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Zinc Phosphate Nanoparticles Produced in Saliva

Patrick E. J. Saloga,’®®! Glen J. Smales,® Adam H. Clark,[¥! and Andreas F. Thiinemann*!

Abstract: This paper reports the formation of zinc phosphate
nanoparticles from the artificial digestion of zinc chloride. Ini-
tially, the formation of amorphous primary particles with a
mean radius of 1.1 nm is observed, alongside the formation of
larger, protein stabilized aggregates. These aggregates, with a
radius of gyration of 37 nm, are observed after 5 minutes of
exposure to artificial saliva and are shown to be colloidally sta-
ble for a minimum time of two weeks. The initially formed pri-
\mary particles are thought to consist of amorphous zinc phos-

phate, which is then transformed into crystalline
Zn5(PO,)»+4H50 over the course of two weeks. Our results dem-
onstrate that the interaction of inorganic salts with bodily fluids
can induce the formation of de novo nanoparticles, which in
turn, provides insights into how zinc-enriched foods may also
facilitate the formation of nanoparticles upon contact with sa-
liva. As such, this may be considered as an undesirable
(bio)mineralization.
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Introduction

Zinc salts are commonly added to food and cosmetic products
to promote health and well-being, as zinc is an essential trace
element required by the hundreds of different enzymes within
the human body."! The recommended daily zinc intake is 8-
11 mg,? and levels of zinc within the body are maintained
predominantly through absorption and excretion within the
gastrointestinal tract.’®! Zinc salts, instead of elemental zinc, are
added to products intended for human use/consumption, such
as cereals and mouthwash, often in the form of compounds
such as zinc acetate, zinc chloride, zinc gluconate and zinc glu-
tamate.” However, the use of zinc-enriched products can lead
to the intake of excessive amounts of zinc (> 40 mg/day), which
can induce adverse effects, such as dysfunctions of the gastro-
intestinal tract, or a reduced copper status.””! The achievement
of daily intake levels > 300 mg with zinc-enriched, over-the-
counter products has been reported to be potential causes of
anaemia and leukopenia.l”

For these reasons, cosmetic products within the European
Union, are only permitted to contain water-soluble zinc salts up
to concentrations of 1% to protect human health within the
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Single Market. Recently, Voss et al.?" evaluated the environ-
mental impact of ZnO nanoparticles by in vitro simulated
digestion.

In this study, zinc chloride (ZnCl,) at a mass fraction of
=~ 0.13 % in saliva, is utilized to study the effects that can occur
upon its addition to saliva, and more precisely, evaluate
whether the formation of nano-scale structures occurs. This is
particularly relevant from a toxicological point of view where
the chemical transformation, or the de novo formation of nano-
structures with different toxicological properties to those of the
originally ingested material, can take place.

Results

Formation of Nanoparticles

An aqueous solution of zinc chloride (sample A) was added to
a solution of artificial saliva (sample B), which abides by the
German standard DIN 19378.71 As per the NANOGENOTOX pro-
tocol for producing suitable, manufactured nanomaterial expo-
sure media, the artificial saliva contained the protein bovine
serum albumin (BSA).1®!

The samples were examined after the addition of the zinc
salt to artificial saliva at time intervals of five minutes (sample
Q), seven hours (sample D), and after a period of storage of two
weeks (sample E).

For the investigation of the samples in a size range of ap-
proximately 0.3 - 300 nm, small-angle X-ray scattering (SAXS)
was utilized as a method of choice, in combination with wide-
angle X-ray scattering (WAXS) to detect changes in crystalline
structures. Sample B was used as background, for which the
SAXS data of samples C, D, and E was corrected (see Figure S1,
Supporting Information).

We found that the intensity of the SAXS signal increases rap-
idly upon the addition of ZnCl, to artificial saliva, and upon
investigation of sample C, the scattering curve exhibits features
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Figure 1. SAXS data of samples C, D, and E (symbols). The model curves (red, solid lines) are the sum of the scattering contribution from the particles
according to Equation (1) (blue, solid lines) and a background according to Equation (2) (gray lines). The particle scattering is the product of the form factor
of log-normally distributed spheres according to Equation (3) (blue dashed lines) and the mass fractal structure factor according to Equation (7). The structure

factors are depicted in Figure S2 (Supporting Information).

typically expected from the presence of nano-scale structures
(see Figure 1).

