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The precipitation of calcium phosphates (CaPs) in the presence of more than one type of additive is of
interest both from a fundamental point of view and as a possible biomimetic route for the preparation of
multicomponent composites in which the activity of the components is preserved. In this study, the
effect of bovine serum albumin (BSA) and chitosan (Chi) on the precipitation of CaPs in the presence of
nanoparticles (AgNPs) stabilized with sodium bis(2-ethylhexyl)sulfosuccinate (AOT-AgNPs),
poly(vinylpyrrolidone) (PVP-AgNPs), and citrate (cit-AgNPs) was investigated. In the control system, the
precipitation of CaPs occurred in two steps. Amorphous calcium phosphate (ACP) was the first
precipitated solid, which transformed into a mixture of calcium-deficient hydroxyapatite (CaDHA) and
a smaller amount of octacalcium phosphate (OCP) after 60 min of ageing. Both biomacromolecules
inhibited ACP transformation, with Chi being a stronger inhibitor due to its flexible molecular structure.

silver

As the concentration of the biomacromolecules increased, the amount of OCP decreased both in the
absence and presence of AgNPs. In the presence of cit-AgNPs and two highest BSA concentrations,
a change in the composition of the crystalline phase was observed. Calcium hydrogen phosphate

dihydrate was formed in the mixture with CaDHA. An effect on the morphology of both the amorphous
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biomacromolecules and differently stabilized AgNP. The results obtained suggest a simple method for
DOI: 10.1039/d3ra02115g fine-tuning the properties of precipitates using different classes of additives. This could be of interest for

rsc.li/rsc-advances the biomimetic preparation of multifunctional composites for bone tissue engineering.

single material can fulfill all these requirements, the solution is
sought in composite materials.

A number of different types of materials are available for
developing orthopedic bioimplant materials.>* Calcium phos-
phates (CaPs) are most commonly used because of their simi-
larity to the mineral component of bone, so called biological
apatite. Different CaPs phases, i.e. hydroxyapatite (HAP, Ca(-
PO,)s(OH),), o and B-tricalcium phosphates («-TCP and B-TCP,
Caz(PO,),) octacalcium phosphate (OCP, Cag(HPO,),(PO,),-
‘5H,0), calcium hydrogenphosphate dihydrate (DCPD,
CaHPO,-2H,0) and calcium deficient apatite (CaDHA,
Cayg_x(HPO,)(PO4)s_»(OH), ,, 0 < x < 1), are used as bone
implant materials as they are non-toxic, bioactive, and osteo-
conductive.® However, they have some disadvantages, such as
poor mechanical properties, difficulty to prepare desired

1. Introduction

The ever-increasing number of hard tissue injuries and
diseases, as a result of modern lifestyle and the aging pop-
ulation, motivates the research and development of novel bio-
implant materials."” From the increased understanding of bone
formation and biology on the one hand, and the problems
related to implantation procedures, especially implant associ-
ated infections (IAIs), on the other hand, it became clear that
implants should perform multiple functions.> They should be
bioactive, allow good osseointegration, and have antimicrobial
properties, to name just a few of the requirements.>* Since no
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shapes, poor adhesion to materials of different nature, and
insufficient adsorption of certain compounds.” One way of
overcoming these disadvantages is the preparation of bio-
composites or hybrid compounds.® In this sense, (bio)macro-
molecules are the obvious choice, since bone itself is biological
apatite composite with type I collagen fibrils.” Composites of
CaPs with (bio)macromolecules have both better mechanical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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properties and increased bioactivity.” Inorganic nanomaterials
are another class of materials that recently attracted attention
for improving CaPs mechanical properties.'® Since both of these
types of materials can have additional antibacterial or magnetic
properties, combining them with CaPs offers the possibility of
obtaining multifunctional materials.*

Indeed, a number of studies have been performed on the
preparation and characterization of hybrid materials contain-
ing CaPs, (bio)macromolecules, and nanomaterials."*** A
special care has been taken to use preparation methods under
mild conditions in order to preserve the bioactivity of the bio-
macromolecules.” However, to the best of our knowledge,
precipitation has not been one of them, even though it is often
highlighted as an economical and green synthesis route that
also allows the coating of complex shapes.'®"” This is not
surprising, as both (bio)macromolecules® and nano-
materials™?° can exert a complex influence on the precipitation
of CaPs. Therefore, a detailed knowledge of the combined
influence of these two types of additives is required for
successful material preparation.

In continuation to our previous study on the influence of
biomacromolecules on precipitation of CaPs on TiO, NMs of
different dimensionality,” in this work we investigated the
simultaneous influence of differently stabilized AgNPs and
bovine serum albumin (BSA) or chitosan (Chi) on the precipi-
tation of calcium phosphates. Among various nanomaterials,
silver nanoparticles (AgNPs) are attracting particular attention
as a potential therapeutic agent for fighting IAIs.>* AgNPs have
a broad spectrum of antimicrobial activity®** and are more
active than bulk silver, due to the sustained release of Ag'.?
However, it has been shown that AgNPs can easily agglomerate
within the material, leading to high local Ag concentration and
possible adverse biological effects.™ To avoid this problem, Xie
et al.** used electrochemical deposition of silver. Recently, we
have shown that agglomeration can be avoided if CaPs are
precipitated in the presence of AgNPs.”® Moreover, differently
stabilized AgNPs, differing in antibacterial activity,”” can be
used for precipitation, which may have a different effect on
CaPs properties.”® Consequently, both the physico-chemical
and biological properties of CaP/AgNPs can be tailored in
a simple manner by using differently stabilized AgNPs as an
additive in CaPs precipitation.

