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Traces of heavy metals found in water resources, due to mining activities and e-waste
discharge, pose a global threat. Conventional treatment processes fail to remove toxic heavy
metals, such as lead, from drinking water in a resource-efficient manner when their initial
concentrations are low. Here, we show that by using the yeast Saccharomyces cerevisiae we
can effectively remove trace lead from water via a rapid mass transfer process, called bio-
sorption, achieving an uptake of up to 12 mg lead per gram of biomass in solutions with initial
lead concentrations below 1 part per million. Through spectroscopic analyses, we found that
the yeast cell wall plays a crucial role in this process, with its mannoproteins and p-glucans
being the key potential lead adsorbents. Furthermore, by employing nanomechanical char-
acterization in the yeast biomass, we discovered that biosorption is linked to an increase in
cell wall stiffness. These findings open new opportunities for using environmentally friendly
and abundant biomaterials for advanced water treatment targeting emerging contaminants.
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gradable, tending to persist indefinitely when released

into water bodies. Electronic waste (e-waste) discharge
and mining are the most dominant anthropogenic activities
responsible for heavy metal contamination of water resources!.
Acid mine drainage (AMD), i.e., leakage of highly acidic water
rich in metals, is a global environmental threat?. In the United
States (US) alone, AMD is the main source of water pollution,
impacting currently over 20,000 km of streams?, deriving from
the 13,000 active and the 500,000 abandoned mines?, which
continue generating AMD for centuries after their closure®.

Lead (PD) is one of the most widely used heavy metals; its pro-
duction increased by about 20% during the last decade, reaching
around 11.7 million tons globally in 2020°. Pb is highly toxic, even
at trace concentrations, with deleterious effects on organs and
tissues of the human body’. It can enter drinking water either due
to inadequate water treatment, or due to chemical reactions with
Pb-containing components of water distribution systems®°. After
numerous incidents of Pb contamination®1, such as the water
crisis in the city of Flint, Michigan, US in 2014, limits of Pb in
drinking water are becoming more stringent: in 2020 the European
Union halved Pb limits in drinking water to 5 parts per billion
(ppb)!!, while the US Environmental Protection Agency deter-
mined that no level of Pb in drinking water is safe!2,

Mean Pb concentrations in global surface water bodies are more
than 10 times greater than they were in the 1970s, ranging from
around 10 ppb in Europe to hundreds of ppb in South Americal.
Conventional water treatment methods either fail to completely
remove trace Pb amounts or result in high financial and envir-
onmental costs to do so213-1>, Biosorption, a mass transfer pro-
cess by which an ion or molecule binds onto inactive biological
materials by physicochemical interactions, is a competitive alter-
native to conventional processes for heavy metal removal, as
abundant biomass sources can be effective, practical, and sus-
tainable adsorbents!®. Biosorption does not include metabolically
mediated sequestering processes of ions or molecules, which are
described as bioaccumulation and bioprecipitation!®.

Biosorption of heavy metals, and of Pb in particular, has been
studied at the parts per million (ppm) contaminant concentration
for decades, using different microbial species as candidate
biosorbents!® (an overview of prior studies on Pb biosorption at
the ppm scale is provided in Supplementary Table 1). However,
the mechanisms of metal biosorption are complicated and still
not fully understood!”, with only a small subset of the work
reported in the literature devoted to their systematic and explicit
elucidation!®. The initial metal ion concentration has a strong
effect on the biosorption capacity, while decreasing initial con-
centrations are linked with decreasing uptake capacities from the
biosorbents, if the amount of microbial biomass is kept
unchanged!”. This fact combined with the absence of information
on Pb biosorption isotherm, kinetics and mechanisms at the ppb
contaminant concentration, indicate that there is a research gap
at trace initial concentrations of ppb and below, and it is worth
researching if biosorption can be an efficient process at such
initial concentration levels.

In this study, the unexplored Pb biosorption mechanisms at
the ppb scale are investigated, using inactive yeast biomass as
the biosorbent. A strain of the common yeast, Saccharomyces
cerevisiae (S. cerevisiae), was selected as the ideal biosorbent for
this investigation, due to its unique nature compared to other
microorganisms and fungal species!”. S. cerevisiae is a non-
pathogenic microorganism, which can be easily cultivated at
large scales or obtained in large quantities as a waste or
byproduct of various industrial settings!417:18. It can effectively
remove Pb at ppm initial concentrations, and the fact that it has
been fully studied as a model system in molecular biology

I Ieavy metals are highly water-soluble and non-biode-

facilitates the investigation of molecular mechanisms involved
in biosorption!”.

The yeast cells were harvested at the peak of their exponential
growth phase (Fig. la), for optimal biosorptive capacity!”. The
harvested cells were washed to remove culture medium residues
and metabolites (Fig. 1b), before being lyophilized (freeze-dried)
and converted to powder (Fig. 1c). Kinetic and equilibrium
experiments were conducted by adding this yeast powder bio-
material to ultrapure water spiked with lead(Il) nitrate
(Pb(NOs),). After the required contact time, liquid and solid
phases were separated and analyzed to measure residual Pb
concentrations and identify potential biomass sites responsible
for Pb uptake (Fig. 1d). Overall, this work showcases the use of an
effective trace heavy metal removal biomaterial, made from an
environmentally friendly, inexpensive, benign to human health,
and easy-to-mass-produce microorganism.

