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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Gas-phase HCH biosorption evaluated 
by a new solid phase extraction method. 

• F. antipyretica showed more lipids in 
chromatograms and cell wall staining. 

• In aqueous medium F. antipyretica 
retained 5 mg g− 1 HCHs and S. palustre 
1 mg g− 1. 

• In gas medium F. antipyretica retained 
113 % HCHs and S. palustre 32 %. 

• F. antipyretica is suggested as a potential 
biomonitor of HCHs.  
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A B S T R A C T   

Persistent organic pollutants (POPs) pose a significant global threat to human health and the environment, and 
require continuous monitoring due to their ability to migrate long distances. Active biomonitoring using cloned 
mosses is an inexpensive but underexplored method to assess POPs, mainly due to the poor understanding of the 
loading mechanisms of these pollutants in mosses. In this work, Fontinalis antipyretica (aquatic moss) and 
Sphagnum palustre (terrestrial moss) were evaluated as potential biomonitors of hexachlorocyclohexanes (HCHs: 
α-, β-, γ-, δ-HCH), crucial POPs. Moss clones, grown in photobioreactors and subsequently oven-dried, were used. 
Their lipid composition and distribution were characterized through molecular and histochemical studies. 
Adsorption experiments were carried out in the aqueous phase using the repeated additions method and in the 
gas phase using an active air sampling technique based on solid-phase extraction, a pioneering approach in moss 
research. F. antipyretica exhibited greater lipid content in the walls of most cells and higher adsorption capacity 
for all HCH isomers in both gaseous and liquid environments. These findings highlight the need for further 
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investigation of POP loading mechanisms in mosses and open the door to explore other species based on their 
lipid content.   

1. Introduction 

In the current context of global climate change, pollution stands out 
as a significant driver, with persistent organic pollutants (POPs) posing 
particular concern. POPs are considered “silent killers” and are present 
in all environments, causing lethal diseases and environmental problems 
(see e.g. Alharbi et al., 2018). These compounds include the hexa
chlorocyclohexane (HCH) isomers α-, β- and γ-HCH (UNEP, 2009), 
which were commercialised as pesticides in two formulations, technical 
grade HCH (from 1940 to 1970) and lindane (from 1970 to early 2000). 
The prolonged use of these compounds resulted in the largest legacy of 
POP contamination to date. 

The technical grade HCH was a mixture of isomers and was later 
refined to produce lindane, consisting of 99 % γ- HCH, the sole isomer 
with insecticidal properties. However, lindane production is highly 
inefficient, with 8–12 t of waste produced per tonne of lindane. Between 
1950 and 2000, an estimated 4–7 million tonnes of HCH waste, mainly 
α- and β-HCH, were haphazardly dumped in open sites known as mega- 
sites (Vijgen et al., 2011). Once introduced into the environment, these 
compounds are more easily dispersed than other organochlorine pesti
cides (e.g. DDT) in all environmental compartments, posing a threat to 
humans and the environment (Vega et al., 2016; Kim et al., 2017; Vijgen 
et al., 2018). Most countries have prohibited its use and production and, 
in some cases, have invested great economic efforts in the remediation of 
localised mega-sites, as is the case of Spain, where the first base- 
catalyzed dechlorination plant was installed in treating lindane (Vij
gen et al., 2019). The economic cost of these technologies prevents some 
countries from investing in the remediation of soils contaminated with 
HCH or from opting for cheaper methods, such as soil encapsulation. The 
scientific community continues to strive to find cost-effective and sus
tainable alternatives for complete HCH removal, such as bioremediation 
(Usmani et al., 2021) or nanoremediation (Fei et al., 2022). While the 
direct release of HCH into the environment has decreased greatly, HCH 
continues to persist in the environment, e.g. in soils (Ma et al., 2020), 
plants (Łozowicka et al., 2016), freshwater systems (Singh et al., 2023) 
or air (Halvorsen et al., 2023) and disperses to locations far from the 
source of contamination (Hao et al., 2021; Wong et al., 2021). 
Furthermore, the effects of climate change may increase the mobility of 
this pollutant and lead to an imbalance in primary and secondary 
emissions (Ma et al., 2011; Wöhrnschimmel et al., 2012; Halvorsen 
et al., 2023). 

Given the persistence and mobility of HCH, coupled with the influ
ence of climate change, monitoring is essential to understand the 
behaviour of the pollutant in the environment and to effectively manage 
its spatio-temporal evolution. In Europe, monitoring of HCH in air and 
water is required under the EMEP (European Monitoring and Evaluation 
Programme; https://www.emep.int/) (Tørseth et al., 2012) and the 
WFD (Water Framework Directive) (Directive 2000/60/EC). However, 
these measures are not sufficient to establish global trends, and moni
toring at higher spatial resolution is needed (Wöhrnschimmel et al., 
2012; Halvorsen et al., 2023). 