In this study AgNPs stabilized with citrate (cit-AgNPs), pol-
y(vinylpyrrolidone) (PVP-AgNPs) and sodium bis(2-ethylhexyl)
sulfosuccinate (AOT-AgNPs) were investigated. These three
capping agents represent three different types of additives,
namely small molecules, polyelectrolytes and surfactants,
which are of particular interest for modifying CaPs precipita-
tion.”**® In addition, previous investigations have shown that
these types of AgNPs are relatively stable in complex media.***

BSA is commonly used as a model compound for drug
delivery systems and also as a way of enhancing the bioactivity
of CaPs.”?** It is an abundant protein, very similar to human
serum albumin, and inexpensive.*® Chi is a biodegradable,
bioactive, and non-toxic natural polysaccharide**** that also has
antibacterial and antiviral properties.*® In bone tissue engi-
neering, Chi is used as a hydrogel or as a component of
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Scheme 1 Schematic representation of the formation of calcium
phosphates (CaPs) in the presence of two types of additives, bio-
macromolecules and differently stabilized silver nanoparticles (AgNPs).
(i) The agglomeration behaviour of silver nanoparticles (AgNPs) in the
presence of bovine serum albumin (BSA) and chitosan (Chi) in anionic
reactant solution was determined. (i) After mixing anionic and cationic
reactant solution, amorphous calcium phosphate (ACP) formes in
which AgNPs and biomacromolecules are distributed. (iii) After the
induction time, which depends on the concentration and the specific
combination of additives, the amorphous calcium phosphate trans-
forms into crystalline CaPs, with AgNPs and biomacromolecules being
incorporated into the precipitate or adsorbed on its surface.

scaffolds.”* Previous study has shown that Chi can even reduce
toxicity of silver.*

For this study, the precipitation system was chosen in which
calcium phosphates form in two steps, ie. the amorphous
phase, that precipitates first, transforms into the crystalline
phase(s) in contact with the mother liquid. In this way, it was
possible to determine the simultaneous influence of bio-
macromolecules and AgNPs on the rate of transformation of
amorphous to crystalline CaP phases, as well as the properties
of the amorphous and crystalline phases formed (Scheme 1).

The results obtained confirm that precipitation can be used
as a simple route for the synthesis of complex, multicomponent
materials.

2. Materials and methods

2.1. Materials

The following analytical grade chemicals, purchased from
Sigma-Aldrich, Darmstadt, Germany, were used in all experi-
ments: silver nitrate (AgNO;), sodium citrate dihydrate (cit),
poly(vinylpyrrolidone) (PVP), sodium bis(2-ethylhexyl) sulfo-
succinate (AOT), glucose, ammonium (NH3), calcium chloride
dihydrate  (CaCl,-2H,0), sodium  hydrogenphosphate
(Na,HPO,), sodium hydroxide (NaOH), hydrochloric acid (HCI),
bovine serum albumin and chitosan. Ultrapure water (UPW,
conductivity 0.5 pS ecm ™!, Hydrolab HLP 10 UV, Straszyn,
Poland) was used for all experiments.

2.2. Synthesis of silver nanoparticles

AOT-AgNPs and PVP-AgNPs were prepared by reduction of
AgNO; with glucose using a modified method as described
previously.?**¢ Briefly, to the aqueous solutions of AOT (193 mL
of 5 x 10~* mol dm™?) and PVP (192.7 mL of 0.3%) 2.22 mL of
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a 90 x 10° mol dm® AgNO; was added under constant stir-
ring. Subsequently, 0.133 mL of a 35% NH; solution was added,
followed by the addition of 4 mL of a 0.5 mol dm™* glucose
solution at a rate of approximately 1 drop per s. Finally, 0.6 mL
of 1 mol dm ™ NaOH was added and the reaction mixtures were
kept for another 30 min under stirring at temperature of
synthesis. Synthesis of AOT-AgNPs was performed at room
temperature, while PVP-AgNPs were synthetised at 40 °C.

For the synthesis of cit-AgNPs, a modified method was used,
which has been described previously.*”** Briefly, to a boiling
AgNO; solution (197.2 em® of 1 x 10™* mol dm™?%) 2.27 ecm?® of
a 1% (w/v) sodium citrate dihydrate solution was added under
rapid stirring and reflux. The reaction mixture was stirred
continuously at 90 °C for 3 h after the colour changed from
colourless to yellow.

The freshly prepared suspensions of all AgNPs were washed
twice with UPW by centrifugation at 15790xg for 20 min,
resuspended in UPW, and stored at 4 °C in the dark until use.

2.3. Precipitation system

The cationic and anionic reactant stock solutions were prepared
by dissolving the required amount of CaCl, and Na,HPO,.
Before weighing, chemicals were dried overnight in a desiccator
over silica gel. After dissolving Na,HPO,, the pH of the stock
solution was adjusted to 7.4 with HCI. The BSA stock solution (y
=30 g dm™?) was prepared by dissolving the required amount
of BSA in UPW, while the Chi stock solution (y = 250 mg dm?)
was prepared by dissolving the required amount of Chi in 1 mol
dm ™ HCl using ultrasound for 4 h.

To prepare the anionic and cationic reactant solutions, the
stock solutions were diluted to the concentration ¢ = 8 X
10~% mol dm™>. The required amounts of the additives, ie.
AgNPs, BSA and/or Chi, were added to the anionic reactant
solution during the dilution of the stock solution. When
necessary, the pH of the anionic reactant solution was
readjusted.

Precipitation systems were prepared by rapidly mixing 200
em?® of anionic and cationic reactant solutions, resulting in
initial reactant concentrations c¢(CaCl,) = ¢(Na,HPO,) = 4 X
107> mol dm™>, and y (AgNPs) = 10 mg dm >, v (BSA) = 25-
100 mg dm—, v (Chi) = 5-25 mg dm>, at pH = 7.4. The
concentrations of the biomacromolecules were chosen based on
our previous research,” which showed that inhibition of CaPs
formation occurs at higher concentrations. Precipitation
experiments were performed in a double-walled vessel at 25 +
0.1 °C without additional stirring. The reaction vessel was kept
in the dark.

The progress of the precipitation was followed by monitoring
the changes in pH (913 pH meter, Metrohm, Herisau, Switzer-
land). From the pH wvs. time curves, induction time for
secondary precipitation of crystalline phase (¢;) was determined
at the intersection of the tangents drawn on the first two parts of
the pH vs. time curves.* Three independent measurements
were performed for each precipitation system.