Results

Effect of solution pH on Pb speciation and uptake. Solution pH
is a key parameter for biosorption, as it affects the chemistry and
speciation of both the metal-uptaking functional groups in the
biomass, and of the hydrolyzed Pb ionic forms. Pb speciation in
the solution is also affected by the Pb concentration at any given
pH and oxidation state!®17:1°. To quantify the resulting Pb spe-
ciation after the hydrolysis of Pb(NO;), in a wide pH range
(3-13), at 25°C, and at a given initial concentration (Cy) of 1 uM
Pb(NO;),, the Eawag ChemEQL v3.2 software?” was used. Pb2+
is the dominant species until pH reaches 5.8, where lead hydro-
xides (e.g., PbOH™) are beginning to form (Fig. 2a).

Solution pH increases with the addition of biomass and plateaus
for biomass values greater than 100 mg (Fig. 2b). Therefore, to
assess the effect of solution pH on the biomass Pb2* uptake
capacity (g, in pug of Pb>t by g of biomass), the initial pH of the
aqueous solution (before biomass addition) was adjusted to pH
values within the range of 3-7, and then 5 mg of yeast biomass were
added to moderate the anticipated pH increase due to biomass
addition. Pb2* concentrations and pH values were measured both
before biomass addition and after Pb2* biosorption (contact time
of 24 h). The biomass Pb?* uptake capacity greatly increased as the
initial solution’s pH was increased from 3 to 5 (Fig. 2¢). For pH >
6.0 the measured initial Pb>* concentration was notably lower than
the known amount added to the solutions, indicating loss of soluble
Pb analytes due to precipitation. This is validated by the formation
of lead hydroxides after pH 5.8 (Fig. 2a). The increase of solution
pH by biomass addition, as well as the increase of g with increasing
pH values could be attributed to a potential protonation of the
functional groups of yeast biomass at pH values below the pH point
of zero charges, i.e., the pH at which the overall biomass surface
charge is zero. At pH values below the pH point zero, the
biomaterial may exhibit an overall positive charge, thus attracting
negatively charged species and not adsorbing Pb>*cations resulting
in lower g values, while at higher pH values the biomass surface
could acquire negative charges leading to increased Pb>* uptake!®.
Indeed, the point of zero charges for S. cerevisiae cells is reported in
the literature?!?2 to be around pH 4.0, hence, the surface of the
yeast cells is possible to carry negative charges after this pH value,
attracting Pb%>t cations. However, such an approach assumes a
rather simplistic electrostatic attraction driving mechanism, which
has been shown not to be the only case in biosorption!®.

Based on these results, pH 5 was proven to be the most suitable
for Pb biosorption, where soluble Pb2* is the most dominant
species in the solution and g is maximized. The pH region around 5
has also been proven to be the most suitable for optimal uptake
capacities for Pb concentrations at the ppm scalel”. All experiments
described in the following sections were performed by adding 5 mg
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Fig. 1 Overview of experimental procedures. a Measured growth curve of S. cerevisiae yeast cells (absorbance accuracy is approximately 1.75% of
reported values). b High-performance liquid chromatography (HPLC) analysis results, performed to identify the number of washes with ultrapure water
required to remove medium residues and metabolites from harvested yeast cells before being used in biosorption experiments: i) pure culture medium
showed a peak at 8 mins representing glucose; ii) in the supernatant of the harvested liquid culture, glucose was not present but ethanol was produced
(peak at 18 mins); iii) in the supernatant after the first wash of yeast cells with ultrapure water there were almost no peaks representing the presence of
sugars or organic acids in the solution; iv) in the supernatant after the second wash of yeast cells with ultrapure water there were no peaks at all. Therefore,
it was decided to wash the harvested cells twice to ensure absence of organic compounds that might affect further experiments. ¢ Yeast powder after
lyophilization and scanning electron microscopy (SEM) imaging of freeze-dried yeast cells (scale bar: 5 pm). d Main steps of kinetic and equilibrium
experiments involving the addition of freeze-dried yeast cells in Pb-containing aqueous solutions, the adsorption of Pb ions, and the separation of biomass
and supernatant after the required contact time via centrifugation for further analyses.

of yeast biomass (unless otherwise specified) in aqueous solutions,
after adjusting the initial solution pH to 5. Solutions were
then incubated at 25 °C and agitated at 200 rpm.

Adsorption kinetics & growth analysis of lyophilized yeast.
Kinetic experiments were conducted to determine the change in
Pb%t concentration in the liquid phase as a function of contact
time and identify the contact time required to attain equilibrium.
Lyophilized yeast cells were added in aqueous solutions with C, of
100 ppb Pb2* and were incubated for 24 h. Samples were taken at
specific time intervals (i.e., 0 min, 5 min, 15 min, 30 min, 1 h, 2 h,
4h, 8h, 24h) and analyzed using inductively coupled plasma
mass spectrometry (ICP-MS). As observed, biosorption is a rapid
process, with equilibrium being reached within the first five
minutes of contact (Fig. 2d).