Biomonitoring, which involves using living organisms, is a valuable 
tool for assessing environmental pollution and can complement tradi
tional monitoring approaches to obtain higher spatial resolution. Mosses 
are widely distributed and can accumulate various pollutants with high 
tolerance, so native mosses have been used for biomonitoring heavy 
metals (>369 articles; Boquete et al., 2017), and POPs (mainly for 
polycyclic aromatic hydrocarbons – PAHs – and, to a lesser extent, for 
other compounds such as organochlorines, dioxins and furans) (Har
mens et al., 2013), although in smaller numbers (a few tens of articles). 
Even fewer studies have considered HCH (i.e. Holoubek et al., 2000; 

Borghini et al., 2005; Lim et al., 2006; Tarcau et al., 2013; Zhu et al., 
2015). However, the required spatial resolution would only be achieved 
by applying active biomonitoring using transplanted mosses (“moss- 
bags”); for further details about this technique and its standardization, 
see Ares et al. (2012). The use of transplanted mosses allows the 
required sampling density to be reached and also the selection of 
appropriate monitoring sites, providing more accurate measurements at 
higher spatial resolution than would be possible using conventional 
techniques (Pacín et al., 2023). On the other hand, the relationship 
between the concentration of POPs in the atmosphere and in mosses has 
only been studied using transplanted mosses -specifically for PAHs- with 
very satisfactory results (see details in Aboal et al., 2020). To date, 
transplanted mosses have rarely been used for biomonitoring POPs 
(until 2012: 4 times for PAHs and once for PCBs, Ares et al., 2012; with 
very few additions since then and never before for monitoring HCHs). 

In the last decade, great efforts have been made to standardize active 
biomonitoring with mosses, including the production of clones of some 
species (e.g. Ares et al., 2012; Beike et al., 2015; Capozzi et al., 2017). 
However, these efforts mainly apply to heavy metal monitoring, for 
which different species have been recommended. Sphagnum palustre L. 
was proposed for active biomonitoring of atmospheric pollution (Ares 
et al., 2012), and a clone was produced (Beike et al., 2015). Fontinalis 
antipyretica Hedw. was recommended for active biomonitoring of water 
pollution (Debén et al., 2017) and later the corresponding clone was also 
recommended (Debén et al., 2019). In addition, although the process of 
heavy metal loading by mosses has been well studied (e.g. González and 
Pokrovsky, 2014; González et al., 2016; García-Seoane et al., 2023; 
Varela et al., 2023), the POP loading process in mosses remains un
known. Only a general, theoretical study (Harmens et al., 2013) and 
some partial studies, e.g. for phenanthrene (Keyte et al., 2009; Spag
nuolo et al., 2017), have been conducted. Unfortunately, little or no 
attention has been paid to the effect of lipid composition in relation to 
the loading capacity, although it is known to be the main factor 
responsible for the loading of aqueous or volatile forms of these pol
lutants. This gap in the knowledge of loading mechanisms has made it 
difficult to prioritise the selection of moss species for POP 
biomonitoring. 

The main objective of the present study was to evaluate the efficiency 
of the available moss clones (F. antipyretica and S. palustre) in adsorbing 
HCHs (α-, β-, γ- and δ-isomers) for their use as biomonitors in aquatic 
and gaseous environments. We investigated the HCH retention capacity 
of mosses, and we also considered whether aquatic mosses might 
perform better in aquatic environments and terrestrial mosses in gaseous 
environments. A further aim of the study was to obtain more informa
tion about the loading of HCH (as an example of POPs) and about which 
characteristics of mosses (i.e. composition and lipid localisation) 
contribute to maximising HCH accumulation. Finally, we hope that this 
information could be used to identify the best moss species for active 
biomonitoring of POPs. 

2. Material and methods 

2.1. Moss material 

Moss clones were grown in photobioreactors under axenic conditions 
in the Laboratory of the Ecotoxicology and Plant Ecophysiology 
Research Group, University of Santiago de Compostela. The conditions 
for producing and growing the mosses have been described by Debén 
et al. (2019) for F. antipyretica and by Beike et al. (2015) for S. palustre. 
Briefly, clones were cultured in 12 L photobioreactors (Bio Bundle 15 M 
Applikon, Delft, The Netherlands) with modified liquid Knop medium. 
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The bioreactors were illuminated and aerated continuously and sub
jected to temperature and sterility controls. For the biosorption experi
ments, both moss clones were devitalized by oven-drying with a moss- 
specific temperature ramp to prevent interference with metabolism 
and to produce more stable results (e.g. Debén et al., 2017). 

2.2. Characterization of moss material 

The material used was characterized in order to determine how the 
composition (molecular characterization) and location (histochemical 
characterization) of the lipids in mosses could explain the results of the 
adsorption experiments. 

