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Peptide-mediated Al() (oxy)(hydr)oxide
formation: the specific stages of phase separation
for additive interactions mattert

3¢ and Denis Gebauer () *P

Miodrag J. Luki¢, (2 **° Nele Marquardt,” Tim Schmalz
We demonstrate how Al(m) interactions with a ‘biomimetic’ model homo-peptide, polyaspartic (pAsp),
with a narrow size distribution (around 20 amino acid monomer units), can lead to substantially different
outcomes by governing Al(in) hydrolysis/phase separation. The addition of unhydrolysed Al(in) in aqueous
peptide solutions results in dominant pAsp20 destabilisation and precipitation from the solution, failing to
induce effective Al(in)(oxy)(hydr)oxide formation. Allowing the peptide-free Al(m) system to reach specific
hydrolysis/phase separation stages, i.e., just before and slightly after liquid—liquid phase separation, partly
dissipating its chemical energy, followed by controlled peptide addition, leads to the formation of respect-
ive Al()(oxy)(hydr)oxide-peptide hybrids with smaller particles, higher Al(n) content, and well-preserved
chemical properties of the peptide. This constitutes a hydrolysis “spin-off" strategy that exploits Al(i)—
peptide interactions in distinct hydrolytic precursors, an approach transferable to multiple metals and
polymeric systems. The reaction energetics determined by revisited isothermal titration calorimetry assays
reflect an Al() hydrolysis “footprint” and its role in metal—peptide interactions. These insights are impor-
tant for various applications of aluminium species, from vaccine adjuvants and related toxicity to
enhancements of corrosion resistance.

amino acid/peptide interactions has been demonstrated, e.g.,
Asp-enhanced corrosion resistance of aluminium and its

Interactions between Al(in) species and organic molecules are
critical in pharmacy, medicine, sustainable energy, environ-
mental protection, and hybrid materials. Adverse -effects
related to Al(m) in physiological or geochemical environments
are consistently reported,”” e.g., structural destabilisation of
biomolecules, salting-out effects, or cross-linking-induced pre-
cipitation. In this context, various questions regarding favour-
able interaction sites of Al(m) ions with polypeptides, i.e.,
within the backbone, causing irreversible protein denatura-
tion,® or with side-chain functions,* raise particular interest.
Aspartic (Asp) amino acid residues are often involved in
protein-metal binding, a process that affects the structural
stability of proteins® and may lead to impaired chemical func-
tionality. Furthermore, the practical usefulness of metal-
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alloys’ and stabilisation of adjuvants in alum-based vaccine
Also, peptides/proteins were successfully
applied as additives for directing nucleation and crystallisation
processes of different mineral systems.”'® For example, bovine
serum albumin was reported to transform “Al;;”- and “Alzy”-

formulations.?

mer poly-oxo-cations into amorphous Al(OH); in a dose-depen-
dent manner,"" and the binding to Al(m) depends on the size
and amino acid sequence of the polypeptides.'*> Organic mole-
cules were used to alter Al(m) solubility and prevent potential
toxicity,"* to trap specific Al(ur)(OH), species,’* and for the tar-
geted synthesis of solid compounds.®

Al(m) hydrolysis is a spontaneous reaction occurring via
numerous chemical/energetic states and polymerisation-con-
densation events, from monomers, oligomers, and prenuclea-
tion clusters, to polymers, ultimately leading to Al(u) (oxy)
(hydr)oxide formation, given that the amount of substance,
temperature, and pH are favourable. Al(m) (oxy)(hydr)oxide
nucleation is inherently related to the hydrolysis process.
Considering an acidic system, as the hydrolysis reaction pro-
ceeds from monomeric octahedrally-coordinated [Al(H,0)q]*"
over [Al(H,0)s_(OH),J’™ to the final Al(m) (oxy)(hydr)oxide
phase, the overall reactivity changes due to the exclusion/
rearrangement of hydration water molecules, hydroxyl groups
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and/or protons. Recently, it has been shown that chemical
changes from olated to oxolated species trigger liquid-liquid
phase separation in the Al(m) system under mildly acidic con-
ditions.'® Moreover, that work indicated the formation of oxo-
lated species like Keggin Al;; only after phase separation,
while monomeric and olation (prenucleation) cluster Al(ir)
species coexist in the prenucleation stage. Those oxolated
species may serve as direct precursors of amorphous alu-
minium (oxy)(hydr)oxides as they lie closer in energy to the
eventually forming solid than to monomeric and olation
species.” On the other hand, mineral/organic/water interfaces
are important for the final material’s characteristics, e.g., in
catalysis'® or CO, fixation,'® and, evidently, also play a major
role towards controlling nucleation and crystallisation. Thus,
we hypothesise that by precisely controlling the hydrolytic
chemistry of Al(mr) and, with it, the stage of phase separation at
well-defined points, the interactions between respective Al(iu)
species and organic molecules, e.g., polymers, peptides or pro-
teins, differ fundamentally. This would lead to distinct path-
ways towards Al(u) (oxy)(hydr)oxide nucleation, but also decisi-
vely determine the reaction outcomes in corresponding soil,
aquatic, physiological and medical systems, where, e.g., Al(u)
toxicity is directly related to hydrolysis and speciation.?®*!
Moreover, corresponding insights will help to understand
entangled and implicitly related processes of Al(u) hydrolysis
and the interactions of these hydrolytic species with organic
components in dynamic chemical systems. In this study, in
order to simplify the inherently complex system, we focus on a
defined model peptide additive for Al(ur) hydrolysis, consisting
of 20 aspartic acid monomers (pAsp20). This allows us to
establish the fundamental roles of Al(u) hydrolysis/peptide
interactions that, in turn, govern the reaction outcome.
Understanding this behavior is a fundamental pre-requisite for
studying distinct additive chemistries (e.g., the effects of other
side chain or backbone chemistries) in future work.

