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A B S T R A C T

Acne vulgaris (AV), a chronic dermal inflammatory condition, affects approximately 9.4 % of the global
population, with adolescents exhibiting the highest prevalence. Cutibacterium acnes is a key pathogenic
factor in this chronic inflammatory condition, often resulting in post-inflammatory hyperpigmentation
(PIH), which is primarily treated with tyrosinase inhibitors targeting melanin synthesis. While bryo-
phytes are underexplored in modern cosmeceutical research, they have a history of use in traditional
Chinese and Indian medicine for skin ailments. This study aimed to evaluate the antibacterial and anti-
tyrosinase potential of three bryophyte species—Bryum argenteum Hedw., Fabronia pilifera Hornsch.,
and Leptodictyum riparium (Hedw.) Warnst.—to assess their utility in managing AV and PIH. Ethanolic
(70 % v/v) extracts were prepared from rinsed and unrinsed plant material. Antibacterial activity
against C. acnes (ATCC 6919) was assessed via PrestoBlue microtiter plate assays to determine the min-
imum inhibitory concentration (MIC) of the bryophyte ethanolic extracts. Tyrosinase inhibition was
measured using colorimetric microtiter plate assays to evaluate anti-hyperpigmentation potential. Lead
extracts were further analysed for their volatile constituents using gas chromatography-mass spec-
trometry (GC-MS). Rinsed B. argenteum extract exhibited the strongest antibacterial activity with an
MIC of 31.25 mg/mL, followed by rinsed F. pilifera extract at 62.5 mg/mL. All extracts showed minimal
tyrosinase inhibition, with IC₅₀ values exceeding the highest concentration tested. GC-MS analysis
identified oleamide, a compound with known antibacterial properties, as the major volatile constituent
(17.37 %�52.64 %), with the highest concentration of oleamide found in rinsed B. argenteum extract.
These findings suggest that selected bryophytes, particularly B. argenteum, may serve as promising
sources of antibacterial agents for the treatment of AV. Although pharmaceutically significant tyrosi-
nase inhibition was not observed, the high oleamide content warrants further investigation through
bioassay-guided fractionation. This study introduces bryophytes as novel candidates for cosmeceutical
applications targeting acne-related skin concerns.
© 2025 The Authors. Published by Elsevier B.V. on behalf of SAAB. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

The human skin is the first line of defence between the vulnerable
inner tissues and the outside world. Maintaining dermal health is
integral to overall health as any cracks or ruptures in the barrier
reduce the efficacy of the epidermal barrier, with ruptures presenting
a greater risk for the infection of lower lying tissues. Poor skin health
has been linked to the development of debilitating psychosocial
issues, including suicidal ideation (Samuels et al., 2020). Several der-
mal issues arise in the teenage and adolescent years, in particular
acne vulgaris (AV).

Acne vulgaris is a common chronic inflammatory condition of the
skin characteristically caused by the Gram-positive bacillus Cutibacte-
rium acnes (formerly known as Propionibacterium acnes). The preva-
lence of AV peaks between the ages of 15 and 19 years, and affects
approximately 9.4 % of the human population (Lynn et al., 2016;
Tan and Bhate, 2015). Severe acne is associated with the formation of
cysts, nodules, or pustules, and can often leave severe scarring,
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particularly on gentler parts of the skin including the face, chest, and
back. Patients suffering from acne report that the disorder affects
their psychological state (Dlova et al., 2018). The pathophysiology of
acne involves four main factors: local immuno-inflammation, skin
microbiome dysbiosis, abnormal follicular keratinisation and hyper-
seborrhea, each of which affects overall skin health, and are summar-
ised as follows: Cutibacterium acnes proliferation disturbs the balance
of commensal skin microbes, and is fed by the over-secretion of
sebum (Shinya et al., 2013; Wang et al., 2014). Follicular keratinisa-
tion facilitates the formation of an anaerobic environment through
comedone formation, permitting C. acnes to induce inflammatory
responses through the secretion of virulent enzymes (Thiboutot,
2000). These inflammatory responses involve the proinflammatory
cytokines interleukin (IL)-8 and IL-12, and contribute to papule, pus-
tule or nodule formation. Several complications or sequelae may fol-
low the resolution of inflammatory lesions, including post-
inflammatory hyperpigmentation (PIH).

Post-inflammatory hyperpigmentation is particularly common
among individuals of African ancestry (Zulu et al., 2017). Although its
exact pathogenesis remains unclear, PIH is thought to result from
either increased melanogenesis or the accumulation of melano-
phages following inflammation (Davis and Callender, 2010; Magh-
four et al., 2022). Melanogenesis involves the conversion of tyrosine
to melanin by melanocytes, and is stimulated by inflammatory medi-
ators such as IL-8, TNF-a, and reactive oxygen species (Smit et al.,
2008). Melanophage accumulation occurs when macrophages engulf
melanin released from damaged keratinocytes, contributing to per-
sistent pigmentation. Tyrosinase, a key enzyme in melanin synthesis,
is implicated in both mechanisms and is the primary therapeutic tar-
get for PIH management. Acne and its sequelae, including PIH, can
significantly affect patients’ quality of life (Maymone et al., 2017;
Samuels et al., 2020). The gold standard in AV treatment is a combi-
nation therapy of benzoyl peroxide and topical retinoids or oral anti-
biotics. This treatment regime has been noted to cause side effects,
such as dryness and irritation, particularly in sensitive areas, which
can deter patients from seeking or adhering to treatment (Foti et al.,
2015).