The SAXS pattern can be described well by the presence of
two populations of nanostructures from the bumps observed
in the data at g-values of ca. 0.1 and 1 nm~". Due to this, the
scattering curves are modelled as the sum of a contribution
from small primary particles that form aggregates (mass fractal
agglomerates),®'% alongside a contribution from larger parti-
cles with radii of several hundred nanometers, due to the SAXS
patterns’ tendency towards a slope of g™ at low g-values.

Briefly, the scattering intensity /(g) as a function of the scat-
tering vector g is the product of the particle form factor P(q)
and the structure factor S(g), and it is complemented by a back-
ground function according to Equations (1) and (2).

1(q) = P(q)5(q) + Ihkg(q) (1)

Iyxg(q) = a+bg™* (2)

lokg(@) was introduced to compensate for structures larger
than ca. 300 nm in radius, whose scattering signal — as a first
approximation — was expected to drop off with g™ in the g-
range under investigation.

The form factor of a log-normal size distribution of spherical
particles is composed of said size distribution AN, R,
Rmedians Olog) @and the scattering from a single sphere (A7, g, R)
in Equation (3) as:

P(Q) = fom f(N’ R, Rmeclian: Ulog)IS(Anﬂ q, R) dR. 3)

Here, N is the particle number density, R the sphere radius,
Rmedian the median sphere radius, 0,4 the width parameter of
the size distribution, and Az the scattering length density dif-
ference between the particles and the surrounding medium.
The log-normal size distribution is defined as Equation (4):

_(nR-In Rmedian)” (4)
2“129g

N
f(N: R, Rmedian' Glog) = W exp

T
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and the scattering of a single sphere as Equation (5):

3(sin qR—qR cos qR) 2 (5)

4
Iy(&n,q, R) = [{nR%an * 1

P(q) is depicted in Figure 1 as the blue, dashed line and
corresponds to the scattering of non-interacting particles, i.e.
S(g) = 1. The corresponding number density of particles N and
the size distribution parameters R eqian, and 0joq Can be found
in Table S1 (Supporting Information). From these values, the
mean radius Rmean and the width o of the size distribution were
calculated in Equation (6):

(6)

Rinean = Rinedian® = Rinean (ezclzog - eUIZOg)Z'

To include particle-particle interactions such as the forma-
tion of agglomerates, a g-dependent structure factor needs to
be introduced. Equation (7) depicts the structure factor of said
mass fractal, with the fractal dimension D, the mean radius of
the individual particles ry, the distance from the fractal center
r, and the fractal correlation cut-off £. In general, ry can be inter-
preted as the particle radius including any stabilizing shell sepa-
rating the individual particles, and & as the fractal aggregate
radius.>'% The structure factors as a function of the scattering
vector are depicted in Figure S2 (Supporting Information).
S(g) =1 +% Jo TP~ exp [—%]Si:’—frdr. 7)

The integral in S(g) can be solved analytically according to
Equation (8):

DI'(D-1) sin[(D—1) arctan g&] @)

S@=1+ (qro)?  [1+(q9=2]@-/2

Multiplication of the structure factor with the form factor as
in Equation (1) yields the scattering intensity /(g) of an aggre-
gate consisting of log-normally distributed spherical particles,
and is depicted in Figure 1 as the blue, solid line. That way, the
parameters of the mass fractal ry, &€ and D were obtained.

Furthermore, the radius of gyration Ry and the aggregation
number N,,, were determined in Equation (9) as:

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. X-ray absorption fine structure (XAFS) spectra measured at the Zn K-edge of samples A, C, D, and E (left, solid lines), and coordination numbers of
zinc (right) with regard to chlorine (squares, left axis of ordinate) and oxygen (circles, right axis of ordinate) as determined from fitting to the EXAFS region.