The widely applied pseudo-first-order?? and the pseudo-second-
order?* kinetic models were assessed for fitting the experimental
data. Both the pseudo-first-order and the pseudo-second-order
model fitted well the experimental kinetic data of the present study,
but the pseudo-first-order model provided a slightly better
description of the measured values (R% 0.99, all other statistical
parameters closer to 0). The high value of the pseudo-first-order rate
constant (k;), which is equal to 111.98h~!, confirms the rapid
achievement of the adsorption equilibrium. More information on the
fitting of adsorption kinetic models and relevant parameters is
provided in the Supplementary Information (Supplementary Note 1,

Supplementary Fig. 1, and Supplementary Table 2). However, these
models are empirical, and they do not have any mechanistic
substrate!® so as to elucidate the biosorption mechanisms. The only
conclusion that can be drawn by the kinetic parameters is that Pb>+
biosorption at the ppb scale is a rapid phenomenon, which is highly
advantageous for engineering applications.

In parallel, the freeze-dried S. cerevisiae cells were incubated for
24 h under conditions identical to the kinetic experiments and
observed by phase-contrast microscopy, while acquiring optical
density (OD) measurements, to validate that the cells remain
inactive during biosorption. Indeed, after 24 h there was neither
cell growth nor cell division observed (Fig. 2d, Supplementary
Fig. 3, Supplementary Movies 1 and 2).

Adsorption isotherm. Aqueous solutions with different initial
Pb2t concentrations (C,: 20, 40, 100, 200, 300, 500, 700, and 1000
ppb) were incubated for 1h. The equilibrium Pb2* concentra-
tions (Ceq) were measured after biosorption via ICP-MS, and the
Pb%*t uptake capacity of yeast biomass at equilibrium (q,) was
calculated (using Eq. (1) in Methods section) to develop the
adsorption isotherm (Fig. 2e). The maximum g, measured is
about 12 mg/g, for aqueous solutions with C, of 1000 ppb Pb2+.

The commonly used isotherm models of Langmuir2® and
Freundlich?®, borrowed from the ideal adsorption theory of gases,
were assessed for fitting the experimental data. The experimental
data are accurately fitting the Langmuir adsorption isotherm
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Fig. 2 Effect of solution pH on Pb speciation and uptake, biosorption kinetics, and adsorption isotherm. a Distribution of Pb(NOs), hydrolysis products
at 25°C and 1pM Pb(NOs),. b Increase in solution pH due to yeast biomass addition; error: + 0.06 pH units. ¢ Effect of initial pH of solution on Pb2+ uptake
for 5 mg of yeast biomass and C, of 100 ppb Pb2+. The final pH of solutions after biosorption is reported for each case; error: + 0.06 pH units. d Kinetic
experiments of 5 mg yeast biomass with C, of 100 ppb Pb2+, indicating the rapid biosorption process; g;: Pb2+ uptake capacity of yeast biomass at different
time intervals (ug of Pb2+ by g of biomass). Time course micrographs of lyophilized S. cerevisiae cells incubated in the same aqueous solution at O h and
24 h are shown in the inset, validating that there is no cell growth or division during the experiments (scale bar: 8 um). e Adsorption isotherm at 25 °C,
following the Langmuir adsorption isotherm model; g.: Pb2* uptake capacity of yeast biomass at equilibrium (ug of Pb2+ by g of biomass). f Pb2+

percentage removal versus Pb2+ Co.

model (R2: 0.98), with the ratio of the adsorption and desorption
rates (K;) equal to 1.5L/mg, and the maximum estimated
adsorption capacity (g,,) equal to 22.5 mg/g. More information
on the fitting of adsorption isotherm models and relevant
parameters is provided in the Supplementary Information
(Supplementary Note 2, Supplementary Fig. 2). However, in
contrast to the ideal adsorption theory of gases, these models bear
no mechanistic significance for biosorption, and this fit cannot
provide any meaningful insight regarding the underlying
mechanisms!®17,

Pb2* percentage removal versus Pb2* C, was also measured
(Fig. 2f). Pb2T removal for C, of 20 ppb Pb2T is approximately
25% and increases with the increase of Cy, reaching a maximum
of 43% at C, of 300 ppb Pb%*t. After this point, Pb?* removal
decreases gradually with the increase of Cy, indicating that the
optimum uptake capacity of the yeast biomass quantity (5 mg) is
reached around C, of 300 ppb Pb2*.