The precipitates formed were filtered at reaction times cor-
responding to the formation of amorphous and crystalline
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phases determined from the pH vs. time curves. In the case of
ACP precipitates formed in the control system and in the
presence of BSA were filtered after 15 minutes, while those
obtained in the presence of Chi were filtered at the end of the
stage I of pH vs. time curve. For characterization of crystalline
phases, precipitates obtained in the control system were filtered
after 60 minutes reaction time, those obtained in the presence
of BSA and Chi after 80 minutes and 120 minutes, respectively.
Only exception was precipitate obtained in the presence of the
highest concentration of Chi and PVP-AgNPs, which was fil-
trated after 14 hours. The obtained precipitates were filtered
through a 0.45 pm membrane filter, washed thoroughly with
UPW and once with ethanol. Finally, they were dried in
a nitrogen stream and stored in the dark in a desiccator until
further analysis.

2.4. Characterization methods

2.4.1. Powder X-ray diffraction. Powder X-ray Diffraction
(PXRD) patterns of the formed precipitates were obtained on
Panalytical Aeris Research Edition (Malvern Panalytical, Mal-
vern, Worcestershire, UK) in Bragg-Brentano geometry using
CuKa radiation. An angular scan range of 3° to 70° 26 with
a step size of 0.02° 26 and a scan rate of 1° min~* was used.

2.4.2. Fourier transform infrared spectroscopy. Fourier
Transform Infrared (FTIR) spectra of precipitates in the 4000-
450 cm™* range were measured on a FTIR spectrometer equip-
ped with an attenuated total reflection module (Tensor I,
Bruker, Ettlingen, Germany). The spectra were recorded with
a resolution of 1 cm™" and are average of 16 scans.

The first- and second-order differentiated FTIR spectra in the
1200-450 cm ™' range were calculated following the procedure
described by Uskokovi¢* and using a manual differentiation
routine in Origin Pro 2021b.

2.4.3. Atomic absorption spectroscopy. The silver concen-
tration in the AgNPs suspensions was determined after the
samples were dissolved in 10% (v/v) HNOj; by a graphite furnace
atomic absorption spectrometer (GFAAS) (PerkinElmer Analyst
600, PerkinElmer, Shelton, USA) with Zeeman background
correction. A silver standard solution (1000 mg dm > in 5%
HNO3;), purchased from Merck (Darmstadt, Germany), was used
for calibration.

2.4.4. Dynamic and electrophoretic light scattering. The
size distribution and zeta potential of AgNPs in the anionic
reactant solution in the absence and presence of BSA and Chi at
the highest applied concentrations were determined by
dynamic (DLS) and electrophoretic light scattering (ELS) on
a photon correlation spectrophotometer with a 532 nm “green”
laser (Zetasizer Nano ZS, Malvern Instruments, Worcestershire,
UK). For the DLS measurements, the intensity of the scattered
light was measured at an angle of 173°. The hydrodynamic
diameter (d},) of particles was determined as the value of the
peak maximum of the size volume distribution function, to
avoid overestimation due to the scattering of larger particles.
Zeta potential ({) was calculated from the measured electro-
phoretic mobility using Henry's equation and the Smo-
luchowski approximation. DLS measurements were performed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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six times, and ELS measurements were performed three times.
Data processing was performed using Zetasizer Software 8.02
(Malvern Instrument Worcestershire, UK). All measurements
were performed at 25.0 & 0.1 °C.

2.4.5. Thermogravimetric analysis. Thermogravimetric
analysis (TGA) of the crystalline precipitates was performed
using STA 449 F5 Jupiter thermal analyzer (Netzsch, Bayern,
Germany) and Mettler TG 50 thermobalance (Mettler Toledo
Corp., Ziirich, Switzerland) equipped with a TC 10 TA processor.
Measurements were performed in the air flow at a heating rate
of 10 K min .

2.4.6. Transmission electron microscopy (TEM). For TEM
analysis a drop of AgNPs or ACP suspension was placed on the
copper grid covered with the hollow Formvar membrane. The
excess solution was removed with filter paper and the remain-
ing precipitate was washed three times with a drop of UPW.
Samples were dried in a stream of nitrogen and stored in the
dark in a desiccator until analysis.

Transmission electron microscopy images were acquired
using a JEOL JEM 1010 transmission electron microscope
(JEOL, Tokio, Japan) operated at 80 kV.

The size of AgNPs and spherical ACP particles was deter-
mined using Image ] 1.48v image analysis software (freely
available at http://imagej.nih.gov/ij/). The size of at least 30
particles was measured in each sample.

2.4.7. Scanning electron microscopy (SEM). For SEM
analysis a small amount of the dried precipitate was placed on
the sample holder covered with carbon glue. The excess
precipitate was removed with a gentle stream of air. A field
emission scanning electron microscope FE-SEM; JEOL JSM-
7000 F microscope (JEOL, Tokio, Japan) or FE-SEM, Mira II
LMU (Tescan, Brno, Czech Republic) was used to image the
crystalline precipitate.

3. Results and discussion

3.1. Characterization of silver nanoparticles

TEM micrographs of the synthesised AgNPs (Fig. 1) revealed
that both AOT-AgNPs (Fig. 1a) and PVP-AgNPs (Fig. 1 b) formed
in the shape of polyhedral particles. In contrast, cit-AgNPs
formed dominantly as quasi-spherical and triangular parti-
cles, although some rod-like particles were also observed
(Fig. 1c). The observed morphologies were consistent with
previous research.>**** The average size, determined from TEM
images, of AOT-AgNPs was 55.3 + 10.5 nm, PVP-AgNPs 77.8 +
22.9 nm, and cit-AgNPs 90.0 + 22.8 nm.

It is known that the tendency of nanoparticles to agglom-
erate increases with increasing ionic strength due to the
screening of electrostatic interactions.*>*> The presence of
macromolecules can affect the agglomeration of NPs, as they
can provide electrostatic and/or steric stabilization by adsorp-
tion on the surface of nanoparticles or increase instability by
bridging particles.”” Chi can physically adsorb on the surface of
the NPs and in this way electrostatically stabilize them and
improve their bioactivity.** BSA can also stabilize nanoparticles
and reduce their dissolution.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To determine the behaviour of the studied AgNPs in anionic
reactant solution in the absence and presence of BSA and Chi,
DLS and ELS measurements were performed (Table 1 and Fig. SI
11).