The growing interest in herbal medicines as alternative treat-
ments is well represented in scientific literature, with a notable
uptick in the propensity for medicinal plants to provide novel
solutions to well-known disorders and diseases. Some herbal
remedies have demonstrated equal or higher efficacy than stan-
dard acne treatments (Proença et al., 2022). Herbal medicines
therefore pose a promising alternative to the aforementioned
therapies.

One particular group of drastically under-researched plants with
promising medicinal potential are bryophytes, non-vascular plants
that include three divisions, namely the mosses (Bryophyta), liver-
worts (Hepatophyta), and hornworts (Anthocerotophyta). Bryo-
phytes have been components of Traditional Chinese Medicine (TCM)
and Ayurvedic medicinal systems for centuries. While there is sub-
stantial evidence for potentially bioactive phytochemicals within the
bryophytes, they have been neglected in terms of their biological
activities, with numerous ethnomedicinal reports of their use in the
treatment of skin problems, including healing wounds, burns,
abscesses, and boils (Harris, 2008; Motti et al., 2023). A vast number
of novel chemical groups with valuable biological activities have
been discovered in bryophytes, including marchantins and riccardins
(Asakawa and Ludwiczuk, 2018; Niu et al., 2006). Recent critical
reviews on literature regarding the biological activities of bryophytes
have hailed the group of plants as potential sources of novel second-
ary metabolites, particularly antibacterials and antifungals (Com-
misso et al., 2021; Dziwak et al., 2022; Shete et al., 2024). Bryophytes
are therefore promising candidates in the search for herbal remedies
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for AV and PIH. Three moss species were selected for this study based
on their availability, given the large amount of material required for
phytochemical extraction and the relatively slow growth of
bryophytes.

Bryum argenteum Hedw. is one of the most abundant and wide-
spread mosses and boasts a cosmopolitan distribution. It is easily
identified by its distinctive silvery appearance which is attributed to
the lack of chloroplasts in the upper laminal cells. The moss grows
readily in open or disturbed habitats and has demonstrated several
medicinal indications. In TCM B. argenteum has been used as a detoxi-
fying antidote, for nasal inflammation and as an antipyretic (Harris,
2008; Motti et al., 2023). Most notably, the plant has shown antimi-
crobial activity against a variety of pathogens, including Gram-posi-
tive bacteria (Sabovljevic et al., 2006). Leptodictyum riparium (Hedw.)
Warnst. also has a cosmopolitan distribution and grows readily on
moist substrates such as the soils of riverbanks. The plant has been
used in TCM as an antipyretic and for the treatment of urinary tract
infections (Asakawa et al., 2013). This moss has been neglected in
terms of the exploration of its biological activities, with a single study
reporting antibacterial activity (Castaldo-Cobianchi et al., 1988). Spe-
cifically, the moss demonstrated the ability to inhibit the growth of
some Gram-positive strains, including Staphylococcus aureus, Strepto-
coccus species, and Enterococcus species. Finally, Fabronia pilifera
Hornsch. is an intricate epiphytic moss found in tropical and Sub-
Saharan Africa. Other literature has yet to report biological activity or
traditional medicinal uses for this species; however, another moss of
the same genus, Fabronia secunda Mont. has demonstrated anti-dia-
betic activity (Killari et al., 2022). To date, reports of bryophytes hav-
ing antimicrobial activity against C. acnes are absent from the
literature, reflecting the untapped potential of mosses in this regard.

Given the historical use of bryophytes to treat dermal issues as
well as the known antimicrobial effects of some of the selected
mosses, their inclusion in this largely exploratory study is well sup-
ported. This study therefore aims to investigate the potential of the
aforementioned bryophytes for their use against acne and PIH by
evaluating the ability of ethanolic extracts of the mosses to inhibit
the growth of C. acnes and the activity of tyrosinase. Gas chromatog-
raphy-mass spectrometry (GC-MS) was conducted on lead samples
for the identification of phytochemicals that could confer these bio-
logical activities. The validation of bryophytes as herbal remedies
against AV and PIH would aid in the generation of novel, accessible
treatment options for these conditions, thus aligning the present
study with global sustainable development goals and national priori-
ties by promoting health and wellbeing for all.

2. Materials and methods

2.1. Materials and reagents

Analytical grade ethanol, brain-heart infusion (BHI) broth and
agar, amphotericin B, DMSO, kojic acid, mushroom tyrosinase, and
phosphate buffer were sourced from Sigma Aldrich (St. Luis, Missouri,
USA). Cutibacterium acnes (ATCC 6919), PrestoBlue, and 96-well
microtiter plates were sourced from American Tissue Type Collection
(Virginia, USA), Thermo Fisher Scientific (Waltham, Massacheusetts,
USA), and Lasec (Pty) Ltd (Midrand, South Africa), respectively.