2.2.1. Molecular characterization 
Molecular characterization of moss tissues was performed by a 

combination of the following: 1) pyrolysis-gas chromatography–mass 
spectrometry (Py-GC–MS) of solid samples; 2) thermally assisted hy
drolysis and methylation-GC–MS (THM-GC–MS) of solid samples; and 3) 
GC–MS of total lipid extracts. Samples were ground in a ball mill 
(RETSCH MM 400). Pyrolysis-GC–MS was performed using a Pyroprobe 
5000 pyrolyzer (CDS Analytical) coupled to a 5977 GC–MS system 
(Agilent Technologies). The pyrolysis set-point temperature was 650 ◦C 
(10 s, 10 ◦C ms− 1 heating rate). The pyrolysis interface, GC inlet and 
GC–MS interface were held at 325 ◦C. The GC oven was heated from 
60 ◦C (1 min hold) to 325 ◦C (3 min hold) at a rate of 20 ◦C min− 1. The 
GC was operated in 1:25 split mode and was equipped with an HP5-MS 
column. The helium carrier flow was 1 mL min− 1. The detector scanned 
in the m/z 50–500 range. Prior to inclusion of the sample for THM- 
GC–MS analysis, an aliquot of 25 % aqueous tetramethylammonium 
hydroxide (TMAH) was added. The oven temperature was increased 
from 70 ◦C (3 min hold) to 325 ◦C (5 min hold) at a rate of 20 ◦C min− 1. 

For GC–MS analysis of total lipid extracts (TLEs), the samples were 
extracted for 24 h with dichloromethane (DCM) and methanol (9:1; v/v) 
in a Soxhlet apparatus. The TLEs obtained were dried over Na2SO4, and 
the solvent was then evaporated under N2. The TLE was methylated with 
trimethylsylildiazomethane to convert acid groups into corresponding 
methyl esters, purified over a SiO2 column, and silylated with bis(tri
methylsilyl)trifluoracetamide (BSTFA) in pyridine at 60 ◦C for 20 min to 
convert the hydroxy groups into the corresponding trimethylsilyl (TMS) 
ethers. Prior to GC–MS analysis, all aliquots were dissolved in ethyl 
acetate. The TLEs were on-column injected in a CP-sil 5CB fused silica 
column (30 m × 0.32 mm i.d., film thickness 0.10 μm) in an Agilent 
7890B GC 5977B platform. The GC–MS was operated at a constant flow 
of 1.0 mL min− 1. The oven temperature was increased from 70 ◦C to 
130 ◦C at a rate of 20 ◦C min− 1 and then to 320 ◦C at a rate of 4 ◦C min− 1, 
followed by an isothermal hold for 20 min. The MS was operated in full 
data acquisition mode, scanning ions from m/z 50–800. 

2.2.2. Histochemical characterization 
Mosses were histochemically characterized for internal lipids and 

external wax-like substances with the Sudan Black B test (Jensen, 1962). 
Whole shoots were briefly held (ca. 2 min) in 50 % ethanol in an 
Eppendorf tube, before being transferred to another tube filled with a 
saturated, filtered solution of Sudan Black B (Fluka 86015) in 70 % 
ethanol, held for 5 min, before being differentiated in 50 % ethanol. 
Lipophilic substances (lipid droplets, plastoglobuli and external wax- 
like compounds) stain dark blue-black. The samples were mounted in 
50 % ethanol for microscopic observation with an Olympus BX61 mi
croscope, and photographs were taken with an Olympus DP70 camera. 

2.3. Liquid phase batch biosorption experiment 

The adsorption isotherm data were obtained in batch-type experi
ments by using the method of repeated additions suggested by Bowman 
(1979) for low-solubility pesticides. For the consecutive additions, so
lutions of a mixture of HCH isomers were prepared in bi-distilled water 

from the stock solutions of each isomer (see supplementary material, 
SM.1.). The concentration of each isomer was lower than the solubility 
limit previously determined by Rodríguez-Garrido (2009). The con
centrations were approximately 1 mg L− 1 α-HCH, 0.1 mg L− 1 β-HCH and 
2 mg L− 1 of γ-HCH and δ-HCH, totalling about 5 mg L− 1 of the sum of the 
isomers (ΣHCH). In addition, 5 mM NaN3 was added to eliminate any 
possible effect of microorganisms, and 5 mM CaCl2 was added as a 
background electrolyte. Prior to each addition, the HCH concentration 
was measured in triplicate. For the experiment, the mosses (50 mg each) 
were immersed in 25 mL of the mixed HCH isomers, NaN3 and CaCl2 
solution in 100 mL glass flasks closed with PTFE caps and tightly sealed 
with Parafilm®. The moss suspensions were stirred for 24 h in a back- 
and-forth shaker (< 100 rpm) at room temperature (ca. 20 ◦C) in 
darkness. This length of time was previously determined to be sufficient 
to reach equilibrium (Rodríguez-Garrido, 2009). Subsequently, 20 mL of 
the liquid phase was removed with a glass pipette, and another 20 mL of 
the mixed HCH isomers, NaN3 and CaCl2 solution were added before 
analysis. This step was repeated until the measured concentration 
remained constant. Five replicates of the moss suspensions were 
measured, and a moss-free solution subjected to the same repeated ad
ditions was included as a control. For quantification of the equilibrium 
concentration of HCH isomers, the compounds were extracted with 5 mL 
of hexane (1:1 v/v) for 20 min in Pyrex® tubes in an ultrasound bath 
(Ultrasons J. P. Selecta SA). This technique yields recovery rates >95 % 
(Concha-Graña et al., 2004). The extracts obtained were then analyzed 
in a GC–MS-system (Model 450 GC, Model 220 MS Agilent Technolo
gies) equipped with a Combi-PAL autosampler (CTC-Analytics, AG, 
Switzerland). The system was operated in electron impact mode, with 
tandem mass spectrometry as the detection mode. The helium carrier 
flow was 1 mL min− 1. The volume of the extracts injected was 1 μL and 
the injector operated at 280 ◦C in pulsed split/splitless mode. The GC 
oven temperature programme was 80 ◦C (1.5 min), 30 ◦C min− 1 to 
180 ◦C (1 min), 3 ◦C min− 1 to 200 ◦C and 40 ◦C min− 1 to 290 ◦C. The 
calibration line was obtained using standards (1–5000 μg L− 1) prepared 
in hexane, and IS was added to both extracts and calibration standards at 
a concentration of 250 μg L− 1. This method showed good replicability 
and sensitivity, with limits of quantification of 3.6 ng L− 1 for α-HCH, 2.3 
ng L− 1 for β-HCH, 0.9 ng L− 1 for γ-HCH and 5.0 ng L− 1 for δ-HCH. The 
relative standard deviation of 12 consecutive injections of a 1 mg L− 1 