Indeed, our systematic and quantitative study of the inter-
action of Al(u) and pAsp20 homo-peptides at mildly acidic to
neutral conditions using potentiometric pH-constant titrations
as a methodological basis reveals distinct reaction outcomes
by governing Al(ur) hydrolysis and phase separation towards Al
(m) (oxy)(hydr)oxide formation. Adding unhydrolysed Al(u)
into a peptide solution (here labeled as Approach I, in brief,
App. I), which is widely employed for assessing the effects of
additives on the early stages of mineral precipitation, domi-
nantly destabilises pAsp20, causing its early precipitation. On
the contrary, the second approach (here labeled as Approach
11, in brief, App. II) employs the controlled addition of pAsp20
to Al(m) solutions carefully driven to specific hydrolysis/phase
separation stages, i.e., before (BPS) and after (APS) the onset of
the liquid-liquid phase separation. It is important to note that
herein, we follow definitions and notions introduced in the
framework of the so-called pre-nucleation cluster (PNC)
theory.”” In brief, dynamic PNCs are considered solutes, which
can turn into liquid nanodroplets due to internal chemical
changes. In the case of metal (oxy)(hydr)oxides, it was shown
that this chemical change correlates with a change from
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olation to oxolation bridging within clusters, rendering the
post-nucleation oxolation clusters less dynamic than olation
PNCs.'®?? Previous works determined the characteristic points
with respect to this phase separation mechanism in the titra-
tion experiments also employed here, allowing us to prepare
well-defined APS and BPS states for interacting with pAsp20.
App. II shows that even slight differences in Al(ur) hydrolysis/
phase separation stages consistently induce distinct types of
interactions with pAsp20, revealing peptide-induced Al(m) (oxy)
(hydr)oxide formation. This shows that governing metal chem-
istry to a specific chemical-hydrolysis-phase separation state,
here denoted as a hydrolysis “spin-off” strategy, is a viable way
for selecting distinct metal-peptide interactions and directing
the reaction outcome. A revisited isothermal titration calorime-
try (ITC) assay suitable for studying hydrolysing systems is
developed, clearly reflecting a corresponding “hydrolysis foot-
print” in the metal-peptide interactions.

Results and discussion

The titration curves directly show the hydrolysis progress by
titrating NaOH to counter the production of protons and main-
tain a constant pH level. At pH 4.5 following App. I, Fig. 1(A),
the titration curve of the Al(m) system without pAsp20 exhibits
an initial linear part followed by a transition towards a second
linear region with stronger base consumption due to liquid-
liquid phase separation, delineating, essentially, the pre-
nucleation (first linear part) and post-nucleation (second
linear part) regimes, as previously demonstrated elsewhere.'®
At pH 3.0 and 4.0, Fig. S1,T the reference Al(i) titration curves
without pAsp20 show a very small amount of NaOH required
to keep the pH constant, revealing a minor extent of Al(ui)
hydrolysis. At pH 5.0, the behavior is similar to that at pH 4.5,
but the first linear part is significantly shorter due to a higher
driving force towards Al(m) hydrolysis. In the presence of
PAsp20, the Al(u) system exhibits a rather distinct behaviour,
i.e., the addition of unhydrolysed acidic Al(ur) solution into
0.15 g L™ peptide solutions induces an immediate increase in
base consumption reflected in c.((NaOH), Fig. 1(A). This is
accompanied by a strong decrease in the solution transparency
due to occurring precipitation. After the strong initial increase
in base consumption, the slope of the titration curve becomes
similar but slightly lower than the one of the reference Al(u)
system. This indicates that the effect of pAsp20 is practically
exhausted at very low C,qgeq(Al’"). Subtracting the titration
curve of the reference Al(u) system from that with pAsp20,
Fig. S2,T reveals that after the initial period (when the presence
of pAsp20 dominates the chemical behaviour), Al(ur) hydrolysis
is slightly suppressed. This can be explained by the secondary
nucleation of Al(m) (oxy)(hydr)oxide on Al(m)-peptide precipi-
tates. Consistently, qualitatively the same behaviour occurs
when the pAsp20 concentration is changed, Fig. S3;1 however,
the changes are limited to the initial part of the titration
curves. The c,qqca(Al**) required to induce precipitation sys-
tematically increases with increasing pAsp20 concentration,
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Fig. 1 Titration curves (empty symbols) obtained in (A) App. | by dosing acidic Al(i) into peptide solution at pH 4.5, and (B) App. Il by dosing a
0.5 mg mL™* solution of pAsp20 (solution pH adjusted to 4.5) into Al(i) solutions in BPS and APS | and Il (ESI, Fig. $57) states at pH 4.5. The left axis
of each plot shows the concentration of NaOH added to keep the pH value constant (corrected for the NaOH added to neutralise the addition of
the acidic Al(n) solution), cex (NaOH). Thus, the titration curve accounts only for the Al(m) hydrolysis and the interaction with pAsp20. The right
y-axes show the corresponding solution transparency (solid lines). Drops in the solution transparency curves represent increasing turbidity as