Similar to our previous study,** monomodal particle hydro-
dynamic diameter distribution was determined for PVP-AgNPs
and AOT-AgNPs suspended in anionic reactant solution. In
addition, the average d), values were similar, 84.1 nm and
88.1 nm for PVP-AgNPs and AOT-AgNPs, respectively. cit-AgNPs
displayed bimodal size distribution with a dominant pop-
ulation having hydrodynamic diameter of 20.7 nm present in
73.3 vol% and a population of larger particles with hydrody-
namic diameter 85.2 nm present in 26.8 vol%. The good
stability of AgNPs in anionic reactant solution could be
a consequence of their relatively large negative zeta-potential
(Table 1).

A monomodal size distribution of BSA particles (Table 1,
Fig. SI 1at) with an average hydrodynamic diameter of 6 nm in
anionic reactant solution was observed. The zeta potential of
BSA particles was —8.4 mV. In the presence of BSA, a mono-
modal size distribution of all three types of AgNPs was observed
(Fig. SI 1b-df). Moreover, all three types of nanoparticles had
similar hydrodynamic diameter, ranging from 100.6-103.3. nm.
However, the difference in zeta potential was observed (Table 1),
with PVP-AgNPs exhibiting the least negative zeta potential
(—16.0 mV). The measured zeta potentials were less negative
than those in the anionic reactant solution, indicating the
adsorption of BSA on the AgNPs.

The size distribution of Chi particles in the anionic reactant
solution was also monomodal (Table 1, Fig. SI 1af), with an
average hydrodynamic diameter of 91 nm. Chi particles had an
average zeta potential of 4.1 mV. A monomodal size distribution
of AOT-AgNPs and cit-AgNPs was observed in the presence of
Chi, with an average d}, of 154.5 nm and 136.4 nm, respectively
(Table 1, Fig. SI 1b and df). Contrary, a trimodal size distribu-
tion was observed for PVP-AgNPs (Fig. SI 1ct). A dominant
population of particles with an average d, value of 1120.8 nm
was detected in 57.0 vol%. In addition, smaller particles with an
average dy, of 161.7 nm and a population of larger particles with
an average d;, of 4385.3 nm, were detected. The higher degree of
aggregation of PVP-AgNPs may be due to the fact that their
average zeta potential was almost equal to zero. The average zeta
potential of AOT-AgNPs and cit-AgNPs was slightly more posi-
tive. The observed change in zeta potential confirmed the
interaction between Chi and AgNPs.

3.2. Influence on the rate of amorphous to crystalline phase
transformation

During the precipitation of CaPs, a decrease in pH can be
observed, the extent of which depends on the stage of the
precipitation process.***>*® In the chosen precipitation system,
the precipitation of calcium phosphates proceeded in three
stages, as evidenced by the sigmoidal shape of the pH vs. time
curves (Fig. SI 271). Previous studies have shown that the first
part of the curve, where the change in pH is small or negligible,
corresponds to the formation of amorphous calcium phosphate

RSC Adv, 2023, 13, 17384-17397 | 17387
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Fig. 1 TEM micrographs of silver nanoparticles (AgNPs), stabilized with (a) sodium bis(2-ethylhexyl) sulfosuccinate (AOT-AgNPs), (b) poly(-
vinylpyrrolidone) (PVP-AgNPs), and (c) citrate (cit-AgNPs).

(ACP). The subsequent sudden drop in pH corresponds to the
secondary precipitation of the crystalline phase on the already
formed ACP. In the final stage, again followed by a small or

negligible change in pH, solution-mediated growth and trans-
formation of crystalline phase occurs.*****° Interestingly, in the
pH vs. time curves of some precipitation systems another stage

Table1 The average hydrodynamic diameter (d},) and zeta potential () of silver nanoparticles (AgNPs), stabilized with sodium bis(2-ethylhexyl)
sulfosuccinate (AOT-AgNPs), poly(vinylpyrrolidone) (PVP-AgNPs), and citrate (cit-AgNPs) suspended in anionic reactant solution (c(Na,HPO,) =
8 x 107> moldm~3, v (AgNPs) = 20 mg dm~>, pH 7.4) in the presence or absence of bovine serum albumin (BSA, ¥ = 200 mg dm~%) and chitosan

(Chi, y = 50 mg dm~>) at 25 °C

Peak I Peak II Peak 11T
Sample dp/nm vol% dp/nm vol% dp/nm vol% {/mv
Anionic reactant solution
AOT-AgNPs 88.1 £ 1.2 100 —47.3 £ 1.7
PVP-AgNPs 84.1 £1.9 100 —18.2 &+ 3.5
Cit—AgNPS 20.7 £ 6.1 733+ 71 85.2 + 4.2 26.8+7.1 —46.7 £ 2.6
BSA 6.6 = 0.2 100 —8.4 + 2.9
Chi 91.5 £+ 14.2 100 41+ 1.5
Anionic reactant solution with BSA
AOT-AgNPs 101.7 £ 1.1 100 —25.1 &+ 3.7
PVP-AgNPs 100.6 + 1.3 100 —-16.0 £ 7.4
Cit—AgNPS 103.3 + 5.7 100 —28.7 £ 1.7
Anionic reactant solution with Chi
AOT-AgNPs 154.5 £ 2.4 100 2.7 £2.7
PVP-AgNPs 161.7 + 12.0 26.0 £ 2.2 1120.8 + 38.6 57.0 £ 3.5 4385.3 £+ 161.1 17.1 £ 1.8 0.0 + 2.1
Cit—AgNPS 136.4 £ 2.5 100 2.0+ 2.4
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Table 2 Average induction times (n = 3) for crystalline phase formation (t;) obtained from pH vs. time curves (Fig. Sl 2) with standard deviations in
the control system and the systems containing different concentrations of bovine serum albumin (BSA) and chitosan (Chi) in the presence or

absence of 10 mg dm™*

of silver nanoparticles (AgNPs), stabilized with sodium bis(2-ethylhexyl) sulfosuccinate (AOT-AgNPs), poly(-

vinylpyrrolidone) (PVP-AgNPs), and citrate (cit-AgNPs). c(CaCl,) = c(Na,HPO4) = 4 x 107 mol dm ™3, pH 7.4, 25 °C

t;/min
AgNPs
Biomacro-molecule y/mg dm no-AgNPs AOT-AgNPs PVP-AgNPs cit-AgNPs

None 0 30.2 + 0.3 33.0 + 2.7¢ 31.6 + 1.8% 28.8 + 1.3¢
25 375+ 15 354 +£1.3 35.1 £ 0.6 35.3 £0.9
BSA 50 41.0 £+ 1.6 40.9 £ 0.8 43.6 £ 1.3 39.7 £ 0.1
100 45.2 £ 1.7 44.6 £ 2.2 43.6 £ 1.6 44.6 £ 1.8
5 342 +1.7 429 £ 0.4 479 £ 1.0 38.6 £2.1
Chi 10 46.0 = 2.4 50.6 £ 0.4 52.4+£0.9 45.7 £ 1.3
25 52.4 £ 1.2 81.1 + 6.1 675.3 = 78.5 60.6 + 0.3