standard was 2.1 % for α-HCH, 1.3 % for β-HCH, 1.4 % ng L− 1 for γ-HCH 
and 17 % for δ-HCH. Reagents are included in supplementary material 
(SM.1.). 

2.4. Gas phase biosorption experiment 

The gas phase biosorption of HCH was assessed by active indoor air 
sampling based on a solid phase extraction (SPE) system (Barro et al., 
2005; Barro et al., 2006). The application of this methodology to moss is 
novel. In this method, a known volume of air was pumped through a 
glass tube containing a mixture of HCH isomers and connected to two 
serial samplers (of ca. 30 cm3 volume per sampler) with sorbent: the first 
with moss tissues (or Florisil® as control) and the second with Florisil®. 
Thus, the HCH-polluted air passed through the moss and any HCH not 
retained by the moss remained in the Florisil® in the second sampler. 
The experimental conditions were established according to previous 
experiments (data not published): the air was pumped at a rate of 20 L 
min− 1 for 50 min (i.e. 1 m3 air), and 10 μL of a stock mixture of HCH 
isomers of 10 μg mL− 1 was added; between 0.1 and 0.2 g sorbent was 
used per sampler to obtain an equivalent volume of sorbent. Sampling 
was carried out in triplicate. The sorbents were then extracted with 2 mL 
of ethyl acetate in an ultrasound bath (J. P. Selecta SA) for 10 min at 
25 ◦C and 50 Hz, and the resulting extract was filtered through hydro
phobic PTFE syringe filters (0.22 μm). A surrogate was previously added 
to the sorbents to test the performance of extraction. The extracts ob
tained were then analyzed in a GC–MS-system: a Trace 1310 gas chro
matograph coupled to a triple quadrupole mass spectrometer (TSQ 
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8000) with an IL 1310 autosampler (Thermo Scientific) (San Jose, CA, 
USA). Target compounds were separated on a Zebron ZB-Semivolatiles 
(30 m × 0.25 mm id × 0.25 μm film thickness) GC column, supplied 
by Phenomenex (Torrance, CA, USA). The helium carrier flow was 1.0 
mL min− 1. The GC oven temperature was programmed to increase from 
120 ◦C (held 2 min) to 200 ◦C at 20 ◦C min− 1 and to 290 ◦C at 10 ◦C 
min− 1. The total run time was 13 min. The injector was operated in 
pulsed split/splitless mode (200 kPa, held 1.2 min). The injector tem
perature was set at 260 ◦C, and the injection volume was 1 μL. The 
temperature of the transfer line and of the ion source were maintained at 
290 and 350 ◦C, respectively. Selected reaction monitoring (SRM) 
acquisition mode was implemented, monitoring two or three transitions 
per isomer for an unequivocal identification and quantification of the 
target compounds (SM.2.). Xcalibur 2.2 and Trace Finder 3.2 software 
were used to operate the equipment and identify and quantify the 
compounds. For reagents, see supplementary material SM.1. 

2.5. Data analysis 

The amount of HCH adsorbed to the moss in the liquid phase 
experiment was calculated as the difference between the equilibrium 
concentration in the presence and absence (control) of the moss. This 
corrects the effect of HCH loss by volatilization or adsorption to surfaces 
and prevents overestimation of HCH retained by the moss. Sorption 
curves were constructed by plotting the cumulative adsorbed concen
tration of HCH in each moss versus the concentration of HCH present in 
the solution at equilibrium. Experimental data were fitted to the Linear 
(Eq. (1)) and Freundlich (Eq. (2)) models: 

q = KDC (1)  

q = KFC1/n (2)  

where q (mg g− 1) is the amount of HCH adsorbed on the moss at equi
librium; C (mg L− 1) is the HCH concentration in solution at the equi
librium; KD (L g− 1) is the coefficient of distribution in the Linear model; 
KF (Ln mg1-n g− 1) and 1/n (unitless) are the Freundlich coefficients. 