measured by an optrode at 610 nm.

while the drop in solution transparency becomes stronger.
This shows that the amount of precipitate predominantly cor-
relates with the amount of pAsp20. However, Caqgeq(A*"), at
which precipitation occurs, is very low. Equivalent experiments
at pH 3.0 show correspondingly weaker interactions with
PpAsp20 than at higher pH values, but the interaction becomes
again stronger as C,qqeq(Al’") increases, Fig. S1.F This occurs at
pH 4.0 and 5.0, pAsp20 precipitates at low c,qqea(Al’") as well.
However, the behavior at pH 5.0 is more similar to that at pH
4.5 (i.e., strong hydrolysis driving force) than at pH 4.0.

In App. II, pH-constant titrations of the Al(m) system
without peptide were performed at pH 4.5 to reach carefully
selected hydrolysis/phase separation states, Fig. S4.7 Then, the
titration was stopped, and immediately (<10 s) afterwards, the
PAsp20 solution was continuously dosed into the as-prepared
Al(m) solution state. The absolute differences in cyqgea[A*"]
among the different investigated hydrolysis/phase separation
are very little and are usually exceeded in experimental studies
involving the Al(m)-organic interactions,?* although they rep-
resent distinct chemical and structural characteristics of Al(ui)
hydrolytic species.

The selected BPS state is characterized by the presence of
monomeric Al(m) in equilibrium with Al(u) pre-nucleation
clusters (PNC) species, which, in the case of the hydrolysing/
condensating systems, correspond to olation oligomers, while
in the APS states, tetrahedrally coordinated Al,; Keggin species
may emerge alongside these Al(u1) species, as shown previously
for the Al(m) system."'®>* Remarkably, no precipitate formation
is detectable in any of these states, i.e., the solutions remain
transparent, at least, before pAsp20 addition. Indeed, the titra-
tion curves for App. II, Fig. 1(B), illustrate different behaviour
than for App. I, where the polymer is present from the begin-
ning. Continuous dosing of pAsp20 solution into the BPS state
of the Al(m) system induces a monotonous increase in the base

This journal is © the Partner Organisations 2025

consumption required to keep the pH constant. However,
unlike in App. I, this does not cause a sudden drop in the solu-
tion transparency. Rather, the pAsp20 concentration, at which
the solution starts to become turbid (as measured by an
optrode at 610 nm) increases from the BPS to APS II states
with increasing total Al(m1) concentration. When the APS states
of the Al(m) system are probed, the distinct behaviour becomes
more evident: the initial base consumption to keep the pH
constant is way higher than for the BPS state, indicating quali-
tatively and quantitatively different interactions. After stopping
the Al(ur) addition in the APS II state, Al(m) hydrolysis proceeds
(i.e., continues to produce protons) (Fig. S5, the red curve).
This process is compensated by NaOH addition to keep the pH
constant, until reaching an equilibrium state where the pH
remains constant. Indeed, the initial development of the
corresponding APS II titration curve with pAsp20, Fig. S5t (the
black curve), is dominated by the hydrolysis behavior as
observed for the pure Al(m) after phase separation.
Remarkably, the interactions with pAsp20 effectively suppress
Al(m) hydrolysis by binding Al(m) hydrolytic species, keeping it
below the hydrolysis level of the pure APS II system (the green
dashed line) almost up to >4 hours (15.000 s). After the initial,
hydrolysis-dominated behaviour, Al(u)-peptide interactions
become dominant, giving rise to the characteristic final devel-
opment of the titration curves. Thus, by selecting an appropri-
ate hydrolysis/phase separation state in App. II, specific reac-
tion states in the Al(m) system are accessible for interactions
with the peptide, which is not possible in App. I, where
initially formed Al(m) hydrolytic species are immediately
exposed to interaction with pAsp20.