Ry =500+ 1)]%and Nagg = (%), ©)

To

The particle size distribution parameters obtained from the
aforementioned theory can be found in Table S1 (Supporting
Information).

X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) measurements were car-
ried out to investigate the local structural environment of zinc
within the reaction medium. The X-ray absorption fine structure
(XAFS) of the zinc-containing samples (A, C, D, and E) at the Zn
K-edge (9660 eV) is shown in Figure 2 (left), with the refined
Zn—Cl and Zn-0 coordination numbers (right) obtained from
fitting of the extended X-ray absorption fine structure (EXAFS).
The X-ray absorption near edge structure (XANES) is shown with
an enlarged inset focusing on the top of the edge (left). EXAFS
fitting was performed with k? weighting between 2.1 and
10.3 A" to refine the local geometric structure. The quality of
the EXAFS fitting is shown in Figure S3 (Supporting Informa-
tion) for both R- and k-spaces, demonstrating a close agree-
ment between the model and the data for all samples. The
bond length of Zn-O and Zn-ClI refined to be approximately
1.94 A and 2.36 A which are in line with the structure of ZnO
and ZnCl, respectively.

Compound Identification

Infrared spectroscopy (IR) and wide-angle X-ray scattering
(WAXS) were employed to determine the chemical composition
of the nanostructures formed in the digestive process. Since
after combining aqueous solutions of ZnCl, and the respective
component of saliva (see Table 1), formation of a precipitate
was only evident in the cases of KH,PO, and NaHCOs, these
samples were selected for comparison with sample C (ZnCl, in
saliva). IR spectra were recorded and are depicted in Figure 3,
and WAXS data is displayed in Figure 4, alongside reference
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data for CaSO,-2H,0 and Zn3(PO,),+4H-0, taken from ICSD Col-
lection Codes 161622!'"! and 1945.['2

Table 1. Composition of artificial saliva.

Compound Supplier Amount [mg]
a-Amylase Sigma-Aldrich 41.9
CaCl,-2H,0 NeolLab 25.0
KCl NeolLab 75.0
KH,PO, AppliChem 100.0
Mucin Sigma-Aldrich 1253
Nacl NeolLab 83.4
NaHCO; NeolLab 25.0
NaSCN Carl Roth 25.0
Na,S0,4:10H,0 AppliChem 207.9
Urea AppliChem 1.7
Uric acid AppliChem 16.7
Discussion

To elucidate whether the addition of an aqueous solution of
ZnCl, to artificial saliva could induce the formation of nano-
structures, a corresponding solution was characterized by
means of SAXS, XAFS, WAXS, and IR at three time points
throughout the digestion procedure. In total, the following five
samples were obtained and examined: 6.8 % ZnCl, in H,O be-
fore the addition to saliva (sample A), artificial saliva without
zinc (sample B), and 0.13 % ZnCl, in saliva after five minutes
(sample C), seven hours (sample D), and after a storage period
of two weeks (sample E). SAXS curves were obtained from sam-
ples B, C, D, and E, with sample B acting as a background cor-
rection for the other three samples. XAFS measurements were
performed on the zinc-containing samples A, C, D, and E, whilst
WAXS measurements were performed on all samples. The iden-
tification of the products formed was complemented by IR
measurements of sample C.

It may also be desirable to additionally characterize the sam-
ples with imaging techniques, such as SEM and TEM, however,
saliva does not conform well to such methods due to its high
content of salts and proteins.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Infrared absorbance spectra of the precipitate formed from ZnCl,
in aqueous solutions of NaHCO; (top), KH,PO, (middle), and in saliva
(bottom). The top spectrum shows absorption bands characteristic of the
carbonate ion (antisymmetric stretching modes at ¥ = 1513 cm™' and
1388 cm™', symmetric stretching mode at ¥ = 1054 cm™, and bending modes
at ¥ = 953 cm™' and 832 cm™'). The two remaining spectra show absorption
bands associated with the phosphate ion (symmetric and antisymmetric
stretching modes between ¥ = 800 cm™' and 1200 cm™') and water of hydra-
tion (bending modes around ¥ = 1600 cm™).
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Figure 4. Wide-angle X-ray scattering data of samples A-E (solid lines) and
reference data for CaS0,4:2H,0 (bars at sample B) and Zn3(PO,),-4H,0 (bars
at sample E), taken from ICSD Collection Codes 161622!""! and 1945,'% re-
spectively.