OriginPro Software was used for fitting the experimental data to the 
Linear and Freundlich models, and the adjusted r2 and the p-value of the 
Chi-Square test for the two models were compared. In addition, Pearson 
regression coefficients were calculated for the affinity coefficient (logKF 
or logKD) and the following: i) the n-Octanol/Water Partition Coefficient 
(logKOW) of the different HCH isomers (values after Wacławek et al., 
2019); and ii) isomer sizes of HCH isomers (volumes after Silvani et al., 
2019). 

To study the retention of the HCH isomers by mosses from the gas 
phase, the recovery of HCH (expressed as a percentage) from the sorbent 
in the first and second sampler was considered. 

3. Results 

3.1. Molecular characterization 

The Py-GC–MS chromatograms of S. palustre and F. antipyretica are 
shown in Fig. 1.A, and a detailed description of the peaks detected is 
included in SM.3. Differences between the species were observed 
regarding the lipid peaks: S. palustre contained C16 and C18 saturated and 
unsaturated fatty acids, including a C20:4 polyunsaturated fatty acid 
tentatively identified as arachidonic acid, while the fatty acid signal was 
more intense in F. antipyretica. In addition to C16 and C18 saturated and 
unsaturated fatty acids, large peaks were observed for acetylenic fatty 
acids. The THM-GC–MS chromatograms of both species are shown in 
Fig. 1.B. (for a detailed description of the detected peaks, see SM.3). 
Regarding the lipids (Fig. 1.C), S. palustre contained large peaks of fatty 
acid methyl esters (FAMEs), especially in the C16-C26 range. On the other 
hand, F. antipyretica contained C16-C28 FAMEs, including the acetylenic 

FAMEs. Finally, the GC–MS of the TLE of the S. palustre sample was 
composed of plant sterols (e.g. sitosterol), phytyl fatty acid esters, C16- 
C26 fatty acids and some low molecular weight carbohydrates. The TLE 
of F. antipyretica contained large amounts of C16-C20 fatty acids and 
several acetylenic acids (C18-C20), in addition to phytyl fatty acid esters 
and sterols. 

3.2. Histochemical characterization 

In F. antipyretica, the staining generally resulted in a dark blue 
coloration, which was particularly intense in the caulid, and fainter, but 
clearly observed, in most phyllids, especially in dead cells (Fig. 2A). In 
mature phyllids, staining was observed in the walls of both living and 
dead cells, with a few exceptions (Fig. 2.B(i) and 2.B(ii)). Staining of the 
cell cytoplasm was occasionally observed, and it was quite irregular, 
although intense (Fig. 2.B(i), 2.B(ii) and 2.C). By contrast, in young 
phyllids, in which the cuticle is still undeveloped, the cell walls were not 
stained, and the dye was only retained in the cytoplasm, apparently in 
the plastids (Fig. 2.D). Staining of S. palustre generally yielded fainter 
coloration (Fig. 2E), particularly in the caulids, which appeared trans
parent, almost unstained; in general, the dark appearance of some areas 
is due to surface curvature and not to staining, as in the case of the 
phyllid margins. The Sudan Black B staining was mainly restricted to the 
walls of cells with cytoplasm (sometimes dead), in both chlorocysts and 
as yet undifferentiated cells, being weaker in the latter (Fig. 2.F). Oc
casionally some isolated cells showed intense staining (cell indicated by 
an arrow in Fig. 2.F). However, in hyalocysts the walls usually remained 
unstained (Fig. 2.G), although a thin blackish film was occasionally 
observed (Fig. 2.H(i) and 2.H(ii)). 

3.3. Liquid phase batch biosorption experiment 

Adsorption isotherms were used to evaluate the biosorption of HCH 
by the moss tissues in water. The α-, β-, γ-, and δ-HCH curves for the two 
mosses species are shown, along with the experimental data and the 
results of fittings to Linear and Freundlich adsorption models, in Fig. 3. 
Overall, both the order of retention of isomers (δ-HCH > γ-HCH >
α-HCH > β-HCH) and the proportion of each relative to the ΣHCH 
retained (55–61 %, 29–24 %, 16–13 % and 2 %, for δ-, γ-, α-, and β- HCH, 
in F. antipyretica and S. palustre respectively) were quite similar for both 
species. However, there were some notable differences in the retention 
of the different isomers and species. For F. antipyretica, the amount of 
HCH isomers adsorbed tended to increase with the increase in the 
concentration of HCH added, although the maximum adsorption ca
pacity of the moss tissues was not reached under the experimental 
conditions (a slight decrease in the retention of δ- and γ-HCH was 
observed in the last additions). The adsorption capacity of S. palustre was 
much lower than that of F. antipyretica (almost four times lower at the 
end of the experiment) and reached saturation with δ-HCH on the 4th 
addition, with γ-HCH, on the 5th addition, with α-HCH on the 6th 
addition and with β-HCH on the 10th addition. This explains the dif
ference in the data for both species observed in Fig. 3. 