Significant spectral changes occur during precipitation in
App. I in the presence of pAsp20 (the sampling points were
selected according to the turbidity measurements in the titra-
tion experiments—in the initial, middle, and late precipitation

Inorg. Chem. Front., 2025, 12, 6235-6245 | 6237


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00870k

Open Access Article. Published on 04 June 2025. Downloaded on 11/8/2025 1:39:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

stages, Fig. S6t1) until the final titration point was reached.
FTIR spectra of pure pAsp20, solids derived from the titration
experiments in App. I and App. II at pH 4.5 in the presence of
PAsp20, and amorphous Al(OH); (prepared at pH 7 and used
as a reference) in the fingerprint region from 1800-400 cm ™"
are shown in Fig. S7.f The corresponding full spectra, also at
PH 4, 5 and 7, are provided in Fig. 2. The pure pAsp20 shows
characteristic symmetric and asymmetric COO™ vibrations at
1389 and 1588 cm ™, respectively. The amide I band occurs as
a shoulder at 1645 cm™" due to the overlap with the band due
to COO™. At higher wavenumbers, H-bonded N-H and CH,
vibrations can be observed. Amorphous Al(OH); exhibits broad
bands, where the strongest band at 534 cm™" originates from
Al-O bonds of octahedrally coordinated Al(ui), while the low-
intensity band at 851 cm™" can be assigned to the Al-O bond
of tetrahedrally-coordinated Al(i). In the wavenumber range of
approximately 870-1150 cm ™", a broad feature appears, which
originates from Al-O-H and AlO-OH vibrations.”>*® In the
region of 1250-1700 em™, several broad, middle-intensity
bands appear, originating from H-O-H vibrations, whilst the
very broad band in the range of 3000-3600 cm™" represents
the O-H vibrational region, Fig. 2.

In the solids obtained at pH 4.5, the strongest change along
the distinct stages probed occurs for the symmetric COO™
vibration, accompanied by smaller changes in the corres-
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Fig. 2 FTIR spectra of solids derived from titration experiments follow-
ing App. | and App. II.
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ponding asymmetric mode (Fig. S7f). The symmetric COO™
band splits into two bands and shifts from 1389cm™ to
1406 cm™ " and 1456 cm ™, indicating the formation of more
rigid bonds, possibly due to the formation of bridging or
bidentate (mononuclear) complexes. The intensities of the
newly developing bands decrease from the initial to the final
solid upon continuing precipitation and further Al(m)
addition. Whilst the one at 1456 cm™" exhibits a stronger
gradual decrease, these bands also shift back slightly towards
lower wavenumbers (from 1406 cm™' and 1456 cm™' to
1404 cm™" and 1451 cm™ ", respectively). Simultaneously, the
Al-O region shows two characteristic bands at 659 cm™' and
572 em™'. The former band retains the initial position and
similar intensity during the entire precipitation process,
suggesting that it represents the initial formation of Al-O
bonds with the oxygen atom from carboxylate groups of the
peptide. The latter band shifts to 558 cm™" upon further Al(ui)
addition, i.e., moving towards a position characteristic for Al-
O bonds within octahedrally coordinated Al(u) sites. Its inten-
sity constantly increases, implying possible secondary nuclea-
tion of Al(m) (oxy)(hydr)oxide, as already mentioned in the
context of the titration date above. The above-discussed spec-
tral changes in the carboxylate region thus relate to the
dynamic and continuous development of Al-O bonds within
octahedrally-coordinated Al(m). The amide I band at
1645 cm™" in all solids derived from App. I overlaps with the
broad vibrational bands in the spectral region around
1600 cm™ ', suggesting that the amide I backbone region,
besides the carboxylate group, is possibly involved in the inter-
action with Al(m) species. This can be understood as a conse-
quence of the backbone proximity since only one ~-CH, group
is in the sidechain. The OH region (3000-3700 cm™'), upon
continuing precipitation, remains more similar to that of
PAsp20 than to that of Al(OH);, Fig. 2. Remarkably, almost no
bands develop in the Al-O-H region (870-1150 cm™') in
App. 1. Increasing the pAsp20 concentration in App. I, no
further spectral characteristics of Al(u) (oxy)(hydr)oxide
appear, Fig. S8,7 which agrees with the results from the titra-
tion curves and an exhaustion of the additive effect after the
initial reaction between Al(ur) and the peptide.