“ Data from the ref. 26.

was observed as a region of gradual pH decrease between the
initial small or negligible pH change and sudden pH decrease.
This additional stage can be seen on pH vs. time curves for
precipitation systems containing two highest concentrations of
BSA, cit-AgNPs with two lower concentrations of BSA, AOT-
AgNPs with the highest concentration of Chi, as well as PVP-
AgNPs with all concentrations of Chi studied. The change in
the shape of the pH vs. time curve was usually attributed to the
change in the formation mechanisms of CaPs, i.e. formation of
another amorphous phase termed ACP2, before the onset of
transformation.***>** Such behaviour was previously observed
in the presence of surfactants,*® and in some studies of the
influence of amino acids on CaP precipitation.*> However, in the
presence of AgNPs alone, no additional regions in pH vs. time
curves were observed.”® Therefore, it appeared, that only certain
combinations of macromolecules and AgNPs can lead to
a change in the CaPs formation pathway.

At all concentrations studied, both biomacromolecules pro-
longed the rate of ACP transformation to the crystalline phase
compared to the control system, as evidenced by increased
induction time for secondary precipitation of crystalline phase
on already formed ACP (¢;, Table 2). This is consistent with the
previously observed effect of polyelectrolytes and proteins on
ACP transformation.**

As has been shown before,* Chi acted as a stronger inhibitor
compared to BSA, as its inhibitory effect was observed at much
lower concentrations (Table 2).

The difference in the behaviour of these two molecules could
be ascribed to different molecular structures. The BSA molecule
has a rigid, compact, heart-like form.>* Chi is a flexible, linear
polysaccharide,**® which can therefore more easily arrange
itself on the surface of ACP particles. Consequently, this
inhibits the transport of constitutive ions to the surface of the
ACP particles, but also the secondary nucleation, as was shown
for flexible polyelectrolytes.*

We have previously shown that all three types of AgNPs have
no significant influence on the rate of ACP transformation at
applied AgNPs concentration (Table 2).2¢ This is confirmed by

© 2023 The Author(s). Published by the Royal Society of Chemistry

the present study, in which ¢ obtained in the systems contain-
ing both BSA and AgNPs were not significantly different from
the ones obtained in the presence of only BSA, probably due to
high BSA concentration. However, this was not the case for Chi.
The ¢ values obtained in the presence of differently stabilized
AgNPs were larger than those obtained in the systems con-
taining only Chi. This difference was most pronounced at the
highest Chi concentration studied. At all applied Chi concen-
trations, the ¢ values increased in the order cit-AgNPs < AOT-
AgNPs < PVP-AgNPs, indicating that the overall effect on the
rate of amorphous phase transformation depends on the type of
AgNPs, unlike in the case of BSA. This could be a consequence
of the observed different aggregation behaviour of AgNPs in the
presence of biomacromolecules studied (Table 1).

To the best of our knowledge, the only literature data on the
influence of BSA and Chi on the rate of ACP transformation
come from our previous study,* in which similar trends were
observed. It is worth noting that in this study we used precipi-
tation systems with the same calcium and phosphate ion
concentrations as previously, but in 10 fold larger reaction
volume.

However, several studies on the effect of BSA on CaP
formation on different surfaces have confirmed the inhibitory
effect of BSA.>”"* Additionally, Chi is known to delay calcium
phosphate cement setting and the associated phase trans-
formation. This was used by Rau et al.*® to study the phase
transformation that takes place during cement hardening.

3.3. Influence on the properties of the amorphous phase

To confirm the formation of ACP, the precipitates were filtered
after 15 minutes of reaction time in the presence of BSA and at
the end of the first precipitation stage in the presence of Chi
and characterized by PXRD (Fig. 2), FTIR (Fig. SI 31) as well as
TEM (Fig. 3, SI 4 and SI 51).

The PXRD pattern of the precipitate formed in the control
system and the presence of different concentrations of BSA
contained a broad amorphous maximum in the 26 region 27°-
35° characteristic of ACP (Fig. 2).°"*> The patterns of precipitates
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Fig. 2 PXRD patterns of amorphous precipitates obtained in the control system and the presence of the different concentrations of bovine
serum albumin (BSA) and chitosan (Chi) in the absence and presence of 10 mg dm~3 of silver nanoparticles (AgNPs) stabilized sodium bis(2-
ethylhexyl) sulfosuccinate (AOT-AgNPs), poly(vinylpyrrolidone) (PVP-AgNPs), and citrate (cit-AgNPs). c(CaCl,) = c(Na,HPO4) = 4 x 107> mol
dm™3, pH 7.4, 25 °C. * denotes AgNPs reflections.
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Fig. 3 TEM micrographs of amorphous precipitates obtained in the control system and the presence of the 100 mg dm™~3 of bovine serum
albumin (BSA) or 25 mg dm~* of chitosan (Chi) in the absence and presence of 10 mg dm~ of silver nanoparticles (AgNPs) stabilized sodium
bis(2-ethylhexyl) sulfosuccinate (AOT-AgNPs), poly(vinylpyrrolidone) (PVP-AgNPs), and citrate (cit-AgNPs). c(CaCly) = c(NapHPO,) = 4 x

10~° mol dm™3, pH 7.4, 25 °C.

formed in the presence of BSA and AgNPs, in addition con-
tained peaks at 26 around 38.1°, 44.3° and 64.5° corresponding
to the (111), (200) and (220) reflections of silver (ICCD File No.
04-0783), respectively. In our previous study on the influence of
differently stabilized AgNPs on the precipitation of CaPs,* it
was shown that the PXRD patterns of amorphous precipitates
contain characteristic AgNPs peaks, whereas the amorphous
peak characteristic of ACP was observed only in the presence of
the lowest concentration of cit-AgNPs, probably due to the high
intensity of the AgNPs peaks.