From SAXS measurements, the formation of nanoparticles
was observed within five minutes of incubation in artificial sa-
liva. Small primary particles, exhibiting a mean radius of Ryean =
1.1 £ 0.2 nm and a distribution width of o = 0.7 + 0.2 nm, were
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found to aggregate, alongside structures larger than the maxi-
mum visible range of the data (ca. 300 nm in radius) in samples
C, D, and E. From fits of the SAXS data, it can be seen that the
resulting parameters describing the primary particles remained
unchanged, within their relative uncertainties, throughout the
experiments (samples C, D and E). This gives a good indication
that the primary particles are present from the beginning, with
their size distribution not changing significantly over the re-
maining period. Hence, only changes in the chemical composi-
tion and interaction with the environment are thought to be
possible.

Within the scope of identifying the chemical composition
of the formed particles, infrared spectroscopy measurements
revealed similarities between the precipitates formed from
ZnCl, with KH,PO, and in saliva whilst the sample formed in the
presence of NaHCO; is substantially different (Figure 3). More
specifically, the latter displayed strong absorption bands at v =
1513 cm™ and 1388 cm™', which are associated with the anti-
symmetric stretching modes of the carbonate ion.'3 Bands
stemming from the symmetric stretching mode (1054 cm™')
and the bending modes (953 cm™ and 832 cm™) are also ob-
served. Hales and Frost performed infrared spectroscopy stud-
ies on smithsonite (ZnCO3) and hydrozincite [Zns(CO3),(OH)gl.
They attributed the occurrence of the otherwise IR-inactive
symmetric stretching mode and of several antisymmetric
stretching modes in hydrozincite to the reduced symmetry as
compared to smithsonite.

The other two samples, on the other hand, show several
bands in the 800 cm™" - 1200 cm~'-region that are typical for
the phosphate ion and assigned to symmetric and antisymmet-
ric stretching modes.!'"™ The broader, less pronounced bands
around 1600 cm™ are thought to originate from bending
modes of water of hydration. Therefore, it was assumed that a
hydrated zinc phosphate forms upon the addition of ZnCl, to
saliva and wide-angle X-ray scattering (WAXS) measurements of
the dried samples A-E were carried out (Figure 4).

As a reference, the scattering pattern of ZnCl, was collected
(sample A), however this characteristic signal is not found in
the subsequent samples, indicating that the compound has un-
dergone a chemical transformation. Upon centrifugation and
drying of the artificial saliva (sample B), scattering peaks of
CaS0,42H,0 became visible at ¢ = 828 nm™', 14.84 nm™,
16.55 nm~', and in the region of g > 20 nm~'. These peaks
remained visible in subsequent samples C and D. CaSO,4-2H,0
is thought to have formed due to the presence of CaCl,-2H,0
and Na,SO0,4:10H,0 in saliva, and has been identified by com-
parison to a reference pattern (bars at sample B, ICSD collection
code 161622).""1 The signal from CaS0,-2H,0 is seen to domi-
nate the pattern obtained from sample C, suggesting that
shortly after the injection of the ZnCl, solution, no considerable
amounts of other crystalline material were formed. However,
small, broad diffraction peaks at g = 9.56 nm~" and 11.16 nm~!
were observed in both sample C and D (asterisks), but not in
the final product (sample E). This may indicate the formation of
an intermediate, thought to be hydrozincite [Zns(CO3),(OH)g],
which exhibits diffraction peaks at similar positions (ICSD collec-
tion code 16583).'*) Shifts in the X-ray absorption near edge

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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fine structure (XANES) region of the X-ray absorption spectra
(XAS) data support this assumption, as discussed later in more
detail. Seven hours after the ZnCl, injection, besides scattering
peaks of CaCl,-2H,0, those of the final product Zn;(PO,),-4H,0
became visible in the WAXS pattern of the dried sample D, al-
though slightly shifted to higher g-values. For instance, the
(020) scattering peak appeared at g = 7.11 nm~" and was ob-
served to be broadened in comparison to that seen in sample
E at g = 6.83 nm™". In comparison to the SAXS curves of the
liquid samples D and E, it can be seen that the said scattering
peak is only visible in sample E, with the diffraction signal most
likely being masked by the scattering of water in sample D.