With few exceptions, the percentage of variance in the moss HCH 
concentration explained by the HCH added was higher than 70 %, and in 
almost a third of the cases, it was higher than 90 %. For model reliability, 
adjusted determination coefficients and the p-value for the Chi-Square 
test were compared (Fig. 3). The Freundlich model provided a better 
fit for the sorption data, except for α- and β-HCH in F. antipyretica. 
F. antipyretica showed higher affinity for HCH isomers because the KD 
and KF values were higher than for S. palustre (Fig. 3, KD between 2.3 and 
6 times higher and KF between 4 and 5.5 times, except for α-HCH, for 
which they were quite similar). The low KD and KF values (<1) indicated 
the very low affinity of this species. Ranking of affinities for each isomer 
differed between species: δ-HCH > β-HCH > α-HCH ≈ γ-HCH in 
F. antipyretica; and α-HCH > δ-HCH > γ-HCH > β-HCH in S. palustre. For 
both species, rankings of isomer affinities did not follow the same order 
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Fig. 1. A) Py-GC–MS total ion chromatogram traces for Sphagnum palustre and Fontinalis antipyretica bulk samples. Fatty acids, numbered according to chain length 
and double bonds, are shown in purple. Polyphenol products are shown in red. Carbohydrate products (5HMF = 5-hydroxymethylfuraldehyde) are shown in light 
blue. Plant terpenoids and sterols are shown in dark blue. Chlorophyll products are shown in green. B) THM-GC–MS total ion chromatogram traces of bulk samples. 
Methylated fatty acids (F) and diacids (D), numbered according to chain length and double bond, are shown in purple. Polyphenol products (P6 = 4-methoxybenzoic 
acid methyl ester, P12 = 3,4-dimethoxy-hydrocinnamic acid methyl ester) are shown in red. Unidentified carbohydrate products (“carb”) and a methylated C6- 
metasaccharinic acid (C6MSA) are shown in light blue. Plant sterols are shown in dark blue. Chlorophyll products are shown in green. B1CA-B2CA = benzene
carboxylic acids with 1–2 ester groups are shown in black. C) Total ion current chromatograms after GC–MS of total lipid extracts. Methylated fatty acids (purple), 
numbered according to chain length and double bonds, are shown in purple. Carbohydrates (“carb”) are shown in light blue. Chlorophyll-derived products are shown 
in green. Plant sterols are shown in dark blue. ME = methyl ester or ether. 
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as the concentrations of isomer added. 
The relationship between the logarithms of the affinity coefficient 

(KF or KD) and the n-Octanol/Water Partition Coefficient (KOW) was also 
studied. Relationships were only observed for F. antipyretica (see 
Fig. SM.1 in SM.4), with a significant regression (p < 0.05) for LogKF 
(with a slope value close to 1) and the same ranking of the variables 
compared in the case of LogKD. Regressions between these affinity 

coefficients and isomer sizes were also calculated but were not signifi
cant in any case. 

3.4. Gas phase biosorption experiment 

In the control (Florisil®), 100 % ΣHCH was recovered with very little 
loss of HCH to the second glass tube. Recoveries of HCH-isomers 

Fig. 2. Fontinalis antipyretica (A to D) and Sphagnum palustre (E to H) shoots after Sudan Black B staining. A) Heavily stained caulids, and less-intensely stained phyllid 
cells; dead cells stained more intensely. B(i), B(ii) and C) stained phyllid cells. D) Young phyllid with undeveloped cuticle showing cells with stained plastids in the 
cytoplasm. E) Unstained caulids and weakly stained phyllid cells. F) Undifferentiated phyllid cells showing weakly stained cell walls (the arrow indicates a single 
isolated cell with more intense staining). G) Phyllid with stained chlorocysts and unstained hyalocysts H(i)) Weakly stained chlorocysts and unstained hyalocysts. H 
(ii)) occasionally the cell walls showed a thin, stained film. 
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retained in Florisil® ranged between 89 and 123 %, with a low relative 
standard deviation (% RSD = 5–8). Notably, the isomer recoveries fol
lowed the sequence δ-HCH > α-HCH > β-HCH > γ-HCH (Table 1). The 
moss species exhibited different retention rates; thus, while the amount 
of 

∑
HCH retained by F. antipyretica was similar to the control (113 %), 

S. palustre only retained 32 % of the 
∑

HCH (Table 1). Different re
coveries of HCH isomers were also observed. When studying 
F. antipyretica, δ- and β-HCH isomers exhibited higher recoveries than α- 
and γ-HCH, although all were approximately 100 %. By contrast, in 
S. palustre differences between the isomers δ/β and α/γ were more 
evident. Although all recoveries were <70 %, α- and γ-HCH showed 
particularly low recoveries. The low recovery of α-HCH (10 %) and non- 
existent retention of γ-HCH probably resulted from the transfer of these 
isomers into the second glass tube (97 % and 73 %, respectively) or loss 
within the system. 

4. Discussion 

The results of both the liquid and gas biosorption experiments indi
cate that F. antipyretica adsorbed more HCH than S. palustre. Based on 

previous research comparing these two mosses for monitoring aquatic 
and atmospheric metal contamination (Debén et al., 2016; García- 
Seoane et al., 2023), we hypothesized that F. antiyretica would have a 
greater capacity to retain HCH in water, while S. palustre would be more 
effective at retaining HCH in the atmosphere. Nevertheless, the results of 
the interspecies comparison for HCH differed from those reported for 
metals, which apparently indicates that the loading mechanisms are 
completely different. Contrary to our expectations, the adsorption ca
pacity of the aquatic moss F. antipyretica was higher than that of 
S. palustre in both gaseous and liquid environments and the former 
retained greater amounts of all HCH isomers. 

