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We develop a membrane technology based on amyloid fibrils to
remove aluminium from water and minimize its exposure to humans.
We study aluminium adsorption by amyloid fibrils by evaluating the
binding isotherms, the thermodynamics and the effects of different
parameters. Amyloid-based membranes demonstrate outstanding
removal efficiencies beyond 98%.

The elevated amounts of aluminium in water could be considered
as a threat for health and survival of human beings and animals.
Acid rain mobilizes aluminium from soil to water by acidifica-
tion of rivers and lakes." According to WHO, the concentration
of aluminium in drinking water after the coagulation process
should not exceed 100-200 ppb, but the effect of aluminium
in drinking water on Alzheimer’s disease, at these or lower
concentrations, cannot be entirely dismissed.”” Besides human
bodies, acute aluminium toxicity for fishes in acidic aquatic
environments,* as well as, infertility and fractal production of
egg shells in wild birds® have also been reported.

Nonetheless, compared to other metals, many question
marks, uncertainties and lack of data on aluminium toxicity
and exact damage on the human body and other organisms
remain to date. For instance, the gastrointestinal aluminium
absorption mechanism® and the true body burden of aluminium®
have not been fully elucidated, yet. Furthermore, there are many
uncertainties related to types of aluminium salt, pH, bioavail-
ability and dietary parameters.’

By considering these levels of uncertainty and risk estima-
tion, preventive actions and solutions become of immediate
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significance. Typical technologies for aluminium removal from
drinking water are reverse osmosis and vapor distillation, which
both suffer from high-energy demand’ and the need to re-adjust
the oligomineral composition prior to water consumption.®
Thus, there is a need for more sustainable and efficient
approaches for removal of aluminium from drinking water.
Here, we focus on minimizing the aluminium exposure from
water and beverages using B-lactoglobulin amyloid fibril based
membranes. -Lactoglobulin is the principal protein in whey, a
by-product of cheese production in the dairy industry.® Amyloid
fibrils have excellent interaction and binding capabilities,
especially with heavy metals.”'® Although the ability of amyloid
fibrils in removing heavy metals is now widely recognized,’"°
their removal performance for lighter metals such as aluminium
has not yet been evaluated. To start, the ubiquity of aluminium
in diverse water and beverage sources was assessed. The study
was performed using a random selection of 29 sources.

The aluminium content of different sources is summarized
in Fig. 1 in an anonymized format. As observed, aluminium was
detected in all samples. In natural waters, the concentrations
were below 100 ppb. As acidification of the environment increases
the mobilization of aluminium form soil to natural water, is
estimated to increase, such as in countries with higher amounts
of acid rain." In this study, two brands of bottled spring water
and two brands of purified water were tested. The aluminium
concentration in the spring waters was higher than in the
purified waters. The lower concentrations of the latter is due to
the purification step with reverse osmosis and vapor distillation
technologies,” as mentioned on the bottle labels.

Of all the seven tap waters collected in Switzerland, only one
had aluminium concentration above 50 ppb and the average
concentration for tap water was found to be 29 ppb. For six
studied coffee capsule brands, the aluminium content was
generally higher than for tap waters. The concentrations varied
from 24 to 223 ppb, depending on the brand and the machine.*?
For the tea capsules, an alarming aluminium concentration as
high as 45 ppm was found. Tea is one of the few plants with the
ability to accumulate aluminium, so it is unclear at this stage
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Fig. 1 Occurrence of aluminium in different collected water and beverage sources.

whether the contamination arises from the packaging or the tea
leaves themselves. Typically, most of the plants cannot tolerate
aluminium toxicity, which is a serious problem in agriculture.'®
The effect of different packaging materials on the release of
aluminium into the samples was further evaluated by measuring
the concentration of aluminium in beers from the same com-
pany but in two different packaging formats: aluminium can
and glass bottle. The concentration in both samples was around
90 ppb, which shows a negligible effect of packaging material
type on total aluminium content'* and rather points to a source-
contamination.

Furthermore, the aluminium content of soft drinks and energy
drinks in aluminium cans was also measured. The aluminium
concentration in the energy drink was 139 ppb, which was
approximately two times more than the amount for the soft
drink, that has 60 ppb concentration.

In order to remove aluminium from water using a hybrid
amyloid membrane, we first assess the binding performance of
aluminium onto B-lactoglobulin amyloid fibrils (ESIt). Fig. 2
presents the binding isotherms of AlICl;, Al(NO3); and Aly(SO,)3,
fitted by the approach of Swillens and Motulsky.® For the three
salts, by increasing the initial concentration, the adsorbed
amounts of aluminium per weight of adsorbent increases.
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Fig. 2 Fitted binding isotherms of AlCls, Al(NO=)s and Al(SO4)3 adsorption

with 10 mg amyloid fibrils.

