Some 
pegylated drugs have been shown to accumulate 
in cytoplasmic vacuoles. Moreover, while current-
ly, there are no known toxicological effects of this 
phenomenon, it still warrants further research. 
Especially as long-term consequences are com-
pletely unknown. An additional concern relates to 
the big size of PEG pendants in proteins and small 
molecules. While protecting them from elimina-
tion they can signifi cantly lower their activity, by 
as much as 93% [61]. Most of this effect stems 
from the same shielding property of PEG as it can 
interfere with the therapeutic binding either to the 
active site where it is supposed to act or block 
the access of substrates to the active site of the 
pegylated enzyme [62]. Many of these concerns 
stem from no detailed research on the effects of 
the PEG chain length on the modifi ed particle. The 
number of substitutions or the amount of PEG in 
a formulation is the second most important con-
sideration.

Summary

Progress in medicine and pharmacy causes 
a constant increase in the number of therapeu-
tics containing polyethylene glycol chains in their 
structure. An increasing representation of this 
compound type appears in the second and third 
clinical trial phases. Literature reports confi rm 
that more and more new compounds are designed 
from scratch, taking into account the favourable 
properties of PEG. The emerging diffi culties in the 

purifi cation and response of the immune system 
are a reason to consider the direction of these 
modifi cations. Pegylation can also offer opportu-
nities for the return to therapy of drugs that may 
have been discontinued due to their pharmacoki-
netic properties. It also improves the proper-
ties of currently used drugs that do not have an 
alternative in the form of newer drugs. Pegyla-
tion also opens up new possibilities for emerging 
compounds that might not proceed to the further 
research phase due to problems with formulation 
or bioavailability. In conclusion, pegylation is an 
excellent modifi cation method, but more detailed 
studies are needed comparing the effects of dif-
ferent lengths and numbers of chains.
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ABSTRACT

Symmetrical drug-related intertriginous and flexural exanthema (also known as Baboon syndrome) is a skin 
eruption in the intertriginous areas. It is believed to be a delayed-type hypersensitivity response to the drug 
which occurs secondary to systemic absorption of agents after cutaneous sensitization. Our case provides 
high quality clinical images to aid in clinical diagnosis of this uncommon skin eruption.

A 55-year-old woman presented to the clinic with 
a 3-day history of a pruritic macular rash that 
began in the inguinal area. There were no other 
constitutional symptoms. The rash developed 
two days after the fi rst dose of amoxicillin 500 mg 
thrice daily, used as a presurgical prophylaxis. 
Six months prior, the patient had taken a fi ve-day 
amoxicillin course for an upper respiratory tract 
infection. On examination, she had a symmetri-
cal, erythematous, macular rash in the groins, 
on the buttocks, inframammary area, and in the 
cubital and popliteal fossa (Figure 1 a–c). After 
discontinuing the drug, the lesions resolved with-
out treatment within fi ve days. In addition, sym-
metrical drug-related intertriginous and flexural 
exanthema (SDRIFE) was diagnosed.

SDRIFE is a skin eruption in intertriginous 
areas. It is believed to be a delayed-type hyper-
sensitivity response to the drug occuring sec-
ondary to systemic absorption of agents after 
cutaneous sensitization [1]. Drug interactions 
are most common with beta-lactam antibiot-
ics, especially amoxicillin. Various medications, 
including antifungals, antihypertensives, che-
motherapy, and monoclonal antibodies, can trig-
ger this reaction [1]. The rash has a characteris-
tic morphology i.e sharply demarcated erythe-
ma of the gluteal area or V-shaped erythema of 
the inguinal region, symmetry of affected areas, 
involvement of at least one other intertriginous 
site/flexural fold, and the absence of systemic 
symptoms and signs, which occurs after system-
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ic exposure to the drug [2]. The case patient met 
all the criteria. 

Histopathological fi ndings include perivas-
cular infi ltrates of lymphocytes and eosinophils. 
However, histopathology is not needed to confi rm 
the clinical diagnosis. 
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Figure 1. Symmetrical, erythematous, macular rash involving the buttocks, groin, and the cubital and popliteal fossa. (A-C) Histo-
pathological evidence of perivascular infi ltrates of lymphocytes and eosinophils (D)
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