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Single particle inductively coupled plasma mass spectrometry (splCP-MS) is widely used for characterizing
Se nanoparticles (SeNPs) biosynthesized by several microorganisms when exposed to Se oxyanions.
However, characterization is challenging due to the high levels of dissolved ionic Se in cell culture
media, particularly at short incubation times. This study demonstrates that employing an anionic ion-
exchange resin (Amberlyst A-26) to remove dissolved Se species (SeOs>~ and Se0,427) enhances the
splCP-MS characterization of biogenic SeNPs. Extraction conditions were initially investigated (i.e., resin
amount, dissolved ionic Se concentration, extraction time and matrix effects), achieving quantitative
removal of ionic Se without affecting nanoparticle concentration or size distribution. The resin treatment
reduced the background signal by approximately eightfold and lowered the particle size detection limit
(LoDsize) from >40 nm to 20 nm. This methodology was successfully used to characterize biogenic
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1. Introduction

Selenium nanoparticles (SeNPs) are employed in a wide range of
applications due to their antibacterial, antioxidant and photo-
electric properties, among others.'” Biogenic SeNPs, produced
by microorganisms exposed to Se oxyanions, offer an alternative
to chemical synthesis and also enables coupling of bioremedi-
ation processes of metalloid-contaminated environments.
Accurate characterization of SeNPs is essential in any of those
areas for understanding nanomaterial behaviour and applica-
bility. Single-particle inductively coupled plasma mass spec-
trometry (spICP-MS) has emerged as a powerful analytical tool
for NP characterization due to its ability to provide not only
information about chemical composition but particle size and
particle concentration as well as to discriminate between dis-
solved and particulate forms of a given element. Characteriza-
tion of SeNPs using spICP-MS faces significant obstacles due to
low Se ionization efficiency and spectral interferences by poly-
atomic Ar-based species on major Se isotopes (e.g,
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SeNPs produced by H. mediterranei at 24 and 60 h of incubation.

1OAr*°Ar*/*°Se™). Nevertheless, Se detection capabilities can be
greatly improved by using reaction cells with an appropriate gas
(Ha, Oy, etc.).5® On the other hand, SeNPs are highly labile
nanomaterials prone to dissolving over time.*™> This phenom-
enon affects negatively both particle concentration and size
limits of detection due to nanomaterial (NM) discrete signals
that might not be easily discernible from the continuous
background signal produced by Se dissolved ions.

When exposed to Se oxyanions, several microorganisms (e.g.,
bacteria, fungi, algae, etc.) produce SeNPs with a mean particle
diameter ranging from 30 to 300 nm."*"* In a recent study by
our research group, a novel methodology was proposed to
characterize biogenic SeNPs produced by the halophilic
archaeon Haloferax mediterranei in brine samples (>150 g per L
NaCl) containing SeO;>” up to 80 mg L '.** By appropriate
selection of experimental conditions and sample dilution (1 x
10%), both spectral and non-spectral interferences from sample
concomitants are mitigated thus allowing accurate and precise
characterization of biogenic SeNPs produced by H. mediterranei.
However, this methodology was limited to samples incubated
above 48 hours due to the high SeO;>~ concentration present in
the early stages of the haloarchaeon growth that makes it
impossible to differentiate SeNPs signals from Se dissolved
background.” Though this issue might be overcome by an
additional sample dilution step to reduce the ionic background
(>1 x 10%), such approach would affect negatively the particle
concentration limits of detection. So, alternative sample prep-
aration strategies are desirable to investigate how SeNPs are
produced by H. mediterranei over time as well as by any other

This journal is © The Royal Society of Chemistry 2025
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microorganisms capable of producing such NMs when exposed
to Se or any other metals/metalloids.