In App. II at pH 4.5, dosing pAsp20 solution into pre-hydro-
lysed Al(ur) states induces distinct spectral features compared
to App. I (Fig. 2 and Fig. S71). The extent of the shift of the
symmetric COO™ vibrational band towards higher wavenum-
bers is lower than in App. I, implying that less rigid bonds to
Al(mr) are formed. The solid derived from the BPS state in App.
II exhibits FTIR spectral characteristics that are qualitatively
similar to those of the final solid in App. I, although the
amount of added Al(m) in the former approach is way lower
than in the latter (for more details, please see ESI, section
1.1%). In case of the APS I and II hydrolysis/phase separation
states, upon dosing the pAsp20 solution, the symmetric COO™
vibrational band changes to a lesser extent and remains closer
to the positions of the bands of pure pAsp20. Also, the inten-
sity of the newly formed band decreases. The most significant
difference occurs in the region of 800-1100 cm™. For the

This journal is © the Partner Organisations 2025
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solids derived from APS I and II, this spectral region is similar
to that of Al(OH); obtained at pH 7. Regarding the Al-O
vibrations of octahedrally-coordinated Al, the band at
653 cm™" does not change its position and intensity, whilst the
band at 550 cm™" shifts to lower wavenumbers (532 cm™).
This is practically identical to the corresponding band in Al
(OH);, implying similar chemical bonding. The amide I band
becomes better distinguishable when compared to App. I as
the system develops towards APS II. The spectral region of the
O-H stretching vibration at higher wavenumbers progressively
develops from the BPS to the APS II stage. The developed
vibrational bands indicate the formation of a mixture of Al(r)
(oxy)(hydr)oxide and hydroxide, probably gibbsite.

At pH 5, in App. I, the band due to the symmetric carboxy-
late vibration splits, whilst it is practically preserved in App. IL
The broad feature in the OH region at high wavenumbers is
better developed than at pH 4.5, in line with the aqueous Al(m)
chemistry, as Al(OH); formation is more favourable at pH 5. In
App. II, the same region essentially resembles that of Al(OH)s.
Comparing the two approaches further, the amide I region in
the presence of pAsp20 in App. II can be better distinguished
than in App. I. The band due to Al-O vibrational modes at
lower wavenumbers becomes more uniform and the shoulder
at higher wavenumbers is weaker in solids from App. II than
App. I The intensity of bands in the Al-O region in App. II
increases compared to App. I (relative to the intensities of
bands in the fingerprint region for the pristine additive). At
pH 7, both approaches provide clear evidence for the for-
mation of Al(OH);-pAsp20 hybrids, Fig. 2, whilst the bands in
the pAsp20 region exhibit lower relative intensities than at
lower pH values, implying favourable Al(OH); formation.
Altogether, the possibility to tailor chemical interactions in the
different systems based on the extent of hydrolysis/phase sep-
aration and the addition sequence of the reactants is obvious.

The particles derived in App. I at pH 4.5 in presence of
PAsp20, Fig. 3(A), are mostly irregular and heterogeneous, with
a size around 200 nm. Smaller particles also appear, implying,
possibly, two different growth mechanisms. Increasing the
PAsp20 concentration leads to bigger but also more irregular
particles, Fig. 3(B). In App. II, the particles are way smaller,
between 50 and 100 nm, and exhibit a rather high uniformity
in size and shape in both BPS and APS II states, Fig. 3(C and
D). This implies that more controlled nucleation and growth
conditions are realized in presence of the peptide in these
hydrolysis stages. Al(OH); synthesized at pH 7, Fig. 3(E), exhi-
bits uniform particles below 100 nm, which are morphologi-
cally similar to the particles derived in App. II.