Yeast biomass imaging. Extracellular and intracellular imaging
of yeast cells was performed to observe potential changes in their
structure after biosorption, using scanning electron microscopy
(SEM) imaging and transmission electron microscopy (TEM)
imaging, respectively. Yeast cells harvested from ultrapure water
(Co: 0 ppb Pb2™), served as control cells and were compared with
yeast cells harvested from aqueous solutions of C, 100 ppb Pb2+.
Given a q of ~1250 ug/g at this C,, based on the kinetics and
adsorption isotherm experiments, Pb*t concentration in the
yeast cells harvested from aqueous solutions with C, of 100 ppb
Pb>* was about 0.12% wt. No morphological change was
observed in the yeast cells after Pb** biosorption, with the
structure and dimensions of the cell wall and cytoplasm
remaining the same (Fig. 3a, b). Yeast cell walls were ~180 nm

thick, which is the typical cell wall thickness of the yeast strain
used?’. As Pb2T concentration was very close to the TEM
detection limit (0.1% wt.), Pb2*+ deposition on the yeast cells
could not be clearly visualized in contrast with studies of initial
Pb2* concentrations at the ppm scale (Pb®t concentration in
biomass of 1-2 orders of magnitude higher than the present
study)?82%. Therefore, no valuable conclusion regarding Pb2*
uptake could be drawn from the TEM images at such low con-
centration levels (Fig. 3c).

Yeast biomass spectroscopy. Metal biosorption is thought to
occur through interactions with functional groups native to the
biomass cell wall?®. Attenuated total reflectance Fourier trans-
form infrared spectroscopy (ATR-FTIR) was performed to
identify functional groups present in the yeast cell wall and detect
changes in them after biosorption, indicating their involvement in
Pb2t adsorption. Freeze-dried control (Cy: 0 ppb Pb%t) and
Pb2*-exposed yeast cells (Cp: 100 and 1000 ppb Pb2t) were
analyzed using ATR-FTIR (Fig. 4a). Changes were observed after
biosorption in peaks representing C=N and C=C stretches,
while peak shifts were detected corresponding to N-H in-plane
bending from secondary protein amides, which overlaps with the
C-N and NO, asymmetric stretching, to vibrational changes of
the C-N amide group, and to C-O stretching in the esters and
carboxvylic acid groups. These changes indicate the contribution
of amide and carboxylic acid groups to Pb>* biosorption and the
potential role of N in the yeast cell wall in Pb2* binding. Detailed
description of the ATR-FTIR results is provided in Supplemen-
tary Note 3. All observed changes in ATR-FTIR peaks before and
after Pb2T biosorption are shown in Supplementary Table 3 and
Supplementary Fig. 5.
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Fig. 3 SEM and TEM imaging of yeast cells. Rows are ordered as follows: control yeast cells (Co: O ppb) (1), yeast cells after Pb2+ biosorption (Co: 100
ppb) (2). a SEM images presenting an overview of yeast cells (scale bar: 10 pm). b Magnified SEM images showing individual yeast cells (scale bar: 2 pm).

¢ TEM images of individual yeast cells (scale bar: T pm).
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Fig. 4 ATR-FTIR and XPS characterization of yeast biomass. a Full ATR-FTIR spectrum of yeast cells. The black line represents control yeast cells (Co:0
ppb Pb2+); the blue and green lines represent yeast cells after biosorption with Co of 100 and 1000 ppb Pb2* respectively. b XPS analysis of yeast cells.
From left to right: control cells, yeast cells after biosorption, Co 100 and 1000 ppb Pb2+. XPS peak assignments are as follows: light green C=0; magenta:

0O-C=0; purple: C-N; dark green: C-C.

In addition, the chemical composition of the yeast surface
before (Cy: 0 ppb Pb2*) and after biosorption (Cy: 100 and 1000
ppb Pb2*) was analyzed by X-ray photoelectron spectroscopy
(XPS) to further explore potential changes in the functional
groups of the yeast cell walls. The yeast surface is mainly
composed of carbon (C), oxygen (O), and nitrogen (N)31,32
(Supplementary Table 4). Therefore, C1s, O 1, N 1s core levels

spectra were recorded together with the Pb 4 f. Changes among
the control and the Pb?*-exposed yeast were only observed for
the C 1's spectrum, while changes in the Pb spectra could not be
detected as the analyzed trace Pb®* concentrations were below
the detection limit of the instrument (Supplementary Table 5).
Deconvolution of the C 1s spectrum into Gaussian-shaped lines
was performed to identify possible chemical bonds between C, O,
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and N (Fig. 4b). In all three samples, the C 1s peaks are
decomposed to peaks at 284.3eV, 2859eV, 287.5eV, and
288.6eV representing C-C (sp> C), C-N, O-C=0, and C=0
bonds respectively. The magnitude and shape of all observed
bonds have radically changed after Pb>* biosorption, particularly
for C-C, C-N, and O-C=O bonds. These changes indicate the
contribution of carboxylic acid and amide groups to Pb2*
adsorption, which is consistent with the ATR-FTIR results.
Changes in carboxyl, amino, hydroxyl and amide groups of
protein and carbohydrate fractions of yeast cell walls have been
also reported in the literature for higher initial Pb>* concentra-
tions (ppm scale)!7-33,

Chitin’s contribution to Pb2* adsorption. The above analyses
indicate that the cell wall of S. cerevisiae plays a vital role in Pb>*+
biosorption. The yeast cell wall has a complex macromolecular
structure with a layered organization, including an amorphous
inner and a fibrillar outer layer33, The inner layer mainly consists
of B-glucans and chitin. The outer layer consists predominantly of
mannan polymers, highly glycosylated and linked to proteins
(mannoproteins)>* (Supplementary Fig. 6).