To date, several strategies have been proposed to separate
both SeNPs and Se dissolved fraction before spICP-MS analysis
(capillary electrophoresis,*® ultra-centrifugation with 10 kDa
molecular weight cut-off filters,"® field flow fractionation,"”
HPLC, etc.) but they are time-consuming and costly due to
complex instrumental setup requirements. A possible solution
may be the use of ion-exchange resins for selectively removing
the Se dissolved fraction from the NM suspension. Both strong
and weak cation exchange resins (Chelex® 100 resin and
Dowex® 50 W-X8) have been successfully employed to reduce
ionic background for characterizing metallic (Ag)"® and metal
oxide (ZnO, Fe,03, TiO,, etc.) NMs in wastewater samples.'**

This study introduces a new procedure for characterizing
SeNPs in complex samples containing high levels of salts and
dissolved Se (SeO;>~ and SeO,>") via spICP-MS following an
anionic ion-exchange resin treatment. The ion exchange
procedure was optimized by evaluating critical parameters,
including resin quantity, elution volume, dissolved Se concen-
tration and total dissolved solids content. The separation
procedure was then applied to characterize biogenic SeNPs
produced by H. mediterranei after of 24 and 60 hours of
incubation.

2. Experimental

2.1. Reagents and microbial growth

A strong basic Amberlyst A26 hydroxide anion resin (Sigma-
-Aldrich, Madrid, Spain) was evaluated for separating SeNPs
from Se oxyanions (SeO;>~ and SeO,>”) derived from Na,SeO;
and Na,SeO, (Panreac, Barcelona, Spain). Selenium solutions
were prepared using a 1000 mg per L Se standard (Sigma-
Aldrich, Madrid, Spain) and a commercial SeNPs suspension
(0.15 wt%, nominal size 153 & 11 nm by transmission electron
microscopy (TEM);* 5.5 x 10" SeNPs L™, Glantreo, Cork, Ire-
land). Cells culture media (minimal mineral medium, MMM)
(Table S11) were prepared with reagents: NaCl 99%, MgCl,-
-6H,0 99%, MgSO,-7H,0 99.5%, CaCl,:6H,0 98%, KCI 99%,
NaHCO; 99.7%, Tris=HCl 99%, NH,Cl 99.5%, K,HPO, 98%,
KH,PO,; 99%, p-(+)-glucose 99.5%, FeCl; 97%, Na,SO3; 99%,
HNO; 69%, NaOH 98% and Na,SO3z 99% from Panreac (Barce-
lona, Spain). All solutions were made with ultrapure water
(Milli-Q, Millipore, Paris, France).

2.2. Instrumentation

An Agilent 8900 triple-quadrupole ICP-MS instrument (Santa
Clara, USA) was employed through this work. Experimental
conditions for SeNPs characterization were optimized else-
where (Table S2t).** Briefly, because the most abundant Se
isotope (*°Se”) is severely interfered by *°Ar*°Ar*, SeNPs were
characterized using the collision-reaction cell in mass-shift
mode (*°Se’®0"). Nanomaterial transport efficiency was
assessed by using the particle size methodology since it has
been previously observed that it provides equivalents results to
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those obtained with the particle frequency approach when
operating under optimum experimental conditions.**

2.3. Anion-exchange resin pretreatment

To remove dissolved Se ions present in SeNPs suspension,
a strong basic anion resin (Amberlyst A-26) with a capacity 4.8
m.q g ' was tested.? For resin pretreatment, 0.5 g of Amberlyst
A-26 was preconditioned with 10 mL of 0.1 M NaOH and rinsed
twice with 5 mL of ultrapure water per 0.5 g. Ten milliliters of
sample (either SeNPs, dissolved Se, or a mixture) were then
mixed directly with the preconditioned resin. The suspension
was vortexed at 2000 rpm for 5 minutes and allowed to settle.
Resin pearls settle quickly (<10 seconds) and the supernatant
can be subsequently analyzed by ICP-MS.

To assess the possibility of reusing the resin, the retained Se
was recovered by washing the resin twice with 5 mL of distilled
water followed by a treatment with 3% (w/w) HNOj;, vortexing,
and settling before analysis. The performance of the resin was
estimated by calculating ionic Se retention (eqn (1)) and
recovery (eqn (2)), as follows:

Minitial Se — M1Final Se

Se retention capacity(%) = x 100 (1)

Minitial Se

MRecovered Se

Se recovery capacity(%) = x 100 (2)

Minitial Se
where Mpgina se is the remaining Se after the adsorption process,
Minitial se 1S the initial Se concentration, Mgecovered se 1S the ionic
Se after the recovery process.