The thermogravimetric (TG) behaviour of the solids formed
in the different Al(m) systems with pAsp20, Fig. 3(G), shows an
initial mass loss of about 10-15 wt% up to 110 °C, originating
from loosely bound water. The main step of mass loss is the
degradation of the organic constituents, accompanied by an
exothermic feature in the DSC trace. The mass loss due to
decomposition of the organics is very sensitive to the chosen
experimental approach. In App. I, the pAsp20 degradation
occurs at 375 °C, in the BPS state, at 378 °C, whilst in the APS
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states, the organics decompose at 390 °C, indicating improved
thermal stability, which can be explained by the different
binding characteristics discussed above. The remaining mass
of the solid (in the form of Al,0;) after the thermal treatment
is higher in App. II than in App. I (except for BPS due to the
small amount of added Al(m)); the mass of the remaining solid
increases from BPS to the APS III state, and in the latter equals
35%, which is significant compared to 58% for the pure Al
(OH);, Fig. 3(F). Based on EDX analyses (spectra not shown),
the amount of Al(m) increases in App. II as the hydrolysis/
phase separation proceeds, becoming higher than in
App. L. Here, this is quantified as the Al/N ratio, a relative
measure of the Al(m) amount over the peptide amount in the
solid, assuming that N originates dominantly from pAsp20.
For example, for APS II, the Al/N ratio is ~1.75, and for the
final solid from App. I, it is ~1.1. ICP-OES measurements of
the remaining supernatant solution after removing the precipi-
tate, Table S1,T show that Al(m) is more efficiently used in App.
II than in App. I, which, altogether, corroborates the notion of
a more controllable and adjustable reaction outcome when
applying App. II. Although measurable turbidity was observed
in the titration experiments in App. II at higher pAsp20 con-
centrations, Fig. 1, low-intensity spikes in the transparency
curve sporadically appeared earlier. Nevertheless, upon stop-
ping the peptide addition after 5000 s, i.e., at a pAsp20 concen-
tration of ~0.01 g 17%, in the BPS and APS II states, where no
macroscopically detectable drop in the solution transparency
occurs as measured by an optrode at 610 nm, millimetre-sized,
white flocs floating on the surface of the solution volume in
the titration vessel of the APS II experiment appeared, Fig. 3
(H). The whole reaction volume was isolated by vacuum fil-
tration through a 50 nm filter (followed by washing with HCI
at pH 4.5 and then MiliQ water). The isolated solids consist of
small and uniform particles, Fig. 3(I and J), with a size of less
than 50 nm; the EDX analysis indicates a significantly higher
Al/N ratio than in the final solids (~4), Fig. 3(K), implying that
these species represent intermediate species towards the final
material. This is especially important for the Al(m) system and
its interaction with the model peptide, pAsp20. While this is
also expected for other peptides/polymers, Al(m) is different
and more invasive compared to other triply charged metals,
e.g., Fe(u). Indeed, Fe(m) induces no precipitation of pAsp20
following App. I, but rather a controlled solid formation,
Fig. S9.1

The energetics of the Al(ur)-peptide additive interactions
were assessed at different pH values using isothermal titration
calorimetry (ITC), Fig. 4. In previous literature, 0.1 M NH,-
acetate buffer was applied during ITC measurements of Al(ur)
binding,*” also in the neutral pH range, where it has a minor
buffering capacity.>® Alternatively, sodium acetate buffer was
used to study the interaction of Ga(m) with a peptide.>® Here,
by applying potentiometric titration experiments equivalent to
App. I in the presence of 0.1 M NH,-acetate buffer, we
observed strong interactions between Al(m) and the buffer (see
below). To avoid this, ITC experiments without buffers were
designed to complement the titration experiments to the
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highest possible degree. The pH of the dosed Al(m) solutions
was lower (but not more than ~0.5-1.5 pH units, more infor-
mation in ESI, section 1.31) than the actual pH value in the
ITC chamber. This ensures experimental conditions as in titra-
tion experiments in App. I, i.e., dosing more acidic Al(m) solu-
tion into solutions at higher pH values, but without inducing
strong pH changes (ApH < 0.05 pH unit). The ITC-signal inten-

6240 | /norg. Chem. Front,, 2025, 12, 6235-6245

sity upon dosing pure 0.5 mM Al(m) into HCI (the bottom
graphs in Fig. 4(A-D)) is low at pH 4.0 since Al(m) hydrolysis
occurs to a minor extent. Consistently, it becomes significantly
stronger (4-5 times) at pH 4.5 and 5. For dosing a buffered Al
() solution in buffered pAsp20 at pH 4.5, following previously
reported ITC procedures,”” way weaker ITC-signal intensities
are recorded, Fig. S10(A),} even at a two times higher Al(m)

This journal is © the Partner Organisations 2025
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Fig. 4 ITC traces in the Al(i)—pAsp20 system at different pH values: (A)

4.0, (B) 4.5, (C) 5.0, and (D) 5.0 after forced hydrolysis. The bottom row of

the panels represents the energetic effect originating only from dosing Al(i) in HCl at the given experimental conditions, demonstrating the effect of

Al(m) hydrolysis (see also Fig. S117).

concentration, compared to unbuffered systems. Indeed, if the
buffered Al(m) solution is dosed in the buffer, as a control
experiment, only pure dilution is explored in the buffered
systems, Fig. S10(B).f Thus, in presence of the buffer, no
actual insight into the Al(m) hydrolysis behaviour can be
obtained, since Al(ui) strongly interacts with the buffer, as is
obvious from the titration experiment, Fig. S10(C). Keeping in
mind that these signals are used as a reference for the evalu-
ation of the ITC results of the Al(ur)-pAsp20 systems, neglect-
ing to address the Al(m) hydrolysis in ITC data directly affects
the results.