2.2. Extract preparation

Moss samples were collected from the Future Africa Institute on
the University of Pretoria’s Hillcrest campus in June 2024. The sam-
ples were identified as B. argenteum, F. pilifera, and L. riparium by the
author and confirmed with reference to “Plants of the Free State:
inventory and identification guide” and cross referenced with “Plants
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of southern Africa: An annotated checklist” to validate the occurrence
of identified taxa within the collection site (Dreyer and Makgakga,
2003; Van Rooy, 2017). Voucher specimens were prepared and
deposited in the HGWJ Schweickerdt Herbarium (PRU) under acces-
sion numbers 132908, 132910, and 132909, respectively. Samples
were cleaned of exogenous material (soil, other plant debris, other
bryophyte species), and divided into two groups for the rinsed and
unrinsed samples. Rinsed samples were rinsed thrice with distilled
water following a five-minute soak and oven-dried until constant
mass at 40°C, whereas unrinsed material was simply oven-dried
under the same conditions. The dried material was then ground into
a fine powder with mortar and pestle and placed in 70 % (v/v) ethanol
to improve extraction yields and reduce biological contamination.
Following 20 minutes of sonication, extraction was allowed to con-
tinue on an orbital shaker for one week followed by vacuum filtration
with Whatman 1 filter papers. The filtrate was concentrated under a
vacuum using a rotary evaporator (Heidolph Hei-VAP Value Digital).
Extracts were stored at 4°C until further use.

2.3. In vitro antibacterial activity

The antibacterial activity of ethanolic extracts was evaluated
against Cutibacterium acnes (ATCC 6919) using the microdilution
broth assay described by Lall et al. (2013) with modifications. Pure
cultures of C. acnes (ATCC 6919) were established and maintained on
sterile brain-heart infusion (BHI) agar. Stock extract solutions were
prepared to a concentration of 4 mg/mL in 10 % dimethyl sulfoxide
(DMSO), and 90 % BHI broth. The assay commenced with the addition
of 100 mL BHI broth supplemented with 1.25 mg/mL Amphotericin B
(to combat fungal contamination) to all the wells of a sterile 96-well
microtiter plate. One hundred microlitres of the ethanolic extracts,
DMSO (vehicle control), and tetracycline (positive control) were
added to the first row in triplicate. Serial dilutions of the extract were
carried out such that tested concentrations ranged from 15.625 mg/
mL to 1000 mg/mL. Media and untreated bacterial controls were
included in each plate. Cutibacterium acnes suspension was prepared
to a McFarland standard of 0.5 (OD600 = 0.095) by measuring the tur-
bidity of the BHI-bacterium suspension at 600 nm. This standard was
further diluted by a dilution factor of 50 to yield an approximate test
concentration of 3 � 106 CFU/mL. The final bacterial suspension was
added to each well, except for untreated bacterial controls, to yield
the final assay volume of 200 mL. Plates were incubated in an Anae-
rocult� jar with the establishment of an anaerobic environment via
the addition of activated Anaerocult� strips. Plates were incubated
for 72-hours at 37°C. Twenty microliters of PrestoBlue cell viability
reagent were added to each well further incubated for an hour at 37°
C to permit resazurin metabolism. The MIC was determined by visu-
ally evaluating the colour change in each well and recorded with a
digital scanner. Half-maximal inhibitory concentration (IC50) was
determined with fluorescence measurements with a VICTOR Nivo
Multicode microplate reader (PerkinElmer South Africa (Pty) Ltd.) set
at an excitation value of 560 nm and an emission value of 595 nm.

2.4. In vitro tyrosinase inhibitory activity

Tyrosinase inhibitory activity was evaluated using a modification
of the methods described by Curto et al. (1999) and Momtaz et al.,
(2008). Stock solutions of each extract were prepared at 20 mg/mL in
DMSO, as well as the kojic acid control prepared at 2 mg/mL. Serial
dilutions were prepared in triplicate on a separate plate such that
final test concentrations ranged from 7.8125 mg/mL to 1000 mg/mL
and 0.7816 mg/mL to 100 mg/mL for the extracts and kojic acid posi-
tive control, respectively. The test plate was prepared with the addi-
tion of 100 mL of 6.5 pH phosphate buffer to all test wells and 190 mL
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for the blank control with enzyme only. This was followed shortly
with the addition of 10 mL extract or kojic acid to the test wells.
Thereafter 10 mL of mushroom tyrosinase enzyme (1000 units/mL in
phosphate buffer) was added to all wells and allowed to equilibrate
for 5 minutes at 25 °C. The reaction was initiated following the addi-
tion of 80mL of 2 mM L-tyrosine to the relevant wells and absorbance
values were measured over thirty reads (elapsed over 25 minutes) at
OD492 using a VICTOR Nivo Multicode microplate reader (Perki-
nElmer South Africa (Pty) Ltd.). Triplicate reads were then used to
determine the percentage inhibition and IC50 values. Data was nor-
malized concerning control wells, including those with enzyme only
indicating 0 % activity and those with enzyme and substrate only
indicating 100 % activity. Percentage inhibition was determined as
follows:

% Inihibition ¼ 1� Sample absorbance�Mean of Abs0%
Mean of Abs100% �Mean of Abs0%