2.4. Characterization of biogenic SeNPs produced by H.
mediterranei

The resin pretreatment was used to characterize biogenic SeNPs
produced by H. mediterranei. Experiments were conducted
using a strain R-4 (ATCC33500) (isolated from saltern ponds
located in Santa Pola, Alicante, Spain)*’ cultured in a minimal
mineral medium (MMM) (Table S11)™ containing 80 mg L ™" of
Se0;>". After 24 and 60 hours, 1 mL aliquots were collected and
transferred to microcentrifuge tubes. Because total dissolved
solids (TDS) and SeNPs concentration levels are high and they
could negatively affect data accuracy and precision (e.g., non-
spectral interferences, double signal events, etc.),"* samples
were diluted (1 x 10°~1 x 10°) before the anion-exchange resin
treatment and spICP-MS characterization.

3. Results and discussion

3.1. Optimization of resin operating conditions

After checking previous studies in the literature'®'*** and con-
ducting some preliminary experiments, the following parame-
ters were selected for methodology optimization: (i) Se dissolved
concentration; (ii) extraction time; and (iii) resin quantity.
Preliminary tests using SeO;*  standards (0.1-1 mg L)
showed quantitative Se retention when 10 mL of solution was
mixed with 0.5 g of resin for 5 minutes (Fig. S1A¥). Although
extraction times between 5 and 30 minutes yielded similar
retention efficiencies (99.3-99.9%), a 5-minute extraction was
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selected to maximize sample throughput. Further experiments
revealed that resin masses above 0.3 g ensured complete Se
uptake; however, to account for competitive binding from other
anions present in H. mediterranei media, 0.5 g was deemed
optimal (Fig. S1Bt). To extend the applicability of the proposed
method to a broader range of scenarios, it was investigated
whether it could also be applied to remove other Se-dissolved
species such as SeO4>". To this end, a 1000 pg per L SeO,>~
was mixed with 0.5 g of the resin for 5 minutes and subse-
quently analyzed by analyzed by ICP-MS. It was observed that
Se0,>” was quantitatively retained thus confirming that this
strategy can be employed for different Se dissolved species. No
further experiments were carried out with SeO,>” since H.
mediterranei does not produce SeNPs in the presence of this
compound.* In addition, recovery experiments using a 3%
HNO; eluent indicated that a 10 mL volume was necessary to
quantitatively recover the retained Se, with the resin demon-
strating consistent performance over five reuse cycles (RSD =
1.8%; see Fig. S1C¥).

3.2. Influence of the ion-exchange resin treatment on SeNPs
characterization

Several authors have noticed that ion-exchange resins do not
only interact with dissolved ions but with NMs. Though that
interaction is not so strong, may bias particle concentration
data.?®*® For this reason, the influence of the ion-exchange resin
treatment on SeNPs characterization was checked. Prior to
spICP-MS analysis, after the resin treatment the resin rapidly
sedimented, the supernatant was carefully separated, and the
resulting dilutions were ultrasonicated for 1 minute to ensure
complete nanoparticle resuspension and minimize agglomera-
tion. spICP-MS analysis revealed that the particle concentration
was virtually identical before ((2.93 + 0.12) x 107 particles per
mL) and after ((2.92 £ 0.16) x 10” particles per mL) treatment.
Moreover, the particle size distribution remained unchanged
(Fig. 1), confirming that the resin treatment does not alter the
physical characteristics of the SeNPs. These results strongly
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Fig. 1 Size distribution of a commercial dispersion of SeNPs (nominal
size 153 + 11 nm) measured with (l) and without (H) the resin
treatment. Experimental conditions: resin mass: 0.5 mg; extraction
time: 5 min.
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support the use of the anionic resin for selective removal of
dissolved Se without compromising nanoparticle integrity.