11144 | Chem. Commun., 2019, 55, 1114311146

The results indicate that for Al(NO;);, the binding constant
(K.) of 323.6 M " is higher than that for AICI; having 83.2 M ™"
and Al,(SO,); having 42.3 M. This result shows that amyloid
fibrils bind Al(NO;); ions stronger than the two other salts.
Furthermore, the amyloid fibril adsorption saturation limits
were 1593, 637 and 2367 uM for AlCl;, Al(NO3); and Al,(SO,)s,
respectively. The supramolecular binding of aluminium with
amyloid fibrils involves interactions of several amino acid
residues. The interaction of aluminium with some amino acids
such as ornithine, lysine, aspartic acid, glutamic acid and
tyrosine in human blood was reported."® This implies multiple
binding constants working synergistically in amyloid fibrils,
and highlights the complexity of the binding reaction.

We then studied the effect of pH on AICl;, Al(NO;); and
Al,(SO,); adsorption from pH 2.8 to pH 10. As observed in
Fig. 3, for the three salts, by increasing the pH from 2.8 to 5, the
adsorption amount (q) increases. Then, ¢ stays constant up to
pH 7 and eventually decreases from pH 7 to 10. The highest
adsorption amount was obtained between pH 5 and 7, which
corresponds to the application range of pH in most water
treatments."®

The pH affects not only the surface charge of the amyloid
fibrils but also the degree of ionization of the aluminium in
solution."” The isoelectric point (IEP) of amyloid fibrils is around
pH 5.'® Complexation of aluminium with hydroxide determines
the solubility of aluminium in water and subsequently the
efficiency of its chemical reaction.'® The distribution of alumin-
ium species in solution (AI’**, [AIOH]**, [Al(OH),]", Al(OH); and
[AI(OH),]7) as a function of pH was calculated*® and depicted
in Fig. 3. AI**, [AI(OH),]" and [Al(OH),]” are predominant states
at pH < 3.5, 4-5 and >5.5, respectively. Between pH 5 and 7,
aluminium solubility decreases as Al(OH); is formed, while the
other complexes remain soluble in water."**"

At low pH, both the adsorbent and the aluminium species
in solution are positively charged, and electrostatic repulsion

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Effect of pH on AlCls, AINO3)3 and Alx(SO4)3 adsorption with 10 mg
amyloid fibrils.

competes with supramolecular metal-ligand binding interac-
tions, decreasing the adsorption amount. At pH 5 amyloid
fibrils are globally neutral. However, locally, amino acids com-
posing the protein are protonated (neutral and positively
charged) or deprotonated (negatively charged) depending on
their acid dissociation constant.>” Thus, by increasing the pH
from 3 to 5, g increases due to the increased attractive electro-
static interactions between deprotonated amino acids and
cationic aluminium complexes, as well as between protonated
amino acids and [Al(OH),]”. From pH 7, both the adsorbent
and aluminium species are mainly negatively charged and
[Al(OH),]” has a lower affinity for binding due to the counter-
acting electrostatic repulsion. By increasing pH to 10, in addi-
tion to increasing electrostatic repulsion, the concentration of
OH™ increases from 107’ to 10~* mol L™'. Thus, OH™ ion
competition with aluminium to bind on amyloid fibrils leads to
a further decrease of the overall adsorption amount."®

To elucidate the thermodynamic traits and effect of tem-
perature on aluminium and amyloid fibril interactions, iso-
thermal titration calorimetry (ITC) experiments were run (ESIt).
The ITC results at the three different temperatures are shown in
Fig. 4. By applying basic thermodynamic equations,* enthalpy
change (AH), dissociation constant (Kg), the interaction stoi-
chiometry (n), Gibbs free energy (AG) and entropy change (AS)
were determined.