� �
� 100%
2.5. Gas chromatography �mass spectroscopy

Extracts demonstrating evidence of biological activity were
selected for compound identification via gas chromatography-mass
spectrometry. Extracts were passed through a 0.22mmmicropore fil-
ter and resuspended at 1 mg/mL in preparation for GM-MS analysis,
which was conducted by the Department of Chemistry (University of
Pretoria). Gas chromatography-mass spectrometry was conducted on
an Agilent 7890A GC equipped with a Rxi-5 SilMS (30 m x 0.25 mm
ID x 0.25mm film thickness) GC column (Restek, Bellefonte, PA, USA).
The inlet temperature was held at 250°C with the following tempera-
ture program for analysis: 40°C (hold for 3 minutes) at 10°C/minute
to 300°C (hold for 5 minutes) to a total run time of 34 minutes. A UHP
helium carrier gas (Afrox, South Africa) was used under a constant
flow of 1 mL/minute. An injection volume of 1 mL was used, with a
splitless injection time of 30 seconds. The MS transfer line tempera-
ture was held at 280°C, allowing transfer to an Agilent 5975C inert
MSD (Chemetrix (Pty) Ltd., Johannesburg, South Africa) with ion
source and quadrupole temperatures were set to 230°C and 150°C,
respectively. Mass spectrometer operation was allowed to proceed in
electron ionization mode (EI+) at 70 eV and detector voltage at
1750 V. A mass acquisition range of 40-450 Da was used in full scan
mode, allowing peaks to be identified with respect to the Wiley Mass
Spectral Library. The first 5 minutes of analysis was considered
MS solvent delay and thus excluded from final analyses. Matches or
hits with quality lower than 90 % were omitted from the compiled
results.
2.6. Statistical analysis and interpretation of results

Data obtained for the antibacterial assays was a result of three
independent replicates in triplicate (n = 3). Results were reported as
the mean values § standard deviation (SD). The IC50 values for the
antibacterial and tyrosinase inhibitory assays were calculated using
nonlinear regression analysis of the sigmoidal dose-response curves
with GraphPad Prism 4 (GraphPad Software, San Diego CA, USA) with
top and bottom constraints as 0 and 100, respectively. Antibacterial
activity was evaluated according to the guidelines outlined by Zouine
et al. (2024). Thus, MIC values lower than 100 mg/mL, between 100
mg/mL and 625 mg/mL, and greater than 625 mg/mL are considered
to represent significant, moderate, or poor antibacterial activity,
respectively. A one-way ANOVA and post-hoc Dunnett’s multiple
comparison test were used to evaluate percentage tyrosinase inhibi-
tion with respect to the positive control. Statistical significance was
indicated with a p-value less than 0.05.



Table 1
Extract masses, Extraction yields, Minimum inhibitory (MIC) and half-maximal inhibitory concentration (IC50) obtained from antimicrobial analysis of rinsed and
unrinsed B. argenteum, F. pilifera, and L. riparium 70 % ethanolic extracts and tetracycline.

Sample Extraction Treatment Plant Material Dry Mass (g) Extract Mass (g) Extraction Yield (%) MIC (mg/ml) IC50 § SDa (mg/ml)

Bryum argenteum Rinsed 4.95 0.99 20.00 31.25 7.80 § 0.27
Unrinsed 9.41 1.37 14.56 125 137.27 § 10.58

Fabronia pilifera Rinsed 8.87 1.13 12.74 62.5 35.85 § 2.74
Unrinsed 10.36 1.33 12.84 125 123.90 § 7.33

Leptodictyum riparium Rinsed 5.27 1.00 18.98 >1000 >1000
Unrinsed 8.49 1.11 13.07 >1000 >1000

Tetracycline+ - - - 1.15 0.44 § 0.03
a � Standard deviation.
+ � positive control.
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3. Results

3.1. Extraction yields and antibacterial assay

Extraction yields ranged between 12.74 % and 20.00 %, with the
greatest extract mass of 1.33 g obtained from 70 % ethanolic extrac-
tion from unrinsed F. pilifera material. Both B. argenteum and L. ripa-
rium rinsed extracts had higher yields than their unrinsed
counterparts. The extraction yields are summarised in Table 1.

Visual determination of the qualitative MIC values of both rinsed and
unrinsed B. argenteum and F. pilifera ethanolic extracts revealed antibac-
terial activity against C. acnes. The formation of an intermediate violet
made accurate identification of the MIC for some extracts challenging,
as Appendix A. As such, IC50 values were determined to supplement
these values, the results of which are depicted in Table 1. Rinsed B.
argenteum extract demonstrated the greatest antibacterial activity with
a MIC of 31.25 mg/mL, followed by rinsed F. pilifera extract at 62.5 mg/
mL. Unrinsed B. argenteum and F. pilifera material yielded extracts that
demonstrated effective inhibition of C. acnes growth at 125 mg/mL. The
tetracycline positive control exhibited a MIC of 1.15 mg/mL and IC50 of
0.44§ 0.03mg/mL against C. acnes.
Fig. 1. Demonstration of MIC determination with test concentrations given inmg/mL and MI
F. pilifera ethanolic extracts showing MIC values of 31.25 mg/mL and 62.50 mg/mL, respecti
mg/mL. (D) Bacterial control demonstrating unopposed C. acnes growth. (E) Untreated media
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The quantitative half-maximal inhibitory concentrations for
the growth of C. acnes measured for B. argenteum and F. pilifera
extracts corresponded well with their qualitative MIC values, the
lowest of which was for rinsed B. argenteum material at 7.80 §
0.27 mg/mL, followed shortly by rinsed F. pilifera extract with an
IC50 of 35.85 § 2.74 mg/mL. Similar IC50 values were noted for
both unrinsed B. argenteum and F. pilifera samples with IC50 val-
ues of 137.27 § 10.58 mg/mL and 123.90 § 7.33 mg/mL, respec-
tively. Rinsed extracts of B. argenteum and F. pilifera were
therefore noted to demonstrate significant antibacterial activity
against C. acnes, whereas their unrinsed extracts demonstrated
moderate antibacterial activity. Both rinsed and unrinsed L. ripa-
rium ethanolic extracts demonstrated no antibacterial activity at
the highest tested concentration (MIC > 1000 mg/mL), and IC50

values were extrapolated to be well beyond the highest tested
concentration. These extracts were thus ineffective in the inhibi-
tion of bacterial growth. An example of the qualitative MIC deter-
mination is given in Fig. 1. Overall, the quantitative IC50 values
reiterate the results of the qualitative MIC values and reflect the
propensity for rinsed extracts to better inhibit the growth of
acne’s causative bacterium, C. acnes.
Cs indicated by outlined wells. (A and B) MIC determination for rinsed B. argenteum and
vely. (C) MIC determination for the tetracycline positive control showing a MIC of 1.25
control.