The FTIR spectra confirmed the formation of ACP in all
systems studied (Fig. SI 31). Characteristic phosphate group
vibration bands were observed at around 1035 cm™*, 870 cm ™
and 550 cm™ ', corresponding to the v; asymmetric stretching
mode of the PO,>~ group, the vibration of the HPO,>~ group
and the v, bending mode of the PO,>~ group, respectively.®**
The absence of splitting of the bands characteristic of the »; and
v, vibration of PO,*>~ group confirmed formation of ACP.**®
Bands characteristic of the water vibration were observed at
3650-2750 cm ™" and 1650 cm . Characteristic BSA bands were
observed at around 2980 cm™" (amide B, N-H stretching of
NH," free ion), 2906 cm ™ *, 1650 cm ™' (amide I, C=O0 stretching
superimposed on the CaPs water band), 1540 cm ™" (amide II,
C-N stretching and N-H bending vibrations), 1450 cm ™" (CH,
scissoring) 1400 cm™ " (CH, bending groups) and/or 1270 cm™*

© 2023 The Author(s). Published by the Royal Society of Chemistry

(amide III, related to C-N stretching and N-H bending).*>*® The
intensity of the BSA bands increased with increasing BSA
concentration in precipitation systems.

In addition to the prolonged ¢;, the amount of precipitate
formed was much smaller in the presence of Chi than in the
control system and in the presence of BSA. This indicated that
Chi inhibits not only ACP transformation, but also its formation
and confirmed the stronger influence of Chi on CaPs precipi-
tation compared to BSA.

Therefore, the precipitates were isolated at the ageing time
close to t, to obtain a larger amount of precipitate. In the
investigated precipitation systems with the highest Chi
concentration, and with cit-AgNPs at all Chi concentrations, the
amount of precipitate was too small for PXRD and FTIR anal-
ysis. Appearance of peak at 26 around 9.4° corresponding (200)
reflection of OCP at the highest concentration of Chi indicated
that the transformation has already begun (Fig. 2). However, no
splitting of the bands characteristic of the v; and », vibration of
PO, group was observed, confirming formation of ACP (Fig. SI
31).%%% The characteristic Chi bands could not be unambigu-
ously assigned, as they overlapped with the characteristic
phosphate bands.**

Profound morphological changes in ACP were observed in
the presence of BSA and Chi (Fig. 3, SI 4 and SI 5%). In the
control system, chain-like aggregates of spherical particles, with
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a size of 79 £ 20 nm, typical of ACP, were observed.******* In the
presence of BSA, a gel-like phase was observed at all concentra-
tions. However, in the presence of 50 mg dm > BSA, spherical
particles less developed and smaller (53 £+ 10 nm) than in the
control system were dominant (Fig. SI 4f). This could be
a consequence of the adsorption of BSA on the surface of the
forming ACP particles, which prevents the transport of constit-
uent the ions and thus the growth of the particles. In the presence
of Chi, a gradual transformation from spherical particles to a gel-
like phase was observed with increasing Chi concentration (Fig. 3
and SI 51). At two lower Chi concentrations, only spherical ACP
particles were observed (Fig. SI 5f). With increasing concentra-
tion, they became less developed, smaller (64 + 12 nm and 47 +
11 nm in the presence of 5 mg dm™> and 10 mg dm* of Chi,
respectively) and contain more and longer fibrous structures on
the surface, which seems to be the beginning of the formation of
the gel-like phase formed at the highest Chi concentration
studied (Fig. 3). The presence of differently stabilized AgNPs had
different influence on morphology. In the presence of AOT-
AgNPs, a gel-like phase formed at all BSA concentrations inves-
tigated (Fig. 3 and SI 47). At two lower Chi concentrations (Fig. SI
51), irregular, less developed ACP particles formed while at the
highest concentration (Fig. 3), a gel-like phase formed. No
significant difference was observed in the morphology of ACP
precipitated in the presence different biomacromolecules and
PVP-AgNPs. Spherical particles, with sizes similar to the control
system, and a small amount of gel-like phase were observed in all
precipitation systems (Fig. 3, SI 4 and SI 57). In the presence of cit-
AgNPs, spherical particles were detected at all BSA concentrations
(Fig. 3 and SI 4t), while the largest amount of gel-like phase was
observed at 50 mg dm > BSA (Fig. SI 4f). In contrast, in the
presence of Chi, a gradual transition, from spherical particles
smaller than in the control system (58 + 140 nm) to a gel-like
phase, can be observed with increasing Chi concentration
(Fig. 3 and SI 51).

Compared to our previous study on the influence of differ-
ently stabilized AgNPs on precipitation of CaPs,* it seems that
BSA promotes the formation of a gel-like phase, while Chi
promotes the precipitation of spherical particles.

It is worth noting that in all cases the AgNPs are distributed
throughout the amorphous precipitate mostly as single parti-
cles. The observed AgNPs agglomerates are composed of a small
number of particles, even in the cases where significant
agglomeration of AgNPs in anionic reactant solution was
observed by DLS (Table 1). This result confirms that by precip-
itation the major drawback of existing CaP/AgNPs composites,
non-homogeneous distribution and agglomeration of AgNPs in
the composites,** could be avoided.

3.4. Influence on the properties of the crystalline phase

A mixture of CaDHA and OCP formed in the control system, as
evidenced by the PXRD pattern (Fig. 4) and FTIR spectra (Fig. SI
61), are in agreement with our previous study.>®

In the PXRD pattern characteristic OCP peaks at 26 4.6° and
9.4° corresponding to (100) and (200) reflections (JCPDS Card
No.: 074-1301) were observed.