3.3. Matrix effects

Culture growth media for haloarchaea contain a wide range of
salt and organic species which might negatively affect SeO;>~
extraction by the resin. In fact, TDS content of H. mediterranei
MMM (242 g L") (Table S17) is particularly higher than typical
media (e.g., Luria-Bertani, 20 g L "). To assess matrix effects, H.
mediterranei MMM was initially diluted 1 x 10%, 1 x 10> and 1 x
10° times. Each dilution corresponds to a final TDS content of 2,
0.2 and 2 x 10~* g L', respectively. Next, samples were spiked
with 1 mg per L SeO;>~ and treated with the ion-exchange resin
for Se0;>~ removal. Dilutions below 1 x 10* were avoided since
the high salt content affects negatively instrument perfor-
mance™ and a minimum dilution is needed to lyse H. medi-
terranei by osmotic shock, preventing intracellular SeO5>~/SeNP
bioaccumulation. As shown in Fig. S2,7 SeO;>~ retention was
quantitative for a concentration of TDS up to 0.2 g L~ " whereas
above that level diminished (92 + 3%). Considering that the
Amberlyst A26 resin has a capacity of 4.8 mcq g~ ' and that the
medium contains approximately 107 g L™' of Cl~, different
water dilutions result in different chlorine concentrations:
1.07 g L7%, 1.07 x 10" g L%, and 1.07 x 10~* g L™". At the
lowest dilution (2 g per L TDS, of which 1.07 g L™ is Cl7), the
ionic load corresponds to approximately 0.3 m.q, representing
about 13% of the total capacity of the resin. A similar reasoning
applies to other anions present in the medium (e.g., sulphate or
phosphate). This aligns with the observed reduction in Se
retention at 2 g per L TDS, confirming that higher TDS levels
reduce retention efficiency due to competition between Cl™ (or
any other abundant anion) and SeO;>~ for the exchange sites of
the resin. It is expected that at lower dilutions, the capacity of
the resin would be even further compromised. Anyway, the high
tolerance of the Amberlyst A26 resin to matrix concomitants
present in MMM means that it could be employed for charac-
terizing biogenic SeNPs present in non-hypersaline media
applications. From these results, the maximum concentration
of TDS tolerable for the resin was established at 0.2 g L™" (1 x
10° dilution). Interestingly, it was already observed in our
previous work that plasma matrix effects for that dilution are
minimum which allow to calibrate with water standards.** So,
the ion-exchange pretreatment can be directly implemented to
our existing analytical protocol without any additional
modification.

To evaluate the potential benefits of SeO;*~ removal on
SeNPs characterization, H. mediterranei cell growth media
containing 80 mg L™ of SeO;>~ (i.e. no cells/NPs) was diluted 1
x 10° and analyzed by means of spICP-MS with and without the
resin treatment (Fig. S31). The results showed that *°Se'®0*
signal decreased by approximately 98% after the resin treat-
ment (resin: 1.1 x 10° cps; no resin: 4.8 x 10° cps). Conse-
quently, the baseline equivalent diameter (BED) was reduced
from 100 nm before treatment to 25 nm, representing
a decrease of up to 75%. This decrease in the BED is consistent
with previous reports and clearly highlights the benefits of

This journal is © The Royal Society of Chemistry 2025
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using resin treatments for NMs characterization.' Finally, it is
important to highlight that the proposed method is beneficial
in terms of sample throughput and simplicity. Resins are
directly introduced into the sample and, after 5 minutes, NMs
suspension can be directly analyzed without the practical
shortcomings associated with solid-phase extraction (e.g.,
column swelling or shrinking, high back pressure due to tighter
packing of the column material, etc.).*

3.4. Real sample analysis

The proposed methodology was applied to characterize SeNPs
produced by H. mediterranei exposed to 80 mg L™ of SeO;>".
Cell growth media aliquots of 1 mL were collected at 0, 24 and
60 hours, covering different scenarios of SeO;>~ levels. Next,
aliquots were diluted to reduce TDS content below 0.2 g L " as
well as to lysate the cells. Because H. mediterranei is highly
efficient in producing SeNPs, a 1 x 10° dilution was employed
instead of a 1 x 10° one to mitigate the potential occurrence of
double events. In fact, when using the latter dilution, more than
50 000 events were observed for samples incubated 24 and 60 h
thus giving rise to biased results.** The diluted aliquots were
analyzed by spICP-MS both directly and after treatment with an
ion-exchange resin.