Fig. 2. In vitro percentage inhibition values determined for kojic acid and ethanolic
extracts of selected bryophytes at 100 mg/mL and 1000 mg/mL, respectively. Standard
deviations are shown. (KA) = Kojic acid, BA = Bryum argenteum, FP = Fabronia pilifera,
LR = Leptodictyum riparium, -R = rinsed, -U = unrinsed.
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3.3. Tyrosinase inhibitory assay

All extracts tested were unable to fully inhibit the mushroom
tyrosinase activity in the tested concentration range to such a
degree that IC50 values were higher than the highest tested con-
centration, evident in Appendix B. The IC50 of the kojic acid posi-
tive control was determined to be 6.67 § 1.50 mg/mL, indicating
the absence of significant experimental error. Percentage inhibi-
tion for extracts tested at 1000 mg/mL was therefore used to gen-
erate Fig. 2. The post-hoc Dunnett’s multiple comparison test
revealed all percentage inhibitions of ethanolic extracts tested at
1000 mg/mL differed significantly from the kojic acid positive con-
trol (P < 0.001). Percentage inhibitions did not differ significantly
between the preparation treatment (rinsed versus unrinsed) and
moss species. The greatest tyrosinase inhibitory activity was
observed for F. pilifera ethanolic extracts with percentage inhibi-
tions of 14.06 § 0.61 % and 13.70 § 0.48 % for the rinsed and
unrinsed extracts, respectively. A great degree of variability was
Table 2
Compounds identified from GC-MS of rinsed and unrinsed Bryum argenteum ethanolic extra
detected in the corresponding extract.

Compound Name Formula Molecular Weight (g/mol)

R

Diacetone alcohol C6H12O2 116.084 5
Methyl palmitate C17H34O2 270.256 2
Ethyl palmitate C18H36O2 284.272 2
Methyl 9,12-octadecadienoate C19H34O2 294.256 2
Methyl linolenate C19H32O2 292.240
Methyl oleate C19H36O2 296.272 2
Phytol C20H40O 296.308
Methyl stearate C19H38O2 298.287 2
Ethyl linoleate C20H36O2 308.272 2
Ethyl a-linolenate C20H34O2 306.256 2
Hexadecanamide C16H33NO 255.256 2
Oleamide C18H35NO 281.272
Methyl arachidonate C21H34O2 318.256 2
Methyl 5,8,11,14,17-eicosapentaenoate C21H32O2 316.240
Arachidonic acid C20H32O2 304.240
Oleamide C18H35NO 281.272 2
Oleamide C18H35NO 281.272 2

BA = Bryum argenteum.
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noted for the L. riparium extracts, demonstrated by high standard
deviations relative to the means. Rinsed and unrinsed ethanolic
L. riparium extracts yielded percentage inhibitions of 7.61 § 21.35
% and 8.99 § 19.44 %, respectively. All extracts were noted to not
differ significantly from zero percent inhibition (P > 0.05), indicat-
ing the absence of truly noteworthy tyrosinase inhibition.

3.4. Gas chromatography-mass spectrometry

The majority of volatile compounds identified in ethanolic
extracts of the mosses displaying evidence of biological activity in
the prior assays were lipid esters, amides, or long-chain carboxylic
acids and methyl esters. Major components of all four extracts sub-
jected to GC-MS analysis included oleamide, with total abundances
ranging from a maximum of 52.64 % in the rinsed B. argenteum
extract to a minimum of 17.37 % in the unrinsed F. pilifera extract.
Other notable compounds identified included hexadecanamide (8.05
% � 15.82 %), methyl palmitate (12.58 %� 6.47 %), and ethyl palmitate
(1.39 % � 3.78 %). Chromatograms generated from GC-MS are pre-
sented in Appendix C.

Eleven compounds were identified in the B. argenteum rinsed
extract, whereas fifteen compounds were identified in the
unrinsed extract of the same species, as demonstrated in Table 2.
Twelve and thirteen compounds were identified in F.pilifera
rinsed and unrinsed extracts, as demonstrated in Table 3. Both
rinsed and unrinsed B. argenteum extracts had greater total olea-
mide abundance than F. pilifera extracts. Trace levels of the diter-
pene alcohol, phytol, were detected in the unrinsed B. argenteum
extract (0.91 %), whereas abundances for phytol in F. pilifera
extracts were 5.60 % and 6.23 % in the rinsed and unrinsed
extracts, respectively. Methyl 9,12-octadecadienoate and methyl
linolenate abundances were greater in F. pilifera extracts than in
B. argenteum extracts. Relative abundance of volatile components
of B. argenteum extracts demonstrate greater consolidation versus
those of F. pilifera extracts, with oleamide and hexadecanamide
being the only two compounds with total abundances greater
than 10 % in B. argenteum extracts as compared to four com-
pounds in F. pilifera extracts (oleamide, methyl 9,12-octadecadie-
noate, methyl linolenate and methyl palmitate).
cts with relative abundances and retention times. Empty cells denote compounds not