For the binding of aluminium with B-lactoglobulin amyloid
fibrils, at all three temperatures, AH, AG and AS values were
negative. The negative change in enthalpy indicates that the
reaction is exothermic.”® In addition, negative values of AG
confirm the spontaneous and favourable nature of reaction.”*
Loss of configurational and/or conformational entropy are
reflected by negative AS values. The latter is mainly due to
the mobility restriction of the fibril backbone and side chain
during metal-fibril complexation.>®

As observed in Fig. 4, approximately two moles of aluminium
could be absorbed by one mole of amyloid fibrils equivalent.
Ky is the inverse form of K, and its high order of magnitude in
all temperatures shows the strong binding of aluminium with
B-lactoglobulin amyloid fibrils. By increasing the temperature from
5 to 75 °C, K4 values increase from 552 x 10 ° to 731 x 10~® M. For
an exothermic reaction, the Arrhenius law states that by increasing

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Fitted binding isotherms of AlCls, A(NO3)s and Alx(SO4)z adsorp-
tion with 10 mg amyloid fibrils.

temperature, K, decreases,® which confirms the obtained results
on the binding constant vs. temperature.

Having demonstrated the ability of B-lactoglobulin amyloid
fibrils to bind aluminium, we design amyloid-based membranes
to remove aluminium from water and wastewater (ESIt). The
aluminium concentrations before and after filtration are shown
in Fig. 5a. As observed, the concentration of aluminium after
filtration by amyloid fibril membranes was reduced from
100 ppb to 9.9, 8.6 and 11 ppb for AlCl;, Al(NO;); and Al,(SO,)s,
respectively. For the three salts, there is no significant differ-
ence between the concentrations after filtration, and the differ-
ences are in the error range of experiments. This indicates
that the type and valence of the counter-ions of aluminium
salts, i.e. CI7, NO;~ and SO,>, and attractive electrostatic forces
do not have a significant impact on adsorption efficiency.’ The
membrane removal efficiencies for AlCl;, Al(NO;); and Al,(SO,);
were 90, 91 and 89%, respectively. To enhance these removal
efficiencies, one has to increase the amount of amyloid fibrils
in the membrane, at the expenses of flux. The solution for
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Fig. 5 Concentration of different aluminium solutions before and after filtra-
tion through amyloid fibril membranes (a) and through hybrid amyloid fibril-
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relation between adsorption capacities and binding constants (d).
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membrane flux can be pursued by adding to the amyloid fibrils
porous material, such as activated carbon, to provide higher
surface area exchange. The fabrication of hybrid amyloid
fibrils-activated carbon membrane and its application for heavy
metal removal were already demonstrated and discussed in our
previous studies.”'® In what follows, we use commercial hybrid
amyloid fibrils-activated carbon membranes based on such a
technology®® (ESIt). The aluminium concentrations before
and after filtration by the hybrid amyloid membranes are
presented in Fig. 5b. As observed, for AlCl;, Al(NO;); and
Al,(SO,)s, after filtration the concentration of aluminium from
5 ppm was reduced to 0.09, 0.08 and 0.05, respectively. These
reductions correspond to separation efficiencies of 98.2% for
AlCl3, 98.4% for Al(NO;); and 99% for Al,(SO,);.

To elucidate the role of amyloid fibrils and activated carbon
in this separation, their respective adsorption capacities were
compared as shown in Fig. 5c. As shown in Fig. 5c, for the three
salts, the adsorption capacities of activated carbon were between
0.34 and 0.70 pg of aluminium per mg of activated carbon.
Amyloid fibril membranes have a higher adsorption capacity
compared to activated carbon membranes: 11 times higher for
AlCl; (7.1 ug mg™"), 15 higher times for Al(NO;); (10.4 pg mg™ ")
and 10 times higher for Al,(SO,); (3.4 pg mg™'). These results
indicate the leading adsorption role of amyloid fibrils in the
hybrid membranes. It should be noted that the adsorption
capacity measured is a dynamic capacity, evaluated under
dynamic flow conditions and not static adsorption. Accordingly,
this dynamic capacity is expected to correlate directly with the
binding constant, and indeed, in Fig. 5d, the relationship
between the amyloid fibril removal capacities and binding
constants (from Fig. 2) is presented. As observed and expected,
for the salts with higher binding constant, the adsorption
capacity is also higher. In addition, the relationship of log(K,)
and q is linear with R* of 0.95.

A water purification sustainable technology must feature, in
addition to high removal efficiency, also low cost, energy efficiency
and environmental compatibility.>”® The hybrid membranes
presented in this work consist of protein fibrils and activated
carbon, which both are affordable and environmentally friendly.
Furthermore, the filtration process is energy-efficient and could
be operated under low-pressure demand and/or gravity driving
forces, further highlighting their low environmental fingerprint.
These results taken together point at hybrid amyloid-activated
carbon membranes as a promising technology for removal of any
type of aluminium ions from water streams and soft drinks and
may possibly contribute to alleviating the problem of ubiquitous
aluminium contamination worldwide.
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