Scattering of Zn3(PO,),+4H,0 was not observed in sample C,
and non-crystalline intermediates during the formation of zinc
phosphate have been reported in the literature. For instance,
Roming et al. reported on the presence of non-crystalline zinc
phosphate structures in nanoparticles obtained from a polyol-
mediated synthesis.['® Despite the application of a whole series
of analytical methods, such as solid state P-NMR, they were
unable to elucidate the structure exactly. However, the pres-
ence of a low-molecular organic compound (diethylene glycol)
in the structure are thought to be responsible for the observed
delay in crystallization. Similarly, in an elaborate study by Bach
et al., the presence of non-crystalline zinc phosphate nanoparti-
cles as intermediate species, during the formation of crystalline
zinc phosphate hydrates, was confirmed.!'” This is consistent
with the observed delay, of more than 24 hours, for the appear-
ance of Bragg reflections in a BSA-templated synthesis of zinc
phosphate nanocomposites, as reported by Song et al.l'®
Therefore, we speculate that the particles observed in sample
C initially consist of a non-crystalline zinc phosphate and, simi-
lar to that reported by Roming et al., exhibit a significant delay
in crystallization due to organic components of the artificial
saliva. Lastly, the WAXS pattern of sample E was only indicative
of the formation of Zn3(PO,),-4H,0 and no signals of ZnCl,,
CaCl,+2H,0, or the possible intermediates were found, indicat-
ing that the chemical transformation from ZnCl, to
Zn3(P0,4),*4H,0 was only complete after the storage period of
two weeks. Based on the described results of the WAXS and
XAFS investigations, it is assumed that this transformation pro-
ceeds via precursors of amorphous zinc phosphate and hydro-
zincite, both compounds being sparingly soluble in water.

The formation of Zn;(PO,),+4H,0 instead of Zn;(CO3),(OH)e
as the final product is in accordance with the respective solubil-
ity values reported in literature: For the dissolution of
Zn5(P0,),+4H,0 according to Equation (10), Nriagu' found a
solubility product constant Kp in the order of 1022 M° while
for the dissolution of Zns(CO3),(OH)s according to Equation (11),
a Kc of 10774 M2 can be found.l?”! K, and K¢ can be converted
to molar solubilities Sp and Sc according to Equation (12) and
Equation (13), respectively.

VA ﬁ 2+ - - (10)
n3(P0,), - 4 H,0 =3 Zn** + 2 H,PO; + 4 OH

K
Zn(OH), ,(CO3)o, = Zn2* + 1.2 OH™ + 0.4C02~ (an

From the resultant values of Sp = 5% 107 M and S¢c =
2.5 % 107® m, the lower solubility of Zn;(PO,),*4H,O compared
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Kp = (35p)3(25p)2(4Sp)* & Sp = (Kp/27648)1/° (12)

Kc = Sc(1.25:)12(0.4S:)%* < S = (K¢/0.48)1/26 (13)

to Zns(CO3),(OH)e becomes apparent, which implies a preferred
formation of the phosphate.

A deeper insight into the changes in chemical composition
and crystal structure was obtained by XAFS. Zinc is most com-
monly found in the +II oxidation state, with only rare cases of
Zn', found within compounds featuring Zn-Zn-bonds.!?"! XAFS
experiments confirmed the presence of Zn'" within the sample
and provided evidence that during the artificial digestion of
ZnCl; no Zn' species are formed.