BA Rinsed BA unrinsed

etention Time (min) Abundance (%) Retention Time (min) Abundance (%)

.815 4.313 5.849 0.852
0.982 6.469 20.982 8.968
1.658 1.758 21.659 3.778
2.625 3.418 22.62 6.441

22.682 9.303
2.682 7.189 22.739 0.803

22.787 0.913
2.925 2.503 22.925 2.658
3.239 1.609 23.235 4.422
3.297 1.655 23.292 3.291
3.416 15.822 23.416 11.795

23.578 1.671
4.111 2.630 24.106 6.018

24.163 0.978
24.649 0.736

5.011 37.148 25.006 22.450
5.22 15.488 25.225 11.078



Table 3
Compounds identified from GC-MS of rinsed and unrinsed Fabronia pilifera ethanolic extracts with relative abundances and retention times. Empty cells denote com-
pounds not detected in the corresponding extract.

Compound Name Formula Molecular Weight (g/mol) FP Rinsed FP Unrinsed

Retention Time (min) Abundance (%) Retention Time (min) Abundance (%)

Diacetone alcohol C6H12O2 116.084 5.796 4.341
Methyl palmitate C17H34O2 270.256 20.982 10.579 20.987 12.576
Ethyl palmitate C18H36O2 284.272 21.659 2.660 21.663 1.389
Methyl 9,12-octadecadienoate C19H34O2 294.256 22.625 15.812 22.63 18.450
Methyl linolenate C19H32O2 292.240 22.682 15.272 22.687 16.555
Phytol C20H40O 296.308 22.787 5.594 22.792 6.231
Methyl stearate C19H38O2 298.287 22.925 2.017 22.93 1.868
Ethyl linoleate C20H36O2 308.272 23.24 5.401 23.244 4.818
Ethyl linolenate C20H34O2 306.256 23.297 4.187 23.301 3.633
Hexadecanamide C16H33NO 255.256 23.416 8.046 23.42 8.483
Methyl arachidonate C21H34O2 318.256 24.111 3.684 24.111 4.286
Oleamide C18H35NO 281.272 25.016 20.499 25.011 11.812
Oleamide C18H35NO 281.272 25.221 6.248 25.225 5.559

FP = Fabronia pilifera.
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4. Discussion

The MIC values for the three selected moss species vary
greatly, with evidence for the inhibition of C.acnes growth by B.
argenteum and F. pilifera extracts. The discrepancies between MIC
values observed between rinsed and unrinsed extracts suggest
that the preparation of material before extraction can greatly
influence the biological activity. Rinsing plant material prior to
maceration seemed to enhance the antibacterial activity of the
extracts. Although this could be due to several factors, the most
likely explanation could be that rinsing affected the relative
abundance of compounds present in the extracts that confer the
observed biological activity. In the case of B. argenteum, the find-
ings of this study echo those of a short report by Sabovljevic
et al. (2006), in which ethanolic B. argenteum extracts demon-
strated MIC values of 0.09, 0.10, and 0.19 mg/mL against Micro-
coccus luteus, Bacillus subtilis, and Staphylococcus aureus,
respectively. A similar study noted MICs of 0.07 and 0.03 mg/mL
against S. aureus and E. coli for butanolic B. argenteum extracts,
respectively (Singh et al., 2011). The MIC values determined by
the present study are the first to note the biological activity of
bryophytes against C. acnes (ATCC 6919) in addition to presenting
lower MIC values than those of B. argenteum extracts against
other Gram-positive bacteria. Bryum argenteum has been
described by many as a moss with extensive variation, with mor-
phological traits that are modulated in response to environmental
changes (dos Santos et al., 2024; Greenwood et al., 2019; Long-
ton, 1981; Wang et al., 2019). Wang et al. (2019) noted that
stressors, including low temperatures and precipitation attributed
to elevation changes, reduce the leaf length-width ratio for B.
argenteum growing in alpine regions. It may therefore be posed
that chemotypic changes could follow a similar pattern for this
moss, with particular stressors contributing to the generation of
various levels of metabolites that impact the biological activities
of extracts, as observed in the present study. Ethanolic extracts of
F. pilifera presented comparable MIC values to B. argenteum. Con-
sidering the common propensity to tolerate significant desicca-
tion stress between these two bryophyte taxa, it may be
suggested that this stressor positively impacts the antibacterial
activities of extracts prepared from these mosses. Leptodictyum
riparium, however, is noted to occur most readily on river banks
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and areas with substantial moisture availability, and its ethanolic
extracts did not demonstrate significant antibacterial activity
against C. acnes in the tested concentration range. These results
contradict those presented previously (Castaldo-Cobianchi et al.,
1988), in which ethanolic extracts of L. riparium were able to par-
tially inhibit the growth of both Gram-positive and Gram-nega-
tive bacteria. That study also noted careful cleaning of material
prior to extraction was required to remove endophytic microbes,
a process reflected in the preparation of extracts from rinsed
material (Castaldo-Cobianchi et al., 1988). Several recent studies
have reported the propensity of L. riparium to act as a bioaccumu-
lator (Basile et al., 2012; Esposito et al., 2018; Kumar et al., 2024)
and, therefore, it is possible that the accumulation of contami-
nants, including heavy metals, would significantly affect the bio-
logical activity of extracts of this moss. Variation in the
antioxidant activity of acetonic L. riparium extracts in accordance
with heavy metal, salinity and heat shock stressors were exam-
ined by Basile et al. (2011), who found that heavy metal stressors
elicited the greatest increase of antioxidant activity versus salinity
and heat shock stresses. The absence of biological activity
observed for this taxon’s extracts may therefore be well explained
by the absence of stressors from its specific microhabitat and
growth conditions for the material used in the present study. Lep-
todictyum riparium is therefore a poor candidate for further inves-
tigation as the amount of plant extract required to elicit the
desired activity would be excessive, in addition to presenting
potentially toxic properties attributed to its role as a biological
accumulator.