Several sources suggest that the chitin amine nitrogen is
responsible for heavy metals sequestering at the ppm scale!0:3>36,
To further investigate this, we assessed the Pb2* uptake capacity
of chitin from shrimp shells, which has similar characteristics to
the chitin found in the yeast cell wall3’-3%. We used 20 times
more chitin than the maximum equivalent amount present in the
5mg of yeast, i.e., 1.8 mg, considering a 30% dry weight of yeast
cell wall and a 6% contribution of chitin per mass to it>4. We
added this amount to an aqueous solution of 0.2L with C, of
1000 ppb Pb2* for 24 h at 200 rpm and 25 °C. We ran the same
experiments with 5 mg of yeast biomass and with 5 mg of chitin.
It was shown that chitin’s Pb?* uptake is negligible, as C, was
reduced by less than 0.3% when we added the 1.8 mg of chitin,
which is within the measurement error. Even when the chitin
amount added was equal to the total yeast mass (5 mg), C, was
only reduced by 3%, compared to the ~30% reduction achieved
by the yeast biomass (Fig. 5a). Hence, it can be concluded that
chitin alone is not contributing to the Pb2* biosorption process.

Yeast biomass nanomechanical characterization. We employed
nanomechanical characterization to investigate biosorption. We
assessed the stiffness of the yeast cells before and after Pb2*

a
1,000
750
jary
K
2 500
o°
250
0
Yeast Chitin Chitin
5 mg 1.8 mg 5 mg

exposure, by conducting shallow (<10% of hydrated cell wall
thickness) atomic force microscopy (AFM) indentations. Single-
cell AFM mechanical testing showed a notable increase in the
stiffness of cells following Pb*t uptake (Fig. 5b, Supplementary
Fig. 7). As shallow AFM indentations provide an isolated cell wall
response rather than a bulk cell response, AFM results confirm
Pb%t ion reinforcement of the yeast cell wall. It is possible that
adsorption of a thin layer of Pb** can act as a film on the cell
surface that fuses the fibrillar structures together, which then
effectively resists deformation more than the untreated cell wall.
However, when yeast biomass is treated with solutions containing
higher Pb2* levels, mechanical stiffness is not noticeably increased
(Fig. 5b, C, of 500 vs 1000 ppb Pb2*). This cannot be attributed to
a potential saturation of the yeast cell wall binding sites, as Pb2+
uptake increases substantially with the increase of C, from 500 to
1000 ppb Pb2T, not reaching saturation (Fig. 2e). On the other
hand, maximum Pb%* removal is observed for C, of 300 ppb, and
the Pb2* uptake rate drops with increasing C, after this point,
indicating lower adsorption efficiency (Fig. 2f). While the exact
mechanism for this stiffness change is yet to be determined, from
the AFM experiments it can be concluded that the rate of yeast cell
wall stiffening follows a similar pattern to that of the Pb%* uptake
rate with increasing C, (lower rates for C,> 300 ppb).

Discussion and conclusions

This work reports for the first time, to the best of our knowledge,
the biosorption isotherm and kinetics of initial Pb*t concentra-
tion at the ppb scale, using lyophilized S. cerevisiae yeast cells as
biosorbents. By comparing our results with prior studies of
similar systems at the ppm scale it can be concluded that the
biosorption processes at the ppb scale happen faster; the fastest
equilibrium attainment reported at the ppm scale is 10 minl7,
while our results show that equilibrium is achieved within the
first 5 minutes of contact. The adsorption isotherm reported in
our study (Fig. 2e) follows the same pattern as the adsorption
isotherms reported in the ppm literature (Supplementary Fig. 4).
Interestingly, the maximum Pb?* uptake capacity of 12 mg/g
reported in this study is in the same range as the uptake capacities
reported in the ppm literature for untreated inactive S. cerevisiae
yeast, i.e., 2-30 mg/g (Supplementary Table 1), proving the suit-
ability of this biomaterial as a biosorbent at the ppb scale. pH
greatly affects the biosorption process in both scales.
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Fig. 5 Chitin's contribution to Pb2* adsorption and nanomechanical characterization of yeast biomass. a Pb2+ C, after biosorption experiments with
5mg of yeast biomass (green bar), 1.8 mg, and 5 mg of chitin (purple bars); blue dotted line represents Cp: 1000 ppb Pb2+. b AFM analysis of yeast cell
stiffness. Box and whisker plots of the cellular spring constant (k.e;) calculated from force-extension curves acquired from yeast cells incubated with Cy of
0, 500, and 1000 ppb Pb2+, Boxed region indicates upper and lower quartiles for each data set; median is indicated by the horizontal line within the box;
mean is indicated by the bullet point; whiskers extend to high and low data points (n>70 force measurements from > 8 cells per condition). Asterisk
indicate p < 1e-5 by single factor ANOVA test between cell groups incubated with C, of O ppb and 500 ppb, or 1000 ppb Pb2+. AFM deflection retrace