As the first experimental points are strongly influenced by
Al(m) hydrolysis at pH 4.5 and higher, they are not considered
in the data evaluation, and corresponding standard enthalpy
(AHP) values fall significantly below the s-shaped curve (as is
understandable from the difference in absolute power (DP)

values of the actual experiment and control experiment, in
Fig. 4 the first and the third row). The thermodynamic and
binding parameters are distinct for chemical environments
with low (pH 4.0) and high (pH 4.5 and 5.0) driving forces for
Al(m) hydrolysis. The interaction is spontaneous and entropy-
driven. The reaction becomes more favourable at higher pH
values, ie., the standard free enthalpy (AG°®) becomes more
negative, Table 1; the enthalpic and entropic contributions sig-
nificantly increase at pH 4.5 compared to 4.0, whilst at pH 5.0,
the enthalpic term is less limiting. Driving Al(m) hydrolysis by
adding NaOH solution before conducting an experiment at pH
5.0 (the system starts to buffer the pH change at pH ~4.7)
leads to a higher stoichiometry (i.e., the number of Al bound
per COOH group) but significantly decreases the enthalpic and
entropic contributions. Consistently, already hydrolysed Al(ur)
solution exhibits less energetic changes upon subsequent

Table 1 Thermodynamic and binding parameters, with standard deviations, of the Al(1)—pAsp20 system derived from ITC measurements at 25 °C

(N =3)

System pH n* Kp/107° M AHC/K] mol™* AG°/k] mol™* AS°/J mol ™t K™*
Al-pAsp20 4.0 0.081 + 0.005 7.20 + 1.86 49.79 + 4.60 —29.46 + 0.63 265.23 + 13.33
Al-pAsp20 4.5 0.144 + 0.005 1.61 + 0.02 55.09 + 2.05 —33.08 + 0.30 295.63 + 0.83
Al-pAsp20 5.0 0.137 + 0.005 3.67 +1.36 41.09 + 4.02 —-31.13 + 0.96 242.07 +10.95
Al-pAsp20 (hydrolysed) 5.0 0.175 + 0.004 4.05 +0.91 27.40 +2.43 —30.84 + 0.63 195.48 + 6.60
Al-PASP20,¢r 4.5 0.113 + 0.008 14.75 + 0.35 18.53 + 0.67 —27.57 + 0.06 155.06 + 0.99

* Stoichiometry (the number of Al bound per COOH group).
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dosing into the peptide solution when compared to the ITC
experiments at pH 5.0. The binding constant does not show a
clear trend with changing pH, but seems to be way lower at pH
4.5 than at other pH values. As expected, the interaction ener-
getics in the presence of a 0.1 M NH,-acetate buffer are com-
pletely different and strongly underestimated, as determined
at pH 4.5, caused by the binding of Al(m) to the buffer mole-
cules. It should be noted that emulating the App. II titration
experiments in ITC, i.e., dosing 0.5 mg ml™" pAsp20 solution
into Al(m) in the APS II state at pH 4.5, did not produce data
that could be evaluated (not shown here); no saturation of the
ITC-intensity occurs and the reaction produces a lower DP sig-
nature, implying a different interaction mechanism. At pH 3,
no measurable heat profiles due to binding of Al(m) and
pAsp20 were detected at the used reactant concentrations at
25 °C.

The present study indicates the relevance of Al(u) hydrolysis
and phase separation for the outcome of metal-peptide inter-
actions. In a peptide-containing system, the addition of unhy-
drolysed Al(u) species causes the metal hydrolysis and the
interaction of hydrolysed metal species with the peptide, the
balance of which is the clue towards favourable reaction path-
ways. Fig. 5 schematically illustrates the two different
implemented approaches, proposing corresponding inter-
action mechanisms. According to our results, dosing unhydro-
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lysed Al(m) into peptide solutions (App. I) primarily leads to
the precipitation of pAsp20, probably as cross-linked Al(m)-
salts, partly deteriorating the peptide. In App. I, any dosed Al
(m) species, after being subjected to sudden hydrolysis due to
the higher pH in the pAsp20 solution, interacts with the avail-
able COOH groups of pAsp20. Monomeric or oligomeric Al(ur)
species, e.g., Al(u1) PNCs, can interact with COOH groups from
distinct pAsp20 chains, leading to their irreversible cross-
linking and removal of water molecules from the hydration
layer of the peptide. This finally leads to the peptide precipi-
tation from the solution at a sufficiently high Al(u) concen-
tration. By using App. 1I, we allow the system to reach distinct
hydrolysis/phase separation states. In this way, the system
partly reacts along the hydrolysis pathway, decreasing its inter-
action potential with the peptide via oligomerisation and for-
mation of Al-O(H)-Al or Al-O-Al bonds. This can occur either
at the same or different pH values. Then, pAsp20 molecules
are slowly added to solutions already rich in pre-hydrolysed
Al(mr), both in terms of their amount and structural/chemical
versatility, and the simultaneous interaction of more than one
Al(m) entity with the same pAsp20 molecule can occur since
many COOH groups per molecule are available.