This study reveals little support for the propensity of ethanolic
extracts prepared from B. argenteum, F. pilifera, and L. riparium to
inhibit tyrosinase activity. The only moss species for which this
biological activity has been represented in literature is B. argen-
teum. Ethanolic extracts of wild-harvested material inhibited
tyrosinase activity to a lesser extent than cultivated material at a
concentration of 2 mg/mL (Tân et al., 2023). The lack of observed
activity for this particular species in the present study is partially
explained by extracts being tested at a maximum concentration
of 1 mg/mL. Studies on biological systems with complex mixtures
of compounds, all present at various concentrations, also have to
account for potential synergistic and antagonistic effects influenc-
ing observed activities (Caesar and Cech, 2019; Chaachouay,
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2025). For instance, one paper noted antagonistic effects resulting
in increased toxicity of botanical extracts traditionally used to
treat hypertension (Ramulondi et al., 2019). A similar effect may
implicate reduced tyrosinase inhibition for the bryophyte extracts
tested. In the same vein, a mixture of compounds present in a
botanical extract may serve to eliminate the biological activity of
individual compounds within the mixture.

The propensity for the abundance of compounds to influence bio-
logical activities is partially demonstrated through the comparison of
GC-MS chemical profiles. In particular, the principal component of
most of the ethanolic moss extracts, oleamide, had considerable vari-
ation between rinsed and unrinsed extracts. In a recent study, this
compound demonstrated significant antimicrobial activity against
the Gram-negative plant pathogen Ralstonia pseudosolanacearum (Li
et al., 2024). This is thought to be brought about by the exertion of
oxidative stress and associated subsequent cell damage. Given the
high abundance of oleamide observed for both B. argenteum and F.
pilifera extracts it can be postulated that this compound is related to
the antimicrobial activities observed. This postulation is supported
by the correlation between a lower MIC determined for extracts with
higher oleamide abundance, as is evident in rinsed B. argenteum and
F. pilifera with MIC values and oleamide abundances of 31.25 mg/mL,
52.64 % and 62.5mg/mL, 26.75 %, respectively. This hypothesis should
be further investigated through bioassay-guided fractionation, allow-
ing the isolation of oleamide from homogenous extracts and confir-
mation of the biological activity of this compound. Other components
of the ethanolic extracts have also demonstrated antibacterial
activity.

Methyl palmitate was determined to be the principal active
component of Syzygium aromaticum extracts responsible for anti-
bacterial activities against multidrug-resistant strains of Pseudo-
monas aeruginosa, Klebsiella pneumoniae, and S. aureus (Shaaban
et al., 2021). Reduced bacterial growth has been observed for
Escherichia coli and Klebsiella pneumoniae treated with methyl
oleate (Padmini et al., 2020). Finally, phytol has demonstrated
antibacterial activity against both S. aureus and Mycobacterium
tuberculosis (Inoue et al., 2005; Rajab et al., 1998). Recent litera-
ture suggests phytol initiates oxidative stress responses in bacte-
ria, resulting in DNA damage and eventual cell death (Lee et al.,
2016). These results present an interesting implication for the
antimicrobial effects of these mosses: that the biological activities
observed are due to the presence of fatty acid amides rather than
other secondary metabolites, as has been frequently implied
(Abbas Bhatti et al., 2024; Sabovljevic et al., 2006).

The absence of tyrosinase inhibitory activity does not eliminate
these plants as potentially possessing the ability to treat PIH due to
the presence of methyl linolenate, as determined by GC-MS.
Methyl linolenate isolated from Oxalis triangularis A.St.-Hil. has
been shown to inhibit melanogenesis in B16 murine melanoma
cells at concentrations as low as 100 mM (Huh et al., 2010). The
presence of compounds with known tyrosinase inhibitory activi-
ties but absence of tyrosinase activity for crude bryophyte extracts
may imply antagonistic effects between the secondary metabolites
that contribute towards biological activity. These mosses may still
have the potential to reduce pigmentation by targeting another
component of the melanogenic pathway or reducing the presence
of factors upregulating melanogenesis in vitro. Therefore, examin-
ing the propensity for ethanolic moss extracts to inhibit melano-
genesis and inflammation rather than specifically tyrosinase may
be an avenue for downstream investigation of these plants in the
management of PIH and AV.