image of yeast cells is shown in the inset (scale bar: 2 pm).
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The rapid biosorption and high Pb?* uptake are advantageous
for the large-scale application of this inexpensive and abundant
biomaterial for the removal of trace heavy metals from water. It is
worth investigating its implementation to other heavy metal
cations as well, such as copper (Cu?t) and cadmium (Cd?*).
However, S. cerevisiae has been proven to have higher affinity
with Pb2* compared to other heavy metals!”-18:30, hence, it is
expected that the adsorption capacity of other heavy metal cations
at the ppb scale would be lower compared to Pbt. The inves-
tigation of potential co-ion effects would be also valuable for the
large-scale application of this approach, as various compounds
are usually concurrently present in contaminated water. A
potential reduction of the Pb>* adsorption capacity is expected in
such case, based on the trends reported in prior studies of similar
systems at the ppm scale!730, However, specific experiments need
to be conducted to validate how the biosorption process would be
affected by ionic competition, as chemistry and speciation can
differ for different metal ions.

From the performed analyses, it can be concluded that a one-
step Pb?* uptake process occurs, mainly due to the cell wall of S.
cerevisiae, and in particular its carboxylic acid and amide groups.
The cell wall of S. cerevisiae, and particularly its amino, carboxyl,
and hydroxyl groups has been shown to greatly contribute to the
biosorption of heavy metal cations at the ppm scale as well!7:40,
Although further elucidation of the exact uptake processes is
needed, there is no indication of a multi-step uptake process,
which is often reported in the ppm literature for non-living
biomass, involving diffusion and/or accumulation of Pb2* ions
inside the cytoplasm!7:28:29, As the yeast cells are inactive, addi-
tional steps would require disruption of the yeast cell membrane,
or changes in its permeability, allowing the penetration of Pb2+
ions. However, freeze-drying of yeast cells protects their structure
and is not associated with loss of membrane integrity, in contrast
with autoclaving?82%, hence, the occurrence of additional uptake
steps is unlikely.

Our chitin experiment provides direct evidence of the impor-
tance of proteins and protein-carbohydrates of the outer and
middle layers of the cell wall over the chitinous inner layers in
Pb%* biosorption. By excluding chitin as a biosorbent, manno-
proteins and B-glucans are the potential key S. cerevisiae cell wall
components, which should be further analyzed to elucidate the
biosorption mechanisms involved. The contribution of the outer
mannan-protein layer of the yeast cell wall in accumulating heavy
metal cations, eg, Cu’t and Cd*t, has been previously
demonstrated#? validating our conclusions.

The combined outcomes of the spectroscopic analyses, and the
cellular nanomechanical characterization, validate the likelihood
of N-linked o-hole attraction to Pb*t species as a possible
mechanism of biosorptive Pb?* retention by the mannoprotein/
B-glucan cell wall fraction®!#2, leading to supramolecular
assemblies that make yeast cells stiffer after biosorption (potential
Pb%*t coordination schemes with amide groups have been sug-
gested in the literature*?43). These findings open new experi-
mental pathways for approaching the challenging task of
biosorption investigation at the ppb scale.

Exploiting yeast as a biosorbent can be practically feasible and
economically attractive. S. cerevisiae can be easily cultivated in
large quantities, while having various beneficial industrial appli-
cations, e.g., in the food, beverage, therapeutics and biofuel pro-
duction industries**. Three million tons of yeast are used
annually by the global fermentation industry*>, while the yeast
market is expected to grow by 35% in the next 5 years*. How-
ever, the sugars and proteins needed for yeast growth are derived
from food crops and sources that could be used for human
nutrition. Therefore, to avoid compromising food security, resi-
dual or surplus yeast from fermentation industries would be a

more sustainable option for the large-scale application of this
water purification approach. Indeed, surplus yeast is currently
produced in huge volumes and is an extremely underutilized low-
value resource, not suitable as a human dietary supplement due to
high levels of nucleic acids?’.

The approach described here compares favorably to many of
the highly sophisticated synthetic biology and advanced nano-
materials approaches that have also been examined as candidates
for heavy metal removal from water*$4%. Applying such a low-
value resource to remove trace contaminants from water could
also result in waste reduction as yeast cells are biodegradable.
Moreover, potential desorption processes would allow for heavy
metals reclamation, enhancing the application of circular econ-
omy models.

Methods

Glassware cleaning. Glassware was autoclaved for 15 minutes at 121 °C (tabletop
autoclave 3870E, Tuttnauer, USA) and rinsed three times with Type I ultrapure
water, with a resistivity of 18.2 MQ.cm at 25 °C and total organic carbon (TOC) < 5
ppb (Milli-Q Direct 8 Water Purification System, Millipore Sigma, USA).
Phosphate-free detergent, suitable for trace heavy metals analyses, was used to
wash the glassware (Liquinox detergent, Alconox, USA), which was then rinsed 3
times with ultrapure water and soaked in a 20% nitric acid (HNO3) bath for at least
24 h. The HNO; bath was made using 69% HNO; (ARISTAR PLUS, VWR Che-
micals BDH, VWR, USA) and ultrapure water. After soaking in the 20% HNO;
bath, flasks were rinsed 3 times with ultrapure water prior to use.