A decrease in intensity of the absorption edge over time is
clearly visible (enlarged in the inset of Figure 2). The single peak
observed from sample A at an energy of 9668 + 1 eV, slowly
decreases and splits into two distinct absorption peaks within
the edge region at 9664 + 1 eV and 9670 + 1 eV. Furthermore,
a less pronounced feature directly after the white line develops
at 9677 £ 1 eV. Immediately after the injection of ZnCl, into
artificial saliva (sample C), the Zn K-edge is significantly altered
and shows decreasing white line intensity, a trend that pro-
gresses during the following seven hours, until sample D is ob-
tained. After storage, the white line intensity is further reduced,
whilst a doublet forms near the top of the edge in sample E,
which is in accordance with the XANES investigations of mineral
and synthetic zinc phosphate hydrates undertaken by Castorina
et al.?? Regarding sample A as the precursor and sample E as
the end product, the inset of Figure 2 shows that upon injection
of ZnCl,, a quick transformation to sample C occurs, whilst the
following change via sample D to the product, is much slower.
It can also be noted that there are no isosbestic points in the
XANES region, demonstrating the potential presence of an uni-
dentified intermediate. Hence, linear combination fitting of the
precursor and product to provide further insight into the XANES
data is not possible here. Thus, the XANES data supports the
assumption previously raised of the transient formation of an-
other zinc compound such as Zn5(CO3),(OH)e.

EXAFS analysis was performed to follow the change in local
coordination around Zn to gain additional insight. With regard
to the coordination numbers of zinc in relation to chlorine and
oxygen, it can be seen that the former is constantly increasing
over time, whilst the latter is decreasing. It is known, from the
literature, that ZnCl, can dissociate completely at low concen-
trations in aqueous solution.?3! In the presence of water, Zn?*
can coordinate octahedrally, whilst also remaining coordinated
to ClI~ at higher concentrations, explaining the higher coordina-
tion number of Zn?* in relation to CI- observed in sample A.
The results from EXAFS fitting are given in Table S2 (Supporting
Information). Due to high correlation with coordination num-
ber, the Debye-Waller factors ¢ were held constant after re-
finement from the ZnCl, precursor. The Zn-Cl bond length was
constrained for sample E due to the lack of contribution to the
EXAFS. All other parameters were freely refined.

Based on the XAS and WAXS investigations, we assume an
initial formation of amorphous zinc phosphate, with the partici-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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pation of hydrozincite as an intermediate, being a similarly spar-
ingly soluble compound, but not the most thermodynamically
stable.  Subsequently, the conversion to crystalline
Zn3(P0O,),+4H,0 proceeds over a period of two weeks, however
definitive statements about the kinetics of particle formation
go beyond the scope of this study.

Examining further structural parameters obtained from SAXS
analysis, the particle number densities N of the primary parti-
cles is seen to remain unchanged within uncertainties in sam-
ples Cand D (at 5.2 + 0.1 x 10" mL™", and 4.6 +£ 0.6 x 10"> mL™,
respectively). After two weeks of storage (sample E), a near 20-
fold increase in the primary particle number density to
80.6 + 0.2 x 10"> mL™" is observed.

Particle—particle interactions are represented in SAXS curve
fitting by the structure factor, yielding information on the ag-
gregates formed, such as aggregation number N,q, radius of
gyration Ry, aggregate radius &, and the radius of the single
objects within the aggregates r,. The latter is not to be con-
fused with the mean particle radius Rycan as in the case of
particles surrounded by a shell of lower scattering contrast,
Rmean May not include said shell in contrast to r.

In all cases, the mean radius of the particle cores Rpean Was
smaller than the core/shell radius ro, indicating that within the
aggregates formed, particles were separated and stabilized by
an intermediate layer, which was assumed to be made up from
protein found within the artificial saliva. More specifically, the
samples contained a-amylase, BSA, as well as mucin (highly gly-
cosylated proteins). BSA, for instance, is known to possess sev-
eral cation binding sites, which can be formed by aromatic
amino acid residues, and is used in the templated synthesis of
inorganic nanostructures.['824251 However, more precise state-
ments regarding the participation of the proteins present in the
saliva samples in the nanostructure formation cannot be made
at this point due to the high complexity of the reaction media.
The structural parameters describing the primary particles ag-
gregating changed over time: mean core/shell radii decreased
significantly, from ro = 2.2 +£ 0.2 nm to 1.7 + 0.1 nm, during the
first seven hours of incubation time between the collection of
samples C and D, and remained the same within uncertainties
during the following storage over two weeks yielding sample
E. This indicates a likewise change of the thickness of the stabi-
lizing shell, i.e. the particles became more tightly packed along-
side their transformation into crystalline zinc phosphate.