Several less abundant compounds identified through GC-MS have
also been noted to possess anti-inflammatory properties. Isolated
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oleamide has demonstrated the reduction of inflammatory cytokine
production in RAW264.7 murine macrophages, including IL-1b, IL-6
and TNF-a. Furthermore, the compound reduced the expression of
inducible nitric oxide synthase (iNOS), an enzyme responsible for the
production of nitric oxide, which is integral to certain inflammatory
pathways (Moon et al., 2018). Hexadecanamide has been shown to
inhibit inflammatory responses of S. aureus induced mastitis through
oral administration, and down-regulate mast cell activation (Bao et
al., 2023; Mazzari et al., 1996). One study presented evidence of
methyl palmitate and ethyl palmitate to reduce plasma levels of TNF-
a and IL-6 in rat models (Saeed et al., 2012). Inflammation is an inte-
gral component of both AV and PIH pathogenesis, thus the ability of
ethanolic moss extracts to inhibit inflammatory responses may fur-
ther their potency as therapies for these conditions. Further research
on these mosses should ascertain their anti-inflammatory potential,
particularly those inflammatory cascades triggered in acne and PIH.

With these propositions in mind, it is important to consider a
fundamental limitation inherent to the analysis selected for com-
pound identification � GC-MS. Gas chromatography-mass spec-
trometry is particularly effective in the identification of volatile
compounds. Other potentially biologically active compounds
including flavonoids, terpenoids and cardiac glycosides have been
noted in B. argenteum (Abbas Bhatti et al., 2024). However, no
such compounds were identified through GC-MS. Therefore, the
possibility that trace amounts of undetected secondary metabo-
lites are responsible for the antibacterial activity cannot be disre-
garded for both B. argenteum and F. pilifera ethanolic extracts. The
phytochemicals present in ethanolic extracts not identified by GC-
MS can likely be elucidated by nuclear magnetic resonance spec-
troscopy (NMR) based chemical profiling to further the prospective
us of these bryophytes against AV and PIH.

The present study therefore presents substantial evidence for
the potential of B. argenteum and F. pilifera to be used in the
management of AV and PIH. Both mosses presented sufficiently
low MIC values against C. acnes to warrant further screening, a
notion that is supported by the identification of compounds with
known antibacterial properties from the ethanolic extracts. Olea-
mide and hexadecanamide are postulated to be principal active
components of these extracts concerning their antibacterial activ-
ities; however, bioassay-guided fractionation should be imple-
mented to confirm this and determine the extent to which
synergistic effects between the complex mixture of compounds
present in ethanolic extracts contribute to the antimicrobial prop-
erties. Downstream investigation may reveal additional support
for the notion of bryophytes possessing synergistic biological
activities by targeting multiple components of AV and PIH patho-
geneses. In vivo cytotoxicity studies should also be considered
before further toxicological screening. Broadly speaking, this
study supports the notion of bryophytes being potentially valu-
able candidates for the development of novel treatment options
and validates their position as important components of tradi-
tional medicinal systems.

5. Conclusion

Both acne vulgaris and post-inflammatory hyperpigmentation
are disorders of complex, multifaceted pathogeneses, that dimin-
ish the quality of life and mental well-being of patients afflicted.
These conditions are extensively linked in their inflammatory
nature, with AV contributing to the prevalence of PIH. Bryum
argenteum and Fabronia pilifera have exhibited the ability to
inhibit the growth of Cutibacterium acnes, the primary causative
agent responsible for AV, at low enough concentrations to
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demonstrate their potential as a therapeutic agent against acne.
None of the mosses screened were able to inhibit the activity of
tyrosinase, a target enzyme for pigmentation disorders despite the
presence of compounds capable of lowering melanogenic activity.
High abundances of lipid esters, amides, and carboxylic acids were
identified through GC-MS, with a compound noted to have potent
antibacterial activity, oleamide, being of great abundance in B.
argenteum and F. pilifera ethanolic extracts. The highest oleamide
abundance and greatest antibacterial activity were noted in rinsed
B. argenteum extracts. Extracts prepared from rinsed material had
greater antibacterial activity than those from unrinsed material,
demonstrating the impact material and extract preparation meth-
odologies can have on their observed activities. Both B. argenteum
and F. pilifera are promising candidates for further screening, in
support of the hypothesis. Moving forward, addressing the active
compounds of these mosses and their mechanisms of action
should be investigated. Bryophytes continue to present a veritable
gold mine of untapped biological potential in the treatment and
management of diseases, including AV and PIH.
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Appendices

Appendix A � Demonstration of difficulties with visual MIC
determination

Fig. A1. The formation of an intermediate purple colour for one of the antibacterial
trials, indicated with a black box.

Appendix B � Quantitative results obtained for the tyrosinase
inhibitory assay of B. argenteum, F. pilifera, and L. riparium ethanolic

extracts

Table B1

Half-maximal concentration (IC50) obtained for tyrosinase inhib-
itory activity of 70 % ethanolic extracts of rinsed and unrinsed B.
argenteum, F. pilifera, L. ripariummaterial and kojic acid.
Sample
 IC50 § SDa (mg/ml)
Bryum argenteum
 Rinsed
 >1000

Unrinsed
 >1000
Fabronia pilifera
 Rinsed
 >1000

Unrinsed
 >1000
Leptodictyum riparium
 Rinsed
 >1000

Unrinsed
 >1000
Kojic Acid+
 6.67 § 1.50

a � Standard deviation.
+ � positive control.
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Appendix C � GC-MS chromatograms obtained from the analysis of rinsed and unrinsed B. argenteum and F. pilifera ethanolic extracts.
Fig. C1. GC-MS chromatograms obtained from analysis of rinsed (A) and unrinsed (B) Bryum argenteum ethanolic extracts.
201
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Fig. C2. GC-MS chromatograms obtained from analysis of rinsed (A) and unrinsed (B) Fabronia pilifera ethanolic extracts.
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