The ability to adsorb lipophilic compounds such as POPs may be 
related to the specific surface area and the presence of lipids, mainly on 
the cell wall surface and the external side of the membrane. In the case of 
devitalised mosses, the internal surface may also be important. These 
different sorption capacities and the varying thresholds of HCH isomer 
saturation observed in the two mosses are likely to be due to species- 
specific factors involved in the HCH-moss interaction mechanism. 
Staining with Sudan Black B revealed the presence of numerous lipids (a 
wide variety of lipids such as protein bound lipids, phospholipids, sterols 
and neutral triglycerides) in the walls of most F. antipyretica cells 
(Fig. 2). By contrast, the hyalocyst of S. palustre did not appear to contain 
these compounds, and the other cells did so to a lesser extent (Fig. 2). 
The results of the molecular characterization of these species (Fig. 1) are 
consistent with the staining results, showing that the fatty acid signal is 
more intense in F. antipyretica; the higher peaks of C28 and acetylenic 
fatty acids were particularly noteworthy. Furthermore, the similarity in 
fatty acid patterns observed using THM-GC–MS of the bulk samples and 
GC–MS of the TLEs indicates that they mainly correspond to readily 
extractable epicuticular structures. The differences in molecular 
composition, which can be attributed to the epicuticular structures, can 
be assumed to be responsible for the differences in staining (which is 
consistent with the absence of staining in young F. antipyretica phyllids 
in which the cuticle is still undeveloped). These results are consistent 
with those of the sorption experiments: i) the liquid phase batch bio
sorption experiment, in which F. antipyretica exhibited a higher 
adsorption capacity and higher affinities for all the isomers (Fig. 3); and 
ii) the gas phase biosorption experiment, in which the result was sur
prising, with recoveries of approximately 100 % for all isomers in 
F. antipyretica (in all cases even higher than Florisil®) (Table 1). The 
latter can be attributed to the fact that this was the first time this method 
has been used in mosses and that these are the first data obtained for any 
moss species. 

Regarding the adsorption processes, the best fit model in the liquid 
phase biosorption experiment differed between moss species and be
tween HCH isomers (Fig. 3). For F. antipyretica, adsorption of α- and 
β-HCH increased proportionally with the amounts of HCH added (linear 
isotherm), but this was not observed for γ- or δ-HCH (Freundlich 
isotherm). This can be explained by the fact that the isotherms are 
usually linear at low sorbate concentrations (Delle Site, 2001), as in the 
case of α- and β-HCH, with the same adsorption energy for all binding 
sites. Thus, the inclusion of the parameter 1/n in the Freundlich equa
tion is not necessary (n ≈ 1 in both cases). However, for γ- and δ-HCH 
the value of this parameter was <1, indicating that as the solute 

Fig. 3. Adsorption of individual HCH isomers on devitalized clones of the 
mosses Fontinalis antipyretica (black dots) and Sphagnum palustre (open dots) 
after 10 consecutive additions of HCH. Each dot represents the mean value of 
five replicates. The lines represent Freundlich (dotted lines) and Linear (solid 
lines) isotherms. The equations for each isotherm are also shown (Freundlich in 
italics, Linear in regular typeface, where x is the HCH concentration in the 
aqueous phase at the equilibrium (mg L− 1); y is the mass of solute sorbed (HCH) 
per unit mass of sorbent (moss) (mg g− 1); constants are KF (mg1–1/n L1/n g− 1) in 
the Freundlich isotherm and KD (mg g− 1) in the linear isotherm; and the power 
value in the Freundlich isotherm represents 1/n (intensity of the adsorption or 
surface heterogeneity, unitless). The adjusted determination coefficient (r2

Adj.) 
and the p-value of the Chi-Square test (p) are also shown. 

Table 1 
Efficiency of the gaseous sorption of HCH in Fontinalis antipyretica and Sphagnum palustre, expressed as percentage recovery (relative standard deviation between 
brackets) of the HCH added. Sampler 1 included moss tissues or Florisil® (control) and Sampler 2 only Florisil®.  

Isomer Sampler 1 (Florisil® or moss) Sampler 2 (Florisil®) 

Florisil® F. antipyretica S. palustre Florisil® F. antipyretica S. palustre 

α-HCH  96(5)  96(3)  10(4)  28(14)  19(30)  97(5) 
β-HCH  93(5)  114(8)  51(4)  6(64)  1(22)  23(42) 
γ-HCH  89(8)  111(3)  0(− )  7(51)  3(86)  73(6) 
δ-HCH  123(5)  129(4)  69(7)  2(173)  0(− )  20(35) 
ΣHCH  100(6)  113(3)  32(5)  11(34)  6(38)  53(12)  
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concentration increases, the adsorption energy decreases. In the case of 
S. palustre, all isomers fitted better to the Freundlich isotherm, probably 
due to the lower concentration at which saturation occurs relative to the 
other species. For β-, γ- and δ-HCH, 1/n < 1, while for α-HCH, the value 
of this parameter was >1, indicating a different interaction between this 
isomer and moss. The fact that moss saturation with HCH isomers 
occurred at different stages suggests that there was no competition be
tween the isomers evaluated. 