This initial interaction plausibly leads to the formation of
intermediate, Al(m)-rich species, which later aggregate towards
final solids. Red arrows in Fig. 3(I) highlight elongated mor-

Peptide Peptide destabilisation & precipitation/secondary nucleation

AL AR

e

@,

% o

R
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Peptide-mediated Al(Il1)(oxy)(hydr)oxide nucleation

Fig. 5 Schematic illustration of the distinct investigated reaction approaches including the proposed underlying interaction mechanisms: App. |
(Al(n) in peptide solution) and App. Il (peptide in Al() solution). Solid blue circles represent undhydrolysed Al(i) with aqua ligands, solid green circles
represent Al() with hydroxo/oxo ligands and red triangles represent tetrahedrally coordinated Al(in) species that may occur in solution after phase

separation. For explanations, see the text.
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phological features observed in the system following App. II,
appearing between the dried blocks of the bulk material in
different samples. This observation implies that the Al(ur) (oxy)
(hydr)oxide nucleation process could start by “mineralising”
the peptide chains, but the exact nature of these features still
needs to be confirmed.

The Al(m) interaction with pAsp20 cannot be considered
solely as a cumulative effect of multiplied functional groups,
but rather as an orchestrated response that depends on the
macromolecular conformation, molecular size, hydrogen
bonding, sidechain characteristics, and bond rigidity. Indeed,
in neither App. I nor App. II as conducted here, metal hydro-
lysis and interaction of hydrolysed metal species with organic
molecules occur separately, and they need to be considered as
a whole, finding an optimal trade-off towards specific appli-
cations and outcomes. Although the pH level intimately influ-
ences the deprotonation degree of pAsp20, it does not signifi-
cantly change in the range of pH 4 to 5, being between
40-60%,*° and thus, cannot explain the observed experimental
differences, especially as a stronger interaction would be
expected at higher pH values.

Herein, we demonstrated the feasibility of a hydrolysis
“spin-off” strategy for different Al(m) hydrolysis/phase separ-
ation states and pH values. Giving a hydrolysing system an
initial chemical momentum, ie., using it for hydrolysis
instead of exposing the peptide directly to highly energetic Al
(m) species, leads to positive outcomes regarding the peptide-
mediated formation of Al(m) (oxy)(hydr)oxide and the struc-
tural characteristics of the peptide, which are preserved to a
large extent. This may be crucial in e.g., pharmacy and bio-
medical applications. The selected hydrolysis points are often
neglected in experimental procedures due to minuscule differ-
ences in the total Al(m) concentrations, accompanied by the
absence of optically detectable precipitation, although they
represent distinct chemical/structural states giving rise to
chemically very different reaction outcomes. We speculate that
controlling the initially hydrolysing system over a wide reaction
window (which can comprise pH, temperature, solvent, exter-
nal physical fields, spectator solute species, and any other
parameter), may open new avenues towards developing hybrid
inorganic-organic materials and preventing detrimental
effects on vital chemical components. Eventually, this progress
is based upon an improved understanding of the chemical
reactions of metal hydrolytic species and the nucleation
process of corresponding (oxy)(hydr)oxides.

Conclusions

We systematically studied the early stages of Al(u1) (oxy)(hydr)
oxide formation in the presence of a “biomimetic” model
peptide poly-aspartic (pAsp20) acid using potentiometric titra-
tions. Depending on the experimental approach, i.e., adding
unhydrolysed Al(m) directly into peptide solution, or adding
the peptide into Al(m) solutions carefully driven to specific
hydrolysis/phase separation states (with minuscule differences

This journal is © the Partner Organisations 2025
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in the total Al(m) concentrations and no optically detectable
precipitate), these two approaches resulted in distinct out-
comes, Al(m)-induced peptide precipitation (alongside peptide
deterioration) and peptide-mediated Al(u) (oxy)(hydr)oxide
nucleation, respectively. The second experimental approach
constitutes a hydrolysis “spin-off” strategy, allowing the con-
trolled synthesis of hybrid materials with improved morpho-
logical homogeneity, more precisely controllable chemical and
compositional characteristics, and higher thermal stability.
Implementing the hydrolysis spin-off strategy proposed here
can open new avenues for exploiting the rich chemistry at the
mineral-organic interface, finding potential applications in
environmental remediation, resource recovery and exploita-
tion, up-cycling, medicine, and the pharmaceutical industry,
requiring cost-efficient and specifically tailored chemical
systems. This strategy can also be employed for plentiful
organic compounds, especially those with polymeric character-
istics, like peptides and proteins. Indeed, the polymer pro-
perties, such as the type of chemical bonds, the length of the
sidechain, molecular mass, and structural rigidity, may influ-
ence final reaction outcomes and need to be carefully studied.
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