Yeast strain, culture & OD600 culture density measurements. The S. cerevisiae
Meyen ex E.C. Hansen MYA-796 strain was used (ATCC, Virginia, USA). YM agar
and broth media (ATCC 200 YM Medium, ATCC, Virginia, USA) were used for
the yeast cultures. Yeast cells were incubated (Multitron Standard incubator shaker,
INFORS HT, USA) at 30 °C and 200 rpm in 2 L Erlenmeyer flasks with shallow
medium content (100-200 mL). Discrete time-point OD measurements were per-
formed using 2 mL non-frosted cuvettes (VWR Standard Spectrophotometer
Cuvettes, VWR, USA) and a tabletop, ultraviolet-visible spectrophotometer mea-
suring at 600 nm (NanoPhotometer NP80, Implen, Munich, Germany).

Biomass harvesting, washing & lyophilization. Yeast cells were harvested by
centrifugation at 1 g/2000 rpm for 10 min (Allegra X15-R Centrifuge, USA) and
washed by two successive suspensions and centrifugations with ultrapure water. To
decide the number of washes required to remove medium residues and metabolites
from cells, supernatant samples after each wash were analyzed using HPLC
(Aminex HPX-87H Column, Bio-Rad, USA). Harvested, washed cells were kept at
—30°C for 24 h and then inserted in the freeze dryer (Freezone 6 Liter Manifold,
Labconco, USA). Each lyophilization cycle (temperature < —40 °C, pressure <
0.371 mbar) lasted for at least 50 h. Lyophilized cells (powder form) were stored in
a desiccator containing silica gel. Freeze-dried biomass was weighted using an
analytical balance of 0.1 mg precision and resolution (AB104-S analytical balance,
Mettler Toledo, USA).

Aqueous solutions preparation. Type I ultrapure water was spiked with lead(II)
nitrate (Pb(NO3),) (Sigma-Aldrich, Millipore Sigma, USA) to achieve solutions
with initial Pb2* concentrations of up to 1000 ppb. The initial solution pH was
adjusted to the required values by using 69% HNO; (ARISTAR PLUS, VWR
Chemicals BDH, VWR, USA) and 0.1 M sodium hydroxide (NaOH) (Carolina
Biological, USA). The pH of aqueous solutions was measured using a glass-body
electrode suitable for ion-weak samples (InLab Pure Pro-ISM, Mettler

Toledo, USA).

Biosorption experiments. All biosorption experiments were conducted in batch
contact environments using 2 L Erlenmeyer flasks with lyophilized yeast cells added
to 200 mL of Pb2* containing aqueous solutions. Flasks were incubated at 200 rpm
and 25 °C. After the required contact time, yeast biomass was separated from the
aqueous solutions by centrifugation at 1 g/2000 rpm for 10 min (Allegra X15-R
Centrifuge, USA). The supernatants were analyzed using ICP-MS (7900 ICP-MS
system, Agilent, USA) to measure the residual Pb2* concentrations following
standard operating procedures (Pb?* calibration standards and Bismuth internal
standard, Agilent, USA). All experiments were carried out in triplicates and mean
values are reported.

For all experiments, a control sample of just ultrapure water spiked with
Pb(NO;), was measured to act as a reference for the initial Pb2* concentration, Cp,
in the solution. Pb%+ removal measurements were calculated by taking the ICP-MS
measurements of the supernatants and subtracting from this the reference to
determine the quantity of metal adsorbed by yeast biomass. Type I ultrapure water
alone was also tested via ICP-MS to make sure that there was no Pb2* present in
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the aqueous matrix. The amount of Pb?* uptake from the yeast biomass was
calculated using Eq. (1):

(CO 7Ct)~V
m

9 = )
Where: g; is the Pb>* mass (ug) adsorbed per gram of yeast biomass after t contact
time (ug/g); C, is the initial Pb2* concentration in the aqueous solution (ug/L or ppb);
C, is the residual Pb%* concentration measured after t contact time (ug/L or ppb); m is
the dry weight of yeast biomass in the solution (g), and V is the volume of the aqueous
solution (L). If equilibrium has been reached and C; is C,, then g is g,.

The tools developed by Wang and Guo®*5! were used for solving the nonlinear
adsorption kinetic and isotherm models, using the experimental Pb?* biosorption
kinetics data, i.e., the g values measured at specific time intervals (i.e., 0 min, 5 min,
15 min, 30 min, 1 h, 2h, 4h, 8 h, 24 h) of contact with yeast biomass (m: 0.005 g) in
aqueous solutions (0.2 L) with C, of 100 ppb, and isotherm data, i.e., the g values at
equilibrium measured after 1h of contact of yeast biomass (m: 0.005 g) with
aqueous solutions (0.2 L) of different initial Pb2* concentrations (Cy: 20, 40, 100,
200, 300, 500, 700 and 1000 ppb), respectively.