17392 | RSC Adv, 2023, 13, 17384-17397
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In addition, prominent apatitic peaks at 26 26.0° and 31.8°
along with low intensity peaks at 26 16.1, 28.1°, 31.7°, 39.3°,
46.4°, 49.6° and 53.3° were observed, indicating formation of
poorly crystalline CaDHA.®*”® Phosphate and water bands,
characteristic of calcium phosphates, were observed in the FTIR
spectra. Bands characteristic of vz, triply degenerated asym-
metric stretching mode of PO4>~, v;,. triply degenerated asym-
metric stretching mode of PO,>~, »; nondegenerated symmetric
stretching mode of PO,*~, HPO,>" stretching, »,, triply degen-
erated bending mode of PO,*", and vy, triply degenerated
bending mode of PO, were observed at 1100 cm ', 1076 cm ™%,
1020 cm™, 962 cm ™%, 917 em ™! and 869 cm ™!, 601 cm™?, and
559 cm™ ', respectively. Characteristic broad water bands were
observed in the region 3630-2870 cm™', as well as at
1643 cm ' Because of their similarity, it is difficult to
distinguish between OCP and apatites using FTIR spectra.
However, it is thought that the bands at around 1195 cm ™, and
916 cm ™' corresponding to the vibrations of the HPO,>~ groups
in the OCP lattice, can be used to distinguish between apatites
and OCP.” Only the band at 917 cm ™" was observed in the
spectrum of the control system. Another spectral feature char-
acteristic of OCP, the hyperfine structure of the phosphate
bands in the 1200-1000 cm ' region, was not observed.””* This
indicates that the amount of OCP in the precipitate formed in
the control system was small, and was detected based on PXRD
analysis.

In the PXRD patterns of the precipitates formed in the
presence of BSA and Chi, changes in the intensity of the OCP
(100) and (200) reflections were observed (Fig. 4), indicating
changes in the amount of formed OCP. In the case of both
biomacromolecules, the intensity of these peaks decreased with
increasing biomacromolecules concentration. This is consis-
tent with a previous study in which it was shown that the
composition of the CaPs coating co-precipitated with BSA on
a Ti alloy gradually changed from OCP to a mixture of OCP and
carbonate apatite with increasing BSA concentration.”

In addition, with increasing biomacromolecules concentra-
tion, the intensity of CaPs peaks decreased and the width
increased indicating lower crystallinity. Previously, Aimoli
et al.”® showed that the ratio of phases in calcium phosphate
mixtures precipitated at different pH change in the presence of
Chi. On the contrary, Fadeeva et al. did not find any changes in
the composition of precipitate.”” In our previous work, no
change in the precipitate composition, which consisted only of
CaDHA, observed in the presence of either
biomacromolecules.*

Different effects were observed in the PXRD patterns when
AgNPs were added to the precipitation system. In the presence
of AOT-AgNPs and PVP-AgNPs, a decreased intensity of the most
prominent OCP peaks was observed. However, in the presence
of cit-AgNPs not only did the intensity of low-angle OCP peaks
decrease with increasing BSA concentration, but at two higher
BSA concentrations, a peak appeared at 26 11.5°, indicating the
formation of DCPD. No reflections of the new phases were
observed in the presence of Chi. However, the intensity of the
OCP peaks was reduced in the presence of PVP-AgNPs and cit-
AgNPs, with a stronger effect observed in the presence of PVP-

was
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Fig. 4 PXRD patterns of crystalline precipitates obtained in the control system and in the presence of the different concentrations of bovine

serum albumin (BSA) or chitosan (Chi) in the absence and presence of 10

mg dm™> of silver nanoparticles (AgNPs) stabilized with sodium bis(2-

ethylhexyl) sulfosuccinate (AOT-AgNPs), poly(vinylpyrrolidone) (PVP-AgNPs), and citrate (cit-AgNPs). c(CaCl,) = c(Na,HPO4) = 4 x 1073 mol

dm~3, pH 7.4, 25 °C. [0 - octacalcium phosphate, B — calcium deficient
nanoparticles.

AgNPs. No clear trend with increasing Chi concentration was
observed in the presence of AOT-AgNPs. In our previous study, it
was shown that at the applied AgNPs concentration OCP
formation was inhibited in the presence of AOT-AgNPs and PVP-
AgNPs.* It can be concluded that the effects on a composition
of the precipitates formed depend on the specific combination
of AgNPs and biomacromolecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry

hydroxyapatite, & — calcium hydrogenphosphate dihydrate, * - silver

Smaller changes were observed in the FTIR spectra (Fig. SI
61). As expected, the intensity of the characteristic BSA bands in
the region 1650-1400 em™" increased with the BSA concentra-
tion. The characteristic Chi bands could not be unambiguously
assigned, as they overlapped with the characteristic phosphate
bands.*”*® The second-order differentiated FTIR spectra (Fig. SI
7 and SI 81) were used for a more detailed analysis of the
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characteristic phosphate bands in the spectral region 1200-
450 cm™~'. It was observed that the position of the band at
1116 cm ™, corresponding to v, triply degenerated asymmetric
stretching mode of PO,*", was shifted for £7 cm™*. More
interestingly, the band at 916 cm™', corresponding to the
vibrations of the HPO,>~ groups in the OCP lattice, was not
detected at any of the concentrations of BSA in the presence of
AgNPs nor at higher concentrations of Chi in the absence or
presence of AgNPs. These changes confirmed the decrease of
the amount of OCP in the precipitated mixture seen in PXRD
patterns (Fig. 4).

SEM micrographs of the formed precipitates are shown on
Fig. 5, SI 9 and SI 10.7 In the control system, chain-like struc-
tures consisting of spherical aggregates of thin, poorly devel-
oped leaf-like crystals characteristic for CaDHA,”® were the
dominant crystal form. Sporadically, single, thin, plate-like
crystals, characteristic for OCP,*>”® were observed, confirming
the PXRD and FTIR results (Fig. 4 and SI 67). In the presence of
BSA, the CaDHA crystals appeared less developed and formed
denser aggregates which caused them to lose their spherical
shape (Fig. 5 and SI 91). In the presence of Chi, with increasing
concentration, larger spherical aggregates of CaDHA crystals
were obtained, which were less developed than in the control
system. With increasing BSA and Chi concentration, a lower
amount of plate-like OCP crystals was observed (Fig. 5 and SI
101). This change in morphology is consistent with previous

Control system

Paper

studies showing the influence of BSA*"”® and Chi**’*”” on the
morphology of different CaP phases.