Factors such as the size of the molecule and partition coefficients 
(Delle Site, 2001), which are related to structural differences (particu
larly the axial or equatorial position of the chlorine atoms; Xiao et al., 
2004), can influence the interactions between the HCH isomers and the 
moss. Regarding the n-Octanol/Water partition coefficient, in the liquid 
phase batch biosorption experiment, this relationship was only fulfilled 
in F. antipyretica, but not in S. palustre. By analysing the liquid phase of 
the same clone of F. antipyretica, Carrieri et al. (2021) found that PAH 
contents in transplants were positively correlated (p < 0.01) with PAH 
solubility and negatively correlated (p < 0.01) with LogKOW. In the 
gaseous phase biosorption experiment, the ranking of logKOA (β-HCH ≈
δ-HCH > γ-HCH > α-HCH; Wacławek et al., 2019) was consistent with 
the recoveries in S. palustre, but not in F. antipyretica, in which recoveries 
were approximately 100 % for all isomers and ranking was therefore not 
possible. These results indicate that the stereochemistry of the isomer 
plays an important role in retention on the moss surface. Regarding the 
size of molecules, the lack of any significant correlations can be attrib
uted to the similarity in size of the different isomers. 

In previous passive biomonitoring studies, the concentration of HCH 
isomers in mosses was associated with the source of contamination and 
the sampling location. For instance, higher concentrations of α- and 
γ-HCH (isomers with long-range transport potential) have been 
observed in remote areas (Borghini et al., 2005; Zhu et al., 2015). By 
contrast, higher concentrations of β-HCH were found in areas close to 
contamination sources (due to the high recalcitrance of this isomer in 
soils) (Lim et al., 2006; Tarcau et al., 2013), and in cases where HCH was 
still in use, higher concentrations of α-HCH were detected as this the 
major isomer in technical HCH (Holoubek et al., 2000). The physico
chemical properties of the isomers and surface characteristics of the 
sorbent determine the transfer and accessibility of the pollutants. 
However, the original concentration determines the concentration and 
partitioning of isomers sorbed in mosses. 

The study findings are consistent with those obtained by Keyte et al. 
(2009), who concluded that phenanthrene displayed a higher affinity for 
the cell wall components in the studied moss (Hypnum cupressiforme), 
and to a lesser extent for the membrane components. However, our 
findings may partly contradict those obtained by Spagnuolo et al. (2017) 
with the same clone of S. palustre, because phenanthrene adsorption 
mainly occurred inside the hyalocysts. By contrast, phenanthrene 
formed micron-sized particle aggregates, for which the hyalocysts could 
provide an easy route of entry, whereas the conditions of the present 
study refer to the liquid and gaseous phases, not to the particulate phase. 
These authors also observed phenanthrene on the leaf surface, which 
would be consistent with our results. On the other hand, live mosses 
were used in the previous study, unlike in the present study, and 
therefore some type of transport may have taken place. Thus, the 
importance of hyalocysts in particle loading would explain the signifi
cant relationship between the concentrations of heavier PAHs (4, 5 or 6 
rings, associated with particulate matter) of the bulk deposition and the 
PM10 fraction and the moss, as reported by Aboal et al. (2020). However, 
this did not occur for the lighter PAHs, associated with the gaseous 
phase, perhaps for the same reasons as for the low affinity for gaseous 
phase HCHs observed in the present study (Table 1). Finally, although 
good uptake (proportional to the concentrations tested) was observed in 
the same F. antipyretica clone as used for biomonitoring PAHs in inland 
waters under laboratory conditions, the results obtained under field 
conditions were not satisfactory and moss concentrations were not 
related to the concentrations determined in the water, although 

enrichment of several PAHs was observed for several PAHs (Carrieri 
et al., 2021). This highlights the importance of considering transport 
mechanisms and environmental factors in understanding differences 
between laboratory and field results. 

5. Conclusions 

Based on our findings, we encourage the use of F. antipyretica for 
biomonitoring HCH in liquid and especially in gaseous phases. Cloned 
moss transplants of this species could be used in a simple, inexpensive 
and sensitive technique for quantifying, monitoring and mapping HCH 
in liquid and gaseous phases. Nonetheless, the performance of the moss 
must be tested in field studies. Confirmation of good performance would 
yield an inexpensive, attractive technique, which could be used simul
taneously for the monitoring of other pollutants (potentially toxic ele
ments, other POPs, etc.), including particulate matter. Thus, further 
information about the contributions of the different phases to the 
loading process in moss species must be obtained, especially under field 
conditions, to enable a better understanding of the variables that affect 
the process and improve the interpretation of the results obtained. We 
also consider the need for further research regarding the efficacy of 
other moss species, selected on the basis of high lipid contents, for 
adsorbing HCH. Finally, the novel methodology used in the gaseous 
phase biosorption experiment opens up the possibility of using other 
organic pollutants and different moss species. 
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