Fig. 2 shows #°Se’®0" time scans with and without the resin
treatment for the H. mediterranei cell cultures incubated for 0,
24 and 60 h. For direct sample analysis (i.e., no resin treatment),
Se dissolved background signal decreased 1.5-fold with time (0/
24 h: 8.0 x 10’ cps; 48 h: 5.6 x 10’ cps) whereas both the

A
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number of pulses and pulse intensity increased. In contrast,
resin-treated samples exhibited a constant background (0/24/
48 h: 1.0 x 10> cps), about 8 times lower than in direct sample
analysis. Interestingly, background signal after the resin treat-
ment was equivalent to that previously obtained for the 1 x 10°
solution. This background reduction is beneficial to distinguish
NMs signal pulses from the background thus improving
detection capabilities and NMs characterization accuracy since
the analysis is independent on the SeO,>" levels present in the
culture medium. In fact, particle size detection limit (LoDg;y.)
without the resin treatment was critically dependent on the
incubation time (i.e., Se dissolved levels), ranging from 45 (24 h)
to 40 nm (60 h), while resin treatment consistently yielded
a LoDgj,e of 20 nm. Particle concentration limit of detection
(LODconc) was calculated for both approaches® (dilution 1 x
10%) providing similar values around 8 x 10” particles per mL.
Nevertheless, because there is no limitation to operate the resin
using a 1 x 10> dilution, the latter approach is indeed beneficial
for improving LOD,op. (2 x 10° particles per mL) regarding the
direct analysis without the resin (Fig. S31). Table S31 shows
particle concentration and particle mean size for SeNPs incu-
bated 24 h and 60 h. As expected from our previous work, both
particle mean size and concentration increased with time.
Irrespective of the sample preparation treatment,** no signifi-
cant differences were observed on both parameters for an
incubation time of 60 h due to a significant amount of the
SeO;>” has transformed into SeNPs and the average NMs size
was far beyond the methodology limits of detection. In fact,
particle size mean diameter data agreed with the results
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Fig. 2 895e’®O* time scan for 1 x 10° diluted H. mediterranei cell growth media with and without the resin treatment at different incubation
times. (A) O h, resin; (B) O h, no resin; (C) 24 h, resin; (D) 24 h, no resin; (E) 60 h, resin; and (F) 60 h, no resin.
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obtained using TEM. However, there were significant differ-
ences on both parameters for the sample incubated at 24 h.
Thus, particle mean size with and without the resin treatment
were 65.0 £ 0.1 and 71.6 £ 0.1 nm, respectively. Interestingly,
the average size with TEM was 63 & 3 nm. As regards particle
concentration, experimental values for the resin treatment ((3.7
+ 0.1) x 10" particles per mL) were slightly higher than those
for direct analysis ((3.1 + 0.4) x 10" particles per mL). To
explain these findings, it should be considered that SeO;>~
ionic background signal reduction makes easier to identify
signal pulses. Consequently, the number of events with the
resin treatment was higher and particle size distributions were
displaced to lower particle size values. These results clearly
highlight the benefits of using anionic exchange-resins for
characterizing SeNPs produced by H. mediterranei when SeO3>~
levels in solution are significant.

4. Conclusions

This work demonstrates that Amberlyst A-26 (strong basic
anionic exchange-resin) effectively reduces background signals
from Se dissolved species in spICP-MS. Using 0.5 g of resin for 5
minutes of extraction time, both SeO;>~ and SeQ,>~ are quanti-
tatively removed thus allowing accurate and precise SeNPs
characterization. For solutions with TDS > 2 x 107" g L,
sample dilution is required to ensure Se dissolved species
removal. The proposed methodology was successfully applied to
characterize SeNPs produced by the archaeon H. mediterranei,
particularly at short incubation times when selenite levels are
significant. It is expected that this approach can also be applied
to the analysis of biogenic SeNPs generated by other microor-
ganisms where Se dissolved content may interfere with spICP-MS
determinations and provide insights into the temporal evolution
of SeNP production, especially during early incubation stages.
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