In the presence of BSA and AgNPs (Fig. 5 and SI 9t), spherical
aggregates of CaDHA crystals were observed in all systems,
differing in size. The largest crystals and aggregates were ob-
tained in the presence of cit-AgNPs. Plate-like OCP crystals were
seen at the lowest AgNPs concentrations, except for cit-AgNPs.
However, the PXRD patterns of precipitates formed in the
presence of two higher cit-AgNPs (Fig. 4) showed that the larger
plate-like crystals were DCPD.

In the presence of two lower concentrations of Chi with AOT-
AgNPs or cit-AgNPs, OCP crystals, larger than in the control
system, were observed as the dominant phase (Fig. 5 and SI
101). However, at the highest investigated concentration,
spherical aggregates of leaf-like CaDHA crystals, larger than in
the control system, were obtained. In the case of PVP-AgNPs,
plate-like OCP crystals were observed only at the lowest
applied Chi concentration. The obtained results confirm our
previous observation that the influence of BSA and Chi on
CaDHA morphology was dependent on the type of TiO, nano-
materials present in the precipitation system.** Interestingly, it
appears that as the concentration of biomacromolecules
increased, fewer AgNPs were found on the surface of the crys-
tals. This could be a consequence of the adsorption of the
biomacromolecules on the surface of the AgNPs, as shown by
the DLS and ELS measurements (Table 2), which could allow
their better incorporation into the CaPs.

cit-AgNPs

. &

Fig.5 SEM micrographs of crystalline precipitates obtained in the control system and the presence 100 mg dm~> of bovine serum albumin (BSA)
or 25 mg dm~3 of chitosan (Chi) in the absence and presence of 10 mg dm~ of silver nanoparticles (AgNPs) stabilized sodium bis(2-ethylhexyl)
sulfosuccinate (AOT-AgNPs), poly(vinylpyrrolidone) (PVP-AgNPs), and citrate (cit-AgNPs). c(CaCl,) = c(Na,HPO4) = 4 x 107> mol dm~>, pH 7.4,

25 °C.
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To confirm the incorporation of BSA and Chi in the formed
composites, a TGA analysis was performed (Fig. 6).

Two weight losses were observed in the curve of the precip-
itate formed in the control system. The weight loss of 6.4% in
the temperature range 50-172 °C corresponds to the loss of
adsorbed water. The second loss of 4.0% in the temperature
range 172-495 °C corresponds to CaP decomposition.”?*® The
thermal decomposition of BSA proceeds in 4 steps. In the
temperature range 75-150 °C the weight loss of 3.5% could be
ascribed to the evaporation of adsorbed water. The subsequent
weight losses in the temperature ranges 210-430 °C, 430-600 °©
C, and 600-675 °C, which amount to 88.0%, correspond to the
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Fig. 6 TGA curves of bovine serum albumin (BSA), chitosan (Chi) and
crystalline precipitates obtained in the control system and in the
presence of the different concentrations of bovine serum albumin
(BSA) or chitosan (Chi) in the absence and presence of 10 mg dm~> of
silver nanoparticles (AgNPs) stabilized with sodium bis(2-ethylhexyl)
sulfosuccinate (AOT-AgNPs), poly(vinylpyrrolidone) (PVP-AgNPs), and
citrate (cit-AgNPs). c(CaCl,) = c(NaHPO,4) = 4 x 10~ mol dm™~3, pH
7.4,25°C.
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decomposition of BSA, similar to previously published results.**
The first weight loss of 6.7% in the TGA curve of Chi in the
temperature range 54-135 °C could be attributed to the loss of
adsorbed water. The main decomposition occurred in two steps,
in the temperature ranges 235-331 °C and 331-684 °C, resulting
in total weight loss of 91%. Previous studies have shown that
the second slower, step corresponds to oxidation and subse-
quent decomposition of oxidized chitosan.®” The TGA curves of
the precipitates formed in the presence of biomacromolecules
and differently stabilized AgNPs confirm the presence of BSA
and Chi in the precipitate. As expected, the total weight loss
increased with increasing concentration of biomacromolecules
in the precipitation system. Furthermore, the shape of the TGA
curves at the highest concentration studied resembles the
curves of pure biomacromolecules, suggesting that in these
cases the major weight loss can be ascribed to BSA or Chi.
Interestingly, the total weight loss was not dependent on the
presence or absence of differently stabilized AgNPs, as no
significant difference was observed in the total weight losses of
the precipitates formed at the same biomacromolecule
concentration and in the absence or presence of AgNPs.

4. Conclusions

In this study, the influence of BSA and Chi on the precipitation
of CaP in the presence of differently stabilized AgNPs was
determined. The results have shown that these two bio-
macromolecules have different effects on the rate of trans-
formation from amorphous to crystalline phases, as well as on
the properties of ACP and crystalline phases formed.

Both biomacromolecules inhibited ACP transformation,
with Chi being the more efficient inhibitor. However, no effect
of the differently stabilized AgNPs on the rate of transformation
was observed in the presence of BSA, probably due to the higher
BSA concentrations, compared to the concentration of AgNPs.
On the contrary, the extent of inhibition of Chi depended on the
type of AgNPs and was the greatest in the presence of PVP-
AgNPs. Both biomacromolecules affected the morphology of
ACP. BSA promoted the formation of a gel-phase, while in the
presence of Chi, spherical particles smaller than in the control
system were obtained. The extent of the effect on morphology
depended on the type of AgNPs. The observed differences in the
effects could be attributed to the difference in the molecular
structure of BSA and Chi. While the BSA molecule is a rigid
molecule with a heart-like compact structure, Chi is a flexible,
linear molecule, that can more easily cover the surface of ACP
particles.

BSA and Chi influenced both the composition and
morphology of the crystalline phases formed. In the control
system, a mixture of CaDHA and a small amount of OCP was
formed. As the concentration of the biomacromolecules
increased, in the absence or presence of AgNPs, the amount of
OCP decreased as shown by PXRD and FTIR characterization.
The strongest effect was observed in the precipitation system
containing, BSA and cit-AgNPs. A change in composition was
observed as DCPD was formed and OCP was not detected.
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The obtained results point that the type and extent of bio-
macromolecules influence on CaP precipitation depends on
a specific combination of biomacromolecule and differently
stabilized AgNPs. This simple procedure of tailoring the prop-
erties of CaPs could be of interest for the rational design of
biomimetic, synthetic routes for multicomponent
composites.
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