Contrary, aggregate radius &, radius of gyration Ry, and ag-
gregation number N,q4 did only change significantly during the
period of storage between collection of samples D and E. It was
found that the aggregate radius increased from & =
15.7 £0.2 nm in sample D to 22.4 = 0.1 nm in sample E, which
is reflected in likewise increasing radii of gyration (from Ry =
36 £ 1 nmto 49 = 1 nm) and aggregation numbers (from N,qq =
4400 £+ 200 to 9000 + 100). These observations indicate that
during the first seven hours, in which the transformation of
ZnCl, into crystalline Zn3(PO,),+4H,0 occurs, only the particle
concentration within the aggregates increased. In contrast, the
particles remained unchanged during subsequent storage,
while the aggregates grew in size and approximately 20-fold in
number density.

Eur. J. Inorg. Chem. 2020, 3654-3661 www.eurjic.org

3659

Conclusion

Upon the addition of ZnCl, to artificial saliva, nanoparticles with
a mean radius of 1.1 £ 0.2 nm and a size distribution width of
0.7 +£ 0.2 nm were observed, and they formed aggregates with
radii of gyration of 37 + 1 nm, as determined from SAXS. Within
these aggregates, the particles are thought to adhere via a shell
of the protein found within artificial saliva. The initial composi-
tion of these nascent particles could not be determined directly,
however, they were converted to Zn3(PO,),+4H,0 within seven
hours of incubation, alongside an intermediate species
[thought to be Zns(CO3),(OH)gl. Comparisons to literature stud-
ies suggests that the primary particles consist of amorphous
zinc phosphate precursors, and throughout the incubation pe-
riod, these slowly form crystalline Zn3(PO,),*4H,0.

The changes in particle size distribution parameters of pri-
mary particles and their aggregates at incubation times of five
minutes, seven hours and after a period of storage of two
weeks are depicted in Figure 5. During the incubation period,
the particle number density remained essentially the same
(within uncertainties), whilst the aggregates became more
tightly packed, i.e. the thickness of the particle-surrounding
shell decreased. Meanwhile, the chemical transformation of
ZnCl, into Zn3(PO,),+4H,0 proceeded with the involvement of
an intermediate. In the subsequent storage period of two
weeks, the particle number concentration increased about 20-
fold as the aggregates grew. While they initially consisted of
3200 £ 900 primary particles, the aggregation number after
storage was 9000 * 100. Thus, it was demonstrated that upon
contact of solubilized, ionic zinc to artificial saliva, small
Zn3(P0O,),*4H,0 nanoparticles can be formed.

Reen (hm) 11202 11201 0901
G(nm) 07+02 06+01 06+0.1
5 min 7h 2 weeks
K $ O
= @
=] fo(nm) 22402 17201 16+0.1
< E(m) 158+02 157+02 224+01

Figure 5. Scheme depicting the changes in particle size distribution parame-
ters of primary particles and their aggregates over time, regarding mean
particle core radius, Rmean, Size distribution width, o, mean particle core/shell
radius, ro, and aggregate radius, &.

The assumption that the proteins, within the saliva, tempora-
rily stabilize zinc phosphate nanoparticles seems rational as it
is well-known that proteins have previously been utilized as
colloidal stabilizers in the preparation of inorganic nanoparti-
cles.1824251 Therein, proteins are frequently used in biotem-
plated nanoparticle synthesis. Most frequently used is BSA,
which in our study is present in saliva at a concentration of
0.48 g L™1. As an example, the production of a BSA templated
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zinc phosphate Zn;(PO,),@BSA was reported by Song et al.['8
Their study reviews the biotemplated synthesis of metal phos-
phates, most of which were synthesized for application in catal-
ysis.