Biosorption experiments and analyses using chitin were conducted following
the same steps, procedures, and instruments described above, using chitin instead
of yeast biomass (Chitin from shrimp shells, Sigma-Aldrich, Millipore
Sigma, USA).

SEM sample preparation and analysis. After biosorption, yeast biomass was
harvested via centrifugation at 1 g/2000 rpm for 10 mins (Allegra X15-R Cen-
trifuge, USA) and lyophilized, following the procedures described above. Samples
of lyophilized yeast biomass (before and after Pb>* biosorption) were coated in a
20 nm layer of gold (150TES Sputter Coater, EMS, USA), mounted onto carbon
double-sided tape, and imaged with an SEM, using secondary electron detection at
10kV beam voltage and varying magnifications (FlexSEM 1000, Hitachi, Tokyo,
Japan).

TEM sample preparation and analysis. Harvested yeast cells were fixed with 2%
glutaraldehyde and 2.5% paraformaldehyde in 100 mM sodium cacodylate buffer
(EMS, USA) for 1 h at 4°C. Then cells were washed twice with 100 mM sodium
cacodylate buffer, each time re-suspending them by vortexing, storing them at 4 °C
for 15 mins, and centrifuging them for 10 mins at 1 g/2000 rpm. Then cells were
resuspended in 100 mM sodium cacodylate buffer and stayed overnight at 4 °C.
Pelleted cells were post-fixed for 30 min at 4 °C with 1% osmium tetroxide in 0.1 M
imidazole of pH 7.5 (EMS, USA). Osmium post-fixation was followed by washing
the cells three times with 100 mM sodium cacodylate buffer, storing them each
time for 15 mins at room temperature. The cells were then washed three times with
0.05 M maleate buffer of pH 5.15 (EMS, USA), storing them each time for 15 mins
at room temperature. The cells were then stained in 2% uranyl acetate (EMS, USA)
overnight, in the dark at room temperature. Stained cells were washed three times
with 0.05 M maleate buffer of pH 5.15, storing them each time for 15 mins at room
temperature. Then, the cells were serially dehydrated using 30%, 35%, 50%, 70%,
90%, 95%, and 100% ethanol solutions. Dehydrated cells were embedded in
EMBED-812 resin (EMS, USA). Sections were cut using an ultramicrotome (EM
UC7, Leica, Wetzlar, Germany) and a Diatome diamond knife at a thickness setting
of 50 nm. The sections were examined using a TEM (Tecnai G2 Spirit TWIN, FEI,
USA) at 120kV.

Measurement of yeast cell wall dimensions. Yeast cell walls were measured
using Image ] software, taking the average measurements of 15 control and 15
PbZ+-exposed cells.

ATR-FTIR analysis. Samples of lyophilized yeast biomass (before and after Pb?+
biosorption) were put on the ATR sampling accessory of an FTIR spectrometer
(Nicolet iS50 FTIR Spectrometer, Thermo Fisher Scientific, USA). The measured
wavenumber range was 400 — 4000 cm~!, and for all spectra 32 scans were
recorded and averaged with a resolution of 4 cm~! for each spectrum. All the
handling material and the ATR sampling surface were cleaned with analytical grade
isopropanol and rubbed dry with clean paper before contact with the host material.

XPS analysis. Lyophilized yeast cells were taken with a spatula and loaded on a
stainless steel XPS stage (5 mm width). All samples were analyzed in the same XPS
run (spot size: 400 um) (K-Alpha XPS system, Thermo Fisher Scientific, USA).
Survey scans used a pass energy of 50 eV, while the core scans used a pass energy of
1.5keV and were energy-calibrated using the C-C bond energy at 284.6 eV. The
three peaks observed in the C 1s spectrum were fitted to identify changes in the C
bonds due to Pb2* biosorption. Data processing and peak fitting was done using
the Thermo Avantage software and the Powel fitting algorithm. All the handling
materials and the polyacetal surface were cleaned with analytical grade isopropanol
and rubbed dry with clean paper before contact with the host material.

AFM sample preparation and analysis. Lyophilized yeast biomass (following
incubation with or without Pb2* at 200 rpm and 25 °C for 1 h) was harvested via

centrifugation at 1 g for 5 mins and adhered to plasma cleaned and CellTak
(Corning Inc, USA) adhesive-treated plastic 50 x 9 mm petri dishes, as described
elsewhere®2. AFM force analysis was conducted in liquid (AFM tests were done in
hydrated cells) with an MFP-3D AFM (Asylum Research, USA), using spherical
colloidal tip CP-PNP-Au-A probes (NanoAndMore, USA) with a sphere diameter
of 2 um and a nominal spring constant of 0.08 N/m. Cell surface indentation was
limited to <10% of the hydrated cell wall thickness with a 1.98 pm/s approach
velocity. Cellular spring constants (k..;) were calculated as described elsewhere
using a two-spring model®23,

Figure creation. Raw data were collected and stored in CSV or Excel file formats.
Plots were created using the Origin software.

Data availability
The datasets generated and analyzed during the current study are available at https://doi.
org/10.6084/m9.figshare.19660698.v4>4.
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