In contrast, the particles of our study are not foreseen for
technical applications. On the other hand, regularization of crys-
tal formation is hotly debated in biomineralization. Therein, it
is evident that proteins play a substantial role in healthy mine-
aralization such as amorphous calcium phosphate in bone
growth but also in pathological mineralization.[?®! Examples for
undesired biominerals are kidney stones, atheromatous plaque
and dental calculus. The zinc phosphate formation of our
present study also has an amorphous initial state as it seems to
be a typical phenomenon in biomineralization. For example,
Gebauer et al. were the first to discover that stable prenuclea-
tion clusters play an important role as intermediate species in
the crystallization of calcium carbonate.?”!

In conclusion, the zinc phosphate nanoparticles may also
form in vivo if food and cosmetics products, containing the
permitted zinc salt concentrations, are ingested, which could
be a source of unintentional mineral formation. Similarly, these
results may be of relevance for the design of biological studies
involving the use of, for example, ionic zinc and phosphate-
containing buffers.

Experimental Section

Materials

Zinc(ll) chloride (ZnCl,) was purchased from Merck, bovine serum
albumin (BSA) from Sigma-Aldrich and all chemicals for artificial
saliva from AppliChem, Carl Roth, NeoLab or Sigma-Aldrich accord-
ing to Table 1. Ultrapure water (Milli-Q, 18.2 MQ-cm at 25 °C) was
used.

Artificial Saliva

We adapted an in vitro artificial digestion procedure based on the
German standard DIN 19378.17! Solutions of ZnCl, (68.1 mg, sample
A) and BSA (25 mg), in 1 mL of ultrapure water, respectively, were
added to 50 mL of artificial saliva (composed according to Table 1,
pH = 6.4 £ 0.05, artificial saliva with BSA is referred to as sample B)
and incubated at 37 °C for 5 min (sample C). Further samples were
taken after 7 h incubation time (sample D) and after a period of
storage at ca. 4 °C of two weeks (sample E).

SAXS/WAXS Measurements

Small- and wide-angle X-ray scattering (SAXS/WAXS) measurements
were performed on a customized Xeuss 2.0 (Xenocs, France). X-rays
were generated from a microfocus X-ray tube with a copper target,
and a multilayer optic was employed to parallelize and monochro-
matize the beam to the Cu-K, wavelength of 0.1542 nm. The liquid
samples were examined in flow by continuous pumping through a
cell bearing silicon nitride windows. Data collection was performed
using an in-vacuum Eiger 1M detector (Dectris, Switzerland) which
was placed at multiple distances between 51-2507 mm from the
sample. The resulting data has been processed and scaled to abso-
lute units using the DAWN software package according to standard-
ized procedures.!28:2!
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XAS Measurements

XAS measurements were carried out at the SuperXAS beamline of
the Swiss Light Source. The storage ring operated at 2.4 GeV in top-
up mode with a ring current of 400 mA. The polychromatic X-ray
beam resulting from a 2.9 Tesla bending magnet was collimated by
a silicon-coated mirror at 2.5 mrad (which also served to reduce
higher-order harmonics) and subsequently monochromatized by a
Si(111) channel-cut monochromator, which allowed data collection
in quick-scanning extended X-ray absorption fine-structure spectro-
scopy (QEXAFS) at 1 Hz. The beam was focused using a Rh coated
toroidal mirror with a focal spot size of 1000 x 200 um. Spectra
were collected in transmission mode using 15 cm long, 2 bar N,-
filled ionization chambers. A Zn reference foil mounted between
the second and third ionization chamber was measured simultane-
ously for absolute energy calibration. The QEXAFS spectra were
processed using ProQEXAFS to extract individual XAS spectra,3?
calibrate and normalize. Due to the inherent oversampling of the
XAS spectra, radial basis function interpolation was employed to
reduce the data point density. In the XANES region an energy step
of 0.25 eV was used. In the EXAFS region a constant k-step of
0.025 A" was chosen. Fitting of the EXAFS was performed using
the Demeter